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INTRODUCTION

In recent years, nanoparticulate inorganic phos�
phors have been the subject of increasing attention as
materials for modern displays, plasma display screens,
and lighting devices. They are also potentially attrac�
tive for biological and medical applications. Nano�
phosphors offer a high quantum yield, improved adhe�
sion to substrates, and enhanced radiation resis�
tance in comparison with their microcrystalline
analogues [1–3].

Zinc orthosilicate, Zn2SiO4 (willemite), is widely
used as an excellent host for a variety of dopants. Dop�
ing with rare�earth and transition�metal ions (Mn2+,
Eu3+, Ni2+, and others) ensures high luminescence
intensity in different parts of the visible range.
Willemite is known to exist in several crystalline poly�
morphs. The most thermodynamically stable one is α�
Zn2SiO4, whose structure is made up of [SiO4]

4– and
[ZnO4]

6– tetrahedra. One of the most convenient
dopants is manganese (Mn2+). Since it is similar in
ionic radius and oxidation state to Zn2+, it readily sub�
stitutes on the Zn site, so manganese ions can be
homogeneously distributed over the orthosilicate host.
Thus, the most promise for practical application is
offered by α−Zn2SiO4:Mn, which exhibits bright green
luminescence under UV or electron beam excitation
[4, 5].

Various processes for the preparation of
Zn2SiO4:Mn have been described in the literature, for
example, solid�state reaction, pulsed laser deposition,
hydrothermal crystallization, and high�energy ball
milling [6–8]. Each of these methods has its own ben�
efits. Sol–gel processing offers a number of advan�

tages: simple apparatus, low synthesis temperatures,
molecular�scale homogeneity of the final product, and
the possibility of producing multicomponent nano�
particulate phosphors [9, 10]. Moreover, this approach
makes it possible to synthesize materials in a rather
wide range of doping levels. One distinctive feature of
the sol–gel synthesis of α�Zn2SiO4:Mn is that addi�
tional, high�temperature annealing is needed, which
leads to an increase in the particle size of the material.
At present, considerable attention is paid to the devel�
opment of a sol–gel process for the preparation of a
Zn2SiO4:Mn nanophosphor with controlled particle
size and morphology [11–13].

In connection with this, the objectives of this work
were to prepare Zn2SiO4:Mn by a sol–gel process and
study the effect of annealing temperature, phase
composition, and doping level on its photolumi�
nescence (PL).

EXPERIMENTAL

The precursors used in the sol–gel synthesis of
Zn2SiO4:Mn were zinc chloride (ZnCl2), manganese
chloride tetrahydrate (MnCl2 · 4H2O), and tetraethyl
orthosilicate (TEOS) (Si(OC2H5)4). The synthesis
method chosen allowed us to vary the Mn2+ dopant
concentration over a wide range: from 0.1 to 10 at %.
First, we prepared an aqueous solution of the metal
chlorides and a water–alcohol solution of TEOS. To
accelerate TEOS hydrolysis, we used hydrochloric
acid as a catalyst. After the solutions were poured
together, they were stirred on a magnetic stirrer for 1 h.
The resultant sol was transparent, homogeneous, and
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colorless to beige in color, depending on the doping
level.

Gelation took place in air at room temperature.
After homogenization of the gel throughout the bea�
ker, the material was dried at a temperature of 75°C.
As a result, we observed a considerable decrease in the
volume of the gel (shrinkage). After drying, to remove
physically bound water the gel was annealed at a tem�
perature of 220°C for 2 h and took the form of dry
powder.

To obtain crystalline α�Zn2SiO4:Mn, which offers
the brightest luminescence, dry powders were
annealed in air in the temperature range from 500 to
1200°C at 100°C intervals for 2 h at each temperature.
To minimize the residual stress and prevent the forma�
tion of other willemite polymorphs, the samples were
cooled to room temperature at a slow rate (were fur�
nace�cooled).

The phase composition and crystallinity of the
Zn2SiO4:Mn powders were evaluated by X�ray diffrac�
tion on a Shimadzu MAXIMA�X XRD�7000 diffrac�
tometer (  radiation). The particle size and
morphology were assessed by scanning electron
microscopy (SEM) on a Zeiss Sigma VP. The average
particle size (crystallite size) Dcr was determined from
the observed broadening of X�ray diffraction peaks.
Diffraction line profiles were fitted using the pseudo�
Voigt function, a weighted superposition of a Gaussian
and Lorentzian. The crystallite size Dcr was evaluated
by the Williamson–Hall method [14], which allows
one to separate the particle size and strain contribu�
tions to diffraction line broadening and quantitatively
determine the crystallite size and lattice strain.

