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Abstract Green light emitting Zn2–xMnxSiO4 (willemite)

particles were synthesized by a simple and cost-effective

poly(vinyl alcohol) (PVA)-complex route. Microstructural

studies on the calcined products showthatparticlesare pure,

single phase, nano-crystalline, and agglomerated morphol-

ogy. A pure-phase willemite structure was obtained with

calcination between 850 and 1,175 �C for 2 h in air. Particle

size analysis indicates that the average particle size is ~1 lm.

The photoluminescence properties of these 4 and 12 mol%

Mn-doped Zn2SiO4 powders were measured by fluores-

cence spectroscopy. Particles with 4 mol% Mn doping

prepared at 1,150 �C, with an emission decay time, I0/e, of

13.4 ms showed the highest relative peak emission intensi-

ties. The emission intensity at this doping level was

measured to be ~110% of a representative commercial

product’s, doped with 11.2 mol% Mn, and exhibiting a

decay time of 7.1 ms. The effect of calcination temperature

on the photoluminescence and crystallinity properties of

synthesized green powders was also investigated.

Introduction

The manganese-doped zinc orthosilicate Zn2–xMnxSiO4

is used as a green luminescent phosphor in cathode ray

tubes, lamps, and plasma display panels because of its

high saturated color, very strong luminescence, long life

span, lack of moisture sensitivity, and chemical stability

[1–3]. Zn2SiO4:Mn was also found to be a promising

alternative to the conventional thin film phosphors in

electroluminescent devices [4], and appropriate for

medical imaging detectors for low-voltage radiography

and fluoroscopy [5, 6].

The photoluminescence properties of phosphors

mainly depend on the dopant choice and composition,

the choice of host lattice, and the synthesis methods

used. The conventional method to synthesize

Zn2SiO4:Mn phosphor is the solid-state reaction which

requires high firing temperatures and a milling process

as a post-treatment method. This mechano-chemical

activation process generates largely agglomerated and

irregular particles with relatively weak luminescence

properties [7]. For this reason, in the last two decades,

much effort has been dedicated to synthesize

Zn2SiO4:Mn phosphors with new methods such as

sol–gel [8–10], concentration gradient uniform particle

size [11], hydrothermal [12], spray pyrolysis [2, 13],

fume pyrolysis [14], polymer pyrolysis [15], and com-

bustion synthesis [16]—each method producing mate-

rial with the desirable luminescence. Although several

chemical methods have been applied to the production

of fine phosphor particles with good luminescence,

challenges remain in reducing process complexity,

controllability, and cost. Therefore, new synthesis

routes are being explored to potentially overcome

some of these difficulties in commercialization. During

recent years, novel organic–inorganic polymerization

synthesis routes have been applied to produce a

variety of mixed oxide metals. For example, poly(vinyl

alcohol) (PVA) –[CH2–CHOH]–n and poly(ethylene

glycol) (PEG) H[O–CH2–CH2]n–OH have been
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reported for use in synthesis as an organic component,

with water dissoluble metal cations added as the

inorganic component [17–21].

In this study, manganese doped willemite,

Zn2SiO4:Mn, green phosphor particles were produced

by a simple PVA–metal complex route. The photolu-

minescence properties, crystallinity, particle size, and

morphology were investigated, with the results

reported here.

Experimental procedure

The synthesis process used in this work involves

preparation of cationic precursors and mixing them

with a viscous PVA–H2O solution. This is then heated

to evaporate the water, leaving behind an intermediate

powder which is calcined at elevated temperature to

significantly improve purity and crystallinity, and

create uniform doping in the resulting phosphor

powders. All polymeric and cationic solutions were

prepared fresh. This process is described more fully

below.

