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Abstract The Sr2Al2SiO7; Sr2Al2SiO7:Eu
2?; Sr2Al2

SiO7:Dy
3? and Sr2Al2SiO7:Eu

2?, Dy3? phosphors were

synthesized by the traditional high temperature solid state

reaction method. The synthesized phosphors were charac-

terized by powder X-ray diffraction, energy dispersive

X-ray spectroscopy, thermoluminescence (TL), photolu-

minescence (PL) long afterglow and mechanoluminescence

(ML) techniques. The crystal structures of sintered phos-

phors were gehlenite type structure which belongs to the

tetragonal crystallography. The TL properties of these

phosphors were investigated and results were also com-

pared. Under the ultraviolet excitation, the emission spectra

of Sr2Al2SiO7:Eu
2? and Sr2Al2SiO7:Eu

2?, Dy3? phosphors

were composed of a broad band peaking at 490 nm (bluish-

green), belonging to the broad emission band and Sr2Al2
SiO7:Dy

3? phosphor emits the white light, which was

confirmed from the calculated CIE coordinates. When the

Sr2Al2SiO7:Eu
2? phosphor is co-doped with Dy3?, the

intensity of TL, PL, afterglow and ML is strongly

enhanced. Decay graph indicate that both the sintered

phosphors contains fast decay and slow decay process. The

ML intensities of Sr2Al2SiO7:Dy
3?; Sr2Al2SiO7:Eu

2? and

Sr2Al2SiO7:Eu
2?, Dy3? phosphors were proportionally

increased with the increasing impact velocity of the mov-

ing piston, which suggests that these phosphor can be used

as sensors to detect the stress of an object.

1 Introduction

In order to conserve natural resources, solar energy is one

of the possible endless sources available. Long afterglow

(persistence) phosphors store the absorbed energy and

release of the energy occurs with a delay [1]. The

absorption of energy can occur in the UV or visible region

of the electromagnetic spectrum and the emission occurs in

the visible region. If afterglow persists for a longer dura-

tion, then the phosphors is known as long afterglow

phosphors. [2, 3]. It is generally believed that the persistent

luminescence of materials involves luminescence centers

and trap centers. Charge carriers are generated by the

excitation in the luminescence centers and then trapped in

the trap centers subsequently. Their de-trapping is ther-

mally activated, which can cause a delay in the spectral

emission, causing the persistent luminescence [4, 5]. Long

afterglow phosphors find application in displays, lighting

devices, traffic signs, emergency signages, textile printing,

decorations and watch dials, etc. where one can see the

objects clearly even in the dark. The afterglow can be

improved by the addition of radioisotopes such as tritium

and promethium. The addition of radioisotopes is envi-

ronmentally unsafe and this makes it necessary to find

alternate afterglow phosphors that are free from radioiso-

topes [6]. At present there is a demand for stable colors

with a long, bright afterglow and a lot of researches are

being conducted in this area [7, 8].

Alkaline earth (Sr, Ca, Ba) silicates have attracted much

attention and become an interesting topic in the field of

luminescent materials because of their high chemical sta-

bility and water resistant property, by comparing with

sulfide and aluminates phosphors [9–11]. Therefore, the

preparation of persistent phosphors with better water

resistance is an important requirement. However, the
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research of silicate based long afterglow materials has been

developed several years ago and the study mainly con-

centrates on the alkaline earth silicate host [12, 13].

Over the last two decades, considerable attention has

been paid to the synthesis, structural and optical studies of

melilite type ceramics [14]. An akermanite (A2MgSi2O7)

and gehlenite (A2Al2SiO7) are the two members of melilite

group where A = Ca or Sr. They have tetragonal crystal

structure with space group P421m (no. 113) [15, 16]. These

materials also have the properties of strong tribolumines-

cence [mechanoluminescence (ML)] and thermolumines-

cence (TL) [17]. Currently, the ML phenomenon has

attracted more attention because of its potential application

for sensing structural damage, fractures and deformation

[18, 19]. Many efforts have been devoted to developing

ML sensors due to their various applications such as

visualization of stress, damage detection for air planes or

cars, and the study of human diseases in the near future

[20–22].

In this paper, strontium alumino-silicate was chosen as

the host due to its special properties, such as low cost, easy

preparation, excellent thermal and chemical stabilities, and

especially the strong absorption in the near-UV region. The

mechanism of long afterglow phosphors, especially Sr2
Al2SiO7:Eu

2?, Dy3? phosphors processes are still unclear.

In order to understand overall mechanism, the roles of

Eu2? and Dy3? in Sr2Al2SiO7 phosphor have been studied

in details. The study of the structural characterization is

carried out on the basis of X-ray diffraction (XRD) and

energy dispersive X-ray spectroscopy (EDX). The lumi-

nescence studies were investigated on the basis of TL glow

curve, PL spectra, CIE chromaticity diagram, long after-

glow and ML properties.

2 Experimental

2.1 Synthesis

The solid state reaction method is commonly used for

synthesis of luminescent materials at elevated tempera-

tures. During the synthesis of phosphors, a host matrix is

formed from high purity starting chemicals and the impu-

rities, also known as activators and co-activators of spec-

ified quantities are diffused into the crystal lattice. The

formation of a phosphor host and doping process by solid

solution is critical and is highly dependent on the reaction

temperature and the environmental conditions [23].

