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Abstract Nanocrystalline undoped and Mn2?-doped zinc

silicate (a-Zn2SiO4:Mn) nanophosphors were in situ pre-

pared by a sol–gel technique. The crystallite morphology

for Mn-doped and undoped nanophosphors have been

determined by X-ray diffraction and transmission electron

microscopy. In the case of undoped Zn2SiO4 nanophos-

phors, the powder with an average particle size around

80 nm shows a strong luminescence band centred at

760 nm at room temperature in the visible range. In addi-

tion, Zn2SiO4:Mn nanophosphors emit very strong green

luminescence (525 nm), which originated from the
4T1–6A1 transitions of Mn2? ions. The luminescence

spectra and lifetime of the excited state of Mn2? ions-

doped Zn2SiO4 nanocrystals are investigated.

1 Introduction

Inorganic phosphors are some of the most fundamental

materials that support modern society with their wide

application in lighting devices, displays, and information

for humankind [1]. At present, the commercialized

phosphor YBO3 is commonly used as the green phosphor

for plasma display panels (PDP) [2]. Therefore, this

phosphor has a relatively long decay time, which will

influence its use for PDP [2, 3]. So, searching green

phosphors with improved qualities, for example, with

short decay time, is necessary to improve the luminance

properties of PDP [3]. Also, compared to the present

commercial YBO3 green phosphors, the Mn2? activated

Zn2SiO4 phosphor may accommodate advantages such as

better thermal stability, less outgassing, chemically inert

to plasmas commonly used in plasma operated panels and

do not contaminate the electron emitters in field emission

displays and so on [4, 5].

Therefore, among the many inorganic phosphors,

a-Zn2SiO4:Mn2? has been widely used in industry as a

green-emitting phosphor for plasma display panels due to

its high luminescence efficiency and its highly physical and

chemical stability [6]. Zn2SiO4 has been identified as a

promising host matrix for many rare earths and transition

metal dopant ions [7]. It possesses a rhombohedral struc-

ture (space group), wide energy band gap (5.5 eV),

excellent chemical stability and also presents the advantage

of highly saturated color [8], which makes it a promising

nano-material for the various industrial applications.

Manganese activated zinc orthosilicate is one of the earliest

known phosphors [9]. As the Mn2? ion is substituted into

the Zn2? sites in the Zn2SiO4 host crystal, it acts as a

luminescence center, giving green-emission for a-Zn2SiO4

phase [10] or yellow-emission for b-Zn2SiO4 phase [11]. It

is understood that the d–d transition from the 4T1(4G)

excited-state to the 6A1(6S) ground-state in the 3d outer-

most orbital of the Mn2? ion generates a green- or yellow-

emission depending on the strength of its surrounding

crystal field [11]. For this research, the zinc silicate family

is a highly versatile material as evident from the properties

of a-Zn2SiO4, which has the possibility of being a multi-

color phosphor by inserting various guest ions instead of

Mn2? ions, such as Ga3? for violet-emission [12], Ce3?
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[13] or Eu2? [14] for blue-emission, and Eu3? [15] for red-

emission as discussed in depth in a review [3].

Numerous studies had focused on developing chemical

reaction methods to prepare highly efficient Zn2SiO4:Mn2?

phosphors. Taghavinia et al. used porous silicon as one of

the starting materials and impregnated porous silicon layers

with luminescent Zn2SiO4:Mn2? particles [16]. Porous

silicon was directly involved in the reaction responsible for

the formation of luminescent Zn2SiO4:Mn2? phosphors.

The phosphor particles were obtained inside a transparent

porous body, making it possible to activate porous silicon

layers with highly efficient phosphors [16–18].

In this study, the method is applied to prepare Zn2SiO4

and 5 at.% Mn doped Zn2SiO4 particles embedded in silica

monolith by the same protocol of sol–gel method, Mn

doped zinc oxide nanoparticles and studied the structural

and optical properties of the obtained nanophosphors. The

emissions, thus observed are discussed using a schematic

energy level diagram.

2 Experimental

2.1 Synthesis

In the present investigation Mn doped and undoped Zn2

SiO4 nanophosphors were synthesized by a sol–gel method.

The nano-crystalline 5 at.% Mn doped and undoped ZnO

aerogels were prepared by a sol–gel method under super-

critical conditions of ethyl alcohol (EtOH) based on K.

