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Abstract
Nano-crystalline 50 SiO2 − 7 MgO − 20 ZnO − (23 − x) La2O3 − xEu2O3(0.0 ≤ x ≤ 4 mol%.) termed as (Eu-SMZL) 
thin films have been synthesized by highly acidic sol–gel technique and calcined at 450 °C for 2 h. The nano-porous Eu-SMZL 
films showed the improved structure and morphology with increasing  Eu2O3 content. The XRD and FTIR investigation proved 
an increase in the crystallinity and changes in the internal structure with the increase in  Eu3+ level. The photoluminescence 
(Pl) result agrees with the XRD, proving the increase in the crystallinity. The transmittance (T) and absorbance (A) spectra 
have been measured within 300–2000 nm spectral range. The absorption coefficient ( � ) and refractive index (n) have been 
estimated. It is worth to mention that the increment of Eu2O3 at the expense of  La2O3 shifts the absorption edge to the long 
wavelength side (red shift) which leads to a decrement in the band gap (Eopt ) values while the n values increases. This behav-
ior of n is well discussed in terms of the glass density (Gd), molar volume (Vm), electronic polarizability ( �el ) and optical 
basicity ( Λ) . Furthermore, the single oscillator model helps us to investigate the static index of refraction ( n(0)) , energy of 
single oscillator ( Eo ), and dispersion energy ( Ed).

1 Introduction

A considerable attention has been paid to trivalent lanthanide-
doped materials due to their uses in many applications as fiber 
amplifiers, solid-state laser, infrared–visible step-up transform-
ers, phosphorescence, and field emission displays [1–4]. In 
this situation, glasses are the most investigated host materials 
due to their ease of fabrication, to add active ions with differ-
ent amounts, and the potency to easily obtain bulk samples in 

comparison with single crystalline matrices. The main con-
structing bulk is tetrahedral  SiO4 units, and in pure  SiO2, all 
oxygen atoms will be divided between two tetrahedra pointing 
a totally polymerized network. Earth cations (alkali or alkaline) 
rule as network modifiers, fracturing the bridging oxygens 
(BOs) bond to form non-bridging oxygens (NBOs) as well as 
mollify in sites interesting to the tetrahedral network in nearby 
negatively charged NBOs [5]. The glass formation and struc-
ture are affected by the MgO concentration. Thus,  Mg2+ is an 
important component of the mica structure [6]. Glass proper-
ties can be interpreted in terms of network connectivity (NC). 
The latter is the ratio between the number of bridging oxygen 
atoms (BO) and the network forming elements [7]. Therefore, 
pure silica glasses have an NC equal to 4, while a glass struc-
ture consisting of linear 

(

SiO3

)2n−

n
 chains has an NC equal to 

2. NC can be used to foresee surface reactivity, solubility or 
the likelihood of sustaining glass-in-glass phase separation and 
bioactivity [3]. Synthesis of trivalent lanthanide-doped sili-
cate matrices, the class of the most attractive glass–ceramic 
system, has attracted obvious attention over the past decades, 
because of its high transparency, low thermal expansion coef-
ficient and excellent chemical durability [1–3]. Sol–gel routes 
are well-established methods for high-purity synthesizing, 
ultra-fine particles, high surface area, single and complex 
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oxide glasses and ceramics with the characteristics of high 
homogeneity, low-temperature processing, high purity, and 
are cost-effective and environmentally friendly [8, 9]. Here, 
50 SiO2 − 7 MgO − 20 ZnO − (23 − x) La2O3 − x Eu2O3

(0.0 ≤ x ≤ 4 mol%.) thin films were prepared follow-
ing the acidic sol–gel route starting with hydrolyzed metal 
alkoxide (tetraethyl-orthosilicate (TEOS) with EtOH/H2O/
HCL and aqua base for zinc, magnesium, lanthanum and 
europium nitrate solutions [10, 11]. The main aim of the pre-
sent investigation is to study the effect of doping of  Eu2O3 
on silicate-based glasses, mainly their structural and optical 
characteristics.

2  Experimental work

2.1  Materials

Tetraethyl-orthosilicate (TEOS) 99.999%, magnesium-
nitrate-hexahydrate (Mg(NO3)2∙6H2O), zinc acetate dihy-
drate ((CH3CO2)2Zn, 99.99%), lanthanum (III) nitrate 
hydrate (La(NO3)3∙xH2O, 99.9%), europium(III) nitrate 
pentahydrate (Eu(NO3)3∙5H2O, 99.9%), hydrochloric acid 
(37%) and absolute ethanol (EtOH, 99.5%) were taken from 
Sigma (Aldrich), as starting materials for sensitization of 
(SMZL) and (Eu-SMZL) films.