The powder samples of Sr2Al2SiO7; Sr2Al2SiO7:Eu
2?;

Sr2Al2SiO7:Dy
3? and Sr2Al2SiO7:Eu

2?, Dy3? phosphors

were prepared by the high temperature solid state reaction

method. The starting materials were strontium carbonate

[SrCO3 (99.95 %)], aluminium oxide [Al2O3 (99.98 %)],

silicon di-oxide [SiO2 (99.99 %)], europium oxide

(0.01 mol%) [Eu2O3 (99.99 %)] and dysprosium oxide

(0.03 mol%) [Dy2O3 (99.99 %)], all of analytical grade,

were employed in this experiment. A small amount

(0.3 mol%) of boric acid [H3BO3 (99.99 %)] was added as

flux. Initially, the raw materials were weighed according to

the nominal compositions of phosphors and then the

powders were mixed and milled thoroughly for 2 h using

the agate mortar and pestle. The chemical reaction used for

stoichiometric calculation is:

2SrCO3 þ Al2O3 þ SiO2 �!1250 �C
Sr2Al2SiO7 þ CO2 "

2SrCO3 þ Al2O3 þ SiO2 þ Eu2O3 �!1250 �C
Sr2Al2SiO7

: Eu2þ þ CO2 "

2SrCO3 þ Al2O3 þ SiO2 þ Dy2O3 �!1250 �C
Sr2Al2SiO7

: Dy3þ þ CO2 "

2SrCO3 þ Al2O3 þ SiO2 þ Eu2O3

þ Dy2O3 �!1250 �C
Sr2Al2SiO7

: Eu2þ;Dy3þ þ CO2 "

The ground sample are placed in an alumina crucible

and subsequently fired at 1250 �C for 3 h in a weak

reducing atmosphere excepting Sr2Al2SiO7 and Sr2Al2
SiO7:Dy

3? phosphors. The weak reducing atmosphere was

generated with the help of activated carbon. At last the

nominal compounds were obtained after the cooling down

of the programmable furnace and products were finally

ground into powder for characterizing the phosphors.

2.2 Instrumentation techniques

The powder XRD pattern has been obtained by Bruker D8

advanced X-ray powder diffractometer using CuKa radia-

tion (1.54060 Å) and the data were collected over the 2h
range 10�–70� at room temperature. An EDX spectrum was

used for the elemental (qualitative and quantitative) anal-

ysis of the prepared phosphors. TL glow curves were

recorded with the help of TLD reader 1009I by Nucleonix

(Hyderabad, India Pvt. Ltd.) at linear heating rate of

5 �C s-1 after irradiation using a 365 nm UV radiation for

10 min. The excitation and emission spectra were recorded

by RF 5301 PC spectrofluorophotometer by SHIMADZU

using the Xenon lamp (365 nm) as excitation source when

measuring. The (long afterglow) decay curve was obtained

using a Perkin Elmer fluorescent spectrometer with the

proper excitation under a UV lamp (365 nm). The ML

measurement was observed by the home made lab system

comprising of an RCA-931A photomultiplier tube (PMT).

The ML glow curve can be plotted with the help of SM-340
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application software installed in a computer attached with

the storage oscilloscope. All the measurements were per-

formed at room temperature.

3 Results and discussion

3.1 XRD analysis

In order to determine the crystal structure, powder XRD

analysis has been carried out. The typical XRD patterns of

Sr2Al2SiO7; Sr2Al2SiO7:Eu
2?; Sr2Al2SiO7:Dy

3? and Sr2
Al2SiO7:Eu

2?, Dy3? phosphors with that of the standard

JCPDS file are shown in Fig. 1. Nearly, all the diffraction

peaks of the resultant phosphors are consistent with Joint

Committee Powder Diffraction Standard data (JCPDS) file

(JCPDS: 75-1234) [24]. The position and intensity of

diffraction peaks of Sr2Al2SiO7; Sr2Al2SiO7:Eu
2?; Sr2

Al2SiO7:Dy
3? and Sr2Al2SiO7:Eu

2?, Dy3? phosphors were

well matched with the standard JCPDS file. The crystal

structure of all the sintered Sr2Al2SiO7; Sr2Al2SiO7:Eu
2?;

Sr2Al2SiO7:Dy
3? and Sr2Al2SiO7:Eu

2?, Dy3? phosphors

were gelhenite type structure which belongs to the tetrag-

onal crystallography with space group P421m, this struc-

ture is a member of the melilite group and forms a layered

compound.

Fig. 1 XRD pattern of Sr2Al2SiO7; Sr2Al2SiO7:Eu
2?; Sr2Al2SiO7:

Dy3? and Sr2Al2SiO7:Eu
2?, Dy3? phosphors

Fig. 2 a EDX spectra of Sr2Al2SiO7 phosphor. b EDX spectra of

Sr2Al2SiO7:Eu
2? phosphor. c EDX spectra of Sr2Al2SiO7:Dy

3?

phosphor. d EDX spectra of Sr2Al2SiO7:Eu
2?, Dy3? phosphor
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3.2 Energy dispersive X-ray spectroscopy (EDX)

Figure 2a, b, c, d shows the EDX spectra of Sr2Al2SiO7;

Sr2Al2SiO7:Eu
2?; Sr2Al2SiO7:Dy

3? and Sr2Al2SiO7:Eu
2?,

Dy3? phosphors. The composition of the powder sample

has been measured using EDX. Table 1 shows the com-

positional elements of Sr2Al2SiO7; Sr2Al2SiO7:Eu
2?; Sr2

Al2SiO7:Dy
3? and Sr2Al2SiO7:Eu

2?, Dy3? phosphors.

EDX is a standard procedure for identifying and quanti-

fying elemental composition of sample area as small as a

few nanometers. They appear no other emissions apart

from strontium (Sr), aluminium (Al), silicon (Si) and

oxygen (O) in Sr2Al2SiO7 phosphor; strontium (Sr), alu-

minium (Al), silicon (Si), oxygen (O) and europium (Eu) in

Sr2Al2SiO7:Eu
2? phosphor; strontium (Sr), aluminium

(Al), silicon (Si), oxygen (O) and dysprosium (Dy) in

Sr2Al2SiO7:Dy
3? phosphor; strontium (Sr), aluminium

(Al), silicon (Si), oxygen (O), europium (Eu) and dyspro-

sium (Dy) in Sr2Al2SiO7:Eu
2?, Dy3? phosphor; EDX

spectra of the samples. In the spectrum intense peaks are

present which confirm the presence of elements in Sr2
Al2SiO7; Sr2Al2SiO7:Eu

2?; Sr2Al2SiO7:Dy
3? and Sr2Al2

SiO7:Eu
2?, Dy3? phosphors.

3.3 Thermoluminescence (TL)

Thermally stimulated luminescence (TSL) is observed

when a phosphor with deep traps is excited with UV for a

while at rather low temperatures and then heated, due to the

recombination of electrons thermally reactivated from the

deep traps. Such an emission is also referred to as TL.

