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Eu®" and CdS were singly doped and co-doped into chloroborosilicate glasses with composition
37.8Si05-27B303-18Ba0-3.6K20-3.6A1,03-10BaCly (mol%), by one-step melt quench technique. The samples
were characterized by transmission electron microscopy (TEM), UV-Vis absorption, excitation, and emission
spectroscopy. TEM images revealed the presence of CdS quantum dots (QDs) of size 5-20 nm in the CdS-doped
glasses. The Eu-doped glass shows characteristic orange emission of Eu>™ at 393 nm excitation, while excitation
at 250 and 317 nm revealed the existence of Eu?* ions. There are strong evidences of energy transfer involving
the charge transfer band (CTB) and different energy levels of Eu?* and Eu®* ions. The CdS-doped glass showed
broad emission bands, originating from various electronic transitions involving defect and trap states in CdS
crystalline structure. The emission band in the lower wavelength region, shows a red shift with increasing
excitation wavelength, which proves the quantum confinement effect in CdS QDs. Eu/CdS co-doped glasses
showed significant enhancements in Eu®*/Eu?" emissions, up to 20 and 70 times, upon excitations at 393 and
317 nm, respectively, which is considerably higher compared to previously reported similar systems. This
enhancement is attributed to a complex energy transfer occurring between Eu?*/Eu®" and CdS QDs, reported for
the first time in a glassy system, especially considering the in-situ growth of the QDs during melt. The co-doped
glass also showed pure white emission at 67 nm slit width upon 387 nm excitation, which is a novel finding
from an Eu/CdS co-doped glass.

1. Introduction and injection lasers, flat-panel displays, electroluminescent devices and

infrared windows, etc. [6-8].

Semiconductor quantum dots (QDs), one of the most important
nanomaterials for applications in diverse fields of photonics, are a sub-
ject of considerable interest given their unique optical properties and
functionalities, due to quantum confinement effects, which are not
exhibited by their bulk counterparts [1-3]. Recently, photochemically
stable II-VI semiconductors (ZnSe, CdS, CdSe, etc) QDs have played a
substantial role as luminescent materials, with tunable emissions asso-
ciated with their size-dependent band gap. These characteristics lead to
several advantages in optical applications, such as higher absorption
cross-section, and narrow, tunable and Stokes shifted emission spectra
[4,5]. CdS is one of the most common II-VI semiconductor QDs, and it
can emit over a wide range of wavelengths depending on the dots size.
As an increasingly important wide-bandgap (2.42 eV) material, it has
been used in many applications such as ultraviolet light-emitting diodes
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In general, stabilization of nanometer-sized particles is difficult,
particularly when embedded in unsuitable host materials, with poor
thermal resistance. When exposed to high temperature, which might be
a consequence of high-power excitation, heating effects may result in the
degradation of photoluminescence efficiency, and a decrease in the
lifespan of the luminescent device [4]. Therefore, in the last decade,
efforts have been made to find suitable, hosts matrices for the incorpo-
ration of QDs and, among them, some glasses have proven to be excel-
lent choices given their high thermal resistance and transparency for
visible light emission [9]. The study of CdS-doped glasses is motivated
by the extended use of CdS as a phosphor, in photovoltaic cells, field
effect transistors, heterojunction lasers, acoustic amplifiers, etc [4-9].
Several publications concerning CdS doped silica [10,11] or zirconia
[12] prepared by the sol-gel technique, have appeared in recent years.
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In order to tune their emission wavelength, different rare earth ele-
ments (Ho®>", Eu", Er®", etc) are often co-doped into II-VI semiconductor
QDs (CdS, ZnS, ZnSe, etc) altering the emission recombination processes
[13-16]. Rare earth ions present a unique 4f electronic structure leading
to 4f-4f or 5d-4f transitions which can introduce new fluorescence
characteristics to II-VI QDs [17,18]. Europium (Eu) is the most commonly
used element, because the Eu doped QDs have a wide emission band and
tunable emission colors ranging from blue to red, very suitable for ap-
plications in white LEDs [19]. Several authors have reported that the
luminescence of Eu>* ions can be efficiently enhanced by co-doping Eu®*
with CdS QDs in a suitable host matrix, so that energy transfer from the
QDs to the Eu®* ions takes place [19-23]. Similar observations were re-
ported in several other Eu*-CdS systems, prepared by sol-gel technique
[24,25] or in thin films prepared by chemical spray pyrolysis [26].
However, reports of glasses co-doped with Eu®>* and CdS QDs, obtained by
melt-quenching technique are also rare.

