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Abstract The sol–gel preparative method was employed

to synthesize SrZn2Si2O7:Eu nanostructure phosphors for

white-light emitting diodes. The effects of calcination

temperature and atmosphere as two important process

parameters on the structural, morphological and optical

properties were investigated using comprehensive charac-

terization methods such as X-ray diffraction, scanning and

transmission electron microscopy (SEM and TEM) and

photoluminescence spectra. The obtained phosphors are

efficiently excited from 340 to 400 nm, which matches the

near UV emitting InGaN chip and emits strong band

peaking at 481 nm due to 4f65d1(2D) ? 4f7(8S7/2) transi-

tion of Eu2? ions. In this europium-doped host lattice, a

partial reduction of Eu3? to Eu2? at high temperature

during the synthesis in air according to the charge com-

pensation model is perceived. Furthermore, for this sample

forbidden f–f transitions of Eu3? are observed. Finally,

using Scherrer’s equation the crystallite size of the

optimum products with color coordination of x = 0.176,

y = 0.193 is estimated at *30 nm, which was consistent

with TEM observations.

Keywords Nanostructures � Sol–gel �
Photoluminescence � Rare-earths

1 Introduction

The white light emitting diodes (LEDs) have received

much attention. They have been the subject of interest

during the past decade owing to their advantages in con-

ventional fluorescent and incandescent lamp; e.g., low

energy consumption, compactness, long lifetime, high

brightness and environmental protection [1–3]. Many

phosphor converted methods have been developed for

producing white LEDs. The most convenient way to gen-

erate white light from an LED is to use a blue LED chip

and a yellow-emitting phosphor, which are usually made of

cerium-doped yttrium aluminum garnet (YAG:Ce3?).

However, this type of white light has a low color rending

index because of lack of color in the red region [4]. The

other approach, in which red/green/blue tricolor phosphors

are excited by near UV LED chips (350–400 nm) to gen-

erate white light, has been suggested [5, 6]. In order to

increase the efficiency of white LEDs, these phosphors

should have strong absorption and excitation in the near

UV, and then emit the desired light. As a UV LED can

offer a higher efficient solid state light [7], more and more

attention is being paid to the development of new phos-

phors that can be excited in the near-UV and increase the

efficiency of white light emitting solid-state devices [8, 9].

In past several decades, researches have focused on the

rare-earth (Re) ion-doped silicate-based phosphors [10–14]
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as inorganic functional materials. Among them, the Eu ion-

doped strontium silicate phosphors seem to have consider-

able potential for application in various optical devices

[15–19]. The Eu3? ion, which is intrinsically stable under

ambient conditions, exhibits the line emission features due to

the forbidden f–f transitions (located from 550–750 nm),

while divalent europium ion, which is sensitive to oxygen

and therefore unstable in air, shows narrow-band and broad-

band emissions due to its f–f and f–d transitions [20–23].

Since divalent Eu2? ions exist under limited conditions, no

Eu2? ion-containing compound can be obtained as a natural

product. Therefore, the starting europium compound in

preparing luminescent materials is always trivalent; and, in

general, the reduction of Eu3? to Eu2? in solids needs an

annealing process in a reducing atmosphere such as H2, H2/

N2 mixture or CO. Among the different methods of preparing

precursors, the sol–gel technique offers several processing

advantages, mainly due to purity, homogeneity, lower cal-

cining temperature and modification of material properties

by changing synthetic conditions [24, 25]. Moreover, the

surface area of powders produced from the sol–gel technique

is very high, and high surface-area phosphors have better

thermal conductivity when they are excited with high-energy

photons [26, 27], which are favorable for the lifetime of UV

GaN-based white-LED. In this study, a series of Eu2?-doped

SrZn2Si2O7 phosphors were synthesized by the sol–gel

method to optimize emission under a variety of calcination

temperatures. In addition, a detailed investigation of the

effect of atmosphere on the colorimetry and photolumines-

cence properties was carried out.

2 Experimental Procedure

2.1 Powder Synthesis

A series of samples of SrZn2Si2O7:0.04Eu2? were prepared

by the sol–gel method and calcined at different tempera-

tures in a weakly reductive atmosphere. First, stoichiome-

tric amounts of Sr(NO3)2, Zn(NO3)2�6H2O were dissolved

in ethanol and water. Then Si(C2H5O)4 (SiO2,28.4%)

(TEOS) was added to the mixture with stirring condition

for 30 min. Afterwards, a desired amount of europium

nitrate [Eu(NO3)3.6H2O] was added to the precursor solu-

tion and the pH was adjusted *3. A white sol was obtained

after stirring for 2 h. A semi-transparent viscous gel can be

obtained by evaporating the solvent at 60 �C for 3 days.

