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Abstract Quantum confinement effect on the energy levels
of Eu*' doped K,Ca,(SO,4); nanoparticles has been
observed. The broad photoluminescence (PL) emission
band of Eu** doped K,Cay(SOy); microcrystalline sample
observed at ~436 nm is found to split into two narrow well
resolved bands, located at 422 and 445 nm in the
nanostructure form of this material. This has been attributed
to the reduction in the crystal field strength of the
nanomaterials, which results in widening the energy band
gap and splitting the broad 4f°5d energy level of Eu®".
Energy band gap values of the micro and nanocrystalline
K,Cay(S0,4); samples were also determined by measuring
the UV—visible absorption spectra. These values are 3.34
and 3.44 eV for the micro and nanocrystalline samples,
respectively. These remarkable results suggest that activa-
tors having wide emission bands might be subjected to
weak crystal strength via nanostructure materials to modify
their electronic transitions. This might prove a powerful
technique for producing new-advanced materials for use in
the fields of solid state lasers and optoelectronic devises.

Keywords Quantum confinements - Nanoparticles - Eu®" -
K5Cay(SOy4); - Quantum dots - Photoluminescence
Introduction

In the last 18 years, research in nanoscience and nanotech-
nology has become an increasingly active field of interna-
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tional interest. Nanostructure materials have attracted many
workers in various fields from material science to biotech-
nology and genetics [1-4]. Many more nanomaterials are
finding applications in diverse fields [5—7]. A number of
physical phenomena become noticeably pronounced as the
size of the system decreases. These include quantum
mechanical effects, for example the “quantum size effect”
where the electronic properties of solids are altered with
great reductions in particle size. This effect does not come
into play by going from macro to micro dimensions.
However, it becomes dominant when the nanometer size
range is reached. Materials reduced to the nanoscale can
suddenly show very different properties compared to what
they exhibit on a macroscale, enabling unique applications.

Effect of particle size on the optical properties has been
observed by several investigators [8—14]. Reducing the
particle size to a nanoscale is expected to be associated with
substantial changes in the electrons configurations due to the
change in the positions of their energy levels. The optical
properties of different materials are more probable to be
effected by reducing their particle size. Several authors have
reported on the observation of blue/red shifts and appear-
ance/disappearance of some emission bands, while going to
nanostructure materials [8, 9, 15-18]. However, the actual
mechanisms are not well understood. The studies on such
phenomena have not been done sufficiently.

Europium (Eu) is a well-known activator, widely used in a
red phosphor in television sets and fluorescent lamps, and as
an activator for yttrium-based phosphors [19]. Europium
doped plastics and some types of glass are used as laser
materials [20]. Trivalent europium)Eu®") gives red phos-
phors, while divalent europium (Eu*") gives blue phosphors.
The two europium phosphor classes, combined with the
yellow/green terbium phosphors, give the “trichromatic”
lights that are becoming so important to provide economical
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lighting. Divalent europium (Eu”") has ionic radius ~0.117 nm
[21], when doped with microcrystalline materials, it mostly
shows broad emission bands due to the transition from its
broad energy level 4£°5d to %S, [9, 19, 21, 22]. The position
of this emission band varies from host to host.

Langbeinite are minerals with chemical formula Me, "Me,>"
(SO4); where Me" = K, Rb, TI, Cs or NH, and Me?" = Mg,
Ni, Co, Zn, Fe, Mn, Cd or Ca. Recently, interest in
langbeinites has been increased as some of them are found
to be very good thermoluminescent dosimeter (TLD) phos-
phors especially when doped with suitable impurities. Sahare
and Moharil [23] have doped K,Cay(SO,); with Eu and
found it to be highly sensitive TLD phosphor for y-rays of
%0Co as this impurity incorporated in the host in its divalent
form i. e. E**. More work on this material is still continued
[24-28]. The nanostructure form of K,Ca,(SO4)3:Eu was also
prepared [18, 26].

It is highly desirable to initiate a detailed electronic
structure investigation on a wide band emission activators
incorporated in nanostructure materials as the optical
properties of these activators are more probable to be
modified by the crystal strength via nanostructure forms. In
this work we report on the observation of energy band
splitting of Eu®* incorporated in the host of K,Cay(SOy4)3
nanoparticles. This has been observed in the photolumi-
nescence (PL) emission spectrum of the nanostructure
material. This nanomaterial was synthesized by the chem-
ical co-perception technique and its corresponding micro-
crystalline sample was prepared by the solid-state diffusion
method. The band gaps of the nano and microcrystalline
materials were also obtained. These results have been
explained and are investigated in more details.