Omri et al. protocol [19]. 5 at.% Mn doped and undoped

Zn2SiO4 nanophosphors samples were prepared by sol–gel

method according to El Mir protocol [11, 19]

2.2 Characterizations

In order to confirm the phase and determine the crystal

parameters, the Mn doped and undoped Zn2SiO4

nanophosphors samples in two cases were characterized by

X-ray diffraction (XRD) using a Bruker D5005 powder.

Transmission electron microscopy (TEM, JEM-200CX)

was used to study the morphology and particle size of the

nano-phosphor powders. For photoluminescence (PL)

measurements, the 450-W Xenon lamp was used as an

excitation source. The emitted light from the sample col-

lected by an optical fiber on the same side as that of

excitation was analyzed with a Jobin-Yvon Spectrometer

HR460 and a multichannel CCD detector (2000 pixels).

The photoluminescence excitation (PLE) measurements

were performed on a Jobin-Yvon Fluorolog 3-2 spec-

trometer. The low temperature experiments were carried

out in a Janis VPF-600 Dewar with variable temperature

controlled between 78 and 300 K.

3 Results and discussion

3.1 Structural studies

The X-ray diffraction patterns of Zn2SiO4 (a), Zn2SiO4:Mn

(b) nanophosphors and Mn doped ZnO nanoparticles (in-

set) have been presented in Fig. 1. In the case of ZnO:Mn

nanoparticles, we noticed the appearance of pronounced

diffraction peaks, which can be attributed to the planes of

ZnO, respectively [7]. The obtained XRD spectra matched

well with the space group P63mc (186) (No. 36–1451) of

wurtzite ZnO structure [7, 19]. The lattice constants cal-

culated from the XRD pattern, which are very close to ZnO

ones, i.e., a ¼ 3:2498 Å and c ¼ 5:2066 Å [20–22]. The

average crystallite size (D) was estimated from the line

broadening in X-ray powder using Scherrer’s equation

[23].

Fig. 1 X-ray diffraction pattern of the a undoped and Mn doped ZnO

nanopowder and b undoped and Mn doped Zn2SiO4 nanophosphors
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D ¼ 0:9k
B cos hB

ð1Þ

where k is the X-ray wavelength (k = 1.5418 Å), hB is the

maximum of the Bragg diffraction peak (rad) and B is the

line width at half maximum.

After a correction for the instrumental broadening, an

average size value of the crystallites was found to be 24 nm.

In the case of our nanophosphors, a new zincic (a-Zn2SiO4)

compound was formed. The analysis of XRD data of Zn2

SiO4 phases is usually qualitative, just based on relative

peak intensities. Therefore, the hexagonal ZnO and will-

emite Zn2SiO4 may coexist in the composite [7]. The will-

emite (a-Zn2SiO4) crystals were well developed. This

analysis shows that the peaks these samples are indexed to

the a-Zn2SiO4 according to the registers in the International

Centre for Diffraction Data (ICDD) data base (JCPDS Card

37–1485) [6, 7]. The difference in the peak intensity and

width shows that the seeded sample has a higher degree of

crystallinity. The lattice constants calculated from the XRD

pattern are a ¼ 13:944 Å and c ¼ 9:314 Å, which are very

close to willemite a-Zn2SiO4 ones, i.e., [6]. This result

indicates that a-Zn2SiO4 has a rhombohedral structure [6]. It

is to be noted that the small amount of doped ions Mn2?

have almost no effect on the basic crystal structure of Zn2

SiO4. Therefore, this is indicative of the entire dissolution of

Mn2? into the host lattice. It has also been observed in the

case of Mn2? doped Zn2SiO4, a low angle shift in XRD

patterns, resulting in the lattice parameters of Zn2SiO4

increase. This result strongly indicated the Mn substitution

for Zn, is mainly attributed to the substitution of larger sized

Mn2? (0.66 Å) for smaller Zn2? (0.60 Å) ions.

The average grain size of the crystallites Zn2SiO4:Mn

varies from 70 to 90 nm [7], has been estimated using

Scherrer’s formula (1). However, XRD gives no informa-

tion on the actual distribution of crystallite sizes in the

particles.

To confirm the results obtained by XRD and to learn

more about the morphology of our samples, we performed

an analysis by transmission electron microscopy (TEM).