In view of the above introduction, we present a study of the obtain-
ment and structural and spectroscopic characterization of a new glass
system co-doped with Eu®" and CdS QDs obtained by the conventional
melt-quenching technique. Chloroborosilicate (CBS) glasses - a modified
version of borosilicate glasses [27] with general composition (mol%)
(100—x) (42Si02-30B203-20Ba0-4K2,0-4A1,03)-xBaCl, (where x =
0-30), have been previously reported as excellent host matrices for rare
earth ions like Sm®" and Dy?’+ and metal (Ag and Au) NPs [28-30].
Considerable enhancement in the RE emissions have been observed in
presence of the surface plasmon resonance effect of Ag and Au NPs, in this
glass matrix [28-30]. So, there should be a fair possibility that the same
kind of enhancement effect can be obtained in this glass if co-doped with
RE/semiconductor QDs. The glass is thermally stable and also remains
transparent over a prolonged period of heating treatment (up to 120 h at
680 °C) [31]. Based on this previous knowledge, in the present study,
Eu®' and CdS were doped separately and co-doped into a chlorobor-
osilicate glasses, with composition 37.85i0,-27B203-18Ba0-3.6K20—
3.6A1,03-10BaCl, (mol%), through the one-step melt-quenching tech-
nique. The resulting transparent samples were characterized by trans-
mission electron microscopy (TEM) and absorption, excitation and
emission spectroscopies. A significant emission enhancement was
observed due to several energy transfer mechanisms.

2. Experimental procedure

2.1. Samples preparation

The employed raw materials were quartz (SiO3), boric acid (H3BOs),
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barium carbonate (BaCOs), potassium carbonate (KCO3), aluminum
oxide (Al;03) barium chloride (BaCly), europium oxide (EupOs) and
cadmium sulfide (CdS), all purchased from AR, Sigma Aldrich. They
were used directly without any further purification. Glass batches of 70
g, with the compositions depicted in Table 1, were prepared by melting
homogeneous mixtures of the powders with calculated composition in a
high-purity alumina crucible at 1250 ‘C for 1.5 h, intermittently stirring
with a silica rod for 0.5 min in air in a raising hearth electric furnace.
The crucible was covered with an alumina lid during the melting pro-
cess. The molten samples were cast into an iron plate in air and annealed
at 600 °C for 6 h in order to remove the residual thermal stresses, fol-
lowed by slow cooling down to room temperature. The glass pieces were
cut and polished for optical characterizations.

2.2. Characterization

The base glass had been previously characterized by differential
scanning calorimetry (DSC), X-ray diffraction (XRD), scanning electron
microscopy (SEM), transmission electron microscopy (TEM) and energy
dispersive X-Ray analysis (EDX) [27-31]. The glass transition temper-
ature of the glass was found to be 634 °C [27], the glass was amorphous
when prepared, but BaCl, nanocrystals were found to develop with heat
treatment at 650 °C, as confirmed by SEM and TEM studies [28-31]. In
the present study, the microstructures were analyzed by TEM, EDX, and
selected area electron diffraction (SAED) using a MEV XL30 FEG mi-
croscope. To investigate the spectroscopic properties, the samples were
cut into pieces of the same size and thickness (15 mm x 15 mm x 5 mm),
and polished using sandpapers of different grades. The absorption
spectra were measured in a PerkinElmer UV-Vis-NIR spectrophotom-
eter model Lambda 950, working on the double beam principle. In this
equipment, the source consists of a deuterium lamp for the UV spectral
region and a tungsten lamp for the visible to infrared region. The PL
excitation and emission spectra were collected in a HORIBA Jobin Yvon
spectrofluorimeter model Fluorolog FL3-221, equipped with a CW
xenon flash lamp and a visible photodetector (HORIBA PPD-850). To
avoid overlapping of different orders of diffracted radiation, optical
filters were employed in the path of the source beam.

