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Abstract

Titanium co-doped ZnO/Zn2SiO4:Mn2þ (TZZM) composite phosphor was prepared by the high temperature solid state reaction method. The
structural and optical properties of the as-prepared samples were analysed by means of the technique of X-ray diffraction (XRD), Scanning
electron microscopy (SEM), Fourier transform infrared (FTIR) and Photoluminescence (PL) spectroscopy techniques. XRD analysis confirms the
formation of ZnO/Zn2SiO4 composite system. The strain acting on the system was estimated using Williams–Hall plot. SEM recordings showed a
distribution of ZnO and Zn2SiO4 particles of sizes �1–5 mm. The luminescence properties are studied using 266 nm and 355 nm laser excitation.
Results demonstrate the ability to tune the emission colour coordinates and the correlated colour temperature (CCT). This phosphor can be
potentially used for optical display applications.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: Optical properties; Composite phosphor; Strain; CIE colour coordinates
1. Introduction

Mn2þ doped Zn2SiO4 phosphor is well known for its green
emission (�525 nm) which arises from 4T1(

4G)-6A1(
6S)

electronic transition of Mn2þ ion [1]. These materials are
extensively used in coatings of cathode ray tube screens
(CRT), field emission displays (FEDs), plasma display panels
(PDPs) and try-color lamps, due to high brightness, wide
horizontal/vertical view angles, good contrast, high efficiency
with a low power consumption and short response time. The
FEDs are extensively used in market [2,3]. Silicate based oxide
phosphor materials are more stable as compared to sulfide
based phosphor like. Y2O2S:Eu, Gd2O2S:Tb, etc. Develop-
ment of phosphors which show high quantum efficiency and
good stability under excitation with low-voltage (r5 kV) and
high current density (10–100 mA/cm2) is an important task for
the scientific community [4,5]. Zn2SiO4 is an excellent host
material due to its high refractive index (�1.7) and large band
gap (�5.5 eV) [6,7]. ZnO is well known for its direct band
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gap �3.3 eV. Its optical properties are significantly changed
by changing the reaction conditions (temperature, pH, etc).
ZnO shows luminescence in the visible range (�400–700 nm)
in blue, green and red regions due to defects created [8–10].
Moreover, its band gap can be slightly tuned due to incorpora-
tion of divalent ions in Zn2þ sites. The combination of such
interesting materials one having low band gap (ZnO) and the
other having high band gap (Zn2SiO4), significantly improves
the luminescence properties of the composite materials [11,12].
ZnO has hexagonal (wurtzite) crystal structure and lattice
parameters are a=3.25 Å and c=5.12 Å. Zn atoms are tetra-
hedrally coordinated to four O atoms, where the d-electrons of
Zn hybridize with the p-electrons [13] and TiO2 is a
semiconductor well known for its wide band gap �3.2 eV
[14]. The ionic radius of Zn2þ , Mn2þ , Si4þ , Ti4þ ions are
found to be 0.06, 0.042, 0.026 nm, 0.06 nm, respectively [15].
Zn2SiO4:Mn2þ has been generally prepared by solid state
reaction method (SSR) for a long time [16]. Recently, Lin et al.
[17] prepared Ti doped Zn2SiO4 thin film phosphor. Samples
show good transparency of more than 80% and exhibit
amorphous nature up to 800 1C.
A broad luminescence band was observed between 370 and

415 nm after annealing the sample at 700 1C. It is also reported
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Fig. 1. XRD patterns of 0, 3, 10 and 30 at.% Ti co-doped TZZM composite
phosphor. Here some selected planes from JCPDS Card nos.: 36-1451 (ZnO)
and 37-1485 (Zn2SiO4) are shown for clarity.
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that the photoluminescence properties are enhanced on co-
doping Zn2SiO4:Mn2þ with other ions like Mg2þ or Cr3þ or
Al3þ or Y3þ or Liþ , etc. [18]. Wang and his co-workers
found significant enhancement in green emission Zn2SiO4:
Mn2þ co-doped with Y3þ /Liþ due to excitation of Y–O
charge transfer band (�147 nm) there by transferring energy
to excited state of Mn2þ ion. Zn2SiO4 is also known to have a
strong excitation band ranging from 200 to 300 nm which is
supposed to arise from Mn2þ–O2þ charge transfer band (Mn–
O CTB) [19]. Enhancement in emission intensity on excitation
of Mn–O CTB is less expensive than UV excitation at
�147 nm. Efforts are also made to improve the luminescence
efficiency of inorganic phosphor like YPO4:Eu

3þ or CaMoO4:
Tb3þ by co-doping with Liþ ions, [20–24].

