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Herein, a novel green emitting long-persistent Sr3SiAl4O11:Eu2þ/Dy3þ phosphor was synthesized

in a single phase form using facile solid state reaction method under the reducing atmosphere of

10% H2 and 90% N2. The resulting phosphor exhibits hyper-sensitive strong broad green emission,

peaking at 510 nm upon 340 nm excitation wavelength, which is attributed to the 4f65d1-4f7

transitions of emission center of europium (Eu2þ) ions. Moreover, the incorporation of dysprosium

(Dy3þ) ions, which act as effective hole trap centers with appropriate depth, largely enhances

the photoluminescence characteristics and greatly improves the persistent intense luminescence

behavior of Sr3SiAl4O11:Eu2þ/Dy3þ phosphor under ultraviolet (UV) excitation. In addition, with

the optimum doping concentration and sufficient UV excitation time period, the as-synthesized

phosphor can be persisted afterglow for time duration �4 h with maximum luminescence intensity.

Thus, these results suggest that this phosphor could be expected as an ultimate choice for next

generation advanced luminescent materials in security applications such as latent finger-marks

detection, photo-masking induced phosphorescent images, and security code detection. VC 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4922983]

I. INTRODUCTION

Long-persistent luminescence (LPL) is an important

optical phenomenon, defined as the emission of visible light

for longer hours after the ultraviolet (UV) excitation source

is ceased off. This long persistent of light emission arises

from the excitation of charge carriers (electrons and/or

holes), which are trapped at certain defect sites and then

de-trapped due to thermally stimulated recombination at

room temperature.1–3 The LPL phosphor materials are poten-

tially applied in the fields such as optical data storage media,

safety indications, graphic arts, interior decoration, radiation

detection, and structural damage sensors.4–6 The photolumi-

nescence (PL) properties of these phosphors have been

extensively studied due to their high quantum efficiency in

the visible region and good photochemical stability.7,8

Recently, Eu2þ/Dy3þ co-doped alkaline-earth (Ba, Sr,

Ca, Mg) aluminates host materials have attracted consider-

able attention as a new class of bright and long persistent

luminescent phosphors for broad band emission area as well

as these materials have been developed rapidly to replace the

conventional sulfide afterglow materials.9–12 These rare earth

doped strontium aluminates exhibit exceptional properties,

such as higher luminescent intensity in visible region, higher

quantum efficiency, longer lasting phosphorescence (or

afterglow), excellent photo-resistant, and higher chemical

stability. The long afterglow phosphor probe is associated

with forensic, security signs, traffic signage, emergency

route signs, and display applications.13–15 The Eu2þ ions

doped phosphors provide typical emission bands from blue

to red regions of the electromagnetic spectrum depending on

the host lattice due to crystal-field effects.16 Moreover, the

phosphorescence of dopant Eu2þ ion in host lattice is caused

by the dipole allowed optical transition from the lowest

4f65d1 excited state to the 4f75d0 ground state.17 The after-

glow time and intensity of these LPL phosphors materials

can be enhanced by co-doping with other rare earth ion

Dy3þ. These Eu2þ/Dy3þ co-doped strontium aluminates

phosphors exhibit a rapid decay from the Eu2þ ion followed

by a long persistent due to the Dy3þ ion, which trap the holes

that are associated with the lattice defects in the host mate-

rial.18 The peak position of emission spectrum depends on

the nature of emitter, while the afterglow intensity and dura-

tion time are also associated with the property of the trap.

Thus, these prevailing virtues make the Eu2þ/Dy3þ co-doped

alkaline-earth aluminates a promising contender that lead to

a wide applications of the long persistent materials.

However, to the best of our knowledge, there is no litera-

ture available on the investigation regarding the green lumines-

cence in Eu2þ/Dy3þ doped strontium silicate aluminate

(Sr3SiAl4O11: Eu2þ/Dy3þ, hereafter labeled as E0) host lattice

with long persistent phosphor for security applications till date.

The substitution of Si in strontium silicate aluminate lattice is

attributed to decreases in the band gap of host lattice, which

make it more suitable for enhancement of the absorption spec-

trum in the visible range. The E0 phosphor powder could be

used for the security applications such as latent finger-marks
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detection, photo-masking induced phosphorescent images, and

security code detection. There are few reports on the potential

of various phosphor materials for latent finger print detection

application in forensic science.19–21 The solid state reaction

method can be used for the fabrication of a variety of fluores-

cent color powders after the appropriate choice of proper host

and dopant materials at economic cost.

In this paper, we have synthesized new composition of

E0 phosphor using facile conventional solid state reaction

method under the reducing atmosphere of hydrogen (H2:

10%) and nitrogen (N2: 90%), which is merely reported in

the literature. Moreover, this method provides high yields

with purity, homogeneous products, cheap and reliable

synthesis technique to prepare suitable phosphor material for

security applications. This rare earth doped phosphor powder

has an effect of offering strong phosphorescence emission

efficiency in green region and an extended LPL effect. Thus,

these results suggest that E0 material with long lasting

afterglow properties represents a new and useful class of

phosphor powder for many strategic applications. Further,

we have successfully demonstrated the promising use of

these as-synthesized luminescent phosphor based transparent

solution on black paper in terms of latent finger-marks detec-

tion, photo-masking induced phosphorescent images, and

security code detection on identity card.