Irradiation with a-rays, b-rays, c-rays, UV-rays or X-rays
transfers electrons and holes to their respective traps [25].

TL measurements provide information concerning the trap

levels. In order to obtain information about luminescence

process of phosphors and to apply them in various fields,

the knowledge of defects or traps and their location in the

band gap of materials is very important. The temperature

dependence of the emission intensity is called the glow

curve [26]. The excitation energy partly does the work of

moving electrons to traps. Some of these electrons are

trapped and locate themselves at a depth (activation energy

E) below the conduction band. The trap levels or centers

play a significant role in energy storage for persistent

photo-luminescent and thermo-luminescent phosphors.

This radiation energy stored in the form of trapped elec-

trons is released by raising the temperature of the material

and the released energy is converted to luminescence [27,

28].

Figure 3 shows the TL glow curve of Sr2Al2SiO7, Sr2
Al2SiO7:Eu

2?, Sr2Al2SiO7:Dy
3? and Sr2Al2SiO7:Eu

2?,

Dy3? phosphors with fixed UV irradiation (10 Minute)

time at constant heating rate 5 �C s-1. Every time for the

TL measurement, the quantity of the powder samples were

kept fixed (8 mg). The TL peak of Sr2Al2SiO7 is very weak

and can be neglected. The TL glow peaks were occurred at

82.59, 113.98 and 97.23 �C for Sr2Al2SiO7:Eu
2?; Sr2Al2

SiO7:Dy
3? and Sr2Al2SiO7:Eu

2?, Dy3? phosphors respec-

tively. Correspondingly, the depth of the traps is estimated

to be the 0.58, 0.80 and 0.70 eV. The locations of the glow

Table 1 Chemical composition of Sr2Al2SiO7; Sr2Al2SiO7:Eu
2?; Sr2Al2SiO7:Dy

3? and Sr2Al2SiO7:Eu
2?, Dy3? phosphors

(a) Sr2Al2SiO7 (b) Sr2Al2SiO7:Eu
2?

Sr. no. Elements Atomic (%) Weight (%) Sr. no. Elements Atomic (%) Weight (%)

1 O K 40.75 63.89 1 O K 39.85 63.76

2 Al K 9.53 11.77 2 Al K 8.96 10.61

3 Si K 8.73 9.68 3 Si K 8.89 9.75

4 Sr L 40.88 14.65 4 Sr L 39.56 14.24

Total 99.99 99.99 5 Eu L 2.73 1.63

Total 99.99 99.99

(c) Sr2Al2SiO7:Dy
3? (d) Sr2Al2SiO7:Eu

2?, Dy3?

Sr. no. Elements Atomic (%) Weight (%) Sr. no. Elements Atomic (%) Weight (%)

1 O K 40.51 62.46 1 O K 39.20 62.91

2 Al K 8.92 10.61 2 Al K 8.87 10.33

3 Si K 8.23 9.58 3 Si K 8.54 9.53

4 Sr L 39.83 13.70 4 Sr L 38.72 13.58

5 Dy L 2.51 3.65 5 Eu L 1.78 1.39

Total 99.99 99.99 6 Dy L 2.89 2.25

Total 99.99 99.99
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peaks indicate that the sequence of the trap depth should be

Sr2Al2SiO7:Eu
2?\Sr2Al2SiO7:Eu

2?, Dy3?\Sr2Al2SiO7:

Dy3?; because the higher temperature the peak locates, the

greater activation energy is needed for de-trapping. The

glow intensity has the similar sequence. Moreover, the

intensities of Sr2Al2SiO7:Eu
2?, Dy3?\ Sr2Al2SiO7:Dy

3?

are much stronger than that of Sr2Al2SiO7:Eu
2? indicating

that the formers have a higher ability of trapping carriers.

As is well known, the existence of suitable charge traps

in host lattice is responsible for long lasting phosphores-

cence. On the mechanism of long afterglow, it is a common

viewpoint that during the excitation period the energy of

incident light is partly stored in the form of captured

charges; those captured charges can be thermally released

from the traps at room temperature to result in the char-

acteristic emission of the luminescence ion. Because the

release of the captured electrons is durative, the lumines-

cence of the materials shows the property of long life [29–

31]. From TL glow curve, the peak position of Sr2Al2
SiO7:Eu

2? phosphor occurred at low temperature, which is

closely related to the depth of the trap levels. If the depth of

the trap levels is too shallow, trapped charges will easily

release from the traps and the phosphor will show a rapid

decay of its thermal luminescence at low temperature [low

activation energy (0.58 eV) is require]. On the case of

Sr2Al2SiO7:Dy
3? phosphors, the depth of the trap level is

too deep, charges will remain in the trap and high activa-

tion energy (0.80 eV) is require, which is difficult to obtain

at room temperature, hence the phosphor will not show

afterglow at room temperature. The optimum trap depth for

the silicate and aluminate based phosphors is in the range

of 0.65–0.75 eV which is suitable for the thermal release at

room temperature to show long afterglow. In the case of

Sr2Al2SiO7:Eu
2?, Dy3? phosphor the depth of trap is

0.70 eV, which is a sign of a good persistence luminescent

material.

In Sr2Al2SiO7:Eu
2? phosphor, Eu2? will replace the site

of Sr2? because they have similar ionic radius [Sr2?

(1.12 Å), Eu2? (1.12 Å) and Dy3? (0.99 Å)], and due to

the different electro-negativity of the two ions, the

replacement will produce traps in the host. In Dy3? doped

sample, Dy3? replacing Sr2? will result in defects with

positive charge in the host and should capture electrons,

i.e., the most probable defects created by Dy3? replace-

ment may be electronic traps. The experimental results

indicate that the role of Eu2? in Sr2Al2SiO7:Eu
2?, Dy3? is

not only the luminescence center, but also a trap center,

which capture the free electrons to form metastable state

and then release the trapped electrons upon thermal acti-

vation to recombine with the luminescent centers accom-

panying the luminescence. On the other hand, Dy3? ions

could be not only as trap center, but also act as lumines-

cence center.