Figure 2 shows the TEM micrographs of our nanophos-

phors indicating that the well-crystallized Zn2SiO4 parti-

cles. At high temperature at 1200 �C, Zn and Si species,

move and diffuse inside the porous body to form Zn2SiO4

phase with a particle size greater than 80 nm. The particles

were observed to be irregular shaped, highly dispersed and

the average size was found to be in the range 60–80 nm.

The disadvantage of this technique is the low counting

statistics and high time consumption due to the requirement

of having to analyze a large number of grains. The com-

position of the powder nanophosphors has been measured

using EDX. Energy dispersive X-ray spectroscopy (EDX)

is a standard procedure for identifying and quantifying

elemental composition of sample area as small as a few

nanometers. Energy dispersive spectroscopy (EDX) anal-

ysis during the TEM observation, shown in Fig. 2, confirms

the XRD results. The existence of manganese (Mn) in the

prepared sample is clear in the EDX spectra. There

appeared no other emissions apart from Si, Zn, Mn, and O

in EDX spectra of the sample. This result confirm the

formation of Zn2SiO4:Mn nanophosphors.

3.2 Photoluminescence property

To further characterize the optical responses of our sam-

ples, we present in the following, the different properties of

(a) 

(b) 

Fig. 2 Typical TEM photograph showing the general morphology

a undoped Zn2SiO4 and b Zn2SiO4:Mn nanophosphors and its EDX

analysis
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luminescence nanoparticles in a silica matrix. In the pre-

sent investigation, the emission and excitation spectra of

Zn2SiO4 nanophosphors are shown in Fig. 3. The spectrum

shows two broadband emissions, the first one centered at

760 nm and the second in the range 375 nm. Nevertheless,

the striking feature is the absence of almost any of the

usually reported visible emission bands in the range

400–650 nm (2.4–2.7 eV), and the appearance of a strong

and wide near infrared (NIR) emission band centered

around 760 nm, besides a near band edge emission

including the bound exciton line. The observed UV–visible

emission band is also quite different from what is usually

seen [7]. On the other hand, the PLE spectrum detected at

760 nm which shows the appearance of a very weak peak

at 375 nm (3.3 eV) relative to its value at higher energy

(inset of Fig. 3). The low energy excitation band is due to

carrier excitation in the near band edge of ZnO nanopar-

ticles [7]. Indeed, as it has been shown by Chakrabarti et al.

[24], a high annealing temperature (1073 K) results in a

rapid grain growth and when the radii of the nanoparticles

increases to 8.2 nm, a bulk ZnO like band gap is obtained.

However, the most efficient excitation process is with

photon energies of about 5.4 eV (230 nm), which are much

higher than the ZnO bulk band gap. Unfortunately, the high

energy peak position of the PLE spectrum cannot be clearly

determined due to the high energy range limit of our setup.

The shape and the structured nature of the PL emission

band, the large shift between the PL and the PLE energy

peaks of the 760 nm PL emission are in principle a sig-

nature of a deep level emission with an electron–phonon

coupling. However, its full width at half maximum

(FWHM) dependence with temperature cannot be fitted

according to this model, which rules out the hypothesis of

an electron–phonon coupling [7]. We suggest that this

luminescence band (760 nm) is attributed to the contribu-

tion in the formation of a non-bridging oxygen hole

(NBOHs) excited at the spectral region hm C 5.4 eV, such

band arises from the absorption of Zn2SiO4 particles [7].

Upon incorporation of the ZnO:Mn in the silica matrix

and thermal treatment at 1200 �C, PL spectra illustrated in

Fig. 4 show the appearance of a strong luminescence band

centered at 525 nm. However, the synthesis and lumines-

cence properties of our nanometer-sized nanophosphor

material are rarely reported. Excellent luminescence

properties of Zn2SiO4:Mn nanophosphor comparing with

other reference paper. The green emission has been

assigned to an electronic transition of 4T1(4G) ? 6A1(6S)

peaking at the wavelength 525 nm and which is a parity

forbidden emission transition of Mn2? ions [25]. With

255 nm excitation wavelength, we also note the change of

the PL intensity with temperature, which is an increase of

PL intensity when the measurement temperature decreases.