3. Results and discussion
3.1. Transmission electron microscopy

Fig. 1 (a) and (b) show representative TEM images of sample CdS10
and Eul0_CdS30. Spherical particles with sizes ranging from 5 to 20 nm

Table 1
Eu,03 and CdS content (wt % in excess) in the base glass composition: 37.85i02,-27B,03-18Ba0-3.6K20-3.6Al,03-10BaCl, (mol%).
Sample no Sample ID Euy03 (Wt%) CdS (wt%) Colour
1 Eul0 1 - Colorless
2 CdS10 1 Yellow
3 Eul0_CdS10 1 1 Light yellow
4 Eul0_CdS20 1 2 Light yellow
5 Eul0_CdS30 1 3 Light yellow
6 Eul0_CdS50 1 5 Light yellow
— i T * 1
- J
A v
-  —
- ~Disc ‘1

Photographs of the prepared samples, left to right, Eul0, CdS10, Eu10_.CdS10, Eul0_CdS20, Eul0_CdS30 and Eul0_CdS50
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Fig. 1. Representative TEM images of (a) CdS10, (b) Eu10CdS30, (c) high resolution TEM image of CdS10, (d) particle size distribution histogram of CdS10, (e)
HRTEM of CdS10, (f) SAED pattern of CdS10, showing different crystalline planes of CdS, (g) EDX spectrum of CdS10.
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Table 2

Quantitative analysis by EDX of CdS10 sample.
Element Weight % Atomic % Error % Correction k-Factor
O(K) 62.30 78.09 0.45 0.49 1.974
Al(K) 3.34 2.49 0.07 0.92 1.027
Si(K) 23.66 16.95 0.19 0.92 1.000
S(K) 0.28 0.05 0.01 0.93 1.021
CI(K) 0.34 0.03 0.09 0.95 1.063
Cd(K) 0.68 0.12 0.09 0.97 7.185
Ba(K) 9.40 1.37 0.26 0.89 14.877

can be observed in both samples. Most of the observable particles are
below 10 nm size, a few of them are bigger. Fig. 1(c) represents a high-
resolution image of sample CdS10, zooming over one single spherical
particle with a diameter lower than 10 nm. Fig. 1(d) shows a histogram
presenting the particle size distribution of CdS QDs in the sample CdS10.
It shows that more than 60% of the particles are smaller than 5 nm in
diameter. Fig. 1 (e) shows a HRTEM image of the same sample showing
different crystalline planes of CdS crystal, planes have been identified
and assigned with JCPDS no. 75-1545. Fig. 1 (f) shows the selected area
electron diffraction (SAED) pattern of this particular particle. The
presence of multiple rings represents different crystalline planes. The d-
spacing values have been calculated and they match with the d-spacings
of different crystal planes (101), (102), (002) and (210) of CdS crystal
(JCPDS no. 75-1545). This confirms the presence of CdS nanoparticles
in the prepared glasses. Energy dispersive X-ray (EDX) analysis was also
performed on the same area of the same CdS10 sample. Fig. 1(g) shows
the EDX spectrum of the same representative sample. It shows Cd and S
peaks which again confirm the presence of CdS in the sample. Table 2
shows the weight percentage of every element present in the sample. Cd
and S are present in significant amounts. The alumina content is slightly
higher (3.34 wt%) than it should be according to the glass composition
(~3 wt%). This is probably due to the inclusion from the alumina cru-
cible during melting.

3.2. Absorption spectra

The absorption spectrum of EulO in the UV-visible range is pre-
sented in Fig. 2(a). The spectrum reveals the ground state absorption
bands of Eu®t ion corresponding to the transitions 7F0—>5D2 (464 nm),

124F; ——Eu10
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°D,(362)

°L,(393)
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7Fo—>5L6 (393 nm), and 7F0—>5D4 (362 nm), assigned in accordance with
Carnal’s convention [32,33].

As shown in Fig. 2(b), the absorption spectrum of CdS10 shows a
broad absorption band starting from 500 nm (green region) and
centered around 400 nm (violet region). For wavelength below 400 nm,
the absorption reaches saturation, which indicates that the glass reaches
its UV cut-off wavelength. The spectra of Eu/CdS co-doped glasses show
the characteristics of both Eu>* and CdS QDs, i.e. the sharp absorption
peaks at 393 and 464 nm and a progressive broad band starting around
500 nm.

3.3. Emission and excitation spectra

3.3.1. Emission and excitation spectra of Eul0 sample

All of the Eu-containing glasses present bright red emission when
excited at 393 (7F0—> 5L6) and 464 nm (7F0—> 5D2). Fig. 3(a) depicts the
representative photoluminescence spectrum of EulO obtained upon
excitation at 393 nm. The spectrum exhibits characteristic emission
peaks between 570 nm and 720 nm assigned to transitions within the 4f°
configuration of Eu®". The dominant intense red emission at 612 nm
corresponds to the hypersensitive >Dy—’F, forced electric-dipole tran-
sition. The other emission peaks have been assigned to 5D0—>7F0 (579
nm), °Dy—"F; (591 nm), *Dg—’F3 (652 nm), and °Dy—’F4 (703 nm)
transitions of the Eu®" ions. The inset of the figure clearly demonstrates
the bright red luminescence under 393 nm excitation. The same emis-
sion bands appear when excited at 464 nm.