3.4 Determination of kinetic parameters

Evaluation of kinetic parameters, i.e. the activation energy

(E) of the traps involved in the TL emission, the order of

kinetics (b), and the frequency factor (s), associated with

the glow peaks of the TSL, is one of the most studied

subjects in the field of condensed matter physics and a

complete description of the thermoluminescent character-

istics of a TL material requires to obtain these parameters.

There are various methods for evaluating the trapping

parameters from TL glow curves [32, 33] For example,

when one of the glow peaks is highly isolated from the

others, the experimental method such as peak shape

method is a suitable method to determine them from the

glow peak. The TL parameters i.e. activation energy, fre-

quency factor and shape factor (lg), of the glow peaks of

prepared phosphors were calculated using the peak shape

method are shown in Table 2. [34] The relationship

between the frequency factor ‘s’ and the activation energy

‘E’ is given by the Eq. (1)

bE
kT2

m

¼ s 1þ ðb� 1Þ 2kTm
E

� �
exp E=KTmð Þ ð1Þ

where, k is Boltzmann constant, E is activation energy, b is

order of kinetics, Tm is temperature of peak position, and b
is the heating rate. In the present work b = 5 �C s-1. Trap

depth for second order kinetics is calculated using the

Eq. (2)

25 50 75 100 125 150 175 200 225 250
Temperature (oC)

97.23 oC

113.98 oC

85.29 oC

102.04 oC

In
te

ns
ity

 (a
.u

.)
Sr2Al2SiO7:Eu2+, Dy3+

Sr2Al2SiO7:Dy3+

Sr2Al2SiO7:Eu2+

Sr2Al2SiO7

Fig. 3 Comparatively TL glow curve of Sr2Al2SiO7; Sr2Al2SiO7:

Eu2?; Sr2Al2SiO7:Dy
3? and Sr2Al2SiO7:Eu

2?, Dy3? phosphors for

10 min UV irradiation time
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E ¼ 2kTm 1:76
Tm

x
� 1

� �
ð2Þ

where, x is the total half width intensity x = s?d, s is the
half width at the low temperature side of the peak

(s = Tm - T1); d is the half width towards the fall-off side

of the glow peak (d = T2 - Tm), and Tm is the peak

temperature at the maximum. The shape factor lg = d/x.
The shape factor (lg) is to differentiate between first and

second order TL glow peak. (lg) = 0.39–0.42 for the first

order kinetics, (lg) = 0.43–0.48 for the mixed order

kinetics and (lg) = 0.49–0.52 for the second order kinet-

ics. [35–37].

Shape factors (lg) range between 0.43 and 0.47, which

indicates that it is a case of non-first order kinetics,

approaching towards second order, responsible for deeper

trap depth resulting in the long afterglow. The activation

energy of Sr2Al2SiO7:Eu
2?, Dy3? phosphor is found

0.70 eV which is a sign of a good persistence luminescent

material. It is reported that a suitable trap depth

(0.65–0.75 eV) is essential for phosphors to show long

persistence [38], therefore, the trap depth of prepared

phosphors is suitable for long afterglow (see Table 2).

3.5 Photoluminescence (PL)

When light of sufficient energy is incident on a material,

photons are absorbed and electronic excitations are created.

Eventually, these excitations relax and the electrons return

to the ground state. If radiative relaxation occurs, the

emitted light is called photoluminescence (PL). Various

important material properties (physical and chemical) of

materials by using photons to induce excited electronic

states in the material system and analyzing the optical

emission as these states relax.

3.6 Sr2Al2SiO7:Dy
31 phosphor

In order to study the luminescent properties of the phos-

phor, excitation and emission spectra of the prepared Sr2
Al2SiO7:Dy

3? phosphor was recorded and shown in Fig. 4.

The excitation spectra were observed in the range of

200–400 nm and emission spectra were recorded in the

range of 400–700 nm. The excitation spectrum in the range

200–400 nm consists of the f ? f transition of the Dy3?

ion. The excitation spectrum of Sr2Al2SiO7:Dy
3? phosphor

shows strong excited peak at 352 nm and less intense

excited peak at 290, 341, 373 and 390 nm, which are

ascribed to the transitions from the ground state to exci-

tation states in the 4f9 configuration of Dy3? but not easy to

be clearly assigned due to the dense and somewhat over-

lapped levels of 4f configuration of Dy3? in the high

energy region. When the Sr2Al2SiO7:Dy
3? phosphor was

excited at 352 nm, simultaneous emissions of blue

(476 nm), yellow (578 nm) and red (675) nm peak were

observed. Notice that the red emission is less intense than

the blue and yellow emissions. These three different

emission bands originated from the one origin owing to

their having the same excitation wavelength [39]. The

transitions involved in blue, yellow and red bands of Dy3?

ion are well known and have been identified as 4F9/2 ?
6H15/2,

4F9/2 ?
6H13/2 and 4F9/2 ?

6H11/2 transitions

respectively. One can also find that the emission lines of

Dy3? are broadened somewhat because there are several

Stark levels for the 4F9/2 ?
6HJ levels.

It is well known that the former weak blue emission at

476 nm (4F9/2 ?
6H15/2) is corresponded to the magnetic

200 250 300 350 400 450 500 550 600 650 700
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39
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35
2 

nm

37
3 

nm

34
1 

nm

29
0 

nm

Sr2Al2SiO7:Dy3+

Fig. 4 Photoluminescence spectra of Sr2Al2SiO7:Dy
3? phosphor

Table 2 Shape factor (lg), activation energy (E) and frequency factor (s-1) for UV irradiated Sr2Al2SiO7:Eu
2?; Sr2Al2SiO7:Dy

3? and Sr2
Al2SiO7:Eu

2?, Dy3? phosphors

Phosphors name UV

min

HTR T1

(oC)

Tm

(oC)

T2

(oC)

s
(oC)

d
(oC)

x
(oC)

lg = d/
x

Activation

energy

Frequency

factor

Sr2Al2SiO7:Eu
2? 10 5 53.35 85.29 113.98 31.94 28.69 60.63 0.47 0.58 5.10 9 107

Sr2Al2SiO7:Dy
3? 10 5 85.29 113.98 137.85 28.69 23.87 52.56 0.45 0.80 1.00 9 1010