Experimental

Nanoparticles of K,Ca,(SO4);:Eu sample was first prepared
by Panday et al. [26]. They have prepared this nanomaterial

Fig. 1 SEM images of
K,Ca,(SO4);3:Eu nanoparticles
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by the chemical co-perception method. In this method
Europium sulfate (99.99%), calcium chloride, potassium
chloride, ammonium sulfate and ethanol were of analytical
reagent grade (AR) and were used without further purifica-
tion. Chloride salts of calcium and potassium were dissolved
in double-distilled deionized water. Water-soluble sulfate
salt of europium (0.1%mol) was added to the Ca*" and K"
solution. This solution was then mixed with ammonium
sulfate stoichiometrically in the presence of ethanol. The
co-precipitants were filtered out and washed several times
with distilled water. Nanocrystalline K,Ca,(SO4);:Eu pow-
der was finally obtained by drying the co-precipitants for
about 4 h at 353 K. The powder was annealed in a quartz
boat at 1,000 K for 2 h and quenched by taking the boat out
of the furnace and placing it on a metal block.

The microcrystalline sample of K;Cay(SO4)5:Eu was
prepared by the solid-state diffusion method [23]. In this
method, K>SO, of AR grade was dissolved in triply distilled
deionized water. Sulfate salt of europium (0.1 mol%) was
added to this solution. Water was evaporated slowly from
this solution. This was then homogeneously mixed with AR
grade CaSOy (in the molar ratio 1:2) in an agate mortar. The
mixture was then heated in silica crucible at 1,237 K for 24 h
to form the compound. It was then slowly cooled to room
temperature and crushed and sieved to yield particle size in
the range 100—125 pum. The phosphor in microcrystalline
powder form thus obtained was then annealed in quartz boat
at 1,000 K for 2 h and quenched by taking the boat out of the
furnace and placing it on a metal block.

Scanning electron microscope (SEM) images of
K,Ca,(S0,4)3:Eu nanocrystalline powder were obtained on
a scanning electron microscope, JEOL “JSM-6360 LV,”.
Shape and size of the prepared nanocrystalline powder were
determined by the SEM. The SEM images shown in Fig. |
(a and b) is a confirmation for the nanostructure form of the
prepared K,Ca,(SO4)3:Eu material. The particles sizes
range from 20 to 40 nm. They have a semispherical shape,
which is a confirmation to our earlier results [18].
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To confirm the formation of the compound, X-ray
diffraction pattern was studied at room temperature for
both nano- and microcrystalline samples. XRD results are
studied in detail and documented earlier [29]. Those results
are also shown here in the inset of Fig. 2. The band gaps of
the micro and nanocrystalline materials of K,Ca,(SOy4)3
were obtained using UV—visible absorption spectra. The
measurements were carried out using U-3300 spectropho-
tometers (Hitachi). Photoluminescence (PL) emissions
spectra of the samples were recorded using “Varian Cary
Eclipse” Fluorescence Spectrophotometer (fitted with Xe-
non lamp) with spectral width of 2.5 nm and medium PMT
detector voltage. The same amount of samples was taken
every time for recording PL.

Results
Energy band gap

Figure 2 shows the optical absorption spectra of the nano
and microcrystalline K,Ca,(SO,4); samples near the funda-
mental absorption edge. The optical energy gaps E, of the
nanophosphor as well as microphosphor were calculated
using Tauc relation [30-32]

a(hv) ~ (hv—Eg)l/", (1)

where hv is the photon energy and « is the optical
absorption coefficient near the fundamental absorption
edge. The absorption coefficients « were calculated from

Wavelength (nm)

these optical absorption spectra. The values of the optical
band gap of the micro and nanocrystalline K,Ca,(SO,); are
obtained by plotting («hv)” versus hv in the high absorption
range followed by extrapolating the linear region of the
plots to (ahv)” =0. The analysis of the present data showed
that the plots of (ahv)” against hv give linear relations
which are the most fitted for Eq. 1 with n=2, for both micro
and nanocrystalline samples (Fig. 3). This indicates that the
allowed direct transition is responsible for the interband
transitions in K,Cay(SO4); micro and nanocrystal. The
optical energy band gap for the micro and nanocrystalline
K,Ca,(S0y); are found to be 3.34 and 3.44 eV, respectively.
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Fig. 3 Plot for (ahv )* as a function of the incident photon energy
(hv) for the K,Ca,(SO,);:Eu micro-and nanocrystalline samples
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Fig. 4 PL emission spectrum of K,Ca,(SO4);:Eu microcrystalline
powder

Photoluminescence (PL)

Photoluminescence (PL) emissions spectra of K,Cay(SOy4)s:
Eu micro and nanocrystalline samples are shown in Figs. 4
and 5, respectively. The materials were excited by 322 nm.
In case of microcrystalline sample, single emission broad-
band is observed at around 436 nm (Fig. 4), which can be
assigned to the transitions between the lowest band of the
4£°5d configuration and the ground state *S;, of the 4f’
configuration of Eu?* ion. These results are matched with
those reported earlier by Dhopte et al. [33, 34]. Un-like the
microcrystalline sample, the nanoparticles have showed two
narrow well-resolved bands located at 422 and 445 nm