The excitation spectra were recorded by monitoring the
Eu®Temission at 612 nm (5D0—>7F2) for all the Eu-containing samples.
All of them display similar nature as represented by the excitation
spectrum of Eul0 shown in Fig. 3(b). Sharp peaks have been revealed in
300-600 nm wavelength range corresponding to transitions from the
ground state to the excited states within the 4f® configuration of Eu®* as
duly assigned. A sharp rise in intensity, was observed in the range 300 to
250 nm which could not be investigated beyond 250 nm due to exper-
imental limitations. This intense broad band corresponds to the charge
transfer band (CTB) of Eu.

Fig. 4(a) depicts the photoluminescence spectra of Eul0 obtained
upon excitation at 305 nm ("Fo— °Hg). The spectra exhibit sharp peaks
in the wavelength range 570-720 nm along with an intense broad
emission band peaking at 430 nm. The sharp peaks in the longer

] —— Eu10

| —— CdS10

A ) —— Eu10_CdS10
Eu10_CdS20

—— Eu10_CdS30

Eu10_CdS50

(b)

Absorption coefficient (cm™)

. ; ; .
300 400 500 600
Wavelength (nm)

Fig. 2. UV-Vis absorption spectra of (a) Eul0, indicating the characteristic transitions of Eu>*; (b) all the prepared samples.
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Fig. 3. (a) Emission spectra of Eul0 with excitations at 393 nm, (the inset shows a photograph of the emitting sample), (b) Excitation spectra of Eul0 monitoring the

emission at 612 nm.
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Fig. 4. (a) Emission spectra of Eul0 with excitations at 305 nm, (b) Excitation spectra of Eul0 monitoring the emission at 430 nm.

wavelengths have been assigned to 5Do—"Fo.4 of Eu®" ions. The broad
emission band may be attributed to the characteristic 4°5d—4f’ tran-
sition of Eu®" ions [34]. To investigate the origin of the broad emission
band in the blue region, an excitation spectrum was taken monitoring
the emission at 430 nm, as illustrated in Fig. 4(b). The spectrum shows a
broad excitation band in the range of 280-380 nm, peaking around 317
nm, which indeed reveals the characteristic 4f—5d transition of Eu®*.
The same trends were observed in all the Eu-containing samples. This
clearly establishes the existence of Eu?* ions in all the Eu-doped
samples.

On the broad emission band of Eul0 in Fig. 4(a), there are two visible
holes located at 393 and 464 nm, which correspond to the two most
prominent, characteristic absorptions of Eu>*. As it is understood that
the broad emission band originates from the 4f°5d—4f’ transition of
Eu?* ions, the presence of those two holes clearly indicates that there is
energy transfer taking place from Eu?* to Eu®* ions. This kind of energy
transfer is not uncommon in the case of systems containing both the
divalent and trivalent ions [35,36].

In the excitation spectra measured monitoring the emission at 612
nm (Fig. 3(b)), the sharp rise, observed below 300 nm, corresponds to
the charge transfer band (CTB) of Eu. When excited at any wavelengths
between 250 and 290 nm, it resulted in the intense emission at 612 nm,
characteristic for Eu>" along with the other emission bands at longer
wavelengths and the broad band from 380 to 500 nm peaking at 430 nm,
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4)(10&-
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2x10% 4

1x10°

—Eu10

Ao =250 NM
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T
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Fig. 5. Emission spectra of Eul0 with excitations at 250 nm.

characteristic for Eu®" [35,36], as shown in Fig. 5.

These evidences corroborate the presence of both Eu?* and Eu®* ions
in the europium doped CBS glass and also the energy transfer mecha-
nism between them. Fig. 6 presents a schematic energy level diagram of
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Fig. 6. Schematic energy level diagram of Eu”" and Eu®" showing the plausible electronic transitions and energy transfer mechanisms between them [based on Ref 36-38].
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Fig. 7. (a) 3D Emission spectra of Eul0 at different excitation wavelengths from 300 to 395 nm, (b) Intensity ratio variation of emission bands at 420 and 612 nm as

a function of different excitation wavelengths.

Eu?* and Eu®* showing the electronic transitions and energy transfer
mechanisms, leading to the observed emission properties. Under
250-290 nm excitation, the Eu®" ions are excited to the CT (charge
transfer) state, and then decay to the 4f levels of Eu’* and Eu®" ions.
Then both species decay to the lower vibrational energy levels and un-
dergo radiative emissions.