The PVA–metal complex precursor for Zn2–xMnxSiO4

was prepared using Zn(NO3)2 � 6H2O (99%, Alfa

Aesar), Mn(NO3)2 � 4.4H2O (99.98%, Alfa Aesar),

Ludox TMA colloidal silica solution (ChemPoint.com)

with an average colloidal particle size of 5.78 nm, and

PVA (molecular weight of 145,000) with degree of

polymerization of 3300 (Sigma-Aldrich Inc.). Accord-

ing to the PVA’s product specifications, the nominal

‘‘100 mol% hydrolyzed PVA’’ actually contains up to

2 mol% of acetate groups, which replace the OH–

cation bonds used in our process. Thus, in our

calculations, we assumed an average 99 mol% degree

of hydrolysis.

Synthesis begins with a 5 wt.% PVA–H2O solution,

prepared on a hot plate at ~85 �C (with mixing) until a

clear viscous solution results. Stoichiometric amounts

of the cationic nitrates were dissolved in the minimal

necessary amount of D.I. water by stirring in a separate

container at room temperature and then added to the

heated PVA–H2O aqueous solution. Typically, 120 g

batches of the PVA–metal solution were prepared for

each set of conditions. The proportions of the PVA and

cation sources in the precursor solution were adjusted

to provide a targeted PVA monomer unit:metal ion

mole ratio of 2:1 to ensure sufficient hydroxyl (OH–)

groups were available for cation dispersion in the PVA.

Ideally, this helps avoid cation (metal) precipitation

and agglomeration. Each monomer part of the long

PVA polymeric chains has one hydroxyl group in the

aqueous solution and the relative stoichiometric values

of the cations in the solution were calculated based on

the total number of hydroxyl functional groups, given

the solution concentration, degree of hydrolysis, and

degree of polymerization. The PVA–metal aqueous

solution was then heated on a hot plate at a temper-

ature of ~150 �C with continuous mixing. After evap-

oration (8–10 h), a dark brown, soft, loosely connected

precursor powder typically remains. Each sample

powder batch (typically 0.2 g after evaporation) was

calcined in air at different temperatures up to 1,175 �C,

for a fixed 2-h period and then air cooled to obtain the

final manganese-doped green phosphors.

The crystallization behavior and the crystallite size

measurements of the phosphors were studied via

room temperature X-ray diffraction (XRD) as a

function of the calcination temperature using a Philips

P.W. 2273/20 diffractometer with Cu Ka radiation

(45 kV, 30 mA). The particle sizes and size distribu-

tions were measured using a Microtrac� Nanotrac

NPA 250 particle size analyzer. For the particle size

measurements, powders were dispersed in 20 wt.%

glycerin–D.I. water solution, via ultrasonication. Pho-

toluminescence characteristics in the visible range

were recorded on a Hitachi F-4500 fluorescence

spectrophotometer with a 150 W Xe lamp, using a

254 nm (ultraviolet) excitation wavelength. Decay

time measurements were performed via time-resolved

spectroscopy with the same equipment. Scanning

electron microscopy (SEM) was conducted using a

Hitachi S-4700 cold field emission SEM, with the

powder samples coated with Pt. Mn dopant levels in a

commercial powder (evaluated to serve as a baseline

comparison) were measured using a Perkin-Elmer

2380 Atomic Absorption Spectrophotometer.

Using the above-described procedures, we prepared

a set of powders at two different manganese doping

concentrations (4 and 12 mol%) and examined a range

of calcination temperatures between 750 and 1,175 �C

to determine the influence these parameters had on the

material properties. Comparisons were made with a

commercially available Zn2SiO4:Mn product provided

by OSRAM SYLVANIA Products Inc.

