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ABSTRACT

An intense reddish-orange colour radiating Samarium doped Aluminium Calcium
borosilicate (BSACS) glasses were synthesized with the help of the melt-quench method to
analyze the photoluminescence properties using characterization methods like XRD, FT-IR,
photoluminescence (PL) excitation, PL emission, and PL decay. XRD and FT-IR reveal the
non-crystalline behavior along with the presence of numerous functional groups in BSACS
host glass correspondingly. Under 402 nm excitation, three major peaks were found in the
emission spectra which perfectly resembles to *Gs, — ®Hsiz (562 nm), *Gs;z — SHz2 (599
nm), and *Gsj, — ®Hgy2 (646 nm) transitions of Samarium ions. *Gs;; — ®Hoy, transition at 599
nm is comparatively more intense and noticeable. PL decay observed for *Gs, state reveals
the exponential nature in which curves are fitted by using bi-exponential and tri- exponential
fitting to assess the practically measured lifetimes (texp). It is observed that the Texp Values are
decreasing with increasing Samarium ion concentration due to the cross-relaxation energy
transference. All of the findings indicate that Sm** doped borosilicate glass is suitable for its

usage in visible reddish orange photonic devices.
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CHAPTER 1
INTRODUCTION

1.1 Borosilicate Glass

Modern technology linked to optical devices have seen the usage of rare earth (RE) ions doped
oxide glasses. Because of their large number of applications, these are much important for the
advancement of different types of optoelectronic devices like display screens, waveguides,
solid-state laser, reflecting windows and sensors, etc. The materials which show glass
transformation behaviour are known as glass. Borosilicate glass is a specialized type of glass
which is prepared by adding Boron to the glass production process. It was first developed by
Otto Schott in late 19" century in Jena. It was then known as Jena Glass. The word Borosilicate
glass refers to a glass family that includes members that are designed for entirely different uses.
Later on W.C. Taylor and Eugene Sullivan at Corning Glass further carried out the work of

Otto Schott and further extended the temperature resistant properties of borosilicate glass.

What makes Borosilicate glass so special? When Boric acid was added in the fabrication of
glass, the results came out were truly remarkable. Boron trioxide (B203) plays a significant
role in the glass formation attributable to its high thermally stable, high transparency, low
freezing point, and high RE ions solubility [1], [2]. On the other hand, Boron trioxide in glasses
alone possesses high phonon energy (1300cm™) because of the stretching vibrations of
network-forming oxides [3]. Non-radiating transitions are mainly enhanced in the presence of

high phonon energies, which significantly reduce the RE ion emissions.

1.2 Batch Materials

Glass can be made by various methods, the technique that is widely accepted and used for
preparation of glass is melt-quench method. In this method glasses are synthesized by melting
the batch materials at optimum temperature. The method involves a selection of batch
components, calculations of relative proportion of all the materials which will be used in the
process, & mixing of all the compounds to give them a homogeneous mixture. In initial heating
process, these compounds go through in a sequence of physical and chemical change to form

melt.

Despite of the source of the components used to manufacture a particular glass, the batch

materials can be classified into five categories according to their role in the process. (a) glass




former, (b)flux, (c)property modifier, (d)colorant, (e)fining agent. Classification of categories
is truly based upon the purpose for which a compound is used in the process. For example,
alumina is considered as a property modifier in most of the silicate glasses but it works as a

glass former in aluminate glasses.

The glass former always plays a vital role in the formation of glass. There are always one or
more components which works as a primary source of structure. These components as also
called as network formers, or glass forming oxides in many oxide glasses. The identity of these
compounds is often the source of generic name used for the glass. Authors have used SiO, and
H3BOs as glass forming oxides. Al>Os also works as glass former under certain conditions.
After obtaining the desired melts, it should be quenched very rapidly because Al>Ozalone does

not form glass until these conditions are met.

Fluxes are used to get the desired melt at the lower temperature or within practical limits
(<1600 °C). Generally, we use heavy metal oxides as fluxes. They should be added in a
appropriate amount so that the properties of final glass don’t degrade. As the name suggests,
property modifiers modify the properties of final glass and they are less effective in decreasing
the melting temperature as compared to the fluxes and their addition doesn’t lead to excessively

high processing temperature.

The colorants are mainly used to regulate colour in glass. In almost all the cases colorants are
the oxides of 3d and 4f RE (metals). Wherever we want to regulate the colour of glass, we use
colorants, and they are always present in small amount as compared to the other components

present in the glass.

Fining agents are added at last to remove the bubbles from the melt. They are also present in

small quantities, so that they only effects minor properties of the glass.
1.3 Host matrix and activator ion

An oxide of heavy metal such as Al>Os cannot act as a conventional glass former because of
its small field strength and high polarizability. However, it may be built a network pyramid
within the presence of oxides like B.O3z and SiOz [4]-[6]. The alkaline earth oxides for example
barium, calcium, strontium, and magnesium can change the energy state so photosensitive

properties of the host glass also can be changed.




Sm®" ions have been widely studied spectroscopically to characterize them for optoelectronic
devices and other applications [7]-[9]. Sm®* doped glasses have gained much more attention
because of emissions in orange and red regions showed by them due to its transition from
4Gs—%H; which is used in optical storage of high density, sensors, underwater
communication, varied fluorescent tools, and colour display. Samarium shows temperature
sensitivity in the related intensity of particular lines in its emission spectrum. Sm** ion radiates
the energy in the visible region from higher energy excited state to lower energy states via
emission with the high quantum efficiency [10]. Sm3* ions are a fascinating case for studying
the energy transfer process [11]. The visible fluorescence of the Sm3®" ion with the 4f°
configuration is strong reddish-orange, and is useful in applications such as optical storage

devices, underwater communication, laser devices, and colour displays [12].

