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Abstract Glasses of the 0.5Er3?/2.5Yb3? co-doped (40

Bi2O3–20GeO2–(30 - x)PbO–xZnO–10Na2O system where

x = 0.0, 5, 10, 15, 20, 25, and 30 mol%) have been char-

acterized by FT-IR spectroscopy measurements to obtain

information about the influence of ZnO-substituted PbO on

the local structure of the glass matrix. The density and the

molar volume have been determined. The influences of the

ZnO-substituted PbO on the structure of glasses have been

discussed. The dc conductivity measured in the temperature

range 475–700 K obeys Arrhenius law. The conductivity

decreases while the activation energy for conduction

increases with increase ZnO content. The optical transmit-

tance and reflectance spectrum of the glasses have been

recorded in the wavelength range 400–1100 nm. The values

of the optical band gap Eopt for all types of electronic

transitions and refractive index have been determined and

discussed. The real and imaginary parts e1 and e2 of

dielectric constant have been determined.

Introduction

It is well known that heavy metal oxide glasses (HMOG)

based on PbO and Bi2O3 have interesting physical prop-

erties such as high density, high linear, and non-linear

refractive index enabling their extensive various applica-

tions in optics and optoelectronics [1, 2]. Glasses with

covalent networks often tend to possess open structures and

support high ionic conductivities [3]. The investigation of

the structure of such materials is essential to obtain a better

insight into the structure–property relations. Despite the

fact that Bi2O3 is not a classical glass former, due to high

polarizability and small field strength of Bi3? ions, in the

presence of conventional glass formers (such as B2O3,

PbO, SiO2, etc.) it may build a glass network of [BiOn]

(n = 3, 6) pyramids [4, 5]. However, the structural role

played by Bi2O3 in glasses is complicated and poorly

understood. This is because the [BiOn] polyhedra are

highly distorted due to the lone pair electrons. Several

techniques have been employed in an attempt to identify

the local environment of the different elements in

bismuthate glasses. The glass structure is also influenced

by the presence of other constituents like ZnO and PbO, as

these cations can enter the glass network both as network

former and as network modifier [6].

With the development of upconversion visible or ultra-

violet photonic devices, rare earth ions-doped glasses have

been investigated extensively, which may be the candidate

materials to be applied in areas of high-density optical

storage, color displays, optoelectronics, and medical diag-

nostics [7]. The trivalent Er3? ion has already established a

key role as the active dopant for the optical amplification at

*1.5 lm in the telecommunications window as well as for

up-conversion-based lasers generating laser emissions at

mid infrared and visible regions (at *2.8, *0.55, and

*0.66 lm). However, the corresponding transitions have

weak ground state absorption, notably at 980 nm. Hence, a

sensitizer is indispensable for the achievement of high

optical pumping efficiency [8]. Yb3? seems to have the

appropriate feature for this role since there is an important

spectral overlap between its 2F5=2 ! 2F7=2 emission band

and the Er3? 4I15=2 ! 4I11=2 absorption band, allowing for

an efficient Yb3? ? Er3? transfer of the excitation energy.

This fact, combined to a high Yb3? absorption cross section

at * 980 nm, yields increasing luminescence efficiency in
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co-doped systems [9]. Among oxide glasses, bismuth

glasses have been intensively investigated because of their

special properties such as the possibility to incorporate a

large amount rare-earth dopants, high refractive index and

relative low phonon energy. Therefore, the present work has

been carried out to investigate the influences of the ZnO-

substituted PbO on the density, molar volume, structure, dc

conductivity, and optical properties of the 0.5Er3?/2.5Yb3?

co-doped (40Bi2O3–20GeO2–(30 - x)PbO–xZnO–10Na2O

system where x = 0.0, 5, 10, 15, 20, 25, and 30 mol%).