Results and discussion

XRD analysis

XRD patterns for 4 mol% Mn doped Zn2SiO4 phos-

phors, measured from samples calcined at various

temperatures (as well as the commercial phosphor) are

shown in Fig. 1. The as-synthesized powders and those
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calcined at 750 �C showed unreacted ZnO peaks near

2h = 36� with an amorphous structure. Single phase

zinc orthosilicate crystal structures with similar crys-

tallinity (i.e., the willemite phase, exhibiting the phen-

acite structure) to that of the commercial powder, start

to form at calcination temperatures of ~850 �C after

2 h. The Mn doping concentration in the commercial

phosphor was measured to be 11.2 mol% using atomic

absorption spectroscopy, which is close to the compo-

sition of a commercial product Zn2SiO4:Mn reported

elsewhere [22] (~10 mol%). All powders had a white

color, indicative that the manganese is in the desired

Mn2+ state [3] after heat treating at (and above)

950 �C. Other reports [1], indicate that synthesis using

solid-state and solution reaction methods yielded the

same single-phase willemite at 1,400 �C (for 4 h) and

1,200 �C (for 4 h), respectively. The spray pyrolysis

method [13], has been reported to give the same phase

at 1,200 �C (for 5 h). Combustion synthesis [16] and

the hydrothermal method [12], resulted in single-phase

willemite without any high temperature heat treat-

ment.

The peak positions in Fig. 1 match well with those of

the standard pattern (JCPDS 37-1485) for Zn2SiO4 in

the phenacite structure. In order to investigate the

crystallinity dependence on the calcination tempera-

tures, the FWHM values of the main peaks were

measured and found to decrease from 0.30� to 0.24� as

the temperature increased from 950 to 1,175 �C. Also,

the peak intensities increased with increasing calcina-

tion temperatures leading to the conclusion that the

crystallinity of phosphor particles was increased with

calcination temperature. Individual crystallite sizes

were estimated using Scherrer’s formula and were

found to shift from ~25 to ~38 nm as the temperature

was increased from 850 to 1,175 �C.

Photoluminescence spectra characterization

Emission spectra (under 254 nm excitation) for phos-

phor particles prepared at various calcination temper-

atures are shown in Fig. 2. As the temperature

increases, the emission peak intensity increases, with

the highest intensities obtained in the 1,160–1,175 �C

range. These intensities were ~120% that of the

commercial product’s particles. Phosphors (5 mol%

Mn) prepared with spray pyrolysis [13] at 800 �C and

post-treated at 1,100 �C reportedly had an intensity

maximum of ~112% of the commercial product. As the

manganese content is increased from 4 to 12 mol%, the

maxima of the emission band was observed to shift

slightly to a higher wavelength, from 523 to 526 nm,

and with a bandwidth change of Dk = 38 nm to 39 nm

at half maximum, respectively. These characteristic

wavelength values are attributed to the presence of

Mn2+ cations in the willemite structure. Both Zn2+ and

Si4+ ions coordinate tetrahedrally with four oxygen

atoms in the Zn2SiO4 crystal lattice [23], and in this

host lattice, Mn+2, with a weak crystal field, usually

gives green emission. There are reportedly two differ-

ent Zn sites with nearest oxygen ions in a slightly

distorted tetrahedral configuration [24]. As the differ-

ence in ionic radii of Zn2+ (0.074 nm) and Mn2+

(0.080 nm) is very small, both Zn2+ sites can be

replaced by Mn2+ ions [25]. The Mn2+ ion has 3d5

configuration with high spin and the emission band is

assigned to transition from the lowest excited state 4T1

to the ground state 6A1 [23, 24].
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Fig. 1 X-ray diffraction
spectra for 4 mol% Mn doped
Zn2–xMnxSiO4 prepared for
2 h at various temperatures
and the commercial one.
Conditions are as follows: (a)
as–synthesized, (b) 750 �C,
(c) 850 �C, (d) 950 �C, (e)
1,050 �C, (f) 1,150 �C, and (g)
commercial powder.
(*: ZnO). Note that at
temperatures above ~850 �C,
crystallinity is significantly
improved, and the primary
ZnO peak disappears,
suggesting a predominantly
single-phase willemite
material
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Zn2+ exhibits an intense and broad UV absorption

in the short wavelength, an energy transfer to Mn2+

takes place, resulting in the green emission from the

Zn2SiO4:Mn phosphor [23, 26]. The UV absorption–

transition process has been suggested [23] to include a

charge transfer transition from the 2p orbital of oxygen

to an anti-bonding orbital, which is localized partly on

the d10 level of the Zn2+ ion and partly on the 2p level

of the oxygen.

