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a b s t r a c t

Four glasses in ZnO–SiO2–B2O3 ternary system were prepared by the melt quenching method with the

objective of optimizing sub-nanosecond emission over the UV region of zinc borosilicate glasses used in

superfast scintillators. The effect of vanadium addition and heat treatment on phase formation,

microstructure and photoluminescence properties of the glasses was characterized by means of DTA,

XRD, SEM and fluorescence spectrophotometer. Vanadium contributed to the near-band-edge emission

in two ways, by introducing donor levels in the energy band of ZnO particles and by facilitating the

precipitation of ZnO and willemite crystals. Furthermore, nucleation of willemite and zinc oxide phases,

which are both the origins of the intense emission bands in the UV region, was facilitated with

increasing either the time or temperature of heat treatments. Photoluminescence spectra showed the

elimination of the visible emission band which is favorable in scintillating glasses.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

As a wide band gap (Eg¼3.37 eV) donor semiconductor, ZnO is
widely used in scintillating devices. Its two photoluminescence
emission bands including a relatively thin band at 380 nm in the
UV-region and a relatively wide band at the visible region (500–
600 nm) has so far brought about numerous optical applications
for ZnO [1,2]. The visible emission is in the microsecond range
and independent of the particle size while the ultraviolet emis-
sion is particle size sensitive and of the order of several tens to
hundreds of picoseconds and thereby makes ZnO appropriate for
superfast scintillators [3].

Glass ceramics have both advantages of glasses and single
crystals simultaneously [4] and thus attracted extensive interests
in optical applications such as gamma ray detectors, vacuum
fluorescent displays [3], light emitting and laser diodes [1], etc.
Defects such as uncontrolled distribution of dopants between
amorphous and crystalline phases and at their interfaces as a main
disadvantage of glass ceramics reduce their optical efficiency [4].
However, researchers reported an improved luminescence efficiency
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of ZnO embedded in glass compared to that of bulk ZnO [5]. Many
techniques, such as sol–gel, impregnation and magnetron sputtering
[5], have so far been employed to prepare silicate glasses containing
ZnO for application in superfast scintillators. Nevertheless, a few
investigations on zinc glasses prepared by the melt quenching
method have been conducted as far as we researched in literature.

In this work we focused on the photoluminescence dependence
to heat treatment temperature and duration in a ZnO–SiO2–B2O3

glass system containing different amounts of V2O5. Vanadium is a
high polarizable ion with the atomic refractivity of Ra [Ti]¼19 and
improves semiconductive properties including PL band by introdu-
cing acceptor levels in the band gap of the host matrix [6]. The
impact of introducing various amounts of V2O5 on phase forma-
tion, microstructure and photoluminescence properties of this
glass system is also addressed in this work. Moreover, for deeper
understanding of photoluminescence emission mechanism in ZnO-
based glasses, a detailed measurement of the optical basicity is
included. Optical basicity is a chemical parameter based on the
ionic nature of oxides and a more comprehensive approach to the
glass composition than the conventional basicity.
2. Experimental procedure

Glass specimens were prepared using the conventional melt
quenching method according to compositions listed in Table 1.
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Table 1
Composition and optical basicity of the glass samples (part by weight).