In this paper, we report the work carried out on Ti co-doped
ZnO/Zn2SiO4:5 at.% Mn2þ (Ti=0, 1, 3, 5, 7, 10, 15, 20 and
30 at.%) composite phosphors in which their luminescence
properties are studied under 266 and 355 nm laser excitations.
In addition, strain acting on the composite phosphors for
different Ti co-doping was estimated.

2. Experimental section

2.1. Materials

Zinc nitrate (Zn(NO3)2, 99%), Silicon oxide (SiO2, 99.9%),
Manganese acetate (Mn(CH3COO)2, 99.9%) and (TiO2,
99.9%) were used as starting materials.

2.2. Synthesis of Ti doped ZnO/Zn2SiO4:Mn composite
phosphor (TZZM)

Ti co-doped ZnO/Zn2SiO4:5 at.% Mn2þ (Ti=0, 1, 3, 7, 10,
15, 20 and 30 at.%) (TZZM) phosphors were prepared using
the solid-state reaction method [25]. In a typical preparation
stoichiometric amounts of Zn(NO3)2, SiO2, Mn(CH3COO)2
and TiO2 were mixed in an agate mortar and grinded for 6–8 h
for uniform mixing. This homogenous mixture was transferred
to an alumina crucible and calcined at 1100 1C for 2 h. It was
again grinded for 1–2 h and the calcination process was
repeated at 1100 1C for 2 h. Similarly, it was repeated for
different Ti co-doped ZnO/Zn2SiO4:5 at.% Mn2þ composite
phosphors (Ti¼0, 1, 3, 7, 10, 15, 20 and 30 at.%). These
samples were subjected to X-ray diffraction (XRD), scanning
electron microscope (SEM) and photo luminescence (PL)
studies.

Structure and phase of the powdered samples of the
composite phosphor samples were identified with the help of
X-ray diffraction (XRD) patterns which were recorded on PW
1071 Philips powder X-ray diffractometer using Ni filtered Cu-
Kα (1.5405 Å) radiation and operated at 30 kV and 15 mA.
SEM images of the samples were recorded by employing a
Philips XL 30 ESEM scanning electron microscope (FEI-
Philips Company, Hillsboro). Fourier transform infrared
(FTIR) spectra of the samples were recorded by Spectrum
RX-I spectrophotometer (Perkin Elmer). For the photo lumines-
cence (PL) measurement, Nd:YAG laser (266, 355 nm/Spitlight
600, Innolas) was used as an excitation source. All the emission
spectra were recorded with iHR320 imaging spectrometer at
room temperature.
3. Results and discussions

3.1. XRD and SEM analysis

XRD patterns of TZZM composite phosphor (Ti¼0, 3, 10
and 30 at.%) with corresponding JCPDS stick plots for ZnO
Card no. (36-1451) and Zn2SiO4 Card no. (37-1485) are
show in Fig. 1. It is evident from XRD patterns that the
samples have both ZnO and Zn2SiO4 phases. It is observed
from the intensity of XRD patterns without Ti concentration
(0 at.%) ZnO phase is dominant as compared to Zn2SiO4

phase diffraction peaks with Ti4þ doping. As Ti4þ con-
centration is increases the amount of ZnO phase decreases
while the amount of Zn2SiO4 phase increases in the TZZM
composite phosphor. For 30 at.% Ti co-doped samples it can
be seen that Zn2SiO4 becomes the main phase whereas ZnO
becomes a minor phase. It is probably because TiO2 which
is isovalent with SiO2 is favouring the formation of Zn2SiO4

as compared to ZnO [26]. Fig. 2 shows the comparison of
XRD patterns of 0, 3, 10 and 30 at.% Ti co-doped TZZM
composite phosphor in 2θ range from 33.51 to 371. The
intensity of (101) diffraction peak of ZnO decreases whereas
the intensity of (410) diffraction peak of Zn2SiO4 increases
with the increase in Ti co-doping. Moreover, the XRD peak
position of ZnO phase almost remains unchanged with the
increase in Ti ion concentration while there is a small shift



Fig. 2. Comparison of XRD patterns of 0, 3, 10 and 30 at.% Ti co-doped
TZZM composite phosphor.