Figure 3 shows the excitation spectrum for 4 and

12 mol% Mn doped samples calcined at 1,160 �C for

2 h, and the commercial powder with 11.2 mol% Mn.

Figure 4 shows the observed relative peak emission

intensities of 4 and 12 mol% Mn doped Zn2SiO4:Mn

samples at various calcination temperatures ranging

from 950 to 1,175 �C. For both measured concentration

levels, the emission intensity was increased sharply

when the calcination temperatures increased. The peak

emission intensity of the 4 mol% Mn doped phosphor

prepared at 1,175 �C is almost 17 times higher than

that of phosphors prepared at 950 �C. Overall, phos-

phors with 4 mol% Mn showed higher emission inten-

sities than those doped with 12 mol% Mn. This

behavior has been attributed to the concentration

quenching phenomenon [24].

When the Mn2+ dopant concentration increased,

there is expected to be energy transfer between Mn2+–

Mn2+ ions [24]. This can take excitation energy too far

from the absorption location, potentially losing the

excitation at a quenching site, without any photon

radiation and lead to a decrease in luminescence

efficiency [23, 24]. At low concentrations of Mn2+ ions,

the concentration quenching effect is negligible

because the average distance between Mn2+ ions is

relatively large and the energy migration is prevented.

SEM characterization

Scanning electron microscope (SEM) images for the

as-synthesized powders and the 4 mol% Mn doped

samples prepared at 1,150 �C for 2 h are illustrated in

Fig. 5. Micrographs show that the as-synthesized par-

ticles are highly agglomerated at the micron-scale.

Additionally, the calcined phosphor particles have

an irregularly rounded morphology and solid-filled

Fig. 3 Excitation spectra of 4 and 12 mol% Mn doped samples
prepared at 1,160 �C for 2 h, and commercial (11.2 mol%)
Zn2SiO4:Mn phosphor, all excited at 254 nm

Fig. 2 Emission spectra (excited at 254 nm) of 4 mol% Mn
doped Zn2SiO4:Mn phosphor particles calcined at different
temperatures for 2 h in air, including a commercially available
sample with 11.2 mol% Mn doping. Most efficient emission
occurs in the higher calcination temperature powders

Fig. 4 Comparison of peak emission intensity in 4 and 12 mol%
Mn doped Zn2SiO4:Mn phosphors as a function of the calcina-
tion temperatures. Excitation was done at 254 nm. The trend of
more efficient emission with increasing calcination temperature
is clear
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structure without any porosity in the range of 200–

500 nm. These sub-micron particles formed irregularly

rounded aggregates in micron size.

Particle size measurements

A typical particle size distribution for phosphor parti-

cles calcined at 1,150 �C is shown in Fig. 6. Phosphor

particles were dispersed in 20 wt.% glycerin–water

solution by ultrasonication prior to particle size anal-

ysis. The average discrete particle size is ~1 lm, with a

range of sizes extending from 200 nm to 4 lm for all

measured manganese doping levels.

Decay time measurements

It is widely accepted that photoluminescent properties

of phosphors can depend on their shape, size, and

surface texture, as well as the composition. These

properties of the phosphors should be optimized to

obtain the maximum quantum efficiency through

energy absorption [1]. The intensity decay of a photo-

luminescence process can be expressed in the func-

tional form: Iem = I0e–t/s, where the lifetime s refers to

the time required for the intensity to drop to I0/e [27].

Figure 7 shows the measured intensity decay plots,

including the measured lifetimes to reach intensities of

I0/e and I0/10. Phosphors calcined at 1,150 �C and

doped with 4 mol% Mn decayed to I0/e in 13.4 ms and

I0/10 in 31.2 ms. The 12 mol% Mn phosphor (also

calcined at 1,150 �C) decayed to I0/e in 5.0 ms and I0/10

in 11.2 ms.