ZnO SiO2 B2O3 V2O5 Lg70.001

0 V 66 20 14 – 0.501

3 V 66 20 14 3 0.503

6 V 66 20 14 6 0.504

9 V 66 20 14 9 0.506

Fig. 1. DTA analysis of the glass specimens.
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Amounts of 0, 3, 6 and 9 wt% V2O5 were added to the base glass in
order to produce 0 V, 3 V, 6 V and 9 V, respectively. Standard
reagent grade SiO2, H3BO3, ZnO and V2O5 powders were chosen as
the starting materials. The 100-g batches were melted in a high
alumina crucible in an electric furnace at 1400 1C for 3 h in air.
The melt was poured into a preheated steel mold and was
annealed at 600 1C for 2 h to release the internal stresses formed
during quenching. Then the furnace was turned off until speci-
mens were cooled down to room temperature. Differential ther-
mal analysis at the heating rate of 10 1C/min was run on
powdered glass specimens with the particle size of Z45 mm by
means of an STA apparatus (1500-Rheometric scientific) to
characterize the thermal behavior and peak crystallization tem-
peratures of the glasses. Cubic specimens were cut out of the glass
and were heat treated at different temperatures for various
durations as follows: 400 1C for 3, 6 and 9 h, 745 1C for 3 h and
815 1C for 0.5 and 3 h. Temperatures of 745 1C and 815 1C were
chosen in accordance to DTA thermograms as the exothermic
peak initiating and ending temperatures, respectively. Crystalline
phases were subsequently investigated by X-ray diffractometry
(Philips-PW1800) with Cu Ka radiation and scanning from 51 to
751. For a more transparent distinguishing between the crystal-
line phases and the amorphous matrix, polished surfaces of the
glass specimens were etched in 10 vol% HF solutions for 5–20 s
prior to scanning electron microscopy, which was run by means
of PHILIPS-XL30. Glass specimens were powdered to r225 mm
particle size and underwent photoluminescence spectra measure-
ments over the UV and visible regions (250–550 nm) by means of
a fluorescence spectrophotometer (Perkin Elmer LS-5) using
excitation light at different wavelengths at room temperature
in air.
3. Results

Fig. 1 presents DTA analysis of the glass specimens. A main
exothermic peak with an identical intensity appeared on the DTA
curve of the four glass samples, which slightly shifted down from
775 1C to 771 1C with increasing V2O5 from 0 to 9 wt%. Mean-
while, Tg reduced from 595 1C in 0 V to 572 1C in 9 V.

Fig. 2 shows the X-ray diffraction patterns of the samples heat
treated at various temperatures for different durations. It is seen
that all glass samples retained their amorphous structure after
heat treatment at 400 1C and 745 1C for different durations and
representative peaks of willemite and zinc oxide crystals did not
emerge unless they were heat treated at 815 1C. Initial willemite
and zinc oxide crystals precipitated in 0 V and 3 V after 3 h and in
6 V and 9 V after 0.5 h heat treating at 815 1C. The intensity of the
two crystalline phases in 6 V and 9 V increased significantly with
the increasing heat treatment duration at 815 1C from 0.5 to 3 h.
Moreover, a comparison between XRD patterns after the 815 1C/
3 h heat treatment indicates that with the increasing amount of
V2O5, peaks of vanadium oxide (VO2) emerged and gradually
increased in intensity from 3 V to 9 V. Fig. 3 compares the XRD
patterns of the four glasses after heat treatment at 815 1C for 3 h.
From this figure the nucleation agent role of vanadium in
facilitating the crystallization of zinc oxide and willemite is
obvious.

Fig. 4 presents micrographs of etched surfaces of the speci-
mens heat treated at 815 1C for 0.5 h and 3 h. It is seen from
Fig. 4(a–d) and (e–h) that some star-like crystals formed within
3 V, which decreased slightly in size and increased in concentra-
tion with gradual increment of V2O5 to 9 wt%. Meanwhile, the
crystal morphology changed from star-like aggregates to cubic
ones. Increasing the time of heat treatment at 815 1C from 0.5 to
3 h also resulted in an enhancement of crystal concentration in
the glass matrix with little change in particle size of crystals. EDX
analysis provided in Fig. 5 shows that the pointed aggregate in
Fig. 4(c) is rich in Zn2þ and Si4þ ions and confirms the precipita-
tion of willemite (Zn2SiO4) crystals which coincides with the XRD
results. It is worth mentioning that peaks of Au appeared in the
EDX pattern due to the gold coat of the SEM samples.