II. EXPERIMENT DETAILS

A. Synthesis of Sr2.90SiAl4O11:Eux
21/Dy0.102x

31

(where x 5 0.01 to 0.10) phosphor

The LPL phosphor powder samples with nominal compo-

sition of Sr2.90SiAl4O11:Eux
2þ/Dy0.10�x

3þ (where x¼ 0.01 to

0.10 mol. %, hereafter labeled as samples E1, E2, E3, E4, E5,

E6, E7, E8, E9, and E10) were synthesized by conventional

solid state reaction method. The powder sample name is also

listed in Table I. Initially, powders of strontium carbonate

(SrCO3; Sigma Aldrich, 99.9%), aluminium oxide (Al2O3;

Sigma Aldrich), silicon oxide (SiO2; Sigma Aldrich), euro-

pium oxide (Eu2O3; Sigma Aldrich, 99.9%), and dysprosium

oxide (Dy2O3; Sigma Aldrich, 99.9%) were used as starting

materials. The schematic diagram of a MTI tubular furnace

equipped with a microprocessor based temperature controller

for the synthesis of Sr2.90SiAl4O11:Eux
2þ/Dy0.10�x

3þ (where

x¼ 0.01 to 0.10 mol. %) phosphors is shown in Scheme 1 (see

supplementary material).32 Stoichiometric molar ratios

(2.90:1:4:0.03:0.07 for Sr:Si:Al:Eu:Dy) of raw materials were

mixed thoroughly homogenized using a wet grinding method

in a mortar-pestle (ethanol was used as the dispersing liquid).

The obtained product was put in alumina crucible and sintered

in furnace at a slow rate of 5 �C/min to 1300 �C for 3 h in the

presence of reducing atmosphere of 10% H2 and 90% N2.

After cooling, the white colored product was obtained in the

form of powder that was grinded gauzily. The yield of mate-

rial was >80% with a high degree of homogeneity. The vari-

ous concentrations of Eu2þ and Dy3þ were substituted in

Sr2.90SiAl4O11:Eux
2þ/Dy0.10�x

3þ (x¼ 0.01 to 0.10 mol. %)

host lattice. The optimized sample has shown a better photolu-

minescence intensity as compared to the different concentra-

tion of Eu and Dy substitution in place of Sr. The optimum

concentration was found to be x¼ 0.03, for E3 phosphor sam-

ple, which is further explained in PL section. The protocol for

synthesis of bulk Sr2.90SiAl4O11:Eux
2þ/Dy0.10�x

3þ (where

x¼ 0.01 to 0.10 mol. %) long decay phosphor by conventional

solid state reaction method is given in Scheme S2 (see supple-

mentary material).32

B. Detection of latent finger-marks and photo-masking
induced phosphorescent images and security codes

We have carried out practical applications, which are

very significant for the security and investigation purposes.

For obtaining the latent finger-marks detection, the

as-synthesized E3 phosphor powder sample in white color

was mixed thoroughly with the commercially available PVC

gold medium (composition: polyvinyl chloride resinþ cyclo

hexanoneþ nitrobenzeneþ ethyl celluloseþC9 reducer),

which is used in screen printing.22 The ratio of the white

colored phosphor powder with the PVC gold medium was

kept as 500 mg/20 ml. Then, the suspension was ultrasoni-

cated for about 30 min at 25 kHz. The transparent (�67%)

colloidal solution was obtained and the transmittance spec-

trum is shown in Fig. S1 (details given in supplementary

material).32 A thick black paper surface was selected for

finger-marks detection experiment. The application of the

as-synthesized phosphor powder as finger-marks detection

was carried out using a squirrel hair brush. All the finger-

marks were obtained from the same donor and pressed onto

the surface of the black paper. The finger-marks were taken

from a donor of age 22 yr and having good secretions. Then,

the thick white colored phosphorescent mixture was thor-

oughly spread out using the standard spray nozzle (tip diam-

eter 1 mm) under Ar gas pressure. All samples were kept at

room temperature. The developed finger-marks were excited

under 365 nm UV lamp for 2 min. The developed finger-

marks were then afterglow for �4 h after the excitation

source was ceased off. The phosphorescent images were

recorded by using green sensitive Nikon high-resolution

camera. Finally, these obtained phosphorescent finger-marks

on black paper can work for investigation purposes.

Additionally, the as-synthesized E3 phosphor was also used

to carry out security application as in photo-masking induced

phosphorescent images and security code detection on the

TABLE I. LPL phosphor powder samples with nominal composition of

Sr2.90SiAl4O11:Eux
2þ/Dy0.10-x

3þ.