The resulting gel was dried at 120 �C for 48 h. Finally, the

dried gel was calcined at 900, 1000, 1100 and 1200 �C for

1 h under a mildly reducing atmosphere (5% H2 ? 95%

N2) to reduce Eu3??Eu2?. To investigate the effect of the

atmosphere, another sample was calcined at 1,100 �C for

1 h in air.

2.2 Powder Characterization

2.2.1 X-Ray Diffraction (XRD)

The product powders were analyzed with a Bruker AXS:

D8 ADVANCE. This instrument operated with voltage and

current settings of 40 kV and 30 mA, respectively, with

Cu-Ka radiation (1.5405 Å). For qualitative analysis, XRD

diagrams were recorded in the interval 5� B 2h B 70� at

scan speed of 28/min.

2.2.2 Scanning Electron Microscopy (SEM)

The powders were coated with a thin layer of gold by

sputtering (EMITECH K450X, England) and then the

microstructure was observed by SEM (Stereoscan S 360

Cambridge) that operated at an acceleration voltage of

10 kV.

2.2.3 Transmission Electron Microscopy (TEM)

The morphology of powders was characterized by TEM

(Hitachi H-800 electron microscope). Carbon-coated 200

mesh copper grids were dipped into a dilute suspension of

the powders. The particles were deposited onto the support

grids from a dilute suspension in acetone or ethanol.

2.2.4 Fluorescence Spectroscopy (FS)

The fluorescence excitation and emission spectra were

acquired at right angles on a Perkin-Elmer LS-55 fluores-

cence spectrophotometer. These spectra were measured

using original reacting mixtures at room temperature with a

single monochromator. The instrument parameters affect-

ing photoluminescence intensity are as follows; measure-

ment type: wavelength scan, scan mode: excitation/

emission, data mode: fluorescence, ex. slit: 5.0 nm, em.

slit: 5.0 nm, PMT voltage: 950 V.

3 Results and Discussion

3.1 XRD Analysis

Figure 1 shows the XRD patterns of the samples after heat

treatment at various temperatures ranging from 900 to

1,200 �C. The formation of the SrZn2Si2O7 phase begins at

900 �C; and, the observed diffraction peaks of this phase

become sharper and stronger with increasing calcinating

temperature from 900 to 1,100 �C. This data indicate that

the crystallinity of SrZn2Si2O7 powders increases. Fur-

thermore, when calcination temperature increases from 900

to 1,000 �C, the peaks related to the SrSiO3 phase
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disappear. Figure 1c clearly shows that the crystallization

of the SrZn2Si2O7 precursor is completed at 1,100 �C; and,

the tetragonal structure for SrZn2Si2O7 is formed at this

temperature (JCPDS file number 10-0051). However, if the

calcination temperature is too high (say 1,200 �C), phase

purity decreases. The phase purity of phosphors greatly

affects the luminous efficiency; i.e., phosphor particles

with higher phase purity have higher luminous efficiency

[28]. Therefore, it is expected that 1,100 �C is a better

temperature for calcination.

Figure 2a shows that the emission intensity of powders

at near UV excitation is increased *4-fold on increasing

the calcination temperatures from 900 to 1,100 �C. At

lower temperatures, the decrease in emission intensities

may be ascribed to the small amount of the Eu2? ions that

are diffused into the SrZn2Si2O7 lattice [29]. With an

increase in calcination temperatures, the Eu is distributed

into the amorphous phase and diffuses into the SrZn2Si2O7

lattice by rapid grain boundary diffusion; and, the emission

intensities of the SrZn2Si2O7:Eu2? powders are enhanced.

In fact, the crystallinity and diffusion of dopants enhance

by an increase in calcination temperature, which implies

a decrease in the fluorescence quench centers (crystal

defects). Accordingly, the fall of non-radiative recombi-

nation leads to a luminescence intensity ascension. When

the calcination temperature increased to 1,200 �C, the

emission intensity decreased, which may be correlated to

the destruction of the main phase and conglomeration of

particles. The strong agglomeration is not profitable to the

luminescence of a sample due to a decrease in the

absorption of light [30]. The dopants have no obvious

effect on the crystalline structure of the host. The Eu2? ion,

which acts as luminescent center in the SrZn2Si2O7 host

lattice, is expected to replace Sr2? in the host. The ionic

radius of Eu2? and Sr2? are close to a perfect match (viz.