Fig. 3. Plot of Williams–Hall equation for 0, 3, 10 and 30 at.% Ti co-doped
TZZM composite phosphor.
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to lower angle by �0.21 in the peak position of Zn2SiO4

phases. This may be due to the difference in ionic radius of
Si4þ (0.026 nm) and Ti4þ ion (0.06 nm), i.e., for Zn2SiO4

phase lattice expansion may be expected as Ti4þ goes in to
the position of Si4þ and for ZnO phase unit cell volume is
almost unaffected, indicating Ti4þ does not occupy Zn site.
This confirms that Ti4þ ions occupy the Si4þ sites.
However it can be expected that Mn2þ ion occupy Zn2þ

sites in both ZnO and Zn2SiO4. Since both Zn and Mn are
divalent and their ionic radii (0.06 and 0.042 nm) are
comparable. Recently, Hao et al. reported similar results in
the case of Zn1.92�xBaxSi1�yTiyO4:0.08Mn2þ samples in
which Mn ion occupied Zn sites and Ti ion occupies the Si
sites [27].

The Scherer relation given in Eq. (1) is used to calculate the
average crystallite size from XRD patterns [28].

D¼ 0:9λ
βhkl cos θ

ð1Þ

λ is the wavelength of the X-ray and βhkl is the full width at
half maximum (FWHM) of peak of the XRD pattern. Strain
developed in nanoparticles is calculated using Williams–Hall
equation which can be expressed as follows:

βhkl cos θ

λ
¼ 1

D
þðεÞ sin θ

λ
ð2Þ

where θ is the Bragg angle of (h,k,l) diffraction, βhkl the
FWHM of the (h,k,l) diffraction peak, λ the X-ray wavelength,
D the effective crystallite size, and ε the strain developed in the
lattice [28].

The average crystallite sizes calculated using the FWHM of
the maximum intensity diffraction peak (101) of ZnO are
found to be �41, 46 and 48 nm for 0, 3 and 10 at.% Ti doped
samples, respectively. Plot of Williams–Hall equation for 0, 3,
10 and 30 at.% Ti co-doped TZZM composite phosphor is
shown in Fig. 3 in which βhkl cos θ=λ vs sin θ=λ is plotted for
diffraction peaks corresponding to Zn2SiO4 phase. The linear
plot shows a positive slope. The strain (εhkl) increases with Ti
ion co-doping and varies between 40 and 59 (� 10�4).
The SEM micrographs of 1 and 30 at.% Ti co-doped TZZM
samples are shown in Fig. 4. The surface morphology indicates
good grain growth with shape anisotropy and it clearly shows
the presence of two types of phases in the structure. The grains
of unequal size are distributed throughout the sample. The
average grain size (d�1–5 mm) has been evaluated by using
the linear intercept method by the relation

d¼ 1:56
L

MN
ð3Þ

where L is the random line length, M the magnification of
image and N the number of grain-boundary intercepts by the
line. However, sizes of the particles are larger as compared to
the XRD analysis.
3.2. FTIR analysis

FTIR spectra of ZnO/Zn2SiO4:5 at.% Mn2þ with and with-
out Ti4þ co-doping were recorded. Fig. 5 shows the FTIR
spectra of 5 at.% Ti co-doped TZZM composite phosphor and
without Ti co-doped spectra is shown in Fig. S1 (Supplemen-
tary data). The spectra give a clear indication of the groups
present in the sample. The spectrum was recorded in the
wavelength range 4000–400 cm�1. There is a broad peak at
3442 cm�1 which can be assigned to the symmetric stretching
vibrations of O–H group [20]. It indicates the presence of –OH
groups absorbed by the sample from the atmosphere. FTIR
spectra also show two strong peaks centered around �931 and
577 cm�1 which can be assigned to searching of Si–O and
Zn–O bonds in SiO4 and ZnO4 tetrahedra in the host,
respectively [25]. It can be seen that the intensity of Si–O



Fig. 4. The SEM image of (a) 1 at.% Ti and (b) 30 at.% Ti doped ZnO/
Zn2SiO4 sample.

Fig. 5. FTIR spectra of 5 at% Mn ZnO/Zn2SiO4 composite phosphor.

Fig. 6. Luminescence spectra of Ti co-doped TZZM composite phosphor
under 266 nm laser excitation.
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stretching band is significantly higher than Zn–O stretching
band.