S. No.

Sr2.90SiAl4O11:Eux
2þ/Dy0.10-x

3þ

(x¼ 0.01 to 0.10 mol. %) Sample name

1 Sr2.90SiAl4O11:Eu0.01
2þ/Dy0.09

3þ E1

2 Sr2.90SiAl4O11:Eu0.02
2þ/Dy0.08

3þ E2

3 Sr2.90SiAl4O11:Eu0.03
2þ/Dy0.07

3þ E3

4 Sr2.90SiAl4O11:Eu0.04
2þ/Dy0.06

3þ E4

5 Sr2.90SiAl4O11:Eu0.05
2þ/Dy0.05

3þ E5

6 Sr2.90SiAl4O11:Eu0.06
2þ/Dy0.04

3þ E6

7 Sr2.90SiAl4O11:Eu0.07
2þ/Dy0.03

3þ E7

8 Sr2.90SiAl4O11:Eu0.08
2þ/Dy0.02

3þ E8

9 Sr2.90SiAl4O11:Eu0.09
2þ/Dy0.01

3þ E9

10 Sr2.90SiAl4O11:Eu0.10
2þ/Dy0.00

3þ E10

243104-2 Gupta et al. J. Appl. Phys. 117, 243104 (2015)
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basis of above experiment. Moreover, it can be also used in

some other potential applications such as emergency signs,

buildings and highways, plasma display panels, light-emit-

ting diodes (LEDs), textile and luminous paints, etc.

C. Characterizations

The experiments were carried out in a MTI tubular

furnace equipped with a microprocessor based temperature

controller with an accuracy of 61 �C. The as-synthesized Sr2.90

SiAl4O11:Eux
2þ/Dy0.10�x

3þ (where x¼ 0.01 to 0.10 mol. %)

phosphor was thoroughly characterized using a number of dif-

ferent techniques. The XRD (X-ray diffraction; Rigaku:

MiniFlex, Cu-Ka1; k¼ 1.5406 Å) technique was performed for

phase purity identification and gross structural analysis using

the principle of Bragg–Brentano geometry ranging from 10� to

80� at a scanning rate of 2� min�1. Prior to the XRD measure-

ment, calibration of the diffractometer was achieved with sili-

con powder (d111¼ 3.1353 Å).23 The as-synthesized sample is

merely reported; therefore, we have used the nearly well

matched JCPDS card (JCPDS, File No. 24–1187) to index the

planes of E3 phosphor. Scanning electron microscopy (SEM)

observations were obtained using a Carl ZEISS EVOR-18

instrument at 10 kV operating voltage. The microstructural

characterizations were carried out by high-resolution transmis-

sion electron micrographs (HRTEM) and transmission electron

micrographs (TEM) (Technai, Model No. G20-twin, 200 kV

with super-twin lenses having point and line resolutions of

0.144 and 0.232 nm, respectively). Fourier transform infrared

(FTIR) spectroscopic measurements were performed on a

Thermo Scientific FTIR spectrometer (model: NICOLET

6700). Raman spectra were obtained using Renishaw InVia

Raman spectrometer, UK with an excitation source of

514.5 nm. The XPS analysis was carried out in an ultra-high

vacuum (UHV) chamber equipped with a hemispherical elec-

tron energy analyzer (Perkin Elmer, PHI1257) using

non-monochromatized Al Ka source (excitation energy of

1486.7 eV) with a base pressure of 4� 10�10Torr at room tem-

perature. XPS spectrum corresponds a binding energy survey

scan, which was recorded with pass energy of 100 eV.

UV�Vis absorption spectra were recorded on a Shimadzu

UV�Vis�NIR spectrophotometer (UV-3600). The PL charac-

terization was done using PL spectrometer (Edinburgh FLSP-

920) with a xenon lamp as an excitation source. The time

resolved PL (TRPL) decay curves were recorded using kinetics

decay measurements with the PL spectrometer (Edinburgh

FLSP-920). Color measurement was done by the spectrophoto-

metric method using the spectral energy distribution of the

given sample and then calculating the color coordinates x and

y. The phosphor sample was irradiated using 450 W xenon

lamp for 45 min, prior to the afterglow measurements. All the

measurements were carried out at room temperature.

III. RESULTS AND DISCUSSION

Fig. 1(a) shows the typical optical photographs of

as-synthesized E3 phosphor under room light as well as

365 nm UV lamp (a strong green emission afterglow is no-

ticeable under UV excitation due to the Eu2þ and Dy3þ ions).

The as-synthesized long decay Sr2.90SiAl4O11:Eux
2þ/

Dy0.10�x
3þ (x¼ 0.01 to 0.10 mol. %) phosphor powder was

obtained in white color. The PL properties are greatly influ-

enced by phase purity, crystallite size, and crystallinity of

as-synthesized LPL phosphor samples. The structural purities

of Sr2.90SiAl4O11:Eux
2þ/Dy0.10�x

3þ (x¼ 0.01 to 0.10 mol. %)

phosphor samples were studied by the powder XRD.

Fig. 1(b) shows XRD pattern of E3 phosphor sample. In order

to index the low intensity XRD peaks, the space group and

unit cell parameters of the E3 phosphor by Le Bail fitting of

the XRD data using the “FULLPROF” refinement program

have been determined. The peak profiles were defined by

Pseudo-Voigt function, and the background was described in

terms of a six coefficient polynomial. A very good fitting is

observed by considering the Pa3 space group (cubic-type

FIG. 1. (a) Typical photographs of as-

synthesized E3 phosphor under room

light as well as 365 nm UV lamp; a

long persist strong green emission

appears due to combination of Eu2þ

and Dy3þ trap level, (b) XRD of E3

phosphor; observed (black dots), calcu-

lated (continuous red line), and differ-

ence (bottom green line) profiles

obtained after Le Bail fit for E3 phos-

phor using Pa3 space group (cubic-

type crystal structure), vertical tick

marks above the difference plot show

the positions of the Bragg peaks and

corresponding JCPDS No. 24-1187

database standard for E3 phosphor

(bottom blue lines), (c) SEM image

and (d) magnified view of Fig. 1(c) of

E3 phosphor.