The effects of crystal structure and doping level on
the PL of the material were investigated using a
PerkinElmer Model LS55 spectrometer. PL spectra
were measured in phosphorescence mode. The delay
time was 1 ms, and the excitation wavelength was λex =
250 nm. At doping levels under 1 at %, the monochro�
mator slit widths were 10 (excitation) and 5 nm (emis�
sion). At Mn2+ concentrations of 5 at % and higher,
the slit widths were 15 and 20 nm, respectively.

RESULTS AND DISCUSSION

The X�ray diffraction patterns in Fig. 1 illustrate
the effect of annealing temperature on the crystallinity
of the sample containing 1 at % Mn2+. It is seen that
the material remained amorphous at annealing tem�
peratures of up to 600°C. After heat treatment at this
temperature, we observed the first, weak diffraction
peaks, which were assigned to willemite, α�Zn2SiO4

(PDF, no. 70�1235). In addition to the reflections
from α�Zn2SiO4, we detected peaks of hexagonal zinc
oxide (wurtzite structure) (PDF, no. 76�704). It is

α
Cu

1,2
K

worth pointing out that that the X�ray diffraction pat�
terns contained a diffuse halo corresponding to an
amorphous phase, which only disappeared after
annealing at a temperature above 1000°C. The inten�
sity of the reflections from α�Zn2SiO4:Mn gradually
increased with increasing annealing temperature, and
that of the reflections from ZnO decreased consider�
ably. At the same time, after heat treatment at 1200°C,
we observed strong structural reflections from quartz,
SiO2 (PDF, no. 85�794). One possible reason for the
formation of this phase is that TEOS hydrolyzes more
slowly than zinc and manganese chlorides, which
leads to the presence of silicon not combined with
zinc. The rate of formation of the crystalline phase and
the degree of crystallinity in the samples with other
manganese concentrations are similar to those in the
Zn2SiO4:Mn powder containing 1 at % Mn. Thus, the
manganese content has no significant effect on the
crystallization rate.

On the other hand, the phase composition of the
samples was found to depend on Mn2+ concentration.
At dopant concentrations of up to 5 at %, no diffrac�
tion peaks of crystalline manganese compounds were
detected, even though the X�ray diffraction patterns
contained reflections from ZnO and SiO2 as impurity
phases. Thus, it is reasonable to assume that the
dopant ions were well dispersed over the lattice of the
α�Zn2SiO4 host. At the same time, at dopant concen�
trations of 5 at % and above the X�ray diffraction pat�
terns showed reflections from hetaerolite, ZnMn2O4

(PDF, no. 71�2499). At low annealing temperatures,
the ZnMn2O4 phase prevailed, but with increasing
annealing temperature its content gradually
decreased, whereas the percentage of α�Zn2SiO4

increased. Like at lower manganese concentrations,
after heat treatment at 1200°C we observed reflections
from SiO2 and weak reflections from ZnO. The forma�
tion of the impurity phase ZnMn2O4 may be due to the
high dopant concentration in the material, as a result
of which the dopant ions cannot uniformly dissolve in
the host. Therefore, a longer annealing time is
needed to better disperse manganese over
α�Zn2SiO4. More detailed information about the
crystalline phases identified in the material is pre�
sented in the table.

It is worth pointing out that the material begins to
crystallize at temperatures lower than those in the syn�
thesis of willemite via solid�state reaction. This feature
was also pointed out previously by Tsai et al. [15] and
El Ghoul et al. [16]. Possible reasons for this include
the small particle size, ionic–molecular scale inter�
mixing of the components, and the formation of
homogeneous sol and then gel that already have Zn–
O–Si bonds.

According to SEM data, the particle size of as�
dried Zn2SiO4:Mn was about 20 nm. Raising the
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annealing temperature led to a systematic increase in
the particle size of the material. For example, after
heat treatment at a temperature above 1000°C the
average grain size D = Dcr was as large as 120 nm. The
data in Fig. 2 illustrates the influence of annealing
temperature on the particle size.

Figures 3 and 4 show the PL spectra of willemite
samples for various annealing temperatures and
Mn2+ dopant concentrations. In all instances, the
peak emission wavelength is near 515 nm, which
corresponds to the known electronic transition
4T1 → 6A1 of the Mn2+ dispersed in the α�Zn2SiO4

lattice [17].
Figure 3 illustrates the effect of annealing temper�

ature on the luminescence intensity in Zn2SiO4:Mn
containing 1 at % Mn. It is seen that, with increasing
annealing temperature, the PL intensity increases
considerably. This is due to the improvement of the
crystallinity of the material and the gradual increase in
the percentage of α�willemite.