(Fig. 5).
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Fig. 5 PL emission spectrum of K,Cay(SO,);:Eu nanocrystalline
powder
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Fig. 6 Schematic energy level diagram showing the broad emission in
K5Cay(SO4)5:Eu microcrystalline powder

Discussion

In the microcrystalline sample of K,Ca,y(SO4);:Eu, maximum
PL emission is observed at ~436 nm. This emission is
observed as a broad band with FWHM is around 60 nm
(Fig. 4) and attributed to 4/°5d — ®S;, transition of Eu**
[28]. But in the nanostructure form of this material having
particles sizes in the range 2040 nm, this broad emission
band is observed as two narrow emission bands (Fig. 5),
indicating the degeneracy of the broad energy level 4/°5d of
Eu”' into two discrete levels. These are 4f 6Sd(eg) and 4£°5d
(t2¢) [9]. These results suggest that the K,Ca,(SO,4); nano-
particles are in a quantum confinement region. This has been
illustrated in Figs. 6 and 7. In the microcrystalline form, the
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Fig. 7 Schematic energy level diagram showing the narrow emissions
in K,Cay(SO4);:Eu nanocrystalline powder
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broad emission at 436 nm is proposed to be a combination of
two emissions (Fig. 6), while in case of nanomaterial it get
resolved into two separate emissions (Fig. 7). It is well
understood that when the size of the nanocrystals decreases
to the exciton Bohr diameters, the energy level develops
discrete levels from the continuum, and the energy gap
increases, showing a quantum confinement effect [8, 11, 14,
35, 36]. This was reported to exist in “quantum dots” [14]
where the particle size is mostly less than 10 nm. It has been
attributed to the widening of the energy band gap of the
nanomaterials due the decrease of the crystal strength effect
[35-38]. However, quantum confinement effect might occur
at particle size greater than Bohr diameter as observed by Lee
et al. in ZnCdSe nanocrystals [10]. In the present
K5Cay(SOy)5:Eu** nanoparticles, this effect seams to occur
at particle size >20 nm. Reducing the particle size to a
nanoscale (Fig. 1) results in widening the band gap by
around 0.1 eV (Fig. 3). This might be due to the drastic
decreases in the crystal field strength, which reflects on
degeneration of the broad energy level 4/°5d of Eu*".

The PL result presented here for K,Ca,(SO,)3:Eu®"
nanomaterial is very remarkable. Pandey et al. [26] were
studded this material as a TLD. They also have studied the
PL emission of this material excited by a He—Cd Laser with
325 nm excitation wavelength. In their results, the emission
spectrum contained two bands around 400 and 450 nm.
They have speculated that both the bands correspond to the
Eu®" emission arising due to transitions between the lowest
band of the 4/°5d configuration and the ground state S5,
of the 4f” configuration of Eu®" ion, but with Eu®"
occupying two different lattice sites (i.e., Eu>" substituting
K" ions in the host lattice may lead to emission around
450 nm while that substituting Ca®" may give emission
around 400 nm). However, effect of particle size on these
emissions was not investigated by Pandey et al. [26]. In the
present nanomaterial the same procedure was used for
synthesizing the nanomaterials. But, the PL emissions in
the present nanomaterials are observed to be narrower
(emissions at 422 and 445 nm) than those observed by
Pandey et al. [26] with a slight change in the position of
these emission bands. These differences between our and
their results are might be due to the use of different
excitation sources and PMT detectors having different
resolution power. In another work [18] when we have
changed the initial compound of Eu®* using chloride salt
instead of sulfate salt, there was only a single emission at
384 nm. It means that there are several factors are
responsible for the electronic transitions in the materials
beside the particle size effect. Nature of the initial materials
is found to play a significant role in these transitions [18].
Sensitivity and resolution of the detectors beside the
experience of the user are also critical parameters for
observing the real and actual emissions.