Fig. 6 presents room temperature PL emission spectra of the
specimens heat treated at around the nucleation temperature
(610 1C) for 3 h. Emission spectrum of the base glass 0 V is also
included for comparison. The excitation wavelength for ZnO-
based scintillating glasses is around 262 nm [2,7]. Various excita-
tion wavelengths were performed over the samples but the most
intensive edge emission attained at lexc¼280 nm and thus only
emission spectra of this wavelength are presented. All emission
bands were moderately smooth except that of 9 V the origin of
which is discussed in the following section. The intensity of the PL
bands increased over the UV region with the gradual increment of
vanadium. Fig. 7 compares photoluminescence spectra of 0 V and
vanadium containing glasses after heat treatment at 815 1C/3 h
(at lexc¼280 nm). An increase in the intensity of PL band with the
increment of V2O5 content of the glass is detectable similar to
those heat treated at 610 1C for 3 h.
4. Discussion

Glass transition temperature Tg decreased to a 23 1C lower
temperature with introducing 9 wt% vanadium to the base glass.
Glass transition is the reversible transition in amorphous materi-
als from a hard and relatively brittle state into a molten or
rubber-like state. The transition induces a smooth increase in
the viscosity of a material upon cooling. V5þ ions are larger than
Si4þ ions and thus decrease the glass viscosity by weakening the
glass network and enhancing lattice parameters [8]. Moreover,
vanadium reduces the surface tension [6] and produces



Fig. 2. XRD patterns of (a) 0 V, (b) 3 V, (c) 6 V and (d) 9 V heat treated at 400 1C/3, 6, 9 h, 745 1C/3 h and 815 1C/0.5, 3 h.
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heterogeneous nucleation sites via reducing the surface energy of
crystalline nuclei within the glass matrix. In addition, the con-
version of bridging oxygens (BOs) to non-bridging oxygens
(NBOs) in B–O and Si–O bonds induce large scale disruption in
glass network as a result of either heat-treatment or introducing
additives to the base glass. This effect gets even more significant
provided that the additive is a low electronegative element such
as vanadium. The nucleating agent role of vanadium is also
verified by a comparison between the XRD patterns of 0 V, 3 V,
6 V and 9 V heat treated samples (Fig. 3). From this figure, it is
obvious that representative peaks of willemite and ZnO precipi-
tated after a 3 h heat treatment at 815 1C, increased in intensity
with the increasing V2O5 content. The scanning electron micro-
graphs provide also additional evidence for the contribution of
V2O5 to facilitating the crystallization of the two crystalline
phases.

From Fig. 6 it is seen that the visible emission band, which was
expected to appear over 500–600 nm after excitation of ZnO, is
eliminated whereas the supposedly thin UV emission band at
380 nm is replaced by a relatively broad band over 350–500 nm
in all samples. ZnO acts as an intermediate in glass systems [1,9]
and can encourage the formation of Zn–O–Si bonds [7] in the
glass leading to a decrease in oxygen vacancies. Thus, ZnO
embedded in a glass matrix is less likely to contain oxygen
vacancies compared to ZnO crystals. Transition of trapped elec-
trons due to oxygen vacancies (VO) is considered as the most
prominent cause of visible band emission in ZnO [2]. Therefore,
the elimination of the broad visible band can be attributed to the
embedding of ZnO in a borosilicate glass which resulted in fewer
VO’s. Willemite and to a lesser extent ZnO crystals are regarded as
prominent UV emission centers after excitation in ZnO-based
glasses according to a study on ZnO–SiO2–BaO glass system
conducted by Gujie Qian et al. [7]. Although there is no evidence
of the precipitation of these two crystalline phases below 700 1C
the widening of the UV emission band can be assigned to the
contribution of willemite and zinc oxide crystals, since the
nucleating agent role of vanadium oxide might have resulted in
a slight precipitation of willemite and zinc oxide crystals below
the detection level of our XRD apparatus in V-doped glasses.
Admittedly, UV emission band in ZnO decreases with the incre-
ment of particle size of the crystals. Heat treating at nucleation
temperature (610 1C) results in precipitation of ZnO nanoparticles
which have larger ratios of surface to volume than coarse
particles and thus can be excited more easily and will lead to a
more intensive UV emission. Therefore, this is not an unreason-
able conclusion that the larger amount of zinc oxide and will-
emite crystals due to the nucleating agent role of vanadium as
well as the small size of these crystals which made them
undetectable by X-ray diffractometry, might have led to the wider
UV emission band in V-doped samples compared to that of the
base glass 0 V. Moreover, vanadium also plays its role in the
contribution to UV emission (near-band-edge emission) by intro-
ducing donor levels below the conduction band of ZnO crystals.
This will be discussed in more details in proceeding lines.

