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ABSTRACT

A glass system of composition 44P,05-38Zn0-2Cu0-(16-x)Na,O-xCdO (where, x = 1, 2, 3, 4, and 5
mol%) has been prepared using the conventional melt quenching technique. XRD patterns confirmed the
amorphous nature for the prepared samples. Archimedes’ method was used to determine the density of the
prepared glass samples then the molar volume was calculated. The optical spectroscopic investigations of the
prepared glass samples were carried out over the spectral range (190-1100 nm). The transmission spectra
revealed that the prepared glass samples behave as bandpass filters in the visible region. The absorption
studies were employed to determine the optical band gap and Urbach energy. The spectral distribution of the
refractive index assured the lowest dispersion of the glass in the visible region. Other physical parameters such
as the extinction coefficient, the optical conductivity, and the complex dielectric constant were evaluated. The
results suggested the practicality of employing such low-cost glass as a bandpass filter for optical applications
such as UV-elimination and solar cell protection. The role of CdO as a network modifier in the phosphate glass
was revealed.
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1. INTRODUCTION

The competition of practicality, low cost and reliability of glasses in different applications has opened
the field of research for new compositions which meet the specific requirements [1-3]. Compared with other
glass formers such as silicate and borate systems, phosphate glasses offer simple composition, low melting
and softening temperatures with strong glass forming character. Besides this they have high electrical
conductivity, high thermal expansion coefficients, low thermal conductivity and low dispersion [4-6].
Nevertheless, poor chemical durability of phosphate glasses is a great disadvantage for utilizing this type of
glass; which limits its use in many applications [7]. Many of the physical properties of phosphate glasses can
be greatly changed by the addition of a precisely amount of modifiers [8-10]. However, Sodium phosphate
glasses have evidence of low melting point, high ionic conductivity, and strong glass-forming character [11].
Moreover, ZnO can be added as a good modifier to enhance the chemical durability of phosphate glasses
since zinc ion acts as a strong ionic cross linker between host phosphate anions i.e. inhibits the hydration
reaction [12,13].

Particular attention has been paid to the copper doped phosphate glasses because of their
semiconducting properties, interesting optical transmission/absorption spectrum and relatively low glass
transformation temperature [14]. CuO can greatly modify the absorption behavior of phosphate glass because
it has two optical absorption bands at the ultraviolet and visible-near infrared regions of spectrum, i.e.
producing bandpass filters [15-18]. From point of interest, cadmium comes as a divalent metal which act as a
network former or modifier depending upon the chemical composition and the host material. It stabilizes the
glass structure as well as modifies the optical and electronic properties of the host glasses [19]. Consequently,
cadmium can be used as a coloring, phase separation, and photoconductive material [20,21]. Because of its
high density and low binding energy, cadmium is used in quantum dot solar cells [22]. However, the coupling
between cadmium and copper in phosphate-based glasses can be of potential interest as bandpass filters. The
center and width of the bandpass filter in addition to its color play the most important role in controlling the
light pass [23].

Apart from these, photovoltaic (PV) modules are of great significance as an important technique by
which the solar energy is converted to electricity by means of solar cells. Intensive efforts are being made to
enhance the conversion efficiency of the solar cells as well as reduce the cost of their production. However, the
performance of the PV modules is greatly affected by many parameters including exposure to ultraviolet (UV)
and infrared (IR) radiations. Many observations have demonstrated a degradation effect due to ultraviolet
portion of solar radiation which is termed UV-induced degradation. This degradation begins directly after first
exposure to the light, leading to reduce the conversion efficiency of the PV module and shorten the life time
of the solar cell [24-26]. Such degradation can be prevented by using glass substrates which block the UV
radiation below 350 nm [27]. On the other hand, IR radiation being a wide portion of the solar spectrum
disturbs the working of the PV module due to its thermal effect. In most conventional solar cells this part of
solar radiation is not converted into electricity and appears as thermal energy which leads to an increase in the
ambient temperature of the solar cell. Many studies indicate that the conversion efficiency of the solar cells is
decreased by increasing their working temperature [28,29].