Experimental

Glass samples of compositions (0.5Er3?/2.5Yb3? co-doped

40Bi2O3–20GeO2–(30 - x)PbO–xZnO–10Na2O system

where x = 0.0, 5, 10, 15, 20, 25, and 30 mol%) were

prepared by melt quench technique using reagent grade

chemicals Bi2O3, ZnO, PbO, GeO2, and Na2CO3. The

mixture of these chemicals taken in porcelain crucibles and

then melted at 1150 �C using electrical furnace for 1 h to

ensure homogeneous mixture. The clear liquid (free of

bubbles) was quickly cast in a copper mold kept at room

temperature and pressed with another copper disk main-

tained at the same temperature, the obtained glass samples

were transparent. The obtained glass was cut and polished

carefully to meet the requirements for optical and electrical

measurements. X-ray powder diffraction XRD measure-

ments have been carried out on Shimadzu XD-DI, X-ray

Diffractometer VG 207RII and CuKa = 1.54056 Å for

grounded powder of the as-quenched samples as a neces-

sary technique for proving the amorphous nature of the

samples. The density of the samples measured at room

temperature was measured by Archimedes principle using

carbon tetrachloride as an immersion liquid. The molar

volume (Vm), atomic concentration N, and atomic inter-

mediate distance R were estimated. The dc electrical con-

ductivity measured by means of two-probe method, which

appropriate for high-resistance materials. Silver-painted

electrodes were pasted on the polished surface of the sam-

ples then situated between two polished and cleaned copper

electrodes. The current is monitored by means of an elec-

trometer [model: 425A HP], milivoltmeter for measuring

the temperature over temperature range (475–700 K) with

constant voltage source 24 V and a home-made furnace.

Infrared spectra of the powdered glass samples were

recorded at room temperature in the range 450–1500 cm-1

using a spectrometer (Perkin-Elmer FT-IS, model 1605).

These measurements were made on glass powder dispersed

in KBr pellets. The absorption spectra were recorded in the

range of 190–1100 nm Jasco V-570 Spectrophotometer.

Results and discussion

Amorphous nature of all prepared samples was confirmed

using X-ray diffraction. The density (q) of the glass sam-

ples determined in the present study is given in Table 1.

The molar volume (Vm) of the glass samples was calculated

using the molecular weight (M) and density (q) with the

following relation:

Vm ¼ M=q ð1Þ

The atomic concentration, N (cm-3), was calculated

using the formula N ¼ qNA=M, NA is Avogadro’s number,

M is the molecular weight, and q is the density, and the

atomic intermediate distance R ¼ ð1=NÞ1=3
.

The density and molar volume as a function of con-

centration of ZnO mol% are shown in Fig. 1. It is seen

from Table 1 and Fig. 1 that the density decreases with

increase in ZnO content. Since ZnO has molecular mass

less than the molecular mass of PbO, therefore, it is an

expected result. On the other hand, the increase in ZnO

concentration density decreases significantly, which may

be due to the strong influence of the packing density, which

provides fairly open structure in the glass matrix. The

variation of Vm with ZnO is shown in Fig. 1. It is observed

that Vm increases with increase in ZnO content up to

Table 1 Chemical composition and physical properties of 0.5Er3?/2.5Yb3? co-doped (40Bi2O3–20GeO2–(30 - x)PbO–xZnO–10Na2O, where

x = 0, 5, 10, 15, 20, 25, and 30 mol%) glasses

Glass no. Composition (mol%) d (g cm-3) Vm cm3=molð Þ N 9 1022 (cm-3) R (Å) W (eV)

Bi2O3 GeO2 PbO ZnO Na2O

1 40 20 30 0.0 10 6.78 43.62 1.386 4.16 1.122

2 40 20 25 5.0 10 6.68 43.20 1.394 4.15 1.113

3 40 20 20 10 10 6.42 43.87 1.373 4.17 1.225

4 40 20 15 15 10 6.81 44.41 1.356 4.19 1.338

5 40 20 10 20 10 5.92 45.21 1.332 4.22 1.344

6 40 20 5.0 25 10 5.77 45.14 1.334 4.22 1.408

7 40 20 0.0 30 10 5.44 46.52 1.295 4.25 1.472
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30 mol%, which is attributed to, PbO enter the glass as

network modifiers while ZnO enter the glass as network

modifiers or as network formers [4–6]. Therefore, with

increasing of ZnO at the expense of PbO content, the

compactness of the network structure decrease and a cor-

responding increase of the molar volume (Vm).