The increase in the number and intensity of emission peaks
with the increment of vanadium content offers that the occur-
rence of different peaks over the emission spectra can be
originated by variable valencies of vanadium in the glass, because
vanadium occurs in several valencies including pentavalent,
tetravalent, trivalent and bivalent especially when doped in
borosilicate glasses [6]. A comparison between Figs. 6 and 7
shows that PL emission band of 9 V included fewer peaks after



Fig. 3. Comparative XRD patterns of the four glasses after heat treatment at

815 1C/3 h.
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heat treatment at 815 1C with respect to that of 610 1C. Back to
Fig. 4, heat treatment at 815 1C led to the precipitation of
vanadium oxide which in turn decreases the amount of vanadium
ions with different valencies at large in the glass matrix. As a
result a smoother emission band is obtained for 9 V after a 3 h
heat treatment at 815 1C. However, comparing Fig. 6 with Fig. 7
indicates that the ascending trend in the intensity of the emission
bands of samples with the increment of V content after being heat
treated at 815 1C is less than those heat treated at 610 1C. The
reason is probably attributed to the coarsening of willemite and
ZnO crystals due to the temperature increment which hinders
their excitation.

Elements involved in a particular chemical bond vibrate in
accordance to the valency of the elements in that compound and
the vibration properties determine the absorption proportion
over UV–vis region which in turn affect the emission band.
Therefore, the impact of different valencies of vanadium on
inducing different peaks on the emission band of 9 V is undeni-
able. Researchers reported that incorporation of V into ZnO
particles increases the lattice parameters and thereupon affects
optical properties of ZnO [8]. Network defects induced during
glass preparation are also reported to be other causes of this
effect [2].
It is well-known that energy bands in semiconductors and
insulators are completely full or completely empty. A band gap
between valence and conduction band prevents flow of electrons
in these materials [10]. Luminescent features such as emission
wavelength, light yield, proportionality (the ratio of the energy to
create an electron–hole pair to the recoil electron energy) and
rise/decay times are the properties that determine how accurately
and efficiently a semiconductor functions [11]. Derenzo et al. [11]
proved that doped semiconductor scintillators such as Ga-doped
ZnO, P-doped ZnTe and N-doped GaP have high luminescent
efficiency due to either donor or acceptor levels introduced to
the materials by Ga, P and N dopants. In the present work
vanadium is less electronegative than other constituents of the
glass and thus introduces more donor levels beneath the conduc-
tion band and thereby an increase in the near-band-edge emis-
sion occurs as vanadium content of the glass increases gradually.

Asymmetric sharing of electrons in a compound due to the
different electronegativities of the bonded elements leads to a
resonance between covalent and ionic bonds. Difference between
electronegativities of the two bonded ions in a compound is
calculated through the following formula [12]:

xo�xm ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðQþ1:13Þ=2b

q
ð1Þ

where Q is the heat of formation in (kJ/mol), b is the number of
bonds and xo and xm are the electronegativity values of oxygen ion
and metal ion, respectively. Fig. 8 presents electronegativities of
bonded ions in every constituent of the glass. As thermodynamic
stability is associated to the heat of formation of an arbitrary
compound, the larger difference between the electronegativities
of the bonded ions leads to the larger heat of formation and
subsequently more thermodynamic stability [12].