Recently, Nisha Deopa et al. have studied the structural and luminous nature of Sm3* doped
borosilicate glass and confirm the emission of the reddish-orange color under the excitation
wavelength 403 nm [6]. These kinds of glasses can be used in photonic device applications [6].
In this research article, the effects of Sm®" doped ions at different concentrations on the
photosensitive properties of borosilicate glasses are stated. Further, RE ions doped borosilicate
glasses were investigated and we have presented the optical, structural properties, and energy

transfer characteristics.
1.4 Instrumentation

1.4.1 XRD Diffraction

In the electromagnetic spectrum, the wavelength range of X-rays lies between 0.01 to 10 nm.
These were discovered by Wilhem Conrad Rontgens in 1895. After their discovery, these are
continuously being used in the field of Science and Technology. Laue in 1912, discovered the
phenomenon of X-rays diffraction from crystals. Its growth has helped in the improvements in
solid-state science and chemistry. X-ray powder diffraction (XRPD) plays an important part in
mineral analysis and development because several elements are not easily accessible in only
one crystal. XRD is used for characterizing the crystallinity of the materials which makes it an
important tool. It provides many structural properties such as averaging of measuring grain,
crystallinity, and defects in the crystal. X-ray Bruker D8 Advance Diffractometer is an
instrument shown in fig. 1.1. We use this instrument to record the Xrd profile.




Fig. 1.1: X-ray Bruker D8 Advance Diffractometer.
1.4.1.1 Bragg’s Law

The x-ray photons are scattered by atoms in a lattice that has a periodic nature is known as
XRD. The constructive interference of a monochromatic beam of X-beams dispersed at
particular points from all places of cross-section planes and this constructive interference is

based on Bragg’s low

nA = 2d sinf

where,
A = wavelength of X-ray,
0 = incident angle of X-ray,
n = order of reflection (an integer),

d = spacing between diffracting plans.
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Fig. 1.2: Bragg’s Law

Bragg’s law can be explained by fig. 1.2. An unknown material is recognized by the intensities
of various bands found out by the diffractometer which finds the powder diffraction pattern
and also the d-values found from it contribute to this. Then this information is matched to the
conventional patterns of the line which is accessible for different composites in the database of
Powder Diffraction File (PDF).

1.5 SPECTROSCOPIC STUDIES

Photoluminescence is the radiation of light from a matter following the intake of light. It is
made from Latin originated word luminescence and the Greek affix, photo indicating light.
Photoluminescence is the luminescence caused by the consumption of photons. It is a method
where a particle consumes a photon in the visible range, exciting the electron to a higher excited

energy state, and then transmits a photon to a lower energy state like an electron [17].

Photoluminescence is the experimental technique used to the characterization of semiconductor
nanostructures and the study of their electronic characteristics. It is induced by the illumination
of the medium when energy of photons is greater than bandgap energy. Wavelengths should
be almost the bandgap wavelength for photoluminescence to occur. For device characterization
the necessary data can be obtained from the PL spectrum, device temperature and also intensity

which depends on the irradiation intensity.

There are many advantages of PL- its capability to produce information in large quantities fast
and easily; its capacity to obliquely estimate the non-radiative recombination time; its capacity

to produce data about the system of energy levels and sensitivity. It is a non-destructive




technique, used on a crystal or on processed materials, needs only a little quantity of material,

and complements measurements.

1.5.1 Fluorescence and Phosphorescence

Fluorescence is photoluminescence that happens much quickly following photoexcitation of a
material, whereas phosphorescence is persistence photoluminescence that continued after the
excitation has terminated. In other words, fluorescence is characterized as photoluminescence
where there is no need for a change in a spin multiplicity in radiative transition, and
phosphorescence is photoluminescence where there is a requirement of a change in a spin

multiplicity in radiative transition.

Steady molecules contain sets of electrons, and molecules with single electrons are notably
responsive and volatile. Electrons own a rotational momentum called ‘spin’ and the relevant
symmetry of spins of electrons decides the belonging of electron in one of two states. If the
orientation of two spins is antisymmetric then the total spin will be of zero (S = 0) while if the
orientation is symmetric then the total spin will be of one (S = 1). The combination of electron
spin pair which is antisymmetric S = 0 is called singlet and the three successions of spin

combination states which are symmetric S = 1 states is called a triplet.

One electron from the pair is raised to an energy level which is higher when the atom absorbs
a photon, and it is now said to be in an excited state. An atom’s ground state is a singlet state
(So) and because of angular momentum conservation, the photo-excited state needs to be a
singlet (S1). The decay of S1 to So is an approved shift (due to same spin multiplicity) ending

in fluorescence that happens in nanoseconds time scale.

The practical applications of fluorescence include mineralogy, gemmology, drug, sensors,
fluorescent labelling, stains, organic indicators, and cosmic-ray’s disclosure. Fluorescent
lamps and LEDs are the everyday application, where the short wavelength UV (blue) light is
converted into longer wavelength (yellow) light by fluorescent coating. The fluoresce and

phosphorescence can be easily understood by fig. 1.3.
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Fig. 1.3 Jablonski diagram of fluorescence and phosphorescence processes.

The molecule can also experience transition to triplet state (T1) called intersystem crossing
(ISC). ISC happens where there is a great range of spin-orbit coupling in molecules that
provides translation between the S1 and T1 states. Metals like europium and iridium have high
spin-orbit coupling strength because of the high particle and phosphorescent molecules mass.
As the states own distinct spin multiplicities the decay of T1 to So is a prohibited shift, due to
the angular momentum conservation. But, spin-orbit coupling eases this limitation furthermore
the passage from T1 to S1 grows feasible. Because it is "prohibited’ the transition from T1 to So

befalls on a slow-paced timescale (us), known as phosphorescence.

1.6 Colorimetry

Thomas Young, Helmholtz, and Maxwell were firstly showing interest in colour science and
they tried to understand human colour vision in the early nineteenth century. They understood
how the colours can be mixed additively or subtractive which helped them putting up this
theory.

Colorimetry is the science of the quantitative measurement of colour.[13] The colour
measurement is done by measure the intensity of electromagnetic radiation and wavelength in
the visible region. The main uses are to identify and characterize the elements that absorb light
at different concentrations. It works on Beer—Lambert's law, where the proportionality between
the absorbance and the concentration of a solute is shown.

In 1931, The Commission Internationale de I'Eclairage (CIE) introduced an efficient system
that gives a proper determination of colour stimuli which has been used for the last 80 years

and created a base for further research in it.




The electromagnetic radiation and visible region with a frequency range of (380-760 Hz)
produce a sensation of light. Radiation from the short frequency shows the impression of blue
light, radiation with frequencies between 520 nm and 550 nm is seen as a green light, or more
around 650 nm we sense the light typically to be of red shading. Addition and subtraction
mixing of colour are two main methods to produce colour stimuli. In additive colour mixing
lights are mixed, and in subtractive colour mixing, some part is removed from the visible
spectrum. It gives the following three important laws:

1. The three autonomous factors are required and adequate to indicate a colour match.

2. The values of tristimulus are more important for the additive mixture of colour stimuli
not their spectral compositions.