243104-3 Gupta et al. J. Appl. Phys. 117, 243104 (2015)
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crystal structure). No diffraction peaks associated with impu-

rity ions were detected. The lattice parameters were estimated

from experimentally observed d values and indexed (hkl)

plane through a computer program based least square fitting

method using "unit cell refinement software."24–28 The esti-

mated lattice parameters a¼ b¼ c¼ (15.868 6 0.0018) Å are

comparable to the standard lattice parameters a¼ b¼ c

¼ 15.844 Å (JCPDS, File No. 24-1187). The estimated unit

cell parameters and cell volume for variants of Sr2.90

SiAl4O11:Eux
2þ/Dy0.10-x

3þ phosphor in the range of x¼ 0.01 to

0.10 mol. % are given in Table SI (details given in supplemen-

tary material).32 The co-ordination number of Eux
2þ/Dy0.10-x

3þ

is four per unit cell of cubic lattice of Sr2.90SiAl4O11:Eux
2þ

/Dy0.10-x
3þ phosphor as per their Wyckoff positions in space

group of Pa3. It can be noticed that the cell parameters and cell

volume increase with increase in the concentration ratio of acti-

vator/co-activators ions Eux
2þ/Dy0.10-x

3þ up to 0.03 (x¼ 0.03)

and decrease thereafter.29 Such characteristics have been previ-

ously observed and discussed for other rare-earth oxide systems

in our earlier publications.24–28 This is occur due to the presence

of access amount of activators/co-activators in host lattice,

which creates lattice contraction effect. As a result, photolumi-

nescence intensity also decreases.24–28 More details about the

effect of higher concentration of activator/co-activators have

been discussed in photoluminescence section. The particle size

of the sample can be estimated using Scherer’s formula, it is

�800 nm. Further, the crystallinity of E3 phosphor is

also confirmed by Raman spectrum ranging from 100 to

1000 cm�1 using 514.5 nm wavelength, as shown in Fig. S2

(details given in supplementary material).32 It reveals that the

Raman peaks at 118, 144, 238, 340, 373, 402, 468, 515, 538,

843, 868, and 953 cm�1 correspond to the cubic phase of phos-

phor, which are consistent with the XRD results. Basically, these

peaks are associated with bond of Al-O, AlO4
–, Sr-0, Al-Si, Si-

O, and Sr-Si, which have structural bonding for Sr3SiAl4O11host

lattice. Furthermore, we also employed the FTIR to ensure the

quality of Sr2.90SiAl4O11:Eux
2þ/Dy0.10�x

3þ (x¼ 0.01 to

0.10 mol. %) phosphor samples. The FTIR absorbance spectrum

of E3 phosphor sample in the range of 750–3750 cm�1 is shown

in Fig. S3 (details given in supplementary material).32 The sur-

face morphology has been examined by SEM technique. The

SEM images of E3 phosphor sample and its magnified view are

shown in Figs. 1(c) and 1(d), respectively. The obtained oval

fine shape structures are in solid form having average particle

size �800 nm. The PL intensity of phosphorescent material is

also affected by particle surface morphology and it becomes

higher for spherical particles compared to irregular-shaped mor-

phology of particles.

In order to study the microstructural information of

as-synthesized phosphor, we performed TEM/HRTEM

microscopic analysis. Figs. 2(a) and 2(b) show the TEM

images of E3 phosphor sample and its large view, respec-

tively. The obtained TEM micrograph (Fig. 2(a)) clearly

demonstrates that the obtained microstructures are composed

of agglomerated particles with oval shaped structure having

average particle size of �800 nm (Fig. 2(b)). A typical

HRTEM image of E3 phosphor sample is shown in Fig. 2(c).

The precise observation of the HRTEM image indicates that

the sample exhibits lattice fringes with an estimated

interspacing of �0.28 nm, corresponding to the (440) plane

of phosphor with a cubic phase, which have good consis-

tency with the obtained XRD results. Fig. 2(d) represents the

selected area electron diffraction (SAED) pattern of E3 phos-

phor sample, which clearly reveals the high quality phosphor

with (440), (444), and (630) index planes. XPS is a powerful

spectroscopic technique for the characterization of surfaces

with chemical bonding. The XPS spectrum is shown in

Fig. S4 (details given in supplementary material).32 The XPS

spectra confirm the presence of Sr, Si, Al, Eu, Dy, and O

elements in E3 phosphor. It can be noticed that the Eu and

Dy atoms existed as di- and tri-valent states in the as-

synthesized powder. It is apparent from the intensity that the

contribution of Dy element is more than that of Eu element,

thereby justifying the stoichiometry of the as-synthesized E3

phosphor.