The present study suggests a solution to the above-mentioned problem by proposing a low- cost glass
system which can work as a bandpass filter in visible region of spectrum in order to protect the solar cells. In
other words, the glass permits the transmission of visible light and at the same time absorbs the UV and IR
radiations to prevent the degradation and heating effects within the solar cell respectively. The present work
proposed a glass system with the chemical composition 44P,05-38Zn0O-2Cu0O-(16-x)Na,O-xCdO (where, x = 1,
2, 3, 4, and 5 mol%). According to available knowledge, no data has been reported for cadmium-copper-
phosphate glasses in optical filters applications. Consequently, the role of cadmium on the physical and optical
properties of the suggested glass system is discussed.
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2. EXPERIMENTAL METHOD

A glass system with chemical composition 44P,05-38Zn0O-2Cu0-(16-x)Na,O-xCdO (where, x = 1, 2, 3,
4, and 5 mol%) has been prepared by the conventional melt quenching technique. Analytically pure grade of
the chemicals NH4H,PO,; ZnO, CuO, NaCOs, and CdO were used. After weighing the required amount of
materials, they were mixed and grinded using mortar for 30 minutes. The mixture in a porcelain crucible was
put in a muffle furnace for 1 hour at 250 °C to release the gases such as CO, and NHs. The crucible was then
placed in a melting furnace for 1 hour at 1000 °C, and shaken clockwise to ensure the maximum homogeneity
of the mixture. Finally, the casting was quenched and annealed at 250 °C using stainless steel mould with
pressing plate to obtain thin disks in order to perform the optical measurements. The annealing process is an
important step required to remove the internal stress that remains within the prepared glass during the
qguenching process. The amorphous nature of the obtained transparent samples was identified by means of X-
ray diffraction (XRD) technique. The diffraction data were recorded for 26 values between 4° and 70°.

The glass samples were produced almost as disks of diameters = 2.75 cm. The glass density was
measured at room temperature using the conventional Archimedes’ method, with toluene as an immersion
liquid of stable density (0.868 g/cm®) as [15-17]:

— Wair
N (Wair_Wliq)

P Po 1)
Where, W, and W, are the weights of the sample in air and in liquid respectively. The molar volume was
calculated from the molecular weight, My, and the density, p as [30]:

Vy =—= @)

The optical absorption and transmission spectra were measured at room temperature using UV/VIS
absorption (JASCO V570) spectrophotometer over the wavelength range (190-1100 nm).

3. RESULTS AND DISCUSSIONS
3.1. XRD Investigation

Figure 1 shows the X-ray diffraction patterns of the prepared samples with different mol% of CdO
content. The results of XRD studies of all samples show diffused scattering where broad humps can be
observed. The absence of Bragg's peaks in the XRD pattern confirms the amorphous nature of the prepared
samples. Moreover, the broad profiles around 26 = 30° suggest the existence of some short-range order in
the glass samples [31].
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Fig. 1: XRD patterns of glass samples for different CdO content.
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3.2. Density and Molar volume Measurements

The density and molar volume measurements are considered to be very important tools to detect the
structural changes and the arrangement of the building units in the glass network. Equations (1) and (2) have
been employed to calculate the density, p and molar volume, Vy of the glass samples respectively. The
resulting values of the density and the corresponding molar volume as a function of CdO concentration are
listed in Table 1. The results indicate a linear increase in the density of the glass samples with increasing
content of CdO. However, the molar volume is found to have the opposite trend to that of the density as
shown in Fig. 2. The increase in density agrees qualitatively with that predicted by the composition relation in
which the low density Na,O (2.27 gm cm'3) was replaced by the high density CdO (8.15 gm cm'3) [32]. The
ionic concentration, N and the inter-ionic distance, r; of the glass system can be determined using the relations
33

. _ Avogadro's No.) (mole% of cation lass densit,
N(lOnS/Cm 3) — ( g ) ( bof ) (g ) (3)

(glass average molecular weight)

(A% = (1/N)s )

The calculated values of Cd-ion concentration and the corresponding inter-ionic distance of the glass
samples are listed in Table 1. It can be observed that Cd-ion concentration increases whereas inter-ionic
distance decreases with increasing concentration of CdO which is consistent with the obtained behavior of the
density and molar volume. The results suggest the role of CdO as a network modifier of 44P,05-38Zn0O-2Cu0O-
(16-x)Na,O-xCdO glass system.