The excitation spectrum shown in Fig. 4(b), exhibits a broad band,
which is assigned to Eu?t 4f, 857/2 —4f° 5 d"). The broad band allows
excitation of the glasses in the 300-350 nm [38] yielding a broad
emission band in the range of 380-500 nm, which overlaps with the
absorption region of Eu3t [36-38].

The confirmed presence of both divalent and trivalent Eu ions leads
to strong emission bands in the blue (around 380-500 nm) and red re-
gion (612 nm) of the spectrum. The ratio of these bands varies consid-
erably with the excitation wavelength. Fig. 7 (a) shows the variation of
PL spectra of Eul0 at different excitations in the range of 300-395 nm.
From the figure, it can be observed that at 300 nm excitation, both the
emissions are intense, because both Eu?>* and Eu®" are excited in the
range 300-305 nm. With increasing excitation wavelength, the emission
in the blue becomes more intense than the one in the red. From 340 to
350 nm, the blue band is predominant, whereas from 360 nm onwards,
the red emission gets stronger and predominates, eventually yielding

maximum intensity at 612 nm, upon 395 nm excitation. Fig. 7 (b) shows
the variation of the intensity ratio of the blue (380-500 nm) and red
(612 nm) emission bands with different excitation wavelengths. As
evident, variation of intensity ratios implies a change in the overall
emission color. Table 3 enlists the intensity ratios at different excitations
and the resulting color of emitted light. For the I420:I12 ratio of 0.87 or
less, the emitted color is strong red.

3.3.2. Emission and excitation spectra of CdS10 sample

CdS10 revealed broad emission bands around 425 and 675 nm when
excited at 350 nm and 460 nm respectively, as shown in Fig. 8 (a). Based
on that, excitation spectra were measured monitoring the emissions at
425 and 675 nm, shown in Fig. 8(b). Both of the spectra show a broad
excitation band having a plateau region from 300 to 460 nm, with a
bump around 400 nm. As the excitation spectra do not show any distinct
peak position, the CdS-doped sample was excited at several wavelengths
located on the plateau region of the excitation spectra to seek emission
variations. Fig. 8(a) shows the emission spectra of sample CdS10 at
different excitations (305, 317, 350 and 460 nm). For excitation wave-
lengths <350 nm, two distinct broad emission bands were observed in
the violet-blue and red spectral regions. When excited at 460 nm, only
the red emission band is detected. The position of the red emission band
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Table 3
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Intensity ratio of blue and red emission with varying excitation.

Aexe Is12/1420 L420/1612 Emitted color
300 1.14 0.88
305 0.75 1.34
310 0.45 2.29
315 0.66 1.12
320 0.93 1.07
325 0.40 2.47
330 0.18 5.43
335 0.11 9.08
340 0.09 11.43
345 0.08 11.86
350 0.08 11.65
355 0.16 6.18
360 1.95 0.51
365 0.79 1.26
370 0.97 1.03
375 4.17 0.24
380 6.52 0.15
385 4.74 0.21
390 7.14 0.14
395 22.16 0.05

(675 nm) is the same for all the excitations, while the peak position of
the band at the shorter wavelength region exhibits red shift with
increasing excitation wavelength.

The observed broad emission bands are actually the result of over-
lapping bands which arise due to the presence of deep defects or trap
states present in CdS crystals indicated as Py, Py, P3, P4, Ps5, and Pg. Fig. 9
shows a schematic diagram of different electronic transitions taking
place in CdS NPs of different particle sizes. The defect states are marked
as 1, 2, 3 for smaller CdS NPs and 4,5 for relatively larger NPs. The peak
marked as Pj, observed at 350 nm is related to electron-hole recombi-
nation of the relatively small size NPs. P, (390 nm), P3 (405 nm) and P4
(420 nm) are due to the defect states marked as 1, 2 and 3 respectively.
Peaks P5 (636 nm) and Pg (675 nm) appear due to transitions from the

defect states marked as 4 and 5, respectively, in the larger NPs [39-41].