3. The resulting changes in the values of tristimulus in mixtures when added, color stimuli
happen when one or more segments of the mixture keep changing. The perception
conditions have been directed: center of the vision, around 3-9 size of field, dull
environmental factors; in earlier introduction an adequately long dim adjustment is
accepted and the normalized colour-matching functions (CMFs). CMFs have been
characterized by finding the average of consequences of many observers. As per
Grassman’s laws, the 3 selected stimuli (red, green, blue) when added together in a
proper proportion can be matched to a colour stimulus. The addition of the 3 stimuli is
projected on one side and the sample to be tested its stimulus is projected onto the other
side of the field. Through portable light attenuators, the light motion of the three
coordinating stimuli is qualified for taking a match of the colours inside the two fields.
At the point when this circumstance shows up, the test stimuli can be characterized by
the three luminance estimations of the coordinating stimuli arriving at the eye of the
observer. There is a difference in the spectral power distributions (SPDs) of the addition
of the 3 matching stimuli to that of the test stimulus though they look the same to the
human eye but is different. To get the colorimetric framework we need to define both
spectral composition and the estimation of amount in units to determine the
coordinating stimuli. For a single-color test stimulus, the amounts needed for the colour
matching are called CMFs. The addition and multiplication of the sample for many

coloured samples are usually done by adding up the colour stimuli.

10




0./|L-l LB} I TP rTTrTTTyaag l 5.5 5-5 8-0"'0§°8 l 0 -8 8.0 0 °'8-3 I ¢ 4'8- 8 0 .0 '0-85' 9 I 1 ':

S 0.3¢ —i e
- B
- D 3

= _F :
QI)O ZCE s
g ; :
5k
= 0.1 -:
g : ]
= ().()(: - \/ E
_0.1 51 ' R P | Al a2 11 Lo i s s34 s el aa i34 s 2l .E
400 500 600 700 800

Wavelength (nm)

Fig. 1.4: The CIE 1931 RGB Colour matching functions.
The negative lobes in these curves in Fig .1.4.[14], [15] This figure shows if one test stimulus
is added to the matching stimuli then only certain parts of the spectrum can be matched. The
approximate values of R, G, B was found out by colour stimulus’ luminance and units of these
3 primaries are dictated according to luminance. CMFs made calculations more difficult. As a
result, the CIE decided in 1931 to transform the real [R], [G], [B] primaries to a set of imaginary
primaries [X], [Y], [Z] to avoid negative lobes in CMF. To achieve this, the equienegry
tristimulus values should be the same, i.e. X=Y=Z, and photometric quantities should be

produced by one of these, whose amount should be minimized.
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Fig.1.5: CMFs of the CIE 1931 standard colorimetric.

11




Figure 1.5 indicates the CMFs of the CIE 1931 [16]. According to CIE publication 15, “When
more coarsely sampled data produces no significant computation error, selected values from
the standard are used 5 nm intervals, Then the calculations will be rounded to 6 decimal places

and published in both print and available in electronic form[17].

The colour emitted from rare-earth ion-doped material can be understood through
photoluminescence spectra by using CIE.[6],[18] We need these 1-6 following equations to
calculate chromaticity coordinates[19]. The Planckian radiator is referred to the black body
radiation. The spectral power distribution P(1 ,T) can be calculated by Planck’s radiation

formula:

P(A,T) = 2hc®A~5(exp (H%) — 1)1 (1)

Where A is the wavelength, T is temperature, c is speed of light, h is Planck’s constant and Kg
is the Boltzmann’s constant.

CIE tristimulus is calculated by the following three equations:

X(T) = k [ P(A,T) ¥(A)dA @)
Y(T) = k [ P(A, T) y(A)dA (3)
Z(T) = k [ P(A,T) Z(A)dA (4)

Where x(4), y(A) and z(1) are the CIE colour matching functions. And X(T), Y(T), and Z(T)
are the tristimulus values of CIE 1931.[20],[21] The CIE 1931 chromaticity coordinate is

calculated by these two formulae:

_ X(T)

X= X(T)+Y(T)+Z(T) ®)
_ Y(T)

Y = Xm+vmezm (6)

We have calculated CIE chromaticity coordinates from photoluminescence emission spectra
by using the above-given formula. The CIE 1931 coordinate system assigns a colour to a point
on the chromaticity diagram by using two colour coordinates, x, and y. Fig.1.6 represents the
CIE plot[15]. In this figure, the white colour is represented by E point. Similarly, we get
information about the emission of colour from material by drawing chromaticity coordinates
in CIE plot.
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Fig.1.6: Chromaticity diagram of the CIE 1931 plotted on the Cartesian coordinate system.

1.7 Fourier Transform Infrared Spectroscopy

Infrared (IR) spectroscopy is based on the interaction of IR radiation with matter. It is mainly
used to identify bonds and functional group that are present in compounds or materials. IR
region has wavelength that is higher than visible light, because of which its tendency to induce
electronic transitions becomes lower. So, we have three regions in infrared. We have near
infrared, mid-infrared and far infrared. In this case, we are talking about mid-infrared region
which is essentially 2.5 to 25 um of wavelength and very often as far as infrared spectroscopy

is concerned, the wavelength is referred to by wave number. Now, what is wave number?

Wave number = %
Wave number is nothing but just another representation of reciprocal of wavelength. Why is
this sort of representation chosen? Because energy is proportional to (1/1). So, energy in this
case is proportional to the wave number. So, range of mid-IR is 4000 cm™ to 400 cm™
corresponds to 2.5 - 25 um. All molecules that are not going to be active as far as infrared is
concerned. If we have homonuclear diatomic molecules like oxygen, hydrogen, nitrogen or

chlorine, these will have no response to the radiation because they are going to be inactive as
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far as infrared is concerned. Interaction only happens when dipole moment of the molecule
changes with vibration - only polar bonds are infrared active and the stronger the polarity in
the system, the stronger will be the infrared spectrum that is produced by these materials. We
talk about polar. When there is a separation of charges happening between the elements that
make up the molecule is polar. For example, water and HCL are polar. There is a separation of
charges that happens at the bond and the stronger the difference in polarity, the higher will be
the absorption spectrum produced in infrared. When IR radiation interact with polar molecule,
they start vibrating because of the different types of vibrations that may actually happen in the
molecule. So, since there is a charge imbalance, when send radiation to it, there are different
kinds of things that may happen. The bond may start extending or it may start bending or
rotating. A lot of different things can happen to the bond because of this absorption of the

radiation.