1.25 and 1.26 Å, respectively) and substitution may finally

give a new Eu(II) compound, which is iso-structural with

the Sr2? compound. The crystalline size was estimated

from the broadening of the peaks using the Scherrer’s

formula,

Dhkl ¼ kk=bcosh ð1Þ

where b is the width of the pure diffraction profile in

radians, k is 0.89, k the wavelength of the X-rays

(0.15405 nm), h the diffraction angle, and Dhkl is the

average diameter of the crystallite. For this purpose, the

Fig. 1 XRD patterns of the

SrZn2Si2O7 gel heat treated at

different temperatures
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strongest diffraction Bragg peak is used to calculate the

crystallite size. The results of these estimations are pre-

sented in Fig. 2b. Thus, the grain size of the phosphors is

improved following the increase of the calcination

temperature.

3.2 SEM and TEM Observations

SEM analysis was performed to study the morphology of

the synthesized powders. Figure 3 illustrates SEM micro-

graphs of the SrZn2Si2O7:Eu2? phosphors obtained at

various calcination temperatures. Clearly, the morphology

converted from flower-like to nearly spherical-like shape

with increasing calcination temperature from 900 to

1,100 �C. Furthermore, as the calcining temperature was

increased, the particle size became large. When the tem-

perature was 1,100 �C (Fig. 3c), the particle size grew to

*6 lm because of grain growth of larger grains by

absorbing smaller grains. After heating at 1,200 �C, the

densification process occurred and all the aggregates

became much larger (Fig. 3d). Moreover, at high temper-

ature, a sintering phenomenon occurred in some regions;

and, the SrZn2Si2O7 host crystals became surrounded by

the molten grain boundary phase. Therefore, liquid phase

sintering occurs when the calcination temperature is

extensively high. The results indicate that increasing

Fig. 2 Emission spectra of

SrZn2Si2O7: Eu2? prepared at

different temperatures (a) and

dependence of emission

intensity and grain size on

calcination temperature (b)

Fig. 3 SEM micrographs of SrZn2Si2O7: Eu2? phosphor heated at 900 (a), 1000 (b), 1100 (c) and 1200 �C (d) for 1 h
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temperature effectively controls the product size and

changes the shape of the particles.

Figure 4 shows the representative TEM micrograph for

the SrZn2Si2O7:Eu2? nanoparticles calcined at 1,100 �C.

Here the particles have an approximately uniform size

distribution and a spherical-like shape. Eventually, the size

of the crystallites is *25–40 nm, which is in agreement

with the XRD data.

3.3 PL Properties

The PL excitation and emission spectra of SrZn2Si2O7:Eu

synthesized in a weakly reductive atmosphere and air are

presented in Fig. 5. When precursor is calcined in a reductive

atmosphere, the main peak in the excitation spectrum is

observed in 355 nm due to 5d–4f transition of Eu2?. The

strong and wide excitation spectrum at 335–395 nm and a

conversion efficiency of 75% indicates that the phosphor is

very suitable for a color converter using near-UV light as a

primary light source. The material can be used as a blue

phosphor excited by UV LED chip and mixed with other

color emission phosphors to obtain white light. Moreover,

the obtained phosphor from reductive atmosphere shows a

strong blue emission peaking at *480 nm, which is attrib-

uted to a typical 4f65d1(2D) ? 4f7(8S7/2) transition of Eu2?.

However, there is no special emission of Eu3? for this

sample, implying that Eu3? ions have been completely

reduced to Eu2? in H2 gas. Doubly- or triply-charged Eu ions

can be present in ionic solids. For the case of the triply

charged species, all 5d and 6s orbitals are empty and 4f is

partially occupied. The optically active 4f electrons are

shielded from the crystalline electric field by the outer 5s and

5p shells. The resulting effect is that the neighboring ligands

have very little affection on the 4f electrons. For doubly-

charged Eu ions, the energy separation between the 4f7 and

4f65d1 configurations will be large and these transitions are

dipole-allowed and are *106 times more intense than the

very frequently observed 4f ? 4f transitions in triply-

charged Eu ions [31]. Therefore, a reducing atmosphere

helps Eu3??Eu2? ions to attain more blue emission

intensity.

When the precursor is calcined in air, reduction of Eu3?

ions and 4f65d1(2D) ? 4f7(8S7/2) transition of Eu2?

decreases. When the sample is prepared in air (Fig. 5b),

emission peak at 481 nm decreases relative to the sample

prepared in a reductive environment. Instead, emission

lines from 570 to 620 nm, which clearly belonged to the

f–f transitions of Eu3? ion, are observed (Fig. 5b(II)). The

emission of Eu2? ion in a solid state generally shows a

broad band characteristic with a 4f65d ? 4f7 transition,

while Eu3? ion always gives a series of typical emission

lines in the from 570 to 750 nm, which corresponds to the
5D0–7FJ (J = 0,1,2,3,4) transitions. This observation pro-

vides us a very convenient way to detect the presence of the

Eu2? ion in the solid state. The reduction phenomenon,

Eu3??Eu2?, in SrZn2Si2O7:Eu prepared in air can be

explained by the charge compensation model [32]. When

trivalent Eu3? ions are doped into the SrZn2Si2O7, they

replace the Sr2? ions. To keep charge balance, two Eu3?

ions are needed to substitute for three Sr2? ions (Fig. 6a).