Sr2Al2SiO7:Eu
2?, Dy3? 10 5 66.19 97.23 120.57 31.04 23.34 54.38 0.43 0.70 1.36 9 108
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dipole transition, which hardly varies with the crystal field

strength around Dy3?. While the later stronger yellow

emission at 578 nm (4F9/2 ?
6H13/2) belongs to the

hypersensitive forced electric dipole transition, which is

strongly influenced by the outside surrounding environ-

ment. According to the Judd–Ofelt theory [5], when Dy3?

locates at a low symmetry local site (without inversion

symmetry), a yellow emission according to the electric

dipole transition (4F9/2 ?
6H13/2) will be dominant. Con-

versely, a magnetic dipole transition (4F9/2 ?
6H15/2) will

predominate in the emission spectra, resulting in a strong

blue emission. In our case [Fig. 4 (emission part)], the

yellow emission (4F9/2 ?
6H13/2) will dominate. The

strong yellow emission is also beneficial to decrease the

color temperature of the phosphor and generate warm

white light emission. Moreover, the hardly perceptible

transition (4F9/2 ?
6H13/2) emission at 578 nm can be

observed, which is also due to the disordered crystal field

and is corresponding to the structural study. It is well

known that the (4F9/2 ?
6H13/2) transition is hypersensitive

and therefore, its intensity strongly depends on the host,

while the (4F9/2 ?
6H15/2) transition is less sensitive to the

host. The optical properties of the material are often

influenced by the structure of the matrix and synthesis

technique [40].

When trivalent metallic ions, such as Dy3? are incor-

porated into a host lattice and substitute divalent metallic

ions, the charge balancing is necessarily required. Due to

these chemically nonequivalent substitutions, an excess of

positive charge in the host lattice must be compensated.

One possible way of charge compensation mechanism is

that two Dy3? ions replace three Sr2? ions to balance the

charge of these phosphors, which create two Dy�Sr positive

defects and one V 00
Sr negative defect.

2Dy3þ þ 3Sr2þ ! 2Dy�Sr þ V 00
Sr

For Sr2Al2SiO7:Dy
3? the incorporation of alkali metal

ions can neutralize the charge generated by Dy3? substi-

tution for Sr2?, and thus stabilize the structure and enhance

the luminescence. Dy3? ions have been often used as co-

dopants in the previously developed aluminate and silicate

based materials. When divalent alkaline earth ions, such as

Ba2?, Ca2? or Sr2?, is substituted by trivalent Dy3? in the

alkaline earth silicates and aluminates, various defects can

be induced due to the charge compensation mechanism

[41].

However, in Dy3? singly doped samples, which are in

our current interest, Dy3? is not only the supplier of traps

but also an activator itself. A process of emitting the white

light in Sr2Al2SiO7:Dy
3? phosphor is illustrated schemat-

ically in Fig. 5. After irradiation with the ultraviolet light

(process numbered [1]), most of the excitation energy

associated with the excited carriers (electrons or holes) will

be transferred via the host directly to the luminescence

centres Dy3?, followed by the Dy3? 4f emissions as the

immediate luminescence (process [2]). However, part of

the excitation energy will be stored when some of the

excited carriers drop into the traps (process [3]), instead of

returning to the ground states. Later, with thermal excita-

tion at proper temperature, these carriers will be released

from the traps and transferred via the host to the Dy3? ions,

followed by the characteristic Dy3? emissions as long

afterglow (process [4]). In the practical system, the electron

traps and the hole traps may not be both equally abundant

or important in terms of their contribution to the white light

emission [42], as suggested in Fig. 5.

3.7 Sr2Al2SiO7:Eu
21 and Sr2Al2SiO7:Eu

21, Dy31

phosphors

The PL excitation and emission spectra of Sr2Al2SiO7:

Eu2? and Sr2Al2SiO7:Eu
2?, Dy3? phosphors were shown

in Fig. 6. A Xenon lamp with the 365 nm wavelength was

utilized to excite the phosphors when measuring. The

excitation spectra were observed in the range of

200–425 nm and emission spectra were recorded in the

range of 400–650 nm. The results illustrate that both of

them are broadband spectra. The excitation broad band due

to transitions of Eu2? between the (4f7) ground state to the

excited state 4f65d1 [(4f7) ? 4f65d1] configuration were

observed under the ultra-violet (UV) excitation. As we

could see from the Fig. 6, the excitation spectra of Sr2
Al2SiO7:Eu

2? phosphors, it is seen that, two excitation

peaks has been observed at 239 and 343 nm. Their

Fig. 5 Schematic diagram of the mechanism in Sr2Al2SiO7:Dy
3?

phosphor
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corresponding emission spectra were recorded at 490 nm,

which emits the bluish-green color. From the excitation

spectra of Sr2Al2SiO7:Eu
2?, Dy3? phosphor, two peaks has

been observed at 239 and 340 nm and their corresponding

emission peak at about 490 nm, which also emits the

bluish-green color. Although the 4f electrons of Eu2? are

not sensitive to crystal lattice environment due to the

shielding function of outer shell, the 5d electrons can easily

coupled with crystal lattice, thus the 4f5d hybridization

state can be split by the influence of crystal field and

coupled fiercely with crystal lattice phonon, which leads to

a broad band emission. It is well known that the emission

of Eu2? ion in a solid-state compound generally shows a

broad band character.

The emission peaks of both the prepared Sr2Al2SiO7:

Eu2? and Sr2Al2SiO7:Eu
2?, Dy3? phosphors are similar and

attributed to the typical emission of Eu2? due to the

4f65d1 ? 4f7 transition, but there is no special emission of

Eu3? ions, while that of Eu3? ion always gives a series of

typical emission lines in a spectral region of 570–750 nm

corresponding to its 5D0 ?
7FJ (J = 1, 2, 3, 4) transitions.

This offers us a very convenient way to determine the

valence state of europium ions in solid state compounds.