IR spectroscopy simply exploits the fact that molecules have very specific frequencies at which
they can rotate or vibrate corresponding to discrete energy levels. For example, Hydrogen and
chloride bond and the specific energy that will excite the stretching of this bond, there will be

only one single value for that energy that creates this stretching.

IR light is collected on passing it through the sample and how much of the energy that gets
absorbed or transmitted can give an indication of specific wavelengths at which induce
vibrations happening in the system. We have seen several systems; we saw that there is a need
to actually isolate the wavelengths to send them through the sample. In the case of UV-visible
spectrometers, we talked about the array-detectors in which all wavelengths collect together at
the same time. Similarly, in the case of Fourier transform, to make the technique a lot more
robust, either we can use a monochromatic beam, which changes in wavelength over time, and
collect all the wavelengths together and do a Fourier transform, to measure all the wavelengths
at once. So that is why today, what we typically call IR spectroscopy is FTIR spectroscopy or
Fourier Transform Infrared Spectroscopy. The idea is that you can isolate all the frequencies
or all the wavelengths at once, rather than having to individually choose wavelengths of
infrared light to be passed through the sample. Cooley and Tukey discovered the Fast Fourier
Transform (FFT) algorithm.[22] In which the number of necessary computations is drastically
reduced when compared to the classical Fourier transform. This algorithm is generally used in
FTIR instrument to overcome complexity in calculation. In the FTIR spectrum, we plot the

absorbance or the transmittance on the Y-axis and the wavelength on the X-axis, but in this
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case, we do not plot the wavelength, we plot the wave number. So, we plot the wave number

on the X-axis and the % absorbance or % transmittance.

Typical IR absorption wavelengths are divided into 2 groups, one is called the fingerprint
region (1500-400 cm™), the other is called the functional group region (4000-1500cm™). At the
higher end of the absorption spectra, that means at higher wave numbers is called functional
group regions. For example, nitrogen-hydrogen (N-H) group, alcohol group (O-H) and so on.
These are essentially the functional groups that may be present in the systems. On the other
hand, when you go towards the lower end of the wave number, what you get is the fingerprint,
which essentially corresponds to the presence of single bond, double bond or triple bonded
systems. Based on the specific sets of wave numbers at which you get these transitions, we can

approximately estimate the composition and structure of the material.

We will need to compare with the database to try and understand what each peak signifies. For
most of the standard bonding systems like C=C or C=C, there are very specific locations at
which transitions happen like stretching or bending and so on and the associate peaks that we

observe for our sample and then figure out what actually is present in the sample.

Figure 1.7 shows the how spectra is produced. First of all we have the light source. This light
then passes through an instrument called the interferometer. The interferometer essentially
brings out light rays that are either completely in phase or out of phase based on the movement
of some mirrors, which are inside the interferometer. This light that comes out of the
interferometer, then passes through the sample and creates what is known as an interferogram,
and this interferogram is then subjected to the Fourier transform process. Fourier transform is
simply mathematical technique for separating the frequency components of a complicated
wave[23]. We are operating at infrared wavelengths, so, there is sufficient amount of infrared
radiation in the background also which needs to be removed from the system to actually get a
clear understanding of the absorbance spectra for the sample itself and ultimately get
transmission spectrum. And the percentage transmittance is plotted against the wave number

on the X-axis and get FTIR spectra.
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CHAPTER 2
EXPERIMENTAL WORK

2.1 Synthesis
Melt Quench Method

It is the most common method used in the preparation of glass. It was the first technique used
in the industry of glass and in research field. The other two methods used for the preparation
of glass are chemical vapour deposition (CVD) and sol gel technique. A large number of borate,
silicate, phosphate and oxide glasses can be manufactured using melt quenching method. Glass
can be easily doped with active ions by using this technique. The disadvantage of using this
method is lack of purity of prepared glass. To avoid the impurity, Gold and Platinum based

crucibles are used in research laboratories.

Reagents

The solid reactants from which is used in the formation of the phosphors or any crystalline
compound. The reactant chemicals used in it depends on the feasibility to use, some reaction
conditions and final product.

Mixing

After the reactants have been weighed according to their stoichiometric ratios in the chemical
equation, they are mixed. Acetone or alcohol are some of the volatile organic liquid which is
sufficiently added in the mixture to get an equal mix of all the reactants used. Paste type mixture

is formed which is grinded thoroughly till the organic liquid volatilizes and evaporated

completely about in 10-15 min to again get powder like compound.

Container material
Subsequent reaction at high temperatures takes place in furnace. The container in which the
grinded powder is put to be kept in the furnace needs to be chemically inert to the powder when

heated at such high temperature.
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Sample Preparation

Sm*doped borosilicate (BSAC: xSm) glass was prepared by classical melt quench process
with the following compounds composition: 50B203-20SiO2-15Al,03(15-x)Ca0-xSm203
(where x = 0.1, 0.5, 1.0, 1.5 & 2.0 mol%). It was synthesized by using H3BOs3, SiO2, Al20s3,
Ca0, and Sm>03 chemical constituents as main compounds. All these aforementioned chemical
constituents were mixed with acetone and crushed all together for 30 minutes in a agate mortar
until to get the smooth powder and then transferred into the crucible. Thereafter the crucible
was placed inside the muffle furnace and heated it at 1250°C for one hour. The Mixed powder
was melted then quickly quenched with the help of pre-heated brass plates and three coins to
make a glass sample of uniform thickness. Thereafter, put it in another electric furnace at 350°C
for about 2 hours to avoid the thermal strains, air bubbles from the as-prepared glass. Finally,
the Sm®* doped borosilicate glass sample is prepared to study their novel properties. The image

of all synthesized glasses are shown in Figure 2.1.

!
:

BsAcE-28 BsAcs-al) BtAcs -0 5 ESACS -1.0 WEACS- 4§, miAcz-ap

Fig. 2.3. Image of the synthesized glasses.