The UV-vis absorption spectra of undoped

Sr4Al4O11and Sr3SiAl4O11 are shown in Fig. 3(a). The opti-

cal band gap was calculated using Tauc relation. The varia-

tions of band gap occur on doping of Si in Sr4Al4O11

phosphor. A graph was plotted between (ah�)2 with h�, as

shown in Fig. 3(b). The energy band gap can be determined

by extrapolating straight line portion of curve to the intercept

of the photon energy axes. The energy band gap decreased

from 4.94 eV to 4.83 eV. The substitution of Si in strontium

silicate aluminate lattice is attributed to decreases in the

band gap of host lattice, which make it more suitable for

enhancement of the absorption spectrum in the visible range.

For the optimization of concentration of Eu2þ/Dy3þ, the PL

excitation and emission spectra for Sr2.90SiAl4O11:Eux
2þ/

Dy0.10�x
3þ (from x¼ 0.01 to 0.10 mol. %) phosphors corre-

sponding to the different concentration of Eu2þ and Dy3þ

ions are shown in Figs. S5 and S6 (details given in supple-

mentary material),32 respectively. The PL spectra demon-

strate that the peak position and shape of the emission

spectra are identical for all samples. These spectra show one

broad band from 450 to 600 nm with a shoulder peak at about

510 nm wavelength and exhibit an emission in the green

region due to the crystal field splitting of the Eu2þ d-orbital.

FIG. 2. (a) TEM image, (b) magnified view of Fig. 2(a) of E3 phosphor, (c)

HRTEM image showing the d spacing of E3 phosphor� 0.28 nm, which cor-

responds to the (440) plane, and (d) SAED pattern of E3 phosphor.
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This is a strong indication that the Eu ion is in a divalent

(Eu2þ, green emission) rather than trivalent (Eu3þ, red emis-

sion) state. Moreover, the intensity of PL emission increases

with respect to the concentration of Eu2þ ions, varying from

x¼ 0.01 to x¼ 0.03 and after that, the PL intensity sharply

decreases due to the quenching phenomena at higher concen-

tration of dopant ions (Eu2þ and co-dopant Dy3þ). It is well

known that the ratio of Eu/Dy doping concentration affects

the distance between the Eu-Eu, Eu-Dy, and Dy-Dy ions in

the host lattice (E3 sample). When the doping concentration

ratio of Eu/Dy (Sr2.90SiAl4O11:Eux
2þ/Dy0.10-x

3þ, x� 0.03)

and the distance between the two Eu-Eu, Eu-Dy, and Dy-Dy

ions are large, every one of the these ions can be regarded as

an isolated luminescent centres and co-centers, which inde-

pendently emits light without any interference. As a result,

the PL intensity of Sr2.90SiAl4O11:Eux
2þ/Dy0.10-x

3þ phos-

phor increases up to x¼ 0.03. On the other hand, higher dop-

ing concentration of Eu/Dy beyond 0.03 mol. % (x> 0.03)

and the ratio of the Eu/Dy ions can mutually interact by an

electric multi-polar process due to the shortened distances

between the two Eu-Eu, Eu-Dy, and Dy-Dy ions. In the latter

case, the energy transfer rates of Eu/Dy ions easily exceed

the radiative rates. Thus, the absorbed photon energy rapidly

migrates among Eu/Dy ions in the host lattice, which can

decrease the probabilities of the radiative transitions of

Eu/Dy ions, and even quench the fluorescence, if the excited

state gets trapped in an energy sink with a high non-radiative

deactivation rate constant. This is recognized as a concentra-

tion quenching of phosphorescence.27,30 The maximum

PL intensity peak is obtained at 510 nm wavelength for E3

phosphor sample. Thus, x¼ 0.03 is the optimized concentra-

tion to obtain the high intense luminescence phosphor

material.

The PL excitation spectrum of E3 phosphor was recorded

by monitoring at 510 nm fixed wavelength, as shown in Fig.

3(c). This spectrum consists of a wide band peaking at

340 nm, corresponding to the crystal field components of the

5d level in the excited 4f65d1 configuration of the Eu2þ ions.

This strong excitation band of the host lattice in the UV range

confirms the energy transfer from the host to the Eu2þ ions,

which can acquire energy from the host. The 4f-5d intra-tran-

sitions of Eu2þ occur, when excited by the UV light source.

Thus, it illustrates the existence of Eu2þ ions and its role as

an emission centers. This signifies that the as-synthesized

phosphor can be energized by variety of illumination sources,

especially, by most common natural sun light. The PL emis-

sion spectrum of E3 phosphor under 340 nm fixed excitation

wavelength is displayed in Fig. 3(d). This spectrum reveals

only one symmetric broad band intense green emission peak-

ing at 510 nm, which can be ascribed to the parity-allowed

electronic 4f65d1 ! 4f7 transition of Eu2þ ions, which is

affected by the host lattice. Any emission peaks of Eu3þ are

FIG. 3. (a) Absorption spectra of

undoped Sr4Al4O11 and Sr3SiAl4O11

phosphor and (b) plot of (ah�)2 versus

h� for determination of band gap of

undoped Sr4Al4O11 and Sr3SiAl4O11,

(c) PL excitation spectrum of E3 phos-

phor recorded at 510 nm emission

showing a excitation wavelength at

340 nm, (d) PL emission spectrum of

E3 phosphor recorded at 340 nm excita-

tion exhibiting a hyper-intense green

emission at 510 nm (4f65d1-4f7 transi-

tion) at room temperature, (e) color

coordinate of green emission;