Oxygen involves in various chemical bondings ranging from
highly ionic as in CaO or Na2O, to highly covalent, as in P2O5 and
also metallic bonding as in TiO [13]. Free bivalent oxygen ions
O2� are more basic than oxyanions and even much more basic
than metal oxides [14]. In other words, involving oxygen in
chemical bonds reduces its donor properties through reducing
the charge on the oxygen ions. Similar to the electronegativity,
basicity moderating parameter g for a given cation indicates the
tendency of the cation to reduce the oxide donor properties and is
given by [15]

gc ¼ 1:36ðxm�0:26Þ ð2Þ

where xm is the electronegativity of the metal ion. The optical
basicity Lc for a given metal oxide is associated to the charge on
oxygen atoms [13] and therefore it is reciprocal of the basicity
moderating parameter and can be calculated through the follow-
ing relation [14]:

Lc ¼ Zcrc=2gc ð3Þ

where zc is the oxidation number of the cation, rc is the ratio of
the number of cations to the number of oxides present and gc is
the basicity moderating parameter [3].

Table 2 lists the electronegativities of the metal ions, basicity
moderating parameters and bulk optical basicities of individual
metal oxides included in the present glass compositions. The
more xm indicates the less charge on the oxygen atom and leads to
the less optical basicity. Optical basicity of a given glass can be
calculated using following equation [13]:

Lg ¼
X

xiLci ð4Þ

where xi and Lci are the molar fraction and the optical basicity of
every constituent of the glass, respectively. Fig. 9 shows optical
basicity of the glass samples as a function of V2O5 content. An
ascending trend in the optical basicity is indicated with the
increment of V2O5 from 0 V to 9 V. This arise a contrast with



Fig. 4. Micrographs of the glass specimens heat treated at 815 1C for 0.5 h (a–d) and for 3 h (e–h).
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the PL spectra analysis which is elaborated in the proceeding
lines.

When a glass is excited, absorption and emission over the vis–
UV region compete with each other and vibration properties of
compounds present in glass affect both processes. The more
intense is the vibration of a compound, the more is the absorption
of light and subsequently a more feeble overall emission is
generated.

UV-absorption of oxide glasses is predominantly due to the
excitation of electrons of oxygen ions. In this case weakly bonded
non-bridging oxygens (NBOs) absorb the emission band in the
UV-region more intensively than strongly bonded bridging oxy-
gens [1]. Therefore, regarding the effect of vanadium oxide on the
increment of the NBOs, those glasses with high contents of V2O5

must have not shown a sharper UV emission than the base glass
0 V. From this point of view, again the assumption of precipitation
of slight amounts of zinc oxide and willemite after heat treatment
at 610 1C seems at least not without foundation. Building on this
assumption, the reason of sharper UV emission of 9 V with
respect to that of 0 V might lie in the more intense precipitation
of willemite and zinc oxide in 9 V compared to 0 V. Because the
UV emission band in ZnO-based glasses as mentioned before is
predominantly attributed to willemite and ZnO crystals.

Although 9 V indicated the broadest and highest level of near-
band-edge emission, the presence of several peaks on the emis-
sion band of 9 V undermines an efficient functioning of 9 V as a
scintillating glass. Therefore, 6 V is chosen as an appropriate
composition exhibiting optimum properties in both phase forma-
tion and PL emission spectrum.
5. Conclusion

Precipitation of willemite and ZnO crystalline phases, which
are both the origin of the wide and intense emission band in the
UV and violet region, was improved upon increasing either time



Fig. 5. (a) High magnification micrograph and (b) EDX analysis of the pointed

aggregate in Fig. 3(c).

Fig. 6. Comparative photoluminescence spectra of 0 V (at lexc¼262, 280 nm) and

vanadium containing glasses (at lexc¼280 nm).

Fig. 7. Comparative photoluminescence spectra of 0 V and vanadium containing

glasses after heat treatment at 815 1C/3 h (at lexc¼280 nm).

Fig. 8. Electronegativity of oxygen with respect to that of metal-ion in each

constituent of the glasses.

Table 2
Electronegativities of metal ions, basicity moderating parameters and bulk optical

basicities of individual metal oxides included in glass compositions.