This is due to d–d transition on Mn2? as the relevant

luminescent center. This emission centered at 525 nm,

corresponds to the energy transfer in the Mn ions [26].

With Mn2? occupies part of the Zn2? site, which is coor-

dinated by four oxygen atoms [25]. The weak crystal field

around Mn2? results in the low splitting width of its 3d

energy levels, in accordance with the observations of Ste-

vels et al. [27]. As a result, an emission at high energy

(green) is observed. The red-shift of the emission band with

the increasing temperature is due to the exchange interac-

tions between ions with the Mn2? ions (Fig. 5) [28]. In

willemite the Mn2? ions are situated at the slightly dis-

torted tetrahedral sites with four oxygen neighbors [28].

The applied excitation photon energy of 4.86 eV (255 nm)

is smaller than the band gap of Zn2SiO4. The excitation of

Mn2? ions follows their ionization (transition from the

Fig. 3 PL spectrum of a typical Zn2SiO4 nanophosphors. The inset

shows the PLE spectrum of Zn2SiO4 nanophosphors

Fig. 4 PL and PLE spectrum of a typical Zn2SiO4:Mn

nanophosphors
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ground state to the conduction band) and the non-radiative

relaxation of the electrons to the excited state 4T1 of Mn2?

[29]. From the emission spectra, a slight red-shift of the

peak maximum is observed while the emission intensity

increases. It is generally recognized that the luminescence

of the Mn2? ion depends on the Zn2SiO4 host crystal field.

Mn2? ions in the Zn2SiO4 host with higher crystallinity

feel a stronger crystal field. Increasing the crystal field

reduces the energy difference of the ground and first

excited state, resulting in peak broadening and red-shift of

the emission peak [3].

Furthermore, the PLE spectra of the band detected at

525 nm (Fig. 4) show a strong excitation band ranging

from 240 to 300 nm with a maximum at about 255 nm

(4.9 eV) compared to bands in the UV–Vis range. The

band at 255 nm is considered to be responsible for the

emission at 525 nm. Furthermore, the spectra fully agree

with previously measured excitation spectrum of Zn2

SiO4:Mn [30]. The broad excitation peak at 255 nm could

be attributed to a charge transfer transition (or the ioniza-

tion of manganese) from the divalent manganese ground

state (Mn2?) to the conduction band (CB). This transition

will be further discussed later based on the previous liter-

ature reports [30, 31]. In addition to the CT band, other

bands (inset) of Mn2? (d–d) transitions are also observed at

higher wavelengths (350–500 nm), these are caused by

crystal field splitting of the 4D and 4G levels as shown by

the Orgel diagram for Mn2? [32, 33]. The electrons in the
6A1 (6S) ground state of Mn2? ions, are excited to the

conduction band of Zn2SiO4 by photons, and the free

electrons in the conduction band relax back to the 4T1 (4G)

excited state through a non-radiative process [34]. Finally,

this is followed by a radiative transition from the 4T1 (4G)

excited state to the 6A1 (6S) ground state, giving rise to a

green emission band (525 nm). The mechanism involved in

the generation of a green emission from Zn2SiO4:Mn2?

nanophosphors has been reported earlier and shown

schematically in Fig. 6 [25].

We have studied the intensity and the peak energy

dependence of the PL band versus the power excitation

density of our nanophosphors as can be seen in Figs. 7 and

8. In the case of undoped Zn2SiO4 nanophosphors (Fig. 7),

the emission intensity (760 nm) shows a linear variation

with the power excitation (inset of Fig. 7). Furthermore, no

change in the PL spectra, neither the shape nor position,

was observed with power excitation, even after being aged

for over 90 days, indicating the time stability of the

nanophosphors material. This result strongly suggests that

the production of nanoparticles in SiO2 matrix by sol–gel is

a simple way to maintain the luminescence spectra of the

nanoparticles.

On the other hand, in the case of Mn-doped Zn2SiO4

nanophosphors (Fig. 8), it is clear this analysis shows the

more significant red-shift and broadening of the UV pho-

toluminescence peak with increasing excitation power.

Therefore, the emission intensity (525 nm) shows a similar

linear variation with the power excitation which suggest

that the two emission bands have the same origin. The

green luminescence is the conventional green of a-Zn2

SiO4:Mn2? nanophosphors, occurring at about 525 nm, a

well known, it corresponds to an internal transition of

Mn2? in a-Zn2SiO4 phase and the second bands in the

range 560–608 nm for Mn2? in the b-Zn2SiO4 phase [3].