Similarly, the decay times for the commercial

product we evaluated were found to be 7.1 ms at I0/e,

and 13.5 ms at I0/10, placing the commercial product’s

decay times in between the 4 and 12 mol% samples

produced in this effort.

Similar comparisons have been made in the

literature, which report that the decay times mea-

sured at I0/10, (i.e., s10%), typically fall in the range

Fig. 6 Particle size distribution of 4 mol% Mn doped
Zn2SiO4:Mn phosphors calcined at 1,150 �C for 2 h in air. The
size distribution is fairly large (200 nm to 3 lm), with a mean
diameter of ~1 lm

Fig. 7 Decay curves of Zn2–xMnxSiO4 phosphors with 4 and
12 mol% Mn doping levels, as well as a commercial product
(11.2 mol% Mn) shown for comparison

Fig. 5 SEM micrographs
of 4 mol% Mn doped powder
samples: (a) as-synthesized
and (b) calcined at 1,150 �C
for 2 h in air. Agglomerations
of smaller particles (which
XRD indicates consist of still-
smaller grains) are shown
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of 5–25 ms [1–3, 22] at the same Mn doping levels.

The emission decay time behavior is reported to be

dictated by the energy migration between proximate

manganese ions [24]. Thus, the Mn doping level can

be expected to influence the diffusion-controlled

emission decay time. The decay times for the

phosphors produced here extend from as short as

5 ms, to over 31 ms. This overlaps the range of

values reported elsewhere in the literature, as well as

the commercial product included in this study.

Whereas it was found in this effort that the decay

time can be varied over a range, a systematic study

of this behavior was beyond the scope of this effort.

The range of decay times achieved here suggest that

phosphors with decay times of 5–10 ms and very

bright emission intensities, can likely be achieved

simply through doping concentration. In general,

additional studies would be needed to determine

whether other controllable parameters would impact

the photoluminescence behavior of these phosphors.

Examples of potential utility include the degree of

PVA polymerization, the degree of hydrolysis of the

PVA, cation source selection, the mole ratio of PVA

monomer to metal cations, and the use of different

polymerizing and combustion agents.

Conclusions

Green light emitting Zn2SiO4:Mn phosphor particles

with rounded and filled morphologies without any

porosity, and with good luminescence properties

were produced using a simple PVA–metal complex

route. This method requires a short thermal process-

ing time of 2 h in air at a minimum temperature of

950 �C. This results in phosphors with the desired

willemite phase, and with Mn-doping in the desired

Mn2+ state yielding green light emission under

254 nm UV excitation. In general, as the calcination

temperature is increased (within the range investi-

gated here), we found the emission intensity to

increase (within the <1,175 �C range that was inves-

tigated here). The photoluminescence data revealed

that the 4 mol% Mn doped samples prepared in the

calcination temperature range of 1,150–1,175 �C

showed very high emission peak intensities compared

to the 12 mol% Mn doped samples. This 4 mol% Mn

doped material also exhibited emission intensities

that were 110–120% that of the tested commercially

available product. The calcined samples exhibit

irregularly rounded particles of 200–500 nm size,

agglomerated into an overall average particle size of

~1 lm for samples prepared at both manganese

doping levels, i.e., the agglomeration behavior was

insensitive to doping composition in the range of

composition evaluated here. Highly crystalline phos-

phor particles without any porosity and with smooth,

rounded surface texture are demonstrated here to

give good luminescence properties in comparison

with available commercial products, complementing

the simple and reliable synthesis process used in

their creation.

The data presented here indicate that there may be

some potential for the application of a relatively simple

PVA–metal complex synthesis method to produce

phosphor materials such as the green phosphor,

Zn2SiO4:Mn. Further development of this synthesis

method for application in different phosphor systems is

presently under way.
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