2.2  Sensitization of nano‑crystalline Eu‑SMZL thin 
films

Facile sol–gel mechanisms were used for the preparation 
of 50 SiO2 − 7 MgO − 20 ZnO − (23 − x) La2O3 − x Eu2O3

(0.0 ≤ x ≤ 4mol %) samples. The silica-based sol is 
formed by mixing (10 mL) TEOS/ (20/40 mL) of EtOH/
H2O with drops of (HCL) as a catalyst. HCL was added to 
the solution under magnetic stirring at 50 °C as previously 
reported [12, 13]. Magnesium, zinc, and lanthanum solutions 
were added to the silica sol as a modifier. Second, for the 
preparation of (Eu-SMZL) sols, two stages were followed: 
(1) preparation of SMZ sol as described in the first step and 
(2) preparation of lanthanum sol doped with different con-
centrations (0–4 mol%) of europium sol and incorporating in 
(SMZ) according to their stoichiometric compositions. Films 
are termed approving to their  Eu3+ level in  La3+ sol, i.e., 0, 
1, 2, 3, 4 Eu. After 2 h of mixing at 50 °C, the different sols 
for pure (SMZL) and Eu-SMZL were deposited on glass 
substrates (0.01 m × 0.02 m) by spin coating. The glass sub-
strate was weaved 20 s subsequently after the sol was depos-
ited on the substrate. The rate of spinning was 3000 rpm for 
30 s. The sensitized films were desiccated at 40 °C for 24 h, 
and then calcined to 200 °C for 2 h to eliminate the residual 
solvents. Lastly, the prepared pure and doped SMZL thin 
films were calcined at 450 °C for 4 h in air.

2.3  Characterization techniques

Bruker D8 focus X-ray Diffractometer, from Germany 
equipped with CuKα (λ = 1.54 nm), has been used to char-
acterize the sensitized films in the 2θ range of 10°–80°. The 
existence of different phases has been identified by using 
JCPDS data files in Pcpdfwin software.

The surface morphology of the films was analyzed using 
scanning electron microscopy (FE-SEM) (JSM 6360LV, 
JEOL/Noran). The images were obtained using an acceler-
ating voltage of 15 kV. The two samples were analyzed by 
dispersing HF-etched calcined powders in absolute ethanol 
and setting drop-wise on copper grids that had previously 
been coated with a thin carbon film.

PerkinElmer C92035 spectrometer was used to investigate 
the Fourier-transform infrared (FTIR) spectra of the pre-
pared films. The photoluminescence spectra were registered 
by [SPEX:750 M] monochromator equipped with a (Jobin 
Yvon/CCD-2000 800–3), in the Vis-range 400–850 nm, 
using (488 nm) argon-ion laser line, with error ratio ± 5 nm. 
The absorption spectra have been investigated over the wave 
number range of 1300–400 cm−1. The optical absorption/
transmission spectra measurements have been carried out 
using Jasco V-570 spectrophotometer over the wavelength 
range, 0.2–2.5 µm, with error ratio ± 15.

3  Results and discussion

3.1  Phase purity

The X-ray diffraction (from 2θ = 10° to 80°), calcined at 
450 °C, confirms the crystalline structure of 50  SiO2:7 MgO: 
20 ZnO: (23−x)  La2O3: x  Eu2O3 (x = 0, 1, 2, 3 and 4 mol%) 
(see Fig. 1). From XRD spectrum of (SMZL), all diffracted 
peaks represent orthorhombic phase of silica-magnesium-
zinc  (Si2MgZnO6, JCPDS-70-0853). With the addition of 
 Eu2O3, a crystalline phase identified by monoclinic euro-
pium-silicate  (Eu2SiO4, JCPDS-73-1156) nanoparticles due 
to the incorporation of  Eu3+ in the silicate network is formed. 
Hence, the creation of an open silicate structure by introduc-
ing different modifiers, such as Zn, Mg and La, facilitates the 
interaction between  SiO2-network and the interacting  Eu3+ 
as an active ion. The average crystallite size of the crystal-
line (SMZL-Eu3+) thin films was 21–25 nm with increasing 
 Eu3+ level, which was determined by Scherrer relation [14].