x¼ 0.1934 and y¼ 0.6153, and (f) PL

spectra at different excitation wave-

lengths (kex¼ 322, 340, 356, 397, and

422 nm) of E3 phosphor show maxi-

mum green emission at 340 nm excita-

tion wavelength.
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not obtained in the emission spectra, resulting that Eu3þ ion

in the samples has been completely reduced to Eu2þ ions. In

as-synthesized phosphor, Eu2þ ions are the luminescent cen-

ters and the photo-excited luminescence is considered to be

due to transition from the 5 d level to the 4f level of Eu2þ and

holes in the traps are responsible for the long afterglow. The

relative intensity between the strontium silicate aluminate

host broad band and 4f65d1! 4f7 transition in Eu2þ strongly

depends on the activation/deactivation of the host-to-elec-

tron-to-trapping centre and therefore energy-transfer proc-

esses allow the fine-tuning of the host emission chromaticity

across the Commission Internationale d’Eclairage (CIE) dia-

gram. The phosphorescence chromaticity coordinates of sam-

ples are calculated from the phosphorescence spectrum using

chromaticity coordinate calculation method based on the CIE

system. The CIE color coordinates obtained from emission

spectra of E3 phosphor are x¼ 0.1934 and y¼ 0.6153, as

shown in Fig. 3(e) (chromaticity diagram). It is located typi-

cally in the green region. This emission-color fine tuning

along the CIE chromaticity diagram can be also modulated

by chemical factors (Eu2þ, Dy3þ concentration, nature of the

electron and holes) and physical parameters (excitation wave-

length and temperature). In order to explain the PL stability

of synthesized phosphors, we also performed PL kinetic

experiment at fixed 340 nm excitation wavelength. The

obtained result reveals that the as-synthesized E3 exhibits

good photon stability, as shown in Fig. S7 (details given in

supplementary material).32 Fig. 3(f) depicts the other emis-

sion spectra at 322, 340, 356, 397, and 422 nm excitation

wavelengths, which are all essentially the same differing only

in their intensity. It attributes an emission at 510 nm wave-

length and maximum intensity is obtained for 340 nm excita-

tion wavelength.

The TRPL decay profile of the phosphor was recorded

with the help of time correlated single photon counting tech-

nique for the 510 nm emission of Eu2þ excited at 340 nm UV

radiation by microsecond xenon flash lamp. The TRPL decay

curve and exponentially fitting curves with attenuation data

parameter of E3 phosphor are shown in Figs. 4(a) and 4(b).

The Y-axis of decay curve is in log scale. The large view of

decay for half an hour is shown in inset of Fig. 4(a). The ki-

netic emission intensity of a sample over some time (half an

hour) has almost fixed excitation/emission. The decay proc-

esses of phosphor possessed a tri-exponential decay charac-

ter. In the first part decay, the intensity sharply reduces to

nearly 1/12th of the initial intensity within few seconds; in

the second part, the afterglow emission intensity decreases

slowly that persists for several minutes and in the third part,

there was almost constant afterglow emission intensity. The

decay behaviour of the phosphor can be fitted by an empiri-

cal equation stated as

I ¼ I0 þ A1 expð�t=s1Þ þ A2 expð�t=s2Þ
þ A3 expð�t=s3Þ; (1)

where I0 is the phosphorescence intensity at any time t after

switching off the excitation source, A1, A2, and A3 are the

weighting constants parameters, t is the time period, and s1,

s2, and s3 are attenuation parameters for the exponential

decay components. Using fitting functions, these parameters

s1, s2, and s3 can be calculated by simulating the decay

curves of the phosphors. The obtained decay curves (Fig.

4(a)) in the experiment are well fitted in the above equation.

Three different values of s obtained by simulating the decay

curves indicate that there are three different types of traps

and hence three kinds of decay processes. The largest value

of s3 is related to the deepest trap centre and slowest in the

decay process. Fig. 4(b) demonstrates the exponential fitting

of decay profile as described in Eq. (1). The parameters gen-

erated from fitting are listed in the inset of Fig. 4(b). The ex-

ponential fitting generated parameters are s1� 39.10 min,

s2� 20.84 min, and s3� 275.85 min.

The afterglow duration for as-synthesized E3 phosphor

is calculated as �4 h. This longest afterglow duration pos-

sesses because its value of s3 parameter is the greatest. This

time is large as compared to available used fluorescent mate-

rials (e.g., Y2O3:Eu3þ), which have lifetime in millisecond

or microsecond. The large decay time is convenient to record

and protect the security code and detection through naked

eye for longer time due to long persistence of phosphores-

cence emission, which is additional advantage in such mate-

rials. The effect of dopant concentration on the afterglow

properties was evaluated by varying the concentration of Eu2þ

in Sr2.90SiAl4O11:Eux
2þ/Dy0.10-x

3þ (x¼ 0.01 to 0.10 mol. %)

phosphor. The decay curves of all variants of Sr2.90SiAl4O11:

Eux
2þ/Dy0.10-x

3þ (x¼ 0.01 to 0.10 mol. %) phosphor are

depicted in Fig. S8 (details given in supplementary material)32

and their separately exponentially fitting curve is also shown

in Fig. S9 (details given in supplementary material)32 after

ceasing the 340 nm UV excitation source at room temperature.