Table 1. Density, molar volume, ionic concentration and inter-ionic distance of prepared glass samples.

Ionic concentration, o
Inter-ionic distance, r;

CdO content Density, p Molar volume, Vi N
(mole %) (g/cm3) (cm®/mole) (A)
(1020 ion/cmg)
1% 3.0374 33.6411 1.79 17.74
2% 3.0655 33.5488 3.59 14.07
3% 3.0946 33.4487 5.40 12.28
4% 31171 33.4200 7.21 11.15
5% 3.1446 33.3392 9.03 10.34
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Fig. 2: Variation of density and molar volume with respect to CdO content.
3.3. Optical Studies
3.3.1. Absorption and Transmission Spectra

The optical absorption and transmission studies in the UV-visible range have been carried out over the
wavelength range (190-1100 nm). The optical absorption spectroscopy is very helpful in studying the optically
induced transitions and presenting an insight in the band structure of crystalline and amorphous materials. In
crystalline solids there are a well-defined energy bands having a sharp lattice absorption edge whereas
amorphous materials exhibit tailing into the normally forbidden energy gap i.e. the absorption edge has finite
slope [34,35]. Figure 3 shows the absorption spectra of glass samples for different CdO concentrations. The
absence of sharp absorption edge in the optical spectra reveals the amorphous nature of the glass samples. It
can be observed that the absorption increases with increasing CdO concentration where all samples show two
highly absorption bands in the ultraviolet and near-infrared regions. This is most likely related to the coupling
between the CdO and CuO. The transmission spectra of the glass samples with different concentrations of
CdO are shown in Fig. 4. It can be indicated that all spectra follow one common pattern where a single broad
transmission band in the visible region can be observed. The transmission spectra are found to be in
agreement with the obtained absorption data. The results reveal that the prepared glass samples can serve as
bandpass filters with a sufficiently transmission of visible light. A general decrease in transmittance with
increasing concentration of CdO is observed, which can be attributed to the change in the glass composition
where Na,O is replaced by the heavier CdO. It can be quite clear that both optical absorption and transmission
of the prepared samples are strongly dependent on the glass composition i.e. CdO content.

3.3.2 Bandpass Filter Parameters

It must be mentioned that the transmitted energy through the bandpass filter is worthily controlled by
several parameters of the transmission band such as the peak height, position, broadening and area. All these
parameters are found to be greatly dependent on the glass composition as indicated in Table 2. The center of
the transmission band is found to be shifted from 512 nm to 535 nm with increasing concentration of CdO
which may be related to the coupling between CuO and CdO. It can be concluded that the addition of CdO
disturbs the ligand field around the Cu** probe ion. This shift towards the higher wavelengths is very useful in
changing the color of the obtained bandpass filters for industry requirements. Figure 5 show the UV band stop
of the prepared glass samples from which the UV cutoff wavelength is found to be increased from 323 nm to
360 nm by increasing concentration of CdO. The red shift in the absorption edge or UV cutoff can be
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attributed to the progressive increase in the number of non-bridging oxygens (NBOs) [36]. This can be
understood on the basis that a monovalent Na™ ion in the form of Na,O disrupts one bridging oxygen in the
phosphate network, i.e. creates only one non-bridging oxygen. Meanwhile, introducing of a divalent Cd*" ion
into the phosphate network in the form of CdO disrupts two bridging oxygens, i.e. creates two non-bridging
oxygens. Thus, by increasing of CdO content, creation of greater number of NBOs seems to be the reason for
the shift of the absorption edge towards higher wavelengths. The results reveal that the present glass system
can be considered as a good candidate in UV-elimination techniques. Moreover, it is evident from the
transmission spectra of all samples that the near IR band above 750 nm is attenuated to about 10%
transmittance. Well, blocking the UV radiation below 360 nm along with attenuation of almost IR radiation
above 750 nm suggest the use of the present glass system as a protective agent in the solar cells to eliminate
the undesirable effects of degradation and heating caused by UV and IR radiations respectively. Accordingly,
by employing such low-cost glass, the conversion efficiency of the PV module is expected to be larger and the
life time of the solar cell is expected to be longer.
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Fig. 3: Absorption spectra of the glass samples for different CdO ratios.
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Fig. 4: Transmission spectra of the glass samples for different CdO ratios.
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Table 2. The transmission band analysis of the bandpass filter.