3.2  FE‑SEM

Both pure and doped samples were calcined at 450 ◦C, 
as shown in Fig. 2, in which nano-crystalline particles 
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are already formed, and the nano-crystals of  Eu3+ are 
engrossed in the (SMZL) phase. By introducing (4 mol%) 
 Eu3+ ions, nano-crystals grow strongly at 450 ◦C and have 
a well-extended arrangement of formed (SMZL) film con-
taining  Eu3+ nano-crystals in their network, as shown in 
Fig. 2b. From FE-SEM images, it is noted that the pre-
pared nano-crystalline films contain a cracking surface in 
some parts, which be due to the HF used for etching the 
films from the substrates.

3.3  FTIR study

FTIR spectra of nano-crystalline SMZL films doped with 
(2, 4 mol%)  Eu3+ ions, calcined at 450 °C, display the fin-
gerprint FTIR spectra for sol–gel silicate; the two absorp-
tion bands at 461 and 1107 cm−1 have been attributed to 
the binding and stretching vibration of Si–O–Si bonds as 
a basic bond with Zn–O–, La–O– and Mg–O– in the  SiO4 
units, respectively [15, 16]. As shown in Fig. 3, the band at 
797 cm−1 and the weak band at 971 cm−1 are the character-
istics of the modified silicate glasses and are attributed to the 
vibrations of  SiO4 tetrahedral crosslinking with the Zn, M, 
La and Eu through oxygen bonds [17]. The absorption band 
at 1635 cm−1 is ascribed to interstitial  H2O, which bonded 
hydroxyl in the silicate network [13, 15].

3.4  Visible photoluminescence

Photoluminescence of emission spectra of (2–4  mol%) 
 Eu3+-SMZL nano-crystalline films has a red shift as indi-
cated in Fig. 4. The intensity of emission peaks increased 
with increasing the  Eu3+ content in SMZL. So, the increment 
in the emission shows three different peaks for the  Eu3+ ions 
in the (SMZL) with increasing  Eu3+ content. Hence, these 
visible transitions are sensitive to the internal changes in the 
surrounding ions, for (SMZL) matrix. Therefore, there is an 
obvious change in the peak intensity of the sensitive transi-
tion, due to the changes in the local symmetry of  Eu3+-doped 
ions. The direct or indirect (f–f) transitions of  Eu3+ within 
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Fig. 1  XRD diffraction patterns of SMZL and doped with 1, 2, 3 and 
4 mol%  Eu2O3 ions nano-crystalline films

Fig. 2  SEM images of a SMZL, b doped with 4 mol%  Eu2O3 ions nano-crystalline films
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(SMZL) matrix are shown in Fig. 3, where the red emission 
band at 613 and 619 nm is ascribed to the 5D0–7F2 transition 
[18]. The peaks in the red region from 610 to 660 nm with 
a maximum intense at ~ 650 nm were ascribed to 5D0–7F3. It 
can be noticed that the good formation of the (SMZL) nano-
crystalline changes the emission intensity of  Eu3+ ions, due 
to the possible energy transfer behavior between  Eu3+ and 
 La2O3 NPs in (50  SiO2-7MgO-20ZnO) [19, 20].

The produced PL emission band positions from 610 to 
660 nm are attributed to  Eu3+ ions in their local silicate 
network. This result is in agreement with that reported in 
the studies [19–21]

The prepared nano-crystalline films of SMZL doped 
with active  Eu3+ ions have interesting photoluminescence 

behavior. Due to the presence of three emission lines in the 
red regime of the energy transfer, these nano-materials might 
find multi-applications as waveguides, up converting and 
solar cells.

3.5  Density and molar volume

The estimated values of glass density (Gd) and molar vol-
ume (Vm) of the present (50  SiO2:7 MgO: 20 ZnO: (23−x) 
 La2O3−x  Eu2O3) (SMZL) nano-porous films with differ-
ent Eu2O3 amounts are listed in Table 1. The increment of 
Eu2O3 concentration leads to the increment of both Gd and 
Vm values. This would be expected due to the large values of 
the Eu2O3 density (Gd = 7.4 gm/cm3) and molecular weight 
(351.93) in comparison with the other oxides [22].

3.6  Optical band gap

The experimental values of transmittance (T) and absorbance 
(A) for 50  SiO2:7 MgO: 20 ZnO: (23−x)  La2O3−x  Eu2O3 
nano-porous films were plotted versus the wavelength (λ) as 
shown in Fig. 5. Clearly, the Eu2O3 additions decrease the 
optical transmittance and shifts it to long wavelength range. 
This behavior corresponds to the internal transitions from 
the non-bridging bonds (NBO) in (SMZL) framework to 
covalently bond ((Si–O–Zn), (Si–O–Mg), and (Si–O–La)), 
which are bound with an excited electron from  Eu3+ through 
oxygen bonds [10].