2.2 Analysis of sample

The XRD profile of synthesized host glass was observed by a X-ray Bruker D8 Advance
Diffractometer. In this instrument, X-ray is generated by Cu-Ko radiation (A=1.54A). PL
emission and excitation were monitored by Jasco FP-8300 spectrofluorometer. The
photoluminescence decay spectral information was recorded by using an Edinburgh FL920
Fluorescence Lifetime Spectrometer. The FT-IR spectrum was monitored via Spectrum Two
FT-IR Spectrometer- PerkinElmer.
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CHAPTER 3
RESULTS AND DISCUSSION

3.1 XRD analysis:

Fig. 2 depicts the XRD spectrum of the as-synthesized host glass sample. It was monitored in
the 20 range from 10 to 70 degrees. It clearly differentiates the crystalline and amorphous
nature of glass. No distinguishable intense peaks were observed in Fig.3.1, but a wide-ranging
hump has been observed at low scattering angles, which specifies the glassy nature of prepared

borosilicate glasses.

BSACS 0/

Intensity(a.u.)

10 20 30 40 50 60 70
20(degrees)

Fig. 3.1. XRD profile of un-doped borosilicate glass.

3.2 Photoluminescence excitation and emission spectral studies:

The excitation spectrum was recorded from 300 to 500 nm under a fixed emission wavelength
at 599nm. Fig. 3.1 shows the information pertaining to the excitation spectrum recorded for
(0.5mol%) Samarium ions doped as-prepared glass; it confirms the presence of many excitation
peaks in the orange region. The details of excitation bands observed at different wavelengths
corresponding to the transitions are shown in the Table 3.1 [6],[24]-[26].
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Table 3.4. The excitation peaks and their corresponding wavelength.

The transition from The excitation bands
®Hs/2— are centered at the
wavelength (1)

“Horz 343

*Dar 360

P12 374

*Fr 402

*M1g12 416

*Gor 437

i 473

After analyzing the excitation spectrum, we found that amongst all peaks, the
transition ®Hs> — *F72 (402 nm) shows maximum intensity. The blue spectrum ranging from

500 to 750 nm in Figure 3.2, depicts the emission profile of as prepared glass (0.5 mol %) near-
UV excitation.

BSACS 0.5

o8 | I A, =402 |

Intensity(a.u.)

300 500 550 600 650 700 750

Wavelength(nm)

Fig. 4.2. PL excitation and emission profile of 0.5 mol% Sm?3* doped as prepared borosilicate glass.

The emission spectrum contains four peaks centered at different wavelengths corresponding to
the transitions are shown in Table 2.
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Table 3.5. The emission peaks are centered at wavelength corresponding to the transitions

The transition from The excitation bands

1Gsp— are centered at the
wavelength (1)

®H 5/, 562

®H/ 599

®Hgz 646

®Hy1/ 702

After analyzing the emission spectrum, we found that amongst all four peaks, the
transition “Gsjz — ®Hz2 (599 nm) shows the maximum intense peak and found in the reddish-

orange region.

4 ‘r
3.0x10 e

2.5x10*

2.0x10*

1.5x10*

L =402 nm

o

Energy(cm”)

1.0x10*

5.0x10°

0.0

Fig. 3.3. Energy level diagram of the prepared glass.

Figure 3.3 depicts the energy levels of Samarium ions doped borosilicate glasses. The solid
lines denote the radiative transitions and the dashed lines are representing the non-radiative
transitions. Due to the minimal energy difference, all excitation thresholds above 4G5/2
undergo non-radiative relaxation to this state. The radiative (visible) transitions which are
taking place from 4G5/2 to different energy states of 6Hj (j=5/2, 7/2, 9/2 & 11/2) are because
there is enough energy gap between them. Because of the small energy gap between closest

energy levels, non-radiative transitions occur [6].
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3.3 FT-IR spectral analysis:

A pellet of thickness 1 mm is prepared by compressing the mixture of KBr and glass powder
in a hydraulic press under high pressure. This pellet is used in a spectrometer to obtain the FT-
IR spectra. FT-IR spectrum of host glass is shown in Figure 3.4. we get the information of the
molecular or rotational vibrations associated with the bonds from FT-IR spectra. The obtained
bands are located at 702, 944, 1045, 1088, 1146, 1298, 1339, 1394, and 1498 cm™* respectively.
This figure also contains two broad bands ranging from 2700-3000 cm™ and 3600-3750 cm™.
The band positions and their assigned modes of vibrations present in the glass are presented in
Table 3.3.

Table 3.6. FT-IR band assignments for the glass sample BSAC: xSm®* (x = 0 mol%)

Peak Positions Assignments References

Wavenumbers

(cm-1)

3600-3750 OH Water [27]

2700-3000 Hydrogen bonding [28]]29]

~1498 Three nonbridging oxygens of the B-O-B groups produce [30]
anti-symmetric stretching vibrations.

~1394 B—O asymmetric vibrations in BO3~ and BO,O™ units [31], [32]

~1339 B-O stretching vibrations of pyroborate, meta, and orthoborate [28], [30]
groups

~1298 Symmetric stretching vibration of B-O in BO3~ [30], [33]

~1146 B-O stretching vibrations of trigonal BOs~ units only [31]

~1088 Asymmetric stretching vibration of Si—-O-Si bonds [34], [35]

~1045 B-O Stretching vibration of tetrahedral BO4~ unit [28]

~944 Stretching vibration of Si-OH [36]

~702 B—O-B vibrations in the borate networks [371,[38]
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Fig. 3.4. FT-IR profile of un-doped borosilicate glass.

3.4 Photoluminescence lifetime decay curve analysis:

PL decay profiles were monitored at 599nm emission wavelength under 402nm excitation
wavelength. The measured results are depicted in Figure 3.5. The PL decay profiles were
plotted in a semi-logarithmic plot and normalized on the maximum intensity. The PL decay
curve recorded for BSAC: xSm3+(0.1) was fitted using bi-exponential function:[39]

I(t) = Aqexp (— i) + Ayexp(— é) 1)

and PL decay curve recorded for BSAC: xSm3+ (0.5 & 1.5) were fitted by using the tri-

exponential function:
I(t) = Ajexp (— i) + A,exp (— é) + Azexp(— é) (2)

In which constants have their usual meanings. The average decay lifetime T can be determined

by:

_ A1(t1)%+4A2(12)2+A43(13)?
A1T1 +A2T2 +A3‘l'3

@)

The photoluminescence decay profile of Sm®" doped borosilicate glass is depicted in Figure
3.5, In which glass with concentration 0.1 mol% is fitted bi-exponentially and the other two

are fitted tri-exponentially [40]. The average decay time (z,,,) 0of BSAC: xSm3* (x=0.1, 0.5
and 1.5 mol %) is 2.85 ps, 1.86 ps and 1.36 pis respectively. 7,4 of the glasses decrease quickly

23




after increasing the dopant ion concentrations and this happens because of the transfer of

energy between Samarium ions at smaller distances.