The red shifting of the emission band at violet-blue region can be
attributed to the presence of QDs of different sizes. As the nature of
quantum confinement indicates, the band gap increases with the
decrease in particle size and vice versa. The generation and growth of
the semiconductor QDs take place during the melting and annealing
stages. Thus, they are uncontrolled processes generating particles of
several sizes. So, the presence of very small particles having a size of a
few nanometers is as probable as of bigger particles, exhibiting bulk-like
properties. For smaller particles, the gap between the valence and con-
duction band varies due to the quantization of the energy levels. As
result, for particles of different sizes, the band gap has different values.
When the sample is excited with higher energy at the UV region, the
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Fig. 8. (a) Emission spectra of CdS10 at different excitation wavelengths, (b) excitation spectra of CdS10 monitoring emissions at 425 and 675 nm wavelengths.
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absorption takes place selectively according to the size of the NPs. When
excitation is 305 nm, very small NPs absorb and emit at shorter wave-
lengths (P; and P5), which cannot be observed in the case of other ex-
citations. When excited at relatively longer wavelengths 317 and 350
nm, relatively larger NPs absorb and emit at P5 and Pg. For all these
excitations, the position and intensity of the broad emission band in the
red region remain unchanged. This indicates the presence of larger bulk-
like CdS particles, which can only emit at longer wavelengths. For bigger
particles, the band gap is smaller, so the radiative emissions take place
from defect levels located much below the defect states of the smaller
NPs. As a result, the emission at Ps and Pg are observed due to the
transitions from defect levels 4 and 5 to the valence band. As all the
larger particles act as bulk material, there is no variation in the band gap
value. All of them exhibit emission at the same position (636 and 675
nm) [39-41].

3.3.3. Emission and excitation spectra of Eu>*/CdS co-doped glasses
When excited at 393 nm, all the Eu/CdS co-doped glasses show
bright orange luminescence like the Eu-doped glass. Fig. 10 shows the PL
emission spectra of all Eu and Eu/CdS doped glasses excited at 393 nm.
The band positions are the same as EulO as shown as Fig. 3(a). It is
evident from the figure that there is a considerable increase in PL
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Fig. 10. PL emission spectra of Eu>*-doped and Eu/CdS co-doped glasses at

393 nm excitation, inset shows variation of PL intensity at 612 nm as a function
of CdS content.
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Fig. 11. Schematic energy level diagram of CdS and Eu®" showing the energy transfer mechanism from CdS to Eu®" leading to the Eu®>" PL enhancement (transitions
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intensity from EulO to all the Eu/CdS co-doped glasses. The inset shows
the variation in PL intensity with CdS concentration. It is observed an
intensity increase of more than 10-fold from Eul0 to Eul0_CdS10. This
increase continues with increasing CdS content, while the rate of
enhancement slows down. The sample Eul10_CdS50 with maximum CdS
content (5 wt%) show the maximum PL emission, which is around 20-
fold higher than for the Eul0 sample.

This enhancement is obviously due to the presence of CdS nano-
particles in the glass. The larger the CdS concentration is, the larger is
the observed enhancement effect. The mechanism of enhancement in-
volves two pathways, (1) reabsorption of emitted light from CdS, by
Eu®' ions, (2) Energy transfer from CdS NPs to Eu®" by electron-hole
recombination mechanism [9,20-26,41-48]. Fig. 11 represents the
enhancement mechanism showing the energy transfer mechanisms.

When the Eu/CdS co-doped glasses are excited at 393 nm, Eu>* ions
are directly excited and display their characteristic emissions. As CdS
has a broad excitation band up to 450 nm, CdS also absorbs at 393 nm
and gives a broad emission band ranging from 350 to 500 nm. That
emission is then re-absorbed by Eu®" at 393 and 464 nm, which leads to
increased emission from Eu>".

Another important observation from Fig. 10, is that there is no
emission band found for Eu/CdS co-doped glasses, around 675 nm, as
expected from CdS QDs. The broad emission band, which is observed for
CdS10 in the red region, peaking around 675 nm for any excitations
between 300 and 460 nm, totally disappears in Eu/CdS co-doped
glasses. An intense enhancement is found in the Eu®* emissions. These
two occurrences are interrelated through an energy transfer process
from CdS NPs to Eu®", involving the following steps:

1. Eu®* introduces isoelectronic acceptor-like electron (AE) trap states
below the conduction band of CdS. It involves the isoelectronic AE
trap capturing an electron, which makes it negatively charged.

2. A hole is then bound by the resulting Coulomb potential.

3. The recombination energy of the bound electron-hole pair is used to
bring the electrons of Eu®" ion from the ground state “Fy to the
excited states in an Auger process involving the electrons in the 4f-
electron shell.

4. The excess energy is released by generation of (local) phonons.

This energy transfer process from CdS nanoparticles to Eu®™ is also
responsible for the disappearance of the broad emission band at 675 nm,
as well as, for the enhancement in all the emission bands of Eu®". This
kind of energy transfer has previously been reported in different

semiconductor-rare earth co-doped glasses [20-26,41-48].