The annealing temperature and phase composition
were found to have an intriguing effect on the PL of the
samples doped with Mn2+ to 1 at % or more. In partic�
ular, after heat treatment at 1200°C the emission
intensity was markedly lower in comparison with that

at lower annealing temperatures (Fig. 4). The likely
reason for this is that the samples contained little
α�Zn2SiO4, whereas quartz and hetaerolite do not
emit in the spectral region in question. The effect was
particularly strong at a Mn2+ content of 10 at %: no PL
was detected in the samples annealed at temperatures
below 900°C.

The PL of the material was also influenced by the
doping level. Increasing the Mn2+ concentration from
0.1 to 0.5 at % increased the emission intensity,
whereas the intensity decreased considerably when the
dopant concentration was increased from 5 to 10 at %
(Fig. 4). Similar data were reported, for example, by
Cho and Chang [5] and Tsai et al. [15], and were inter�
preted as the concentration quenching of lumines�
cence, due to interaction between neighboring Mn2+

ions. Nevertheless, it is worth pointing out that there is
currently no consensus as to the mechanism of this
quenching. The spectral position and intensity of
luminescence bands are known to depend on the crys�
talline environment of the dopant ion. In particular,
the brightest 515�nm luminescence is ensured by the
presence of MnO4 tetrahedra in the structure of
willemite. Increasing the doping level may lead to the
formation of Mn pair centers substituting on nearest
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Fig. 1. X�ray diffraction patterns of sol–gel derived Zn2SiO4:Mn powder containing 1 at % Mn2+ after synthesis and annealing
at various temperatures.
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neighbor Zn sites [18]. Closely spaced dopant ions
may also form Mn–O–Mn structures, which are
known to exhibit no luminescence, as exemplified by
manganese oxide. Concentration quenching was
reported for a variety of doping hosts [17].

Moreover, it can be seen from the table that an
increase in manganese concentration is accompanied
by a sharp drop in the weight percentage of the

α�Zn2SiO4:Mn phase. The resulting phases, which
accumulate most of the Mn2+ ions in the composition
of an alternative structure (hetaerolite) or as interstitial
atoms (SiO2) do not ensure crystal field symmetry
characteristic of MnO4 tetrahedra, which leads to a
considerable reduction in 515�nm PL intensity. It
seems likely that it is the combination of the above fac�
tors which is responsible for the nonmonotonic varia�
tion of the PL intensity with dopant concentration at
Mn contents of 1 at % and higher.

Phase composition of sol–gel derived Zn2SiO4:Mn powders annealed at various temperatures

at % Mn2+
Crystalline phases identified and their weight percentages

600°C 900°C 1200°C

0.1
α�Zn2SiO4, 96

ZnO, 4
α�Zn2SiO4, 99

ZnO, 1
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ZnO, 2.5

0.5
α�Zn2SiO4, 93

ZnO, 7
α�Zn2SiO4, 96.6

ZnO, 3.4

α�Zn2SiO4, 94.3
SiO2, 3.5
ZnO, 2.2

1
α�Zn2SiO4, 94

ZnO, 6  
α�Zn2SiO4, 96.4

ZnO, 3.6  

α�Zn2SiO4, 82.5
SiO2, 14.7
ZnO, 2.8

5

ZnMn2O4, 91
α�Zn2SiO4, 9

α�Zn2SiO4, 50.4
ZnMn2O4, 49.6

α�Zn2SiO4, 82.8
SiO2, 8.7

ZnMn2O4, 7.4
ZnO, 1.1

10
ZnMn2O4, 46.5

SiO2, 29.5
α�Zn2SiO4, 24

160

140

120

100

80

60

40

20

800 12001000600200 4000

Dcr, nm

As�dried

Annealing temperature, °С

Fig. 2. Average crystallite size as a function of annealing
temperature for the Zn2SiO4:Mn powder containing
1 at % Mn2+.
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Fig. 3. PL spectra of Zn2SiO4:Mn powders containing
1 at % Mn2+ after annealing at different temperatures.
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CONCLUSIONS

Using a sol–gel process, we synthesized
Zn2SiO4:Mn powders containing 0.1 to 10 at % Mn.
The as�prepared material was amorphous, with an
average particle size of 20 nm. Subsequent annealing
in the temperature range from 500 to 1200°C resulted
in crystallization, gave rise to PL, and increased the
particle size to 150 nm. Analysis of X�ray diffraction
data indicated that the material had a heterophase
crystal structure and that the phase composition of the
samples depended significantly on manganese con�
centration. In contrast, the degree of crystallinity of
the material was independent of doping level but was
influenced by the annealing temperature.

The synthesized Zn2SiO4:Mn nanophosphor
exhibits green photoluminescence corresponding to
α�willemite doped with manganese (Mn2+). The PL
depends significantly on the doping level and phase
composition of the samples. The highest PL intensity
is offered by the material containing 0.5 at % Mn2+.
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