The absorption coefficient ( � ) is the most important opti-
cal constant that helps us to estimate the band gap (Eopt). It 
can be estimated directly from the absorbance by the fol-
lowing relationship: � = A∕t , where t is the film thickness. 
Incident photon energy ( h� ) dependence of the absorption 
index was described by Mott and Davis relation in the form 
of [23]:

where B is a constant and � refers to the transition nature. 
The value of � equals 1/2, 3/2, 2 or 3 corresponding to 
direct-allowed, direct-forbidden, indirect-allowed or indi-
rect-forbidden, respectively. Semiconducting material was 
characterized by Eopt value between 0.0 and 4.0 eV. Figure 6 

(1)� =
B(h� − Eopt)

�

h�

Fig. 3  FTIR spectra of a SMZL, b doped with 2 mol%  Eu2O3 and c 
doped with 4 mol% of  Eu2O3 ions nano-crystalline films

Fig. 4  PL spectra of a SMZL, b doped with 2  mol%  Eu2O3 and c 
doped with 4 mol% of  Eu2O3 ions nano-crystalline films

Table 1  Some physical parameters of (50)SiO2 − 7MgO − 20ZnO − (23 − x)Li2O − x Eu2O3 films

Eu2O3 mol% Gd gm cm−3
Vm  cm3 Eg eV Ed eV Eo eV n(0) �(0) �el(0)  cm−3 Λ(n(0)) Eo∕Eopt

0.0 2.62 21.07 2.38 23.23 4.22 2.55 6.51 3.00 1.17 1.77
1.0 2.65 21.93 2.31 25.10 4.15 2.65 7.04 3.20 1.21 1.80
2.0 2.74 22.81 2.23 27.86 4.10 2.79 7.79 3.43 1.25 1.84
3.0 2.77 24.15 2.15 29.87 4.03 2.90 8.41 3.71 1.29 1.88
4.0 2.86 24.42 2.03 33.20 4.02 3.04 9.26 3.84 1.30 1.98
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represents the plots of 
√

�h� versus hν for the 50  SiO2:7 
MgO: 20 ZnO: (23−x)  La2O3−x  Eu2O3 (SMZL) nano-porous 
films. The Eopt value was estimated as the intersect/slope 
ratio of Fig. 6. The Eopt values decrease with an increment 
of Eu2O3 content. This decrement in Eopt may be ascribed to 
the covalent behavior of the SMZL matrix which increases 
with increase in  Eu2O3 concentration in the SMZL network.

3.6.1  Index of refraction and electronic polarizability

The index of refraction was estimated using the measured 
transmittance spectra through the following expression 
[24]:

The estimated values of index of refraction for the films 
under study were plotted against the wavelength as depicted in 
Fig. 7. As one can see, n decreases with extending λ which is 
a normal manner describing that n changes with λ values. On 
the other hand, the n values get incremented by increasing the 
Eu2O3 content. This manner can be explained by the increase 
in Gd, whereas both the n and Gd are correlated with each other 
through Eqs. [25–27]:

where �el is the electronic polarizability, 
∑

�(cat)i is the 
molar cation polarizability. The 

∑

�(cat)i and No are esti-
mated as detailed here [25]. Figure 8 shows the spectral and 
compositional dependence of �el for the studied films. It is 
clear that the polarizability increases with increasing Eu2O3 
content which reflects the increase in n values. Here, the 
 Si+4 ions with the lowest polarizability (0.033  A3) and ionic 
radios (0.39 A) were replaced by  Eu+3 ions with the largest 
polarizability (0.77  A3) and ionic radios (1.31 A) [28]. The 
term Vm

((

n2 − 1
)

∕
(

n2 + 1
))

 is affected by the glass struc-
ture, namely the molar refraction (Rm), and is correlated with 
the molar electronic polarizability ( �m ) through the relation: 
�m = 3Rm∕(4�N) , where N is the number of Avogadro [28]. 
Figures 9 and 10 represent the variations in Rm and �m values 
with the Eu2O3 content and/or λ for the SMZL nano-porous 
films. Obviously, both the Rm and �m behave as �el which is 
normal where Rm is directly proportional to both �el and �m.