CdO content UV band stop Center Width Area Height
(mole %) (nm) (nm) (nm) (a.u.) (%)
1% 190 - 323 nm 512 260 20379 68.25
2% 190 - 335 nm 516 251 16967 60.12
3% 190 - 344 nm 519 237 15820 58.75
4% 190 - 352 nm 528 229 13440 52.75
5% 190 - 360 nm 535 224 11195 46.11
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Fig. 5: UV band stop for glass samples for different CdO ratios.

3.3.3. Optical Band Gap and Urbach Energy

The optical band gap is one of the most significant parameters in amorphous semiconducting material.
The optical behavior of a material is utilized to provide a picture of the density of states distribution in the

energy gap of amorphous solids. The optical band gap, E, of the glass samples can be determined using the
relation [15]:

ahv = B(hv - E)" (5)
With, B is constant and « is the absorption coefficient that was calculated by [15,18]:
av) = 2.303 (A/d) (6)

Where, A is the absorbance and d is the thickness of the sample. It is convenient in amorphous solids to take
n=2 which indicates an indirect absorption mechanism [18]. The process is achieved by plotting (ahv)” as a
function of photon energy (hv) and taking the extrapolation of the straight portion of the graph hence the
optical band gap energy is determined as shown in Fig. 6. The calculated values of optical band gap energy
are listed in Table 3, where E; is found to be decreased from 3.26 eV to 2.95 eV by increasing the
concentration of CdO. This is most likely due to the progressive increase in number of non-bridging oxygens
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(NBOs) by increasing CdO content as mentioned earlier. Therefore, one should expect that the optical band
gap energy, E5 and the UV cutoff wavelength have opposite trends as depicted in Fig. 7.

However, the lack of long-range order in non-crystalline materials is associated with the disorder effects
caused by the incident photon energies less than the band gap energy. This can be explained by the presence
of localized states which form a band tails within the band gap [37]. Calculation of the width of such band tails
or the Urbach energy, AE yields information about the density of the localized states in the band gap
according to the relation [38,39]:

o = o, exp(hv / AE) (7)

With, o is the absorption coefficient and «, is constant. As shown in Fig. 8, the Urbach energy can be
determined experimentally by plotting In(a) as a function of the photon energy (hv) and taking the reciprocal
of the slope of the linear portion of the graph. As listed in Table 3, AE is found to be increased from 0.158 eV
to 0.172 eV by increasing the concentration of CdO, which indicates an increase of the degree of disorder in
the system. It can be conclude that the increase of CdO content localizes some states within the band gap,
which seem to be the reason of the observed decrease in the E,values.
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Fig. 6: Determination of the optical band gap energy.
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Fig. 8: A representative example for determination of Urbach energy for CdO 1% content.

Table 3. The optical band gap and Urbach energy of the glass samples.

CdO concentration

1% 2% 3% 4% 5%
(mole %)
Optical band gap
3.26 3.18 311 3.03 2.95
E4 (eV)
Urbach energy
0.158 0.161 0.162 0.167 0.172

AE (eV)
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3.4. Essential Physical Parameters

The refractive index is a fundamental property of any optical material. The spectral distribution of the
refractive index, n of the glass samples can be determined according to the relation [40]:

_ (n-1)?