It is to be noted that, as Eu?>* does not absorb at 393 nm, there is no
involvement of Eu** ions upon 393 nm excitation. The mechanism of
energy transfer gets much more complex when Eu®" is involved. Fig. 12
shows the emission spectra of the samples excited at 317 nm. All of the
samples presented a broad emission band all over the violet-blue region
(from 380 to 550 nm) centered around 430 nm and several sharp peaks
in the range from 570 to 700 nm. The sharp peaks in the longer wave-
length regions are attributed to the 5Dy to "Fy.4 levels of Eu®*. The broad
band in 380-550 nm region may have contributions from both Eu?* and
CdS QDs.

To show the comparison among the Eu and CdS-singly doped and
Eu/CdS co-doped glasses, their PL spectra, with excitation at 317 nm,
are shown in Fig. 13. The intense increase in the intensity of all the
emission bands of Eul0, is evident when comparing the PL spectra of
Eul0 and Eul0_CdS10. The maximum enhancement, observed for the
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Fig. 12. PL emission spectra of Eu-doped and Eu/CdS co-doped glasses, with
excitation at 317 nm excitation. The inset shows the variation of PL intensity at
430 nm as a function of CdS content.
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broad emission band peaking around 430 nm, is around 70-fold, along
with a 10-fold increase in the 612 nm emission. It should be noted that
this amount of enhancement is substantially higher compared to previ-
ously reported Eu/CdS co-doped systems [19-26]. As observed in the
case of 393 nm excitation, here also the broad emission band of CdS at
675 nm, disappears. These enormous increase in PL intensity in Eu?*
and Eu®" and the disappearance of emission band in CdS are due to a
complex energy transfer among the three species [33-38], represented
schematically in Fig. 14.

Fig. 14 represents the schematic energy level diagram showing the
energy transfer among the three species which results in the PL
enhancement. As explained earlier, at 317 nm excitation, both Eu?' and
CdS absorb and present a broad emission band around 350-500 nm.
That energy gets absorbed by Eu®t which enhances its characteristic
emissions in the 570-700 nm range. The energy transfer from CdS takes
place through the electron-hole recombination process caused by the
formation of acceptor-like trap states in CdS. That energy is transferred
to both Eu?* and Eu®* species resulting in enhanced emission. The in-
tensity enhancement of the band at 380-500 nm is much more pro-
nounced due to: (1) CdS QDs has been observed to emit in that range
when excited at 317 nm, so there is a possible contribution from CdS NPs
to that emission band; (2) there is only a weak excitation band at 317 nm
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for Eu>*, while the broad excitation band for Eu?* peaks near 317 nm.
Thus, the direct absorption of light at 317 nm is much more intense for
Eu?" than for Eu3*, resulting in higher enhancement in the Eu®"
emission.

Eu®* has a very weak excitation band at 317 nm due to "Fo — °Hg
transition. That is why the emission for Eu®" in 570-700 nm region is
also very weak in EulO. But in the presence of CdS QDs, such band in-
tensity is 10-times magnified upon the same excitation wavelength. This
increase clearly proves the occurrence of energy transfer to Eu®" from
the other two species. The disappearance of the large emission band of
CdS at 675 nm, again demonstrates the efficiency of the energy transfer
process.

3.3.4. Variation with slit width — search for white light

During this work, it was observed that Eu/CdS co-doped glasses
showed prominent emission bands in the blue and red areas. The in-
tensities of the broad band in the violet-blue region from Eu?* and CdS
and the sharp bands in the orange-red from Eu®* region varied signifi-
cantly with the excitation slit width, showing different colors of the
emitted light. So, the variation of the slid width was systematically
investigated, in the search of a pure white light.

PL spectra have been recorded for the Eul0_CdS10 sample at 387 nm
excitation by varying the excitation slit width from 1 nm to 14 nm. The
excitation wavelength was chosen at 387 nm because it is in the middle
ground between 393 nm - for which the Eu3* absorption is very strong,
and 380 nm - up to which the excitation band of Eu?" extends. So, this
wavelength only excites CdS and Eu®*, not involving the Eu?" ions. The
sharp peaks from 570 to 700 nm appear, as expected from Eu*. The
broad band from 420 to 530 nm peaking around 450 nm is due to the
CdS QDs. As the excitation wavelength is outside of the Eu?* excitation
range and Eu?" does not emit at 450 nm, this emission band definitely
originates from CdS. As explained earlier, with increasing excitation
wavelength, the emission band of CdS shows a red shift, due to the ex-
istence of CdS QDs in the glass in a wide size range and the implicit
change in effective band gap that accompanies particle size variations.
Here, with 387 nm excitation, the peak of the emission band appears to
be at 450 nm. The intensity ratio of these two bands changes a lot
depending on the excitation slit width. To compare the ratios, the
spectra have been normalized by the peak intensity at 612 nm.