A, =402 nm
- o 0.1 mol®s

L=599 nm 0.5 mol™

L5 mol®
Bi-exponentisl Fu
Triexpomential Fit
I'ri-esposential Fit

o
-
L

Normalised Intensity

0.01

Time(ms)

Fig. 3.5. Photoluminescence decay profile of BSAC: xSm®*'(x = 0.1, 0.5, 1.5) samples under 402 nm

excitation, monitoring emission at 599 nm.

3.5 CIE chromaticity coordinates:

The calculated CIE chromaticity coordinates of the Sm+3 doped glass from emission spectra
are shown in Table 3.4. The CIE 1931 coordinate system assigns a colour to a point on the
chromaticity diagram by using two colour coordinates, x, and y. CIE plot with chromaticity
coordinates is shown in Figure 3.6. In this figure, clearly we can see that, coordinates are
positioned in reddish-orange region in CIE plot. This shows that this material can be used in

reddish-orange luminescent device applications.

Table 3.7. The color coordinates of CIE diagram.

Glass sample doping Colour
concentration Mol % Coordinates

X Y
0.1 0.5842 0.3958
0.5 0.5998 0.3964
1.0 0.5934 0.4005
15 0.5871 0.3979
2.0 0.5930 0.4019
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Fig. 3.6. CIE diagram of Sm*® doped borosilicate glasses.
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CHAPTER 4
CONCLUSION

Borosilicate (BSAC: xSm?3*) glasses doped with Samarium ions were developed by using melt
quench method. Borosilicate glasses are characterized by using XRD, FT-IR,
photoluminescence excitation, emission, and PL decay spectral studies to comprehend the use
of these materials in photonic device applications. The XRD and FT-IR studies of the host glass
sample tells about the amorphous nature and presence of different bonds and functional groups.
The most intense peak (*Gs;z — ®Hzp) is centered at 599nm in the PL profile. The experimental
lifetime decreases as doping ion concentration increases and this happens because of the non-
radiating transition that takes place between borosilicate glass and Sm** ions. The coordinates
of CIE obtained for an optimum concentration of doping ion in borosilicate (BSAC: xSm®")
glasses are 0.561, 0.435, where x=0.5 mol %. All of the above findings indicate that Sm**

doped borosilicate glass is suitable for its usage in visible reddish orange photonic devices.
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Abstract. An mtente reddith-ormge colour radiating Samarum doped Aluenin.
nm Caksom borosilicate (BSACS) glasses were symbesized by the melt-pench
method to amlyze the photohmmescence properties using chamctenzanon
methods like XRD, FT-IR, photolumwmescense (PL) sxcyaticn, PL somssion, and
PL detay. XRD 2ad FT-IR reveal the soa-crystaline behavior along with the
presence of aueerous functicoal groups @ BSACS host glass comrespondingly.
Under 402 atm excitatiog, three major peaks were found o the emistica specia
which perfectly resembles to ‘G~ °H,,, (562 nm), ‘G, —*H, . (599
o), ‘G, —*H,,, (646 nm) and G, —*H,,, (702 om) ermsitions of Sa-
marjuzme ione ‘Gm—v ’Hm wansirica 31 599 non i cocnparatively moce irense
mad nonceable. PL desay observed for “Ges mate reveals the exponeonal pature
m which curves are fitted by uswmg bi-exponential 2ad to- exp 12 fittog
astess the practically measured Tifetimes (teg). It 13 observed that the rey values
e decreasing with increating Samacun ica conceotation due o crose-relaxa-
tion energy transference. All of the findings indicate thas Sm* doped bocosilicate
glase 45 sumble foc 115 usage 1 wnble reddisl-orange photoaic devices.

Keywords: Borosihicate ghisses, Samurium ioa, FT-IR, Photokminescence, CIE coordi-
mites, Photolimninescence decay.
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1. Introduction

Modem techmology linked to optical devices have seen the usage of rare earth (RE)
ions doped oxide glasses. They are used in large number of applications snd these are
much important for the advancement of different types of optoelectronio deviees like
display screens, wayeguides, solid-<tate Izzer, reflecting windows and sensors, ete. To
achieve optiroum output and optimazed peopert:es, two approaches are cotarnonly used
for RE -bazed giasses: {2) by altering tha host materials composition/active 1on concen-
tration (RE 1on) and (b) by altering its geometrical dewgn through applying external
pressure around RE 1on In the current study, the peior spproach kas been followed to
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study the photoluminescence (PL) property of boroslicste glass doped with Sm™ ton
m different concentrations In addition, from different types of RE 1on, Samarium 1ons
are effective n genersting red-orange Light mn the vistble region. And the different types
of glass give the strong Muorewcence which makes it very sgnificant for lumimescent
devices.

Boron tnoxide (B;0:) plays a significant role i the glass formation attributable to
its high thermally stable, high transparency, low freezing pout, high RE 1ons solubility
[1], [2] On the other hand, Boron trioxide in glasses alone possesses high phonon en-
ergy (1300cm?) because of the stretching vibrations of network-forming ox:des (3.
Nom-radiating transitions are toianly echanced i the presance of high phoaon energies,
which sigmificantly reduce the RE 1on emissions. An oxide of beavy metal such as
Al:On cannot zct 4% 8 conventona) glass former because of its small field strength and
high polanizsbility. However, it may be buit a network pyramid with:n the presence of
oxides like B0y ind Si0; [4]-6]. The 2lkaline earth oxides for example barum, cal-
olum, strontiven, and magnesium can change the energy state so photosensitive proper-
ties of tha host glass 2l=o can be changad. Sin™ 1ons have been widely studied spectro.
scopieally to character:ze them for optoelectronic devices and other applications [7}-
[9]. Sm'* 10a radistes the enetgy m the visible region from a higher energy excited stata
to lower energy states via emisston with the high quantum efficiency [10]. S sons
are 2 fascinating case for studying the energy transfer procass [11]. The visible fluoees.
ceroe of the Sm™ 1on with the 4f° configuration is strong reddish-orange, and 15 usefiel
n applications such as optical storage devices, underwater commumcation, [aser de-
vices, and color displays [12].