The vibrations at 977, 931 and 902 cm�1 correspond to
asymmetric stretching vibration modes (v3-SiO4), whereas
869 cm�1 is due to symmetric stretching vibration mode
(v1-SiO4). The two vibrations at 615 and 576 cm�1 are
assigned to asymmetric (v3-ZnO4) and symmetric (v1-ZnO4)
mode of vibrations, respectively [25]. It is observed that
symmetric vibration intensity is slightly higher than
asymmetric vibration with in ZnO4 group which is opposite
to that observed for SiO4 group. The observation of IR bands
corresponding to both ZnO4 and SiO4 tetrahedra confirm the
formation of Zn2SiO4 phase. The peaks at 433 cm�1 is present
only in Ti co-doped sample (Fig.5) and is assigned to Ti–O–Ti
vibrations [25]. It is further confirmed by FTIR spectrum of Ti
undoped samples (Fig. S1).
3.3. Luminescence analysis

Fig. 6 shows the photoluminescence spectra of the compo-
site phosphor under 266 nm (�4.6 V) laser excitation. It can
be clearly seen that there are three transitions peaks centered
around �400, 530 and 794 nm. The luminescence peak
around 530 nm is more dominant when compared to other
peaks. Emission peaks centered around �400 nm (3.1 eV) and
794 nm (1.56 eV) are related to surface/oxygen defects in ZnO
crystals [29,30]. In general it is reported in the literature that a
peak centered between �380 and 395 nm is observed due to
the recombination of free excitions through an exciton–exciton
collision process nearer to the band gap and is assigned to band
edge emission in ZnO [30]. This peak is not observed here.
The surface defect emission around �400 nm between 377
and 455 nm has full width at half maximum (FWHM) of
�19 nm for 7 at.% Ti co-doped samples. FWHM initially
increases with Ti co-doping up to 7 at.% and then decreases.
This peak is more symmetric at lower wavelength side and is
asymmetric at higher wavelength side. Deconvoluted spectrum
of 7 at.% Ti co-doped sample between 380 and 450 nm using
Gaussian function is shown in Fig. 7(a). Two peaks at �400
and 415 nm are observed to fit very well to the experimental
spectrum having goodness of fitting χ2¼0.9916. Other fitting
parameters are shown in the figure itself. Gaussian fitting to
emission spectrum between 770 and 815 nm is shown in Fig. 7
(b) showing a peak centered at �795 nm with FWHM of
�21.5 nm. It is observed that the emission intensity at 400 nm
is �7 times higher than emission intensity at 795 nm. Also
some small peaks are observed at �686, 698 and 709 nm
which are defect-related emissions from ZnO. Their intensity is
very weak as compared to the other peaks. In addition to



Fig. 7. (a) Deconvoluted spectrum of 7 at.% Ti co-doped sample between 380
and 450 nm using Gaussian function, (b) Gaussian fitting to emission spectrum
between 770 and 815 nm, fitting parameters are shown in the corresponding
figures itself.

Fig. 8. Luminescence spectra of Ti co-doped TZZM composite phosphor
under 355 nm laser excitation.

Fig. 9. CIE coordinates for 7 and 10 at.% Ti co-doped composite phosphor
under 266 and 355 nm laser excitations.
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ultraviolet (UV) emission due to its band gap (edge emission)
ZnO has emission peaks in blue, green, yellow and red regions
of the visible spectrum. Bano et al. have grown ZnO nanorods
on a plastic substrate which shows UV, green and red
emissions peaks between 350 and 750 nm [31]. Similar defect
emissions are discussed in detailed in a review by Willander
et al. [32] The broad peak between 450 and 750 nm (Fig. 6)
centered at 523 nm is assigned to 4T1(

4G)-6A1(
6S) transition

of Mn2þ . Recently, Kakihana and his co-workers prepared Mn
doped Zn2SiO4 by solid state and polyol modified method in
which samples show emission peaks centered at �523 nm,
which match well with those reported in TZZM composite
phosphor [33]. It is also observed that the peak shows
asymmetric nature in higher wavelength side and is symmetric
in lower wavelength side. This may be due to the overlap of
defect emission from ZnO with the emission from Mn2þ

doped Zn2SiO4 [31]. On deconvolution of the emission
spectrum of 7 at.% Ti co-doped sample between 468 and
670 nm using Gaussian function, two peaks centered at �523
and 570 nm are observed to be clearly resolved (which is not
shown here). It is found that the emission intensity of
composite phosphor increases with Ti co-doping up to a
concentration of 7 at.% and then decreases. The branching
ratio (β) of the emission between 375 and 815 nm is calculated
by assuming the intensity of emission peaks at �400, 523,
570 and 795 nm as 100% for 1 and 7 at.% Ti co-doped
composite phosphor samples. The β values are found to be 6%,
40.9%, 52% and 1.1% for 1 at.% Ti co-doping and 16.7%,
30.8%, 50.3% and 2.3% for 7 at.% Ti co-doping. On increas-
ing Ti co-doping concentration there is a significant enhance-
ment in emission intensity at �400 nm. Moreover, broadening
arises in the peak around 523 nm due to overlapping of
prominent green emission (�523 nm) from Mn2þ ion and a
broad emission (�570 nm) due to ZnO defect. Hence it is very
difficult to compare emission intensity from branching ratio.
The steady state emission spectra of composite phosphor for