Oxide xm xo gm Lc

SiO2 1.8 3.51 2.08 0.48

B2O3 2 3.66 2.36 0.42

ZnO 1.65 3.19 1.87 0.53

V2O5 1.4 3.5 1.55 0.65

Fig. 9. Optical basicity of glass samples versus V2O5 content (wt%).
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or temperature of heat-treatment. Similarly, increasing the V2O5

content led to the acceleration of willemite and ZnO crystal-
lization. Additionally, vanadium introduced some donor levels
beneath the conduction band of ZnO crystals, which led to an
increase in the UV emission band intensity. Thus, two contribu-
tions of vanadium to the increment of UV emission band includes
its role as a nucleating agent as well as its low electronegativity
and introducing donor levels in ZnO particles.

The result of DTA, XRD and SEM analyses coincided with each
other and confirmed the significant nucleating agent role of V2O5

in the present glass. Eventually, doping the ZnO–B2O3–SiO2 glass
system with 6 wt% V2O5 proved beneficial in modifying and
optimizing sub-nanosecond emission over the UV region of zinc
borosilicate glasses used in superfast scintilators. Furthermore,
embedding ZnO in a glass matrix resulted in the elimination of
visible emission band which worsened that of ultraviolet band.



Z. Hamnabard et al. / Journal of Luminescence 132 (2012) 1126–11321132
Therefore, it can be concluded that vanadium addition has a
positive overall impact on ZnO-based scintillating glasses.

References

[1] J. Nie, J. Zhang, J. Bei, G. Chen, J. Non-Cryst. Solids 354 (2008) 1361.
[2] G. Qian, S. Baccaro, M. Falconieri, J. Bei, A. Cecilia, G. Che, J. Non-Cryst. Solids

354 (2008) 4626.
[3] V.A. Dijken, E.A. Meulenkamp, D. Vanmaekelbergh, A. Meijerink, J. Lumin. 87

(2000) 454.
[4] I. Alekseeva, O. Dymshits, M. Tsenter, A. Zhilin, V. Golubkov, I. Denisov,

N. Skoptsov, A. Malyarevich, K. Yumashev, J. Non-Cryst. Solids 356 (2010) 3042.
[5] S. Zhao, Z. Ji, Y. Yang, D. Huo, Y. Lv, J. Mater. Lett. 61 (2007) 2547.
[6] M.B. Volf, Chemical Approach to Glass, Elsevier, Amsterdam, Oxford, Tokyo,

New York, 1984.
[7] G. Qian, M. Nikl, J. Bei, J. Pejchal, S. Baccaro, R. Cecilia, G. Chen, A. Giorgi,
J. Opt. Mater. 30 (2007) 91.

[8] N. Tahir, S.T. Hussain, M. Usman, S.K. Hasanain, A. Mumtaz, J. Appl. Surf. Sci.

255 (2009) 8506.
[9] C. Paßlick, B. Ahrens, B. Henke, J.A. Johnson, S. Schweizer, J. Non-Cryst. Solids

357 (11–13) (2010) 2450.
[10] D.W. Richerson, Modern Ceramic Engineering, second ed., Marcel Dekker Inc.,

New York, 1992., pp. 204–250.
[11] S.E. Derenzo, M.J. Weber, E. Bourret-Courchesne, M.K. Klintenberg, J. Nucl.

Instrum. Methods: Phys. Res. Sect. A 505 (2003) 111.
[12] G. Kaur, M. Kumar, A. Arora, O.P. Pandey, K. Singh, J. Non-Cryst. Solids 357

(2011) 858.
[13] E.S. Mostafa, J. Appl. Sci. 5 (10) (2005) 1867.
[14] J.A. Duffy, M.D. Ingram, J. Inorg. Nucl. Chem. 37 (5) (1975) 1203.
[15] L. Pauling, The Nature of Chemical Bond, third ed., Cornell University Press,

Ithaca, New York, 1960.


	Preparation, heat treatment and photoluminescence properties of V-doped ZnO-SiO2-B2O3 glasses
	Introduction
	Experimental procedure
	Results
	Discussion
	Conclusion
	References