The Eu3? emission peak has not shown in the emission

spectra, indicating that Eu3? in the crystal matrix has been

completely reduced to Eu2?. From the Sr2Al2SiO7:Eu
2?,

Dy3? phosphor, co-doped Dy3? did not emit any color

[special Dy3? emission peak are found at the 470 nm (blue

region) and 577 nm (yellow region)] which indicates that

neither direct excitation of Dy3? nor energy transfer from

Eu2? to Dy3?occurs in the Sr2Al2SiO7:Eu
2?, Dy3?matrices

crystal lattice. The co-doped Dy3? playing a role as a hole

trapped center at the holes trap levels, which capture the

free electrons or holes when Eu2? is excited and then

release the free electrons or holes to the valence band.

However, the intensities of the emission bands are different.

The strongest intensity could be obtained from Eu2? doped

and the Dy3? co-doped Sr2Al2SiO7 phosphor. With the only

Eu2? doped Sr2Al2SiO7 phosphor, the intensity of the peak

becomes smaller. In a word, the co-doping of Dy3? ions has

no influence to the position of the emission peak but the

strong influence on the intensity of the emission. It is known

that the bluish-green emission peaked at 490 nm corre-

sponds to the transitions of 4F9/2 ?
6H15/2, 13/2 this emis-

sion belongs to hypersensitive transition, which is strongly

depended on outside environments of Dy3? ions [43].

Fig. 7 CIE chromaticity diagram of Sr2Al2SiO7:Dy
3? phosphor
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3.8 CIE chromaticity coordinate

In general, color of any phosphor material is represented by

means of color coordinates. Color coordinates are one of

the important factors for evaluating phosphors’ perfor-

mance. In such case, the color coordinates of the Sr2Al2
SiO7:Dy

3? were calculated using the PL emission spectra

data and the chromatic standard issued by the Commission

Internationale de I’Eclairage in 1931 (CIE 1931) [44]. The

CIE chromaticity diagram of Sr2Al2SiO7:Dy
3? under

352 nm excitation is shown in Fig. 7 with the (o) symbol

(x = 0.344, y = 0.360). It indicates that the color coordi-

nates of present phosphors are very close to the ‘‘ideal

white light’’ (x = 0.333, y = 0.333) in chromaticity dia-

gram. In order to further improve the CIE color coordinates

and achieve good quality white light emission, some other

rare earth dopants, such as Ce3?, Eu2?, Eu3?, Tb3?, Tm3?,

ions, emitting blue, green or red may need to be introduced

into this phosphor system.

The color coordinates for the emission spectra were

excited by 343 and 340 nm for the Sr2Al2SiO7:Eu
2? and

Sr2Al2SiO7:Eu
2?, Dy3? phosphors and calculated by using

the CIE are shown in Fig. 8. It is a well known fact that the

color coordinates are same if the emission spectra profiles

are identical. The calculated chromaticity coordinates of the

Sr2Al2SiO7:Eu
2? and Sr2Al2SiO7:Eu

2?, Dy3? phosphors is

given by (x = 0.104, y = 0.364), which is in agreement

with the chromaticity coordinates of bluish-green color.

3.9 Long afterglow (decay)

Figure 9 shows the typical decay curves of Sr2Al2SiO7:Eu
2?

and Sr2Al2SiO7:Eu
2?, Dy3? phosphors {(Inset—decay

curves of Sr2Al2SiO7:Dy
3? phosphor) The luminescence

decay curve of Dy3? doped Sr2Al2SiO7 phosphor can be well

fitted into a single exponential function as I = I0 exp (-t/s)
where, I0 and I are the luminescence intensities at time 0 and t,

respectively, and s is the luminescence lifetime of the Dy3?

ion [45, 46]. The lifetime of Dy3? is determined to be

41.66 ls.}. Prior to the measurement, the samples were

excited by a UV source for 2 min. Sr2Al2SiO7:Eu
2? phosphor

exhibits an obvious afterglow phenomenon. This demon-

strates that traps which induce the afterglow have already

existed even without Dy3? doping. When the Sr2Al2SiO7:

Eu2? phosphor is co-dopedwithDy3?, the afterglow intensity

is strongly enhanced. Furthermore, the duration of the after-

glow is prolonged since the intensity of Sr2Al2SiO7:Eu
2?,

Dy3? is stronger than the Sr2Al2SiO7:Eu
2? phosphor. The

decay curves of the afterglow of the phosphors can be eval-

uated by the curve-fitting technique. The afterglow attenuates

in the form of the exponential function. In this work, the

double exponential equation which has been used widely can

fit the experimental decay curves very well [43, 47–49].

I ¼ A1 exp �t=s1ð Þ þ A2 exp �t=s2ð Þ ð3Þ

where, I is phosphorescence intensity, A1, A2 are constants,

t is time, s1 and s2 are decay times (in second) for the

exponential components. Decay curves are successfully

fitted by the Eq. (3) and the fitting curve result are shown

in Table 3. Using the fitting function provided by ORI-

GIN8 software, the calculated afterglow decay for the

mentioned compounds was found. The results indicated

that; both the phosphors show a rapid decay and the long-

lasting phosphorescence.

Fig. 8 CIE chromaticity diagram of Sr2Al2SiO7:Eu
2? and Sr2Al2

SiO7:Eu
2?, Dy3? phosphors
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In general, the afterglow of phosphors is considered to be

generated by the de-trapped carriers which recombine in the

luminescent centers accompanied by the delay emission,

hence the traps which induced by the lattice defects in

phosphors play an important role on the afterglow. TL pro-

vides a possible method to investigate these traps. As shown

in Fig. 3. Sr2Al2SiO7:Eu
2?; Sr2Al2SiO7:Dy

3? and Sr2Al2
SiO7:Eu

2?, Dy3? phosphors present a broad TL band peaking

at 82.59, 113.98 and 97.23 �C and their corresponding depth

of trap is estimated to be 0.58, 0.80 and 0.70 eV respectively.

On the other hand, Sr2Al2SiO7:Eu
2? also exhibits an after-

glow phenomenon, indicating that a trap has already existed in

the matrix. The probably lattice defect responsible for this trap

is the oxygen vacancies, induced by the lack of oxygen when

the samples are sintered in reducing atmosphere. The oxygen

vacancies may be attracted by Eu2? ions because when Eu2?

replaces Sr2? in the matrix, the local ionization potential

decreases. Thereby oxygen vacancy becomes an electron trap

in vicinity. The presence of Dy3? reinforces the influence of

Eu2? on oxygen vacancy. In Sr2Al2SiO7:Eu
2? matrix, Dy3?

seems to have a great influence [50].