The Y-axis of decay curve is in log scale. The corresponding

calculated weighting parameter, decay components, and decay

FIG. 4. (a) TRPL afterglow decay

curve of E3 phosphor after ceasing the

340 nm UV excitation source at room

temperature, it reveals a very broad

time framed emission for �4 h and (b)

the exponential fitting of decay curve

and inset shows the attenuation data

parameter.
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time of Sr2.90SiAl4O11: Eux
2þ/Dy0.10-x

3þ phosphor (x¼ 0.01

to 0.10 mol. %) are also shown in Table S II (see supplemen-

tary material).32 For all the curves, the decay time of the after-

glow intensity increases first and after doping concentration

x¼ 0.03, it decreases sharply. The Eu2þ/Dy3þ quenching con-

centration begins at x¼ 0.03 mol. % and the afterglow time

decreases markedly from the concentration of Eu2þ exceeding

x¼ 0.03 mol. %. The results of the effect of Eu2þ concentra-

tion on the afterglow time of Sr2.90SiAl4O11:Eux
2þ/Dy0.10-x

3þ

(x¼ 0.01 to 0.10 mol. %) phosphor are in agreement with the

conclusions obtained by Fig. S6 (details given in supplemen-

tary material).32

The long persistent decay curve is due to the deep trap

energy centers of Dy3þ ions, which play a significant role in

increasing the afterglow duration of phosphor material. The

long decay curve of E3 phosphor was obtained under 340 nm

excitation for 45 min by xenon lamp and it gives a very

broad time framed emission for �4 h. It proves its signifi-

cance to explore luminescence property of such phosphors as

well as its potential applications in phosphor based upcom-

ing technology. Based on the above observations, a persis-

tent luminescence mechanism, electron transfer model, was

proposed and illustrated in Fig. 5. The mechanism of long

persistence is due to the hole trapped–transported–detrapped

process.31 When E0 phosphor is excited under UV light, the

more number of electron-hole pairs are generated due to the

presence of Si in host lattice, as a result band gap decreases

and the direct excitation of Eu2þ due to 4f75d0–4f65d1 transi-

tion occurs. A large number of holes are generated in the val-

ance bond and some free holes moving in the valance bond

are captured by Dy3þ traps, which act as a hole trap level.13

After the excitation source ceased off, the trapped holes at

certain defect sites of Dy3þ are again de-trapped to the

ground state of Eu2þ due to thermally stimulated recombina-

tion of trapped charge carriers at room temperature with the

green emission at 510 nm. The Dy3þ hole trap level enhances

the phosphorescence by increasing the number and the depth

of hole traps and it also leads to increase in the afterglow

time period. Thus, it can be revealed that the re-trapping of

the hole released from a trap levels plays a key role in

the long persistent phosphorescence mechanism of E0

phosphors.

A. Strategic applications of E3 long persistent
phosphor sample

Furthermore, the as-synthesized E3 long persistent phos-

phor was demonstrated for security applications in terms of

latent finger-mark detection, photo-masking induced phos-

phorescence images, and security code detection, which is

not reported earlier for this phosphor. The counterfeit money

detector instrument is used for the UV excitation, as shown

in Fig. 6(a). We have synthesized luminescent medium from

E0 phosphor sample by dispersing the powder sample in

PVC gold medium. The stability of the medium (luminescent

ink) was strongly affected by the mixing process of the

powder and solution. Hence, it was required that the mixing

process must be performed for a longer time (�5 h) at room

temperature to produce stable colloidal solution. Fig. 6(b)

demonstrates the transparency of E3 phosphor luminescent

ink under room light with good stability for several hours

and hyper-intense green emission peaking at 510 nm under

excitation wavelength of 365 nm for 2 min. The transmit-

tance spectrum of E3 phosphor is shown in Fig. S1 (see

supplementary material).32 The sample is transparent

(�67%) in the visible range, which contributes the formation

of scattering-free luminescent film, when it is coated on

black paper surface.

1. Latent finger-mark detection

The latent finger-marks were generated on the black

paper surface under the room temperature conditions. The E3

long persistent phosphor powder mixed with PVC gold

medium was then applied to the black paper surface using

standard spray nosal under Ar gas pressure and the devel-

oped finger-marks were then kept in the UV exposure under

excitation wavelength of 365 nm for 2 min in contrast to reg-

ular luminescent dusting powder to visualize the latent

finger-marks, which can be seen in Fig. 7(a). After excita-

tion, the UV source was ceased off and the clearly green

emitting finger-marks depicts, as shown clearly in Fig. 7(b),

FIG. 5. Proposed luminescence mechanism of E0 green light emitting long

persistent phosphor; e� denotes electron trap and hþ indicates hole trap.

FIG. 6. (a) Instrument of counterfeit money detector which is used for the

UV excitation at 365 nm wavelength and (b) the aqueous dispersion of E3

phosphor in PVC gold medium demonstrating colloidal stability and optical

transparency at room temperature and highly luminescent visible (green)

emission under excitation with a 365 nm UV source for 2 min.
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for different time periods (0, 5, and 15 min). The intensity of

finger-mark decreases very slowly with time. The good qual-

ity of developed finger-marks on this surface shows the

greater potential of the present phosphor for the application

of latent finger-marks developments. This long persistent

phosphor powder developed finger-marks can be lifted by

finger-marks tape and preserved in the evidence bag.