In other materials, several authors have reported on the
observation of red shifted emission bands, while going to
nanostructure materials [10, 12, 13]. On the view of their
results and our presented results we might proposed that
there will not be any red shift in the energy levels while
going from bulk/micro to nanoscale materials, since there
will always be a decrease in the crystal field strength. The
energy levels of different materials are going to face the
same effect and show a shift (if any) in the emission bands
in one direction, which is the blue direction. Moreover, the
electrons at the discrete energy levels in case of the
nanomaterials are not necessarily having the same quantum
numbers and electronic transitions probabilities as they
have in bulk/micro materials. Due to the reorganization of
the energy levels, the quantum numbers of the electrons at
these levels might be changed. For example the spin
quantum number of an electron at the discrete energy level
of the nanomaterial should not necessary remains the same
as it was in case of bulk material. In other words going
from bulk/micro to nanostructured materials, there is a
probability for some allowed transitions to become forbidden
and vise versa. Spin—orbit interactions are going to be changed
due to the reorganization of these energy levels in the
nanostructure materials. Therefore the emissions that ob-
served to be red shifted might be a result of completely new
transitions between new energy levels, which are property of
the nanostructured materials. There is a possibility for a slight
blue shift in the emission bands, while going from bulk/micro
to nanostructure materials. But in some materials there will
not be just shifts or appearance/disappearance of emission
bands; there might be substantial changes in the electrons
wave functions and transitions probabilities. Different studies
showed that there is a missing of some emissions and an
appearance of some others. This has been observed in a large
number of experiments. But the authors could not recognize
the actual mechanism. For example Yan et al. [9] have
reported on a missing of some transitions in Eu®" doped
KMgF nanoparticles. They have reported on a missing of the
band at 420 nm while going from single crystal to
nanoparticles with appearance of a single sharp emission
band at 360 nm. They also have mentioned a blue shift in the
excitation spectrum of the nanoparticles by around 70 nm
compared with that of the KMgF:Eu?" single crystal.
Quantum size effect caused by the formation of small
nanoparticles was pronounced in these materials as men-
tioned by Yan et al. [9]. This results in splitting the energy
level 4f°5d of Eu®" into the 4f°5d(e,) and 4f°5d levels.
However, all these observations mentioned by Yan et al. [9]
indicate that there are substantial changes in the electrons
configurations, changing their wave functions and transitions
probabilities. Missing the band at 420 nm of Eu*" in KMgF:
Eu®" means that this transition becomes forbidden. Due to a
slight shift in the energy levels of Eu®" in these nano-
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materials, the spin quantum numbers of the electrons at these
levels, which may have a responsibility for the allowed/
forbidden transitions, might change, resulting in completely
new transitions (By means spin—orbit interactions). Even the
sharp band appeared at 360 nm in the nanocrystals [9], might
not be a property of the original energy level (In bulk
structure); it might be due to newly allowed transition from
another energy level in the nanostructure material. This
might be a new emission representing transition from one of
the discrete levels that has acquired new quantum numbers.
At these contexts, there will be drastic changes in the optical,
electrical and magnetic properties of the materials at their
nanostructure forms.

Measurement of the emission spectra of the nano-
materials that shows quantum confinement effects is a very
critical step, requires experts worker in this field. For
example Chen et al. [37] have studied the size effect on the
fluorescence of Eu?’ in ZnS nanoparticles. They clamed
that the emission bands of the 4.2, 3.2 and 2.6 nm sized
ZnS:Eu®" nanoparticles are peaking at 670, 580 and
520 nm, respectively. They have attributed the blue shift
to the crystal strength effect and to the decreases in the
electron—phonon coupling. Our view in this point is that
this wide shift by around 150 nm while going from 4.2 nm
to 2.6 nm is not due to the above-mentioned reasons given
by the authors. They should notice that there would not be a
huge shift in the emission bands with changing the particle
size in a very small range. Probably these different results
are due to the use of different initial materials to get
different sizes. The Initial materials are playing a major role
in the optical properties [18]. Moreover, in their TEM
image there is no appearance for single nanoparticles in the
range of few nanometers as clamed by the authors. The
material might not have a nanostructure form at all.

From the application point of view, formulating the
materials in the nanoscale size is a powerful technique for
annihilating/generating emission bands of some activators. Our
finding here might has its importance in the fields of laser
materials and optoelectronic devices. Subjecting wide emission
band activators like Eu®" to weak crystal field via nano-
structure materials may become the method of choice for
fabricating high-power lasers. Due to the possible change in
the spin—orbit interactions, we might be able to modify the
optical, electrical and magnetic properties of different materi-
als. Via this approach we may add a new superiority for the
nanomaterials and nanotechnology leading to novel advanced
materials with different properties than conventional materials.

Conclusions

Quantum confinement effect on the energy levels of Eu*"
doped K,Cay(SO4); nanoparticles has been observed. The
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broad emission band of Eu®" observed at 436 nm in the
microcrystalline form of this sample is found to split into
two narrow well-resolved bands located at 422 and 445 nm.
This has been attributed to the reduction of the crystal field
strength. On the view of these results we might conclude
that: (1) Quantum Confinement effect is not limited to
particles with sizes bellow 10 nm (2) The wave functions
and transition probabilities of the electrons might be
changing while going from bulk/micro to nanostructure
materials (3) The wide emission bands of some activators
such as Eu®" are more probable to be effected by the size of
the particles (4) the nature of the initial compounds forming
the nanostructure materials has a significant role in the
optical properties of the materials. Considering these
conclusions, we might be able to formulate novel advanced
laser and other nanomaterials with different properties than
conventional materials.
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