The co-doped Dy3? acts as trap centers in silicates that

trap the electrons generated during the exposure of phos-

phor to excitation source. The mechanism of afterglow in

silicate based phosphor has been explained by many

researchers and Aitasalo et al. [50] described a mechanism

for persistent luminescence that incorporates suggestions

from both Clabau and Dorenbos (Fig. 10) may be elabo-

rated as: on receiving exposure to excitation source, an

electron of Eu2? (4f7) is promoted to the 4f65d1 band fol-

lowed by either direct or phonon assisted escape of the

electron from Eu2? to the host conduction band. The lattice

defects close to the bottom of the host conduction band

traps the electrons. Huge numbers of electrons are trapped

by the traps assisted by Dy3? at various depths making an

important role of Dy3? during the long afterglow. After the

removal of excitation source, the captured electrons near

the host conduction band released to the conduction band

with thermal energy and consequent recombination of them

with the emitting Eu2? centers lead the persistent after-

glow. Thus, the major cause for the afterglow is the number

of electrons captured in the traps and its depths from the

bottom of the conduction band of host material [51].

The activation energy of Sr2Al2SiO7:Eu
2?, Dy3? phos-

phor is found 0.70 eV which is a sign of a good persistence

luminescent material. It is reported that a suitable trap

depth (0.65–0.75 eV) is essential for phosphors to show

long persistence, therefore, the trap depth of prepared

phosphor is suitable for long afterglow.

3.10 Mechanoluminescence (ML)

ML (also known as Triboluminescence) is an important

physical phenomenon where an emission of light is observed

due to mechanical deformation of materials, when they are

subjected to some mechanical stress like rubbing, cleavage,

compressing, impulsive deformation, crushing, grinding,

shaking etc. [35, 36]. This phenomenon has been observed

in many kinds of solids including ionic crystals, semicon-

ductors, metals, glasses and organic crystals. In the present

ML studies, an impulsive deformation technique has been

used. When a load (moving piston) is applied on to the

phosphor, initially the ML intensity increases with time,

attains a peak value and then it decreases with time. Such a

curve between the ML intensity and deformation time of a

solid is known as the ML glow curve. During the defor-

mation of a solid, a great number of physical processes may

occur within very short time intervals, which may excite or

stimulate the process of photon emission [52, 53].

Figure 11a, b, c, d shows that characteristics ML glow

curve between peak ML intensity versus time for different

heights of moving piston. The experiment was carried out

for a fixed moving piston (400 gm, cylindrical shape)

dropped with different heights. Every time for the ML

measurement, the quantity of the powder sample is fixed

(8 mg) and takes the fresh sample for observation. The

sintered Sr2Al2SiO7; Sr2Al2SiO7:Eu
2?; Sr2Al2SiO7:Dy

3?

and Sr2Al2SiO7:Eu
2?, Dy3? phosphors were not irradiated

by any excitation source such as UV, laser, X-ray, b–rays
or c-rays. The velocity of the moving piston, holding the

impact mass could be changed (140–313 cm s-1), by

changing the height through which it was dropped [49]. In
Fig. 10 Mechanism of persistent luminescence in Sr2Al2SiO7:Eu

2?,

Dy3? phosphor

Table 3 Fitting results (decay curves) of the Sr2Al2SiO7:Eu
2? and

Sr2Al2SiO7:Eu
2?, Dy3? phosphors

Phosphor s1 (s) s2 (s)

Sr2Al2SiO7:Eu
2? 1.48 51.29

Sr2Al2SiO7:Eu
2?, Dy3? 1.55 67.61
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Fig. 11a, b, c, d ML curves measured by applying a load on

the Sr2Al2SiO7; Sr2Al2SiO7:Eu
2?; Sr2Al2SiO7:Dy

3? and

Sr2Al2SiO7:Eu
2?, Dy3? phosphors dropped from heights

10, 20, 30, 40, and 50 cm respectively (there is no ML

intensity has been obtain below the dropping height of

50 cm in Sr2Al2SiO7 phosphor). In these ML measure-

ments, the maximum ML intensity has been obtained for

the 50 cm dropping height for Sr2Al2SiO7:Eu
2?; Sr2Al2

SiO7:Dy
3? and Sr2Al2SiO7:Eu

2?, Dy3? phosphors, When

the moving piston is dropped onto the prepared material at

different height, light is emitted. The photon emission time

is nearly 2 ms, when prepared material fractures. The

strongest ML intensity could be obtained from Eu2? doped

and the Dy3? co-doped Sr2Al2SiO7 phosphor. However,

from the ML glow curve, ML intensities are different for

the different phosphors (see Figs. 11, 12). Figure 12 shows

the comparative graph of ML intensity versus time of

Sr2Al2SiO7; Sr2Al2SiO7:Dy
3?; Sr2Al2SiO7:Eu

2? and Sr2
Al2SiO7:Eu

2?, Dy3? phosphors for 50 cm dropping height.

The strongest ML intensity could be obtained in the order

of Sr2Al2SiO7:Eu
2?, Dy3? � Sr2Al2SiO7:Eu

2? � Sr2
Al2SiO7:Dy

3?� Sr2Al2SiO7 phosphors.

Figure 13 shows the dependence of peak ML intensities

on impact velocity of Sr2Al2SiO7:Dy
3?; Sr2Al2SiO7:Eu

2?

and Sr2Al2SiO7:Eu
2?, Dy3? phosphors. The ML intensity

increases linearly with the increases the falling height of

the moving piston; that is, the ML intensity depends upon

the impact velocity of the moving piston [u0 ¼
ffiffiffiffiffiffiffiffi
2gh

p

(where = h, is the different heights of moving piston)].