The developed finger-marks can be re-excited as many

times as needed because our studies reveal that there were no

obvious differences observed in the phosphorescence of the

labelled finger-marks. Therefore, the above obtained results

clearly indicate the application of E0 long persistent phos-

phor powder for spread or put on the very sensitive and big-

ger crime area through aerosol spraying cane. This will help

to locate the finger-marks once spread and excited by the UV

radiation in such areas as the long persistent E0 phosphor is

up hours. Thus, the as-obtained phosphor was used as a phos-

phorescent labeling marker for enhanced latent finger-print

detection on a variety of object surfaces in forensic science

for individual identification.

B. Photo-masking induced phosphorescence images

Furthermore, we also investigated the E0 luminescent

medium for photo-masking based phosphorescent images.

For this investigation, the detailed systematic process is

shown in Fig. 8(a). First, the images of father of the nation of

India—Mahatma Gandhi, Einstein, and logo of NPL were

printed on black paper to display phosphorescent images.

The black paper was coated with the invisible luminescent

medium of E3 phosphors. Then, the Mahatma Gandhi printed

image was placed on coated black paper and exposed at UV

365 nm wavelength for 2 min. After excitation, source and

printed image were removed. The black paper has exhibited

strong green phosphorescent image, which can be easily

seen on the right side of Fig. 8(a). Moreover, we also exam-

ined the same process for eminent scientist Albert Einstein

and logo of NPL images. Their phosphorescent images emit-

ting green wavelength can be seen in Figs. 8(b) and 8(c),

respectively.

C. Security code detection

Apart from it, we also demonstrated another strategic

application of luminescent medium of E0 phosphors as secu-

rity code detection application. Fig. 9(a) shows the photo

identity card under room temperature. The as-synthesized E3

long persistent luminescent medium sample was applied to

the screen printed lotus flower on the black surface of the

photo identity. The phosphor coated photo identity was then

kept under the UV exposure at 365 nm excitation wavelength

to visualize the phosphorescent lotus flower screen printed

image emitting green color for security code detection, as

shown in Fig. S10 (details given in supplementary mate-

rial)32 and after the UV source is removed, the optical image

of photo identity is taken after 5 s, as shown in Fig. 9(b).

Thus, the E0 long persistent phosphor has capability to sus-

tain security records for few hours after the excitation source

is switched off compared to available fluorescent materials

(e.g., Y2O3:Eu3þ), which have lifetime in millisecond or

microsecond. Hence, this proposed phosphor provides addi-

tional advantages in terms of easy identification of code due

to long persistence of phosphorescence emission for few

hours as well as more energy saving. Because this is non-

thermal heating process as well as emission persists for �4 h

without continuous excitation. Additionally, the glow

contrast of emission intensity can only be realized in dark

as compared to day light. In day light, the ID card will be

looking like almost normal if it is excited with UV lamp and

switched off. It means the glow contrast will only realize in

dark (for example, in box coated inside by black colour).

Therefore, this phosphor is highly suitable for proposed

security applications. The good quality of developed proto-

type shows the greater potential of the present long persistent

phosphor for the security applications. Therefore, the above

FIG. 7. (a) The labeled finger print with E3 phosphor solution on black paper

surface and the developed finger-marks in the UV exposure under excitation

wavelength of 365 nm for 2 min and (b) the optical images clearly depict

green emitting finger-marks for different time periods (0, 5, and 15 min),

when the UV source was ceased off.

FIG. 8. (a) Photo-masking induced phosphorescent image of Mahatma

Gandhi (father of Indian nation) on black paper surface exposed at 365 nm

excitation wavelength for 2 min; it can be noticed that it shows the strong

green color emission with clear visibility, (b) phosphorescent images of emi-

nent scientist Albert Einstein, and (c) logo of NPL, which also emits green

wavelength with higher intensity.
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obtained results clearly indicate the application of E0 long

persistent phosphor powder can be made to spread or put on

the very sensitive and bigger security appliances through

spraying technique as well as screen printing.

IV. CONCLUSION

In conclusion, a novel green long persistent phosphor E0

was synthesized using conventional solid state reaction

method, which can last for over �4 h after being excited by

340 nm UV light. The method of E0 phosphor synthesis is

facile and it can be easily scaled up in large quantity. The PL

spectra exhibit a hyper-intense maximum green emission

peaking at 510 nm corresponding to 4f65d1–4f7 transition of

Eu2þ under UV excitation for E3 phosphor composition.

During the excitation, the luminescent centre within the

phosphor captures some energy and transfers it to another

luminescent centre. After the excitation, the stored energy is

thermally released in holes and electrons at room tempera-

ture for longer time period in green wavelength region. This

is mainly due to the hole-trapped mechanism in which Dy3þ

ions act as both the luminescence centers and trap-creating

ions and the Dy3þ ion is responsible for the long afterglow

of phosphors. Thus, the obtained highly luminescent and

long persistent phosphor E0 could be an ultimate choice for

security application such as in latent finger-marks detection,

photo-masking induced phosphorescent images, and security

code detection.
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5 s when the 365 nm wavelength UV excitation source was removed; it

exhibits phosphorescent lotus flower image with emitting green color, which

cannot be seen under room light, as in Fig. 9(a).
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