Revently, Nisha Deops et ol have studied the structurs] and luminous nature of Sm*
doped boros:licate glass and confirm the amission of the reddish-orange color under the
excitation wavelength 403 nm [6]. These kinds of glasses can be used :n photonsc de.
vice spplications [6]. In thus research article, the effect on photosensitive properties of
borosilicate glasses due to different concentrat:ons of samarum 1om are discussed. Fur-
ther, RE 1ons doped borosilicate glasses were mvestigated and we have presented the
optical, structural properties, and energy transfer charactenstics.

2. Experimental

Sm*doped borosilicate (BSAC:xSm) glass was prepared by classical melt quench pro-
cess with the following compounds composition: S0B05-20810;-1 5A1,0:(15-x)Ca0-
XSmO (where x = 0.1, 0.5, 1.0, 1.5 & 2 0 mol%). 1t was syrtheszed by using H:BOy,
$:10;, ALOy, €30, and SOy chamical constituents 35 mam compounds. All these
aforementionad chemical constituents were mixed with soetone and crushad all to-
gether for 30 minutes m 2 agate mortar unti] to get the smooth powder and then trans-
ferred into the crucible. Thereafter the crueible was placed inside the muffle fumace
and heated it at 1250°C for one hour The Mixed powder was meited then guickly
quenched with the halp of pre-heated brass piates and three coins to make a plass sam-
ple of umform thickness. Thereafter, put it in another electric fumace at 350°C for sbout
2 hours to avoid the tharmal strains, air bubblas from the as.prapered glass. Finally, the
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Sm™ doped borosilicate glass sample 15 prepared to study their novel propertzes. The
image of all synthes:zed glass are shown mn Figure 1.

Fig. 1. Tmage ofthe symbesized glacses.

The XRD profile of synthesized host glass was observed by o X-ray Bruker DS Ad-
vance Diffractometer. In this instrument, Xoray is genarsted by Cu-Ka radiation
(A=1.544). PL emission and excitation were monitored by Jasco FP-8300 spectrofluo-
rometer. The photoluminescence decay spectral inforrmation was recorded by using an
Edinburgh FL920 Fluoreseence Lifetime Spactrometer. The FT-IR spectrutn was mon-
ttored v1a Spectrum Two FT-IR Spectrometer- PerkinElmer.

3. Results and Discussion

3.1. XRD analysis:

Figure 2 depicts the XRD spectrum of the as-syntheszed host glass sample. It was
moatored m the 20 range from 10 1o 70 degrees. It clearly differentiates the crystalline
and amorphous nature of glass. No distiguishable intense peaks were observed m
Fig 2, but 3 wide ranging hump has been observed at low seattening angles, which spec.
ifies the glassy nature of prepared boroslicate glusses.

Inteasity(au.)

Fig. 2. XRD profile of ua-doped boeosilicate glaes.
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3.2. Photoluminescence excitation and emission spectral studies:

1t 15 unportant to clasafy the exeitation wavelength to explore luminous nsture of Sa-
marium tons doped borosilicate glasses. That's why, exaitation spectrum was récorded
from 300 to 500 nm under & fixed emission wavelength at 599om. Fig 3 chows the
mformation pertaining to the exoitation spectrum recoeded for (0.5m0!%) Samanum
ions doped zs-prepared glass; it confirms the presence of many exeitation pezks in the
orunge region. The detanls of exestation bands observed at different wavelengths corre-
sponding to the transitions are shown in the Table 1 [6] {13]-[15].

Table 1. The exeination peaks and thex corresponding wavelengrh.

The transition from The excitason bands are cen-
ez wred at the wavelength (A)
Hoz 343
Dua 160
P 374
Fm 402
Mz 418
4Ces 437
Jnw 473

After analyzing the excitstion spectrum, we found that smongst all peaks, the transi-
ton “Hsz — *F22.(402 mm) shows maximum miensity. The blue spectrum ranging from
SO0 to 750 nm in Figure 3, depicts the emission profile of as prepared glass (0.5 mol
%) near-UV excitation.

MNAC N e

1 o Ly 000 o
et

Intensity(a.u.)

300 30 400 480 800 S50 W00 A0 00 THO
Wavelengthinm)

Fig. 3. PL excmtioo aad exnission peofile of 0.5 mol% S doped a5 prepaced borosilicate
ghss,
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The emussion spectnun contains four peaks centered at different wavelengths corre-
sponding to the transitions are given in Table 2.

Table 2. The auitsion peaks are ¢ 4 at wavelenyh coczetponding to wmsticas
The trantmon from The excitatson bands are cen
Gr— wered at the wavelength (A)
*Han 582
*Hv: S99
B 645
*Hius 702

After mﬂym,?“thz emission spectrum, we found that amongst all four paaks, the tran-
ation “Gee — "Ho (539 nm) shows the maximum intense peak and found in the red-

dish-orange region

2.0x10* .i‘:'
"
o,
2.sx10* — >
— .
—— - .,
e . b
2.0x10* Non-radiative Transition
= - . T R
g E)E S| § §
L uex10'
5 17138 ¢
- o I B AP A
& 1.0x10° 4 : (25
— iy
!
5.0x10" . .,
.,
"
0.0 e 1 5

Fig- 4. Energy level duagram of the wynthesized glase

Figure 4 depicts energy levels of Samarnan 1ons doped borositicate glasses. The zolid
lines denote the radiative transitions and the dashed lines are representing the non-rs-
digtive transitions. Due to the minimal energy difference, all excitation thresholds
above 10y udergo non radiztive relaxation to this state. The radistive (visible) tran.
stions which are taking place from *Ga: to different energy states of “H | (=52, 72,
92 & 1142) are bacause there i enough energy gap between tham. Because of the
«mill energy gap between closest energy levels, non-radiative transtions ocour [6]

3.3 FT-IR spectral noalysis:

A pellet of thickness 1 mm 15 prepared by compressing the mixture of KBr and glass
powder in 2 hydraulic press under high pressure. This pellet 15 used in 3 spactrometer
to obtain the FT-IR spectrz. FT-IR profile of host glass 12 shown i Figure 5. we get the
information of the molecular or rotational vibeations associated with the bonds from
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FT-IR spectra. The obtained bands are located at 702, 244, 1045, 1088, 1146, 1298,
1339, 1304, and 1498 cm'! respectively. This figure also contamns two broad bands
ranging from 2700-3000 onx! and 36003750 cm!. The band positions and their as.
signed modas of vibrations prasent in the glass are presented i Table 3

Table 3, FT-IR band assipnments for the glass vample BSAC: xSar™ (x = 0 mol)

Pegk Positions Asugriments Referenoes
Wavenumbers
Lo

3600-3750 OH Water (16]

2700-3000 Hydrogen bonding 173, [18]

~1498 Three noobndgwg oxygen moms of the B-O-Bgroups pro-  [19]
duce a0n-symmetnc steerching vibeatoos.