The ML intensity of Sr2Al2SiO7:Dy
3?; Sr2Al2SiO7:Eu

2?

and Sr2Al2SiO7:Eu
2?, Dy3? phosphors increases with

increasing the mechanical stress. The Sr2Al2SiO7:Eu
2?,

Dy3? phosphor possesses the strongest ML intensity as

compare to Sr2Al2SiO7:Dy
3? and Sr2Al2SiO7:Eu

2?
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phosphors. These properties indicate that this sample can

be used as sensors to detect the stress of an object and self-

diagnosis applications [54].

The ML intensity, which means peak ML intensity

during force, strongly depended on the height of the

moving piston. In addition, the PL intensity of Sr2Al2
SiO7:Eu

2?, Dy3? is about two orders of magnitude stronger

than that of Sr2Al2SiO7:Eu
2?, while the ML intensity of

Sr2Al2SiO7:Eu
2?, Dy3? phosphor increases only slightly.

This suggests that Dy3? ions sensitize the emission of Eu2?

ions more efficiently in a light-induced process than in a

mechanical excitation process. The afterglow decay time of

Sr2Al2SiO7:Eu
2?, Dy3? phosphor is enhanced largely due

to the existence of traps created by co-doped Dy3? ions

(Fig. 9), which is similar to the change in ML intensity.

This result indicates that the traps play as important a role

in ML as they do in the long afterglow decay process.

For the ML in Sr2Al2SiO7; Sr2Al2SiO7:Eu
2?; Sr2Al2

SiO7:Dy
3? and Sr2Al2SiO7:Eu

2?, Dy3? phosphors, three

mechanisms are possible: (1) charged dislocation model, (2)

piezoelectrification induced electroluminescence model, and

(3) local piezoelectricity-induced electron bombardment

model. The charge dislocation model is not applicable

because of these following experimental regions: (1) in

elastic region the ML intensity of aluminate and silicate

phosphors is repetitive, and (2) intense ML appears when the

phosphor is placed in inside transparent illustrating liquid

and hydrostatic pressure is applied. As the dislocations

cannot move under hydrostatic pressure the dislocation

origin of ML is not possible. In the case of phosphor in

nanometer size the mean free path of de-trapped electrons is

the order of the crystallite size, which is in the nanometer

range. For such value of the mean free path the de-trapped

electrons may not get sufficient energy for the impulsive

excitation of luminescence centers. In fact, for the Sr2Al2
SiO7; Sr2Al2SiO7:Eu

2?; Sr2Al2SiO7:Dy
3? and Sr2Al2

SiO7:Eu
2?, Dy3? phosphors of local piezoelectricity-in-

duced electron bombardment model may be applicable.

When a mechanical stress, such as compress, friction, and

striking, and so on, was applied on the sintered phosphors,

piezo-electric field can be produced. Therefore, in such

phosphor the ML excitation may be caused by the local

piezoelectric field near the impurities and defects in the

crystals. During the impact on the material, one of its newly

created surfaces gets positively charged and the other sur-

face of the crack gets negatively charged (see Fig. 14). Thus,

an intense electric field of the order of 106–107 V cm-1 is

produced. Under such order of electric field, the ejected

electrons from the negatively charged surface may be

accelerated and subsequently their impact on the positively

charged surfaces may excite the luminescence center [55]

Thus, depending on the prevailing conditions, recombination

luminescence may be produced. For the impact velocity

(t0), the impact pressure P0 will be equals to, P0 = Zt0,
where Z is a constant. With increasing value of impact

velocity, the depth of the trap will decrease, therefore, for

the trap depth beyond a particular pressure the traps will be

unstable and they will be de-trapped, in which the number of

de-trapped electrons will increases with the increasing

impact velocity. Thus, the ML intensity will increase pro-

portionally with increasing value of impact velocity [56].

As the impact velocity increases, the impact pressure also

increases leading to the increase in the electric field at local

region which causes the decrease in trap depth. Hence the

probability of de-trapping increases. From Fig. 13, it can be

seen that with increasing impact velocity, ML intensity also

increases linearly i.e., the ML intensity of Sr2Al2SiO7:Dy
3?;
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Sr2Al2SiO7:Eu
2? and Sr2Al2SiO7:Eu

2?, Dy3? phosphors are

lineally proportional to the magnitude of the impact velocity.

When the surface of an object was coated with the ML

materials, the stress distribution in the object beneath the layer

could be reflected by theMLbrightness and could be observed

[57, 58].Based on the above analysis this phosphor can also be

used as sensors to detect the stress of an object. Thus the

present investigation indicates that the piezo-electricity is

responsible to produce ML in prepared Sr2Al2SiO7; Sr2Al2
SiO7:Eu

2?; Sr2Al2SiO7:Dy
3? and Sr2Al2SiO7:Eu

2?, Dy3?

phosphors.

4 Conclusion

The Sr2Al2SiO7; Sr2Al2SiO7:Eu
2?; Sr2Al2SiO7:Dy

3? and

Sr2Al2SiO7:Eu
2?, Dy3? phosphors were synthesized by the

traditional high temperature solid state reaction method.

Chemical compositions of the sintered phosphors were

confirmed by EDX spectra. The addition of co-dopant

Dy3? can increase the TL, PL, afterglow and ML intensity

considerably. The new traps created by Dy3? are respon-

sible for this obvious increase. Under the UV excitation,

the prepared Sr2Al2SiO7:Dy
3? phosphor would emit blue,

yellow and red light with peak at 476, 578 and 675 nm

corresponds to the transitions of 4F9/2 ?
6H15/2,

4F9/2 ?
6H13/2 and

4F9/2 ?
6H11/2 respectively. The three emission

bands of the Sr2Al2SiO7:Dy
3? phosphor combines to give

out white light, which was confirmed from the calculated

CIE coordinates which were found to be very close to

standard white light for human eyes. The Sr2Al2SiO7:Eu
2?

and Sr2Al2SiO7:Eu
2?, Dy3? phosphor emit the bluish-

green emission which was again confirmed from the cal-

culated CIE coordinates. It is worthy to note that the

dependence between ML intensity of Sr2Al2SiO7:Dy
3?;

Sr2Al2SiO7:Eu
2? and Sr2Al2SiO7:Eu

2?, Dy3? phosphors

and the impact velocity is close to linearity, which suggests

these phosphors can also be used as sensors to detect the

stress of an object.
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