Also, the strong emission peaks around 525 and 590 nm

are observed only under the highest excitation power

density 70 MW/cm2 (Fig. 8). The sharpness of the peak

can be ascribed as due to the uniformity of particle sizes.

The emission intensity shows a linear variation with the

power excitation (inset Fig. 8). Furthermore, no change in

the PL spectra, neither the shape nor position, was

Fig. 5 PL spectrum of a typical Zn2SiO4 and Zn2SiO4:Mn nanophos-

phors at 78 K

6A1 (6S) 

4T1 (4G) 

Conduction band 

Valence band 

(eV) 
5.50 

2.75 

0.00 

Eex = 4.87 eV Eem = 2.37 eV 
Green emission UV excitation 

Fig. 6 Energy level scheme describing the green color emission

process in Zn2SiO4:Mn nanophosphors upon excitation with 255 nm

(Color figure online)
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observed with power excitation, even after being aged for a

longue period of time, indicating the time stability of the

composite material. These results prove that there a origin

of the luminescent centre and the nature of this band has so

far not completely been established and calls for further

investigations, particularly the study of the power excita-

tion effect above 70 MW/cm2.

However, it is not clearly understood the mechanism of

defect emission of composite phosphor under 255 nm

excitation. Future work will be focused to understand this

mechanism.

The decay curve of the green emission of the a-Zn2

SiO4:Mn2? nanophosphor is shown in Fig. 9. The decay

curve corresponding to the emission band at 525 nm shows

that the decay kinetics is a double-exponential decay curve.

The result of decay curve can be obtained according to the

following equation [33]:

I ¼ Afe
ð�t=sf Þ + Ase

ð�t=ssÞ ð2Þ

where sf and ss are the fast and slow components of the

luminescent lifetimes, Af and As are the weight factors of

the two components, respectively. The fitting results are Af/

As = 14.28, sf = 2 ms, ss = 11 ms. This is in agreement

with the previous observations [33]. The long decay time of

Zn2SiO4:Mn is an obstacle for the PDP application. Thus, a

lot of efforts have been dedicated to shorten the decay time

of Zn2SiO4:Mn particles without losing the much effi-

ciency [6, 32]. In general, it is possible to reduce the decay

time of a phosphor by increasing the manganese dopant

content. However, because of the accompanying energy

transfer, nonradiative de-excitation processes will increase

and the nanophosphors efficiency will decrease due to the

well-known dopant concentration effect. When the dopant

content is increased, the competition between a higher

number of excited centers and lower radiative efficiency

will determine the optimal dopant concentration [32]. This

information might therefore facilitate a better understand-

ing of the photo-luminescence properties which could

possibly be influenced by the crystallite size, which in turn

will be a function of the synthesis parameters of

nanophosphor materials.

4 Conclusion

In summary, we have synthesized pure and Mn-doped

Zn2SiO4 nanophosphor using a sol–gel method. The X-ray

diffraction and TEM show a crystalline phase with a par-

ticle size ranging between 60 and 90 nm. Based on the PL

and PLE analysis of undoped Zn2SiO4, it can be concluded

that the excitation peak near 760 nm can be connected with

the formation of NBOHs, such band arises from the

Fig. 7 The variation of the PL intensity with the power excitation

density at the UV range of Zn2SiO4 nanophosphors

Fig. 8 The variation of the PL intensity with the power excitation

density at the UV range of Zn2SiO4:Mn nanophosphors

Fig. 9 Decay curve of the Zn2SiO4:Mn nanophosphors
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absorption of Zn2SiO4 particles. Resulting particles are

crystalline, as evidenced by the TEM images and XRD,

and they emit green light, indicating the presence of Mn2?

in the Mn-doped Zn2SiO4 particles. From the analysis of

the spectra of PL and PLE, we can be concluded that the

green emission (525 nm) has been assigned to an electronic

transition of 4T1(4G) ? 6A1(6S). The advantages of this

method include simplified procedure, low annealing tem-

perature, time-saving, controllable size and morphology,

large-scale production and wide practicality for other

phosphor materials, which have potential applications in

displaying and lighting fields.
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