different concentration of Ti co-doping were obtained under
355 nm (�3.5 eV) laser excitation between 370 and 900 nm
range and are presented in Fig. 8. The sharp emission around
�400 nm and the broad emissions peaks around �540 and
707 nm are related to surface/oxygen defects in ZnO host
[29,30]. It is found that the emission intensity increases with Ti
co-doping. Inset of Fig. 8 shows the variation in integrated
emission intensity between 370 and 900 nm with different



Table 1
The calculated CIE chromaticity coordinates and CCT values (K) of the ZnO/Zn2SiO4/5 at% Mn composite phosphor for different concentration (at.%) of Ti
co-doping.

Ti at% CIE coordinates

λex¼266 nm λex¼355 nm

x y CCT (K) Ti at% x y CCT (K)

1 0.4337 0.4572 3675 1 0.2693 0.4171 7994
3 0.4389 0.4566 3532 3 0.3039 0.4493 6961
5 0.4357 0.4625 3692 5 0.3020 0.4301 7012
7 0.4263 0.4514 3794 7 0.3015 0.4343 7024
10 0.4488 0.4644 3385 10 0.3010 0.4346 7038
15 0.4315 0.4634 3809 15 0.3138 0.4735 6743
20 0.432 0.4673 3844 20 0.2665 0.3883 8276
30 0.4217 0.4516 3918 30 0.2994 0.4381 7080
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concentration of Ti co-doping. Optimum emission is found for
10 at.% of Ti co-doping samples. It can be clearly observed
that the emission intensity at 400 nm is greater than emission
intensity 540 nm which is greater than emission intensity at
707 nm. Similar results were observed in case of ZnO [31].
Fig. 9 shows the Commission Internationale de l'Eclairage
(CIE) chromaticity coordinates for composite phosphor sam-
ples for 7 and 10 at.% Ti co-doped concentrations under 266
and 355 nm laser excitation. The CIE coordinates are very
close to (0.43, 0.45) for 266 nm laser excitation and their
values are slightly shifted around (0.3, 0.43) under 355 nm
laser excitations. The correlated color temperature is calculated
using McCamy empirical formula in terms of CCT values,
which is expressed as [34]

CCT¼ �499n3þ3525n2�6823nþ5520:33 ð4Þ
where n¼ (x�xe)/(y�ye) is the inverse slope line, xe¼0.332
and ye¼0.186. The CCT values for 7 and 10 at.% Ti co-doped
samples are found to be 3794 and 7038 K, for 266 and 355 nm
excitations, respectively. The CCT values of the samples
slightly vary with Ti co-doping under 266 and 355 nm
excitations. CIE coordinate and CCT values for different Ti
co-doped samples are shown in Table 1 for 266 and 355 nm
laser excitations.

4. Conclusions

In summary, we have synthesized a series of Ti co-doped
ZnO/Zn2SiO4:5 at.% Mn2þ composite phosphor (TZZM)
using the solid state reaction method. It is found that the strain
values vary in between �0.0040 and 0.0059. It is interesting
that Ti4þ ions which occupying Si4þ sites in Zn2SiO4 are
found to be not only affecting the PL spectra of Zn2SiO4:5 at.
% Mn2þ phase but also those of ZnO phase in the ZnO/
Zn2SiO4:5 at.% Mn2þ composite phosphor co-doped with
Ti4þ . The particle size measured from SEM is greater than
that obtained from XRD analysis. The CIE coordinates are
very close to (0.43, 0.45) for 266 nm laser excitation and its
values are slightly shifted to around (0.30, 0.43) under 355 nm
laser excitations. The CCT values for 7 and 10 at.% Ti co-
doped samples are found to be 3794 and 7038 K, for 266 and
355 nm excitations, respectively. The CCT values are found to
be slightly dependent on Ti4þ co-doped ion concentration. This
phosphor can be potentially used for optical display
applications.

Appendix A. Supporting information

Supplementary data associated with this article can be found
in the online version at http://dx.doi.org/10.1016/j.ceramint.
2013.10.065.
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