T (n+1)2 8)

Where, R is the reflectance of the glass samples. As depicted in Fig. 9, a general increase in the refractive
index with increasing CdO content is indicated. The calculated values of the refractive index reveal strong
wavelength dependence except almost at the visible region where low dispersion can be observed. High
depression on both sides of the graph can be attributed to the electronic and molecular polarization
frequencies which induce strong absorption [41]. The weakest wavelength dependence of the refractive index
can be noticed between 450 nm and 550 nm as shown in Fig. 10. Accordingly, the prepared glass system
exhibits the lowest dispersion in this range of visible region. The results indicate an increase in the refractive
index values with increasing content of CdO. This is most likely related to the replacement of Na,O by CdO

and consequently, the change in refractive index is attributed to the difference in refraction of Na* ion and the
heavier Cd”" ion.

Other physical properties such as extinction coefficient, k and optical conductivity, o can be determined
using the relations [42,43]:

k=% 9)

o=— (10)

Where, o is the absorption coefficient, n is the refractive index and c is the velocity of light. The extinction
coefficient measures the fraction of radiation lost per unit thickness of the participating glass due to scattering
and absorption effects. On the other hand, the optical conductivity provides information about the optical
response of this glass. The calculated values of the extinction coefficient and the optical conductivity of the
prepared glass samples are depicted in Figs. 11 and 12 respectively where both of them are found to be
increased with the increasing content of CdO.
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Fig. 9: Wavelength dependence of the refractive index for different CdO content.
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The complex dielectric constant of the prepared glass is a fundamental intrinsic property. The real part
of the dielectric constant defines the ability to slow down the light which passing through the material while
the imaginary part shows how the material absorbs energy from an electric field due to dipole motion. The
ratio of the imaginary part to the real part of the dielectric constant defines the loss factor in a specific
material. The real part, €' and imaginary part, €' of the complex dielectric constant are calculated using the
relations [43]:

e =n?—k? (11)

e =2nk (12)

Where, n is the refractive index and k is the extinction coefficient. The calculated values of €' and €" are
depicted in Figs. 13 and 14 respectively where both of the real and the imaginary parts of the dielectric
constant exhibit higher values with increasing content of CdO. It is quite clear that the chemical composition
of the glass plays the main role in changing of the extinction coefficient, the optical conductivity, the real and
the imaginary parts of the dielectric constant. This seems to be associated with certain structural changes
occurring in the glass with changing of the composition, i.e replacing of Na,O by CdO. Again, the results
assure the role of CdO as a network modifier in the phosphate glass.
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Fig. 13: The real part of the dielectric constant for different CdO ratios.
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4. CONCLUSIONS

A glass system with chemical composition 44P,05-38Zn0O-2Cu0-(16-x)Na,O-xCdO (where, x = 1, 2, 3, 4,
and 5 mol%) has been prepared by the conventional melt quenching technique. The XRD patterns confirm the
amorphous nature of the prepared samples. The density of the prepared glass samples is found to be
increased by increasing content of CdO while the molar volume exhibits an opposite trend to that of the
density. The optical studies revealed that all glass samples behave as bandpass filters in visible region with
elimination of UV band below 360 nm and almost IR band above 750 nm. Thus, the prepared glass can be
practically used as a UV-preventing element. In addition, it can be used as a protective agent in the solar cells
to eliminate the undesirable effects due to degradation and heating of the PV module. In this way, the
conversion efficiency and the life time of the solar cell can be greatly enhanced. The optical band gap is found
to be decreased from 3.26 eV to 2.95 eV with increasing content of CdO. On the other hand, the width of the
band tailing worked out from the Urbach plots is found to be increased from 0.158 eV to 0.172 eV. This
indicates greater disorder in the phosphate network with increasing content of CdO. The spectral distribution
of the refractive index indicates that the prepared glass acts as a low-dispersion medium in the visible region.
Other physical parameters such as the extinction coefficient, optical conductivity, the complex dielectric
constant are calculated. The results reveal the role of CdO as a network modifier in the phosphate glass.
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