(2)n =

(

1 +

√

(

1 − T2
)

)

∕T

(3)�el =

�

Vm

��

n2 − 1
�

∕
�

n2 + 2
���

−
∑

�(cat)i

2.52No

Fig. 5  The T and A spectra of 
(80 − x)SiO2 − 11MgO − 9Li2O − xEu2O3 films
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(80 − x)SiO2 − 11MgO − 9Li2O − xEu2O3 films

Fig. 7  The composition and wavelength dependence of n for 
(80 − x)SiO2 − 11MgO − 9Li2O − xEu2O3 films
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3.6.2  Optical basicity

Knowing the electronic polarizability helps one to estimate 
the optical basicity ( Λ ). The latter is a numerical expression 
of the average electron donor power of the oxide species 
constituting the medium, and it is a measure of the acid–base 
properties of oxides, glasses, alloys, slags, molten salts, etc. 
The relationship between the refractive index-based optical 
basicity Λ(n) of the glass and the electronic polarizability 
( �el) of the oxide ion in the structure is given by [29, 30]:

The estimated values of the Λ(n) are plotted as a func-
tion of λ and Eu2O3 content as represented in Fig. 11. The 

(4)Λ(n) =
(

1.67�el − 1.67
)

∕�el

observed increase in Λ(n) suggests that the former oxides 
should be less basic compared with modifier oxides. The 
addition of modifier oxide to the former oxide results in the 
modification reaction to be acid–base reaction, in which the 
acidic region of former oxide is approached by modifier 
oxide ion in order to decrease acidities [31]. The increasing 
of optical basicity reflects the decrease in covalency. Based 
on the data, it indicates that the addition of modifier oxide 
reduces the acidity of the former oxide and increases the 
basicity of the glass.

3.6.3  Refractive index dispersion

As shown in Fig. 7, the index of refraction tends to a con-
stant value at the transparent region. Here, one can apply 
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Fig. 8  The composition and wavelength dependence of �el for 
(80 − x)SiO2 − 11MgO − 9Li2O − xEu2O3 films
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Fig. 9  The composition and wavelength dependence of Rm for 
(80 − x)SiO2 − 11MgO − 9Li2O − xEu2O3 films
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Fig. 10  The composition and wavelength dependence of �m for 
(80 − x)SiO2 − 11MgO − 9Li2O − xEu2O3 films

Fig. 11  The composition and wavelength dependence of Λ(n) for 
(80 − x)SiO2 − 11MgO − 9Li2O − xEu2O3 films
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the single oscillator model suggested by Wemple and Di-
Domenico. In agreement with this model, the refractive 
index parameter 1∕(n2 − 1) is plotted against h� as shown in 
Fig. 12. This figure represents the best fitting according to 
the following expression [30, 32, 33]:

where Eo and Ed are the single oscillator and desperation 
energies, respectively. Eo and Ed values were estimated by 
using the slope and intersect of Fig. 12. The static index of 
refraction n(0) is correlated with Eo , Ed and the static dielec-
tr ic constant (�(0)) through the two relations 
n(0) =

√

1 + EdE
−1
o

 and �(0) = n(0)2, respectively. Eo , Ed 
and n(0) values are listed in Table 1. Both Ed and n(0) values 
increase with increasing the amount of Eu2O3 , whereas Eo 
decreases. The oscillating energy is an average energy gap 
( Eopt ~ 0.5 Eo (see Table 1)) [34]. The dispersion energy (Ed) 
is correlated with the effective coordination number of the 
cation nearest neighbor to the anion (Nc), the formal chemi-
cal valency of the anion (Za) and the effective number of 
valence electrons per anion (Ne) through this relation 
(

Ed = �ZaNcNe

)

 , where � is a two-valued constant with 
either an ionic or a covalent value ( �i = 0.26 ± 0.03 eV and 
�c = 0.37 ± 0.04 eV, respectively) [44, 45]. Substituting the 
value of n(0) into Eqs. 3 and 4 gives the values of �el(0) and 
Λ(n(0)) listed in Table 1.

4  Conclusions

Different films of the 50  SiO2: 7MgO: 20 ZnO: (23−x) 
 La2O3−x  Eu2O3 (SMZL) nano-porous films have been syn-
thesized by the acidic sol–gel process. The film absorption 

(5)1

n2 − 1
=

E2
o
− h�

EoEd

and index of refraction have been determined precisely 
based on the measured film transmittance and absorbance. 
The band gap Eopt decreases, whereas the index of refraction 
increases with the addition of Eu2O3 content. The obtained 
results were discussed considering structural changes, glass 
density, molar volume, electronic polarizability and optical 
basicity. Moreover, the Wemple–Di-Domenico model suc-
cessfully describes the dispersion of the index of refraction. 
The photoluminescent results show three emission lines in 
the red regime of the energy transfer, so these nano-materials 
could be used as waveguides, up converting and solar cells.
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