~13M & — 0 symeeme vibratioe w BO»' and BC:0" unis [20),[21]

~1339% 8 — 0 gretching vibratca of pyrobocate, meea, and orthobe.  [17], [19]
are groups

~1298 Symenetric sretching vibraticn of § — 0 o BOy [19], [22]

~L146 & — 0 sxerching vibraricas of wigeaa! BOs™ unirs caly {20]

~|088 Asymmemic swetchng vibration of Si — & — §i bonds [23], [24]

~1045 £ — O Qetching vibrations of tetrahedral 04" unit (7

~44 Swetching vibeations of $i-OH [25]

~702 § ~ 0 ~ & vibration: in e borate petworks [261.]27]

Transmission(%)

4000 3800 3000  2W00 3000 1800 1000 00
Wu\'cnumlnr(cm" )
Flg. & FT-IR peohile of undoped borosilicate glass
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3.4. Photoluminescence lifetime decay curve analysis:

PL decay profiles were momtored st 599nm emission wavelength under 402nm excita-
tion wavelength. The measured results are depicted in Figure 6, The PL decay profiles
were plotted 11 & sem:-loganthmic plot and nonnalized on the maxuman wtensity. The
PL decay curve recorded for BSAC: xSm34+{0.1) was fitted using bi-exponential func-
tion[28)

1) = Agexp {(— =} + Ayexp(- 1) M

and PL decay curve recorded for BSAC: xS+ (0.5 & 1.5) were fitted by using the
fri-exponential function:

I{t) = Ayexp - %) + Azexp (- ;';) + Azexp{— &) (2

Ity which constants bave the:r usual meanings, The average decay lifetime 1 can be de.
termmined by

L Agrgtlyrptdyry (3)
The photolumimescence decay profile of Sm* doped borosilicate glass is depicted mn
Figure 6, In which glass with concentration 0.1 mol% ts fitted bi-exponentially and the
other two are fitted tri-exporentially [29]. The average decay time (14,,) of BSAC.
xSm™ (x=0.1, 0.5 and 1.5 mol %) 15 2.85 ps, 1.836 s and 1.36 ps respectively. 75, of

the glasses decrease quickly after increasing the dopant jon concentrations and this hap-
pens becanse of the transfer of energy between Samarium lons at amaller distances.

b baeirnang

Fig. 6. Photolunnnescence decay profile of BSAC:xSm (x =01, D.5, 1 5) samples inder 402
o excratica, meaitorng emstion at S99 nm.
CIE chromaticity coordinates

The colour ermitted from rare-earth jon-doped matenal can be understood through pho-
toluminescence spectra by using CIE (Commussion Internationale de L'Eclnirage) chro-
matioty coordinate systers{ 6], [30]). We need these 4-9 following equations to caloulate
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chromaticity coordinztes. The Planckian radiator 15 referred to the black body radiation.
The spectral power distribution can be caleulated by Planck’s radistion formula:

P{A,T) = 2hc* 3 5(exp (‘:—:r) —t @

Where variables have thewr usual meanmgs which are mentoned m Ref[31]. CIE tri-
stunulus 1s calculzted by the following three aquations:

X{T) = k[ P4, T)R{A)dA (5)
¥{T) =k [ P(A,T) ¥ A)dA ©
Z{T) = k[ P(A,T) 3 XdA 7

Where £, § & 7 are CIE colour matching funct:ons (CMFs). And X(7), ¥(?), & Z(T")
are tnstumulus values of CIE 1931 [32), [33] The CIE 193] chromaticity coordinate
15 caloulated by these two formulae:

XM
X = S em @)
yu__AD __ (%)

= XA

We caleulsted CIE chromaticity coordinates of the Sm+3 doped glass from emission
spectra by using the sbove-gsven formulze, 25 shown in Tabla 4. The CIE 1931 coordi-
nate system assigns a colour to a point on the chromaticity diagram by using two colour
coordinates, X, and y, CIE piot with chromatioity coordinates is hown m Figure 7. In
this figure, clearly we can see that, coordinates are postioned m reddish -orange region
m CIE plot. This shows that this material can be vsed m reddish-orange mmescent
device applications.

Table 4, The color coordmates of CIE dagram.

Glazs mmmple doping concentrarion Mol Colour Coerdinates

%o X .

0.1 05842 0.3958
05 0.5998 0.3964
Lo 0.5934 04005
L5 0.5871 0.3979
20 0.5930 04012
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Fig. 7. CIE dugram of Saa™ doped bovosilicare glasses

4. Conclusions

Borpzlicate (BSAC: xSm'*) glasses dopad with Samarium ions were developed by us
mg melt quenck method. Borosilicate giasses are charactenized by using XRD, FT-IR,
photolurmine:cence excitation, emssion, and PL decay spectral studies to comprehend
the use of these materials 1w photonic deviez spplications. The XRD and FT-IR studses
of the host glass sample telis sbout the amorphous nature and presence of different
bonds and functional groups, The moat intense pesk (“Gse — “Hye) 15 centered at
599mm in the PL profile. The experumental lifetirne decreases as doping ions conven-
tration mereases and this happenes beeguse of the non-radisting transition that takes
plave betsveen borosilivate gluss and Sm™ 1ons. The coordinates of CIE obtames for an
optimum concentrat:on of doping 1on in borosilicate (BSAC: xSm’™*) glasses are 0561
0.435, where x=0.5 o) %. All of the sbove findings indicate that S1* doped borosil-
icate glass 1s switshle for 1ts usage m visible reddish orange photonic davices
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