Hence, one vacancy defect, represented by two negative

charges and two positive defects, are created by each

substitution of every two Eu3? ions in SrZn2Si2O7:Eu. The

Sr vacancy then acts as a donor of electrons, while the two

Eu defects become acceptors of electrons. Consequently,

Fig. 4 TEM of the SrZn2Si2O7: Eu2? phosphor prepared at 1,100 �C

for 1 h

Fig. 5 Photoluminescence

excitation (a) and emission

(b) spectra of the SrZn2Si2O7:

Eu synthesized in reductive

atmosphere (I) and air (II)
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by thermal stimulation, the electrons in the vacancy defects

of Sr are transferred to the Eu sites and partially reduce

Eu3??Eu2? (Fig. 6b). Hence, the reason for emission

peaking at 480 nm for the sample prepared in air can be

specified. Pie et al. [33] have systematically studied

Eu3??Eu2? the reduction process when the samples are

prepared in air. They proposed a charge compensation model

to explain the abnormal reduction. The basic requirements

for a host lattice to affect the reduction of Eu3??Eu2? in air

at high temperature are the followings: (1) the doped rare

earth ion should replace cations with lower valences in the

host, such as alkaline earth ions; (2) no other reducible ions

should be present in the host; (3) the radius of the cation that

is substituted by Eu2? should be similar to that of Eu2?; (4)

the host compound should exhibit an appropriate crystal

structure to stabilize the divalent rare earth ions at high

temperature in a non-reducing atmosphere. The presently

studied phases satisfy all the above criteria. Hence, a facile

reduction of Eu3??Eu2? could be affected by the synthesis

of the phases in air.

3.4 Colorimetry

In general, color is represented by means of color coordi-

nates. The chromaticity diagram established by the Inter-

national de I’Eclairage (CIE) in 1931 is a two-dimensional

graphical representation of any color perceivable by the

human eye on an x–y plot. The evolution of colorimetric

properties of two samples, which are calcined in a reduc-

tive atmosphere and air via this color space, is traced.

Chromaticity coordinates of samples under short ultraviolet

excitation are portrayed in Fig. 7. The diagram depicts that

CIE coordinates of the samples are located in a blue region;

but, the color purity of the sample prepared in air is lower

than the phosphor produced in reductive atmosphere due to

lower reduction possibility of the Eu ions.

Color coordinates and color temperature are two

important characteristic for phosphors which may be used

in light illuminants. The chromaticity coordinates for

samples under D65 illustration are given in Table 1.

According to the following approximate formula reported

by McCamy [34], relative color temperatures of the sam-

ples may be also calculated by Eq. 2 (Table 1).

T ¼ �437n3 þ 3601n2 � 6861n þ 5514:31 ð2Þ

where

n ¼ x � 0:332ð Þ= y � 0:186ð Þ

4 Conclusions

The nanostructure blue-emitting phosphors are synthesized

for near UV LED applications by wet-chemical route. The

Fig. 6 The schematic graph of

partial reduction of Eu3? ions in

the SrZn2Si2O7 lattice

Fig. 7 x, y coordination by 1931-CIE standard chromaticity of the

SrZn2Si2O7: Eu phosphors synthesized in reductive atmosphere

(a) and air (b)

Table 1 Comparison of CIE chromaticity coordinates of samples

calcined reductive atmosphere (a) and air (b)

Sample CIE chromaticity

(x, y) coordinates

Color

temperature

(K)

Color

purity

(%)

a (0.176, 0.193) 6783697.48 67

b (0.269, 0.243) 180086.56 31

CIE illuminant D65 (0.313, 0.329)
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emission intensities markedly increased with the calcina-

tion temperature up to 1,100 �C owing to an increase in the

amount of the SrZn2Si2O7 phase and diffusion of dopant

ions into the host lattice. The calcination temperature

converts morphological properties from flower-like to

spherical shape. Under near UV excitation, Eu2?-activated

SrZn2Si2O7 samples show a strong blue emission centered

at 481 nm due to 4f65d1(2D) ? 4f7(8S7/2) transitions of

Eu2?. The reduction of Eu3? ? Eu2? in air is observed in

SrZn2Si2O7:Eu phosphors prepared at high-temperature.

The reason of this phenomenon is explained by a charge

compensation model. The crystallite size of the optimum

products with color purity of 67% is estimated at

*25–40 nm, which can be associated with the synthetic

process (i.e., the sol–gel method).
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