From Fig. 15, it is evident that the intensity at 450 nm increases with
decreasing slit width. It is also interesting to notice that the hole at 464
nm gets deeper and deeper with a narrower slit. At larger slit widths, the
excitation wavelength shifts closer to 393 nm (which corresponds to the
most intense excitation band for Eu3+), allowing more efficient excita-
tions and thus increasing the emission intensity at 612 nm. As the
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Fig. 16. Representative luminescence decay curves of Eul0 and Eul0_CdS10
for 393 nm excitation and emission at 612 nm.

excitation for CdS NPs remains the same, the intensity at 450 nm re-
mains almost the same. When the slit is gradually closed, the excitation
wavelength distances from 393 nm thus decreasing the direct excitation
of Eu®* ions. Eu®" ions then absorb the required excitation energy from
the emission band of CdS, mostly at 464 nm. The smaller the slit width,
the more absorption occurs by Eu3+, causing the hole to get deeper. This
is another evidence of energy transfer from CdS to Eu>*. The inset of
Fig. 16 shows the intensity ratio of emissions at 450 and 612 nm, as a
function of slit width. The ratio changes a lot, which indicates the wide
variation of the emitted color. For smaller slit width, it emits blue and at
larger width, it emits red. Around slit width 6-7 nm, the ratio becomes
close to 1, at that point the color of the emitted light becomes almost
pure white. Inset shows the image of white light emission.

3.4. Fluorescence lifetimes

The most intense PL emission was observed at 612 nm, when excited
at 393 nm, for all the Eu-containing samples. This is the most prominent
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emission band originating from Eu>" ion. That is why the fluorescence
lifetimes have been measured for this transition. Excited state lifetime
values were determined from the luminescence decay curves for all the
samples by monitoring the emission at 612 nm, at 393 nm excitation.
Fig. 16 shows the representative decay curves of Eul0 and Eul0_CdS10
samples. The lifetime values for all samples were calculated to be in the
range of 1.83-2.09 ms. The value of lifetimes did not show much vari-
ation with change in dopant concentrations up to the levels studied.
Generally, in presence of an energy transfer process, a decrease in life-
time (based on luminescence decay) of the donor species is expected
whereas an increase in rise time of the acceptor species could (not
necessarily) be observed. Therefore, the recommended experiment
would be to measure the lifetime decay of the CdS QDs in the presence of
the Eu species. However, this measurement was not possible because, as
described and explained earlier (Fig. 13), in glasses containing both Eu
ions and CdS QDs, the emission of the latter disappears due to the very
efficient energy transfer.

4. Conclusions

CdS QDs in the size range of 5-20 nm have been successfully
generated into chloroborosilicate glass, for the first time, using the one-
step melt-quench technique. The CdS-doped glass showed two broad
emission bands, peaking around 430 and 675 nm, originating from
various electronic transitions involving the defect and trap states in CdS
crystal. The band in the lower wavelength region shows a red shift with
increasing excitation wavelength, which proves the quantum confine-
ment effect in CdS QDs. Co-doping the glasses with europium resulted in
the generation of both divalent and trivalent Eu ions. The existence of an
energy transfer process involving the CTB and the different energy levels
of Eu?" and Eu>* ions has been proven. Also, the color of the emission
was found to vary largely with excitation wavelength, which confirms
the presence of both Eu?* and Eu®*. Eu/CdS co-doped glasses showed
intense enhancements in Eu®™/Eu?* emissions, of 20 and up to 70 times,
at 393 and 317 nm excitations, respectively. This is considerably higher
compared to previously reported Eu/CdS co-doped systems [19-26].
This enhancement is attributed to a complex energy transfer occurring
between Eu?", Eu®*, and CdS QDs, reported for the first time in a
Eu?*/Eu®t/CdS-co-doped glass system. The enhancement effect in-
creases almost linearly with CdS content. The Eu/CdS co-doped glass
showed variation in emission color with variation in excitation slit,
giving pure white emission at 387 nm excitation and 6-7 nm slit width,
which is also a novel finding from an Eu/CdS doped glass. The fluo-
rescence lifetimes for 612 nm emission were measured to be in the range
of 1.83-2.09 ms and do not vary significantly with dopant
concentrations.
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