The IR absorption spectra of the 0.5Er3?/2.5Yb3?

co-doped (40Bi2O3–20GeO2–(30 - x)PbO–xZnO–10Na2O

system where x = 0.0, 5, 10, 15, 20, 25, and 30 mol%)

glasses are shown in Fig. 2a and b. FT-IR spectroscopy

was used to obtained essential information concerning the

arrangement of the structural units of these glasses. The

systematically changed IR spectra of the glasses under

study showed the presence broad bands at * 485, 533,

602, 650, 704, 760, 800, 832, 875, 917, and 1236 cm-1 in

the wave number range of 450–1450 cm-1. The band at

*485 cm-1 which are due to the Bi–O bonds, bending

vibrations in BiO3 units [10], *533 cm-1 which have been

attributed to the Bi–O bending vibrations in BiO6 units [11]

and *602 cm-1 that was ascribed to the Bi–O-/Bi–O–Zn

stretching vibration in the BiO6 units [12]. The presence of

IR band in the range 400–600 cm-1 indicates the presence

of Zn–O tetrahedral bending vibrations in the present glass

system [11]. It is clearly observed that with increase in the

ZnO content the band 602 cm-1 increases in intensity

which indicates the formation of the ZnO4 units [11, 12].

The band at *650 cm-1 which have been attributed to the

interconnected germanium oxygen tetrahedral GeO4 with

non-bridging oxygen, modification of this network is

manifested by the formation of GeO6 germanium oxygen

octahedra [13]. The bands at *704 and 760 cm-1, which

are due to the Ge–O bonds vibrations in the GeO4 units

[14–16]. The band observed at *832 cm-1 was assigned

to Bi–O bonds vibrations in BiO6 units [10, 17]. The bands

from *875 to 917 cm-1 were ascribed to Ge–O–Ge

double degenerate stretching vibrations and Ge–O

stretching vibrations in GeO4 units [10].

The band around 797 cm-1, for the prepared glass

system was observed, due to the stretching vibrational

modes of the glass network former. Pure GeO2 glass has

phonon bands around 860 cm-1. The presence of PbO or/

and ZnO in the glass system makes the Ge–O bond weaker,

shifting its band to 797 cm-1 [18]. Similar Raman and IR

spectra were measured for other Bi2O3–GeO2 glasses

reported in previous literature [13, 15]. The position of the

band around 797 cm-1 is important because the multiph-

onon decay of rare-earth ions in a glass depends on this

value in the host glass [19, 20]. The position of this band

did not change for the different compositions.

The adding of ZnO in glass samples produces some

change in the FT-IR spectrum. Thus, the band from

*832 cm-1 disappears and a new band situated at

*875 cm-1 is present in the samples containing 15, 20, 25,

and 30 mol%. This suggests the conversion of the BiO3 into

BiO6 structural units with the increasing of ZnO ions con-

tent in the glass samples. Thus, the presence of ZnO ions

in the glass samples seems to influence the surrounding of

the Bi3? cations favoring the formation of the BiO6 units.

The band at *485 cm-1 shift to lower wavenumber at
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*475 cm-1 and decrease in intensity as the ZnO content

increase. The intensity of the band at *533 cm-1 decreases

with the increase of the ZnO content. The intensity of the

band at *602 cm-1 increases as the ZnO content increase

up to 30 mol%. The intensity of the bands at *660 and

797 cm-1 show maximum for the sample with 5 mol%

ZnO, and then decreases as the ZnO content increase up to

30 mol%. The structural changes observed by increasing

ZnO content in the 0.5Er3?/2.5Yb3? co-doped (40Bi2O3–

20GeO2–(30 - x)PbO–xZnO–10Na2O) glass system and

evidenced by the FT-IR investigation suggest that the ZnO

ions play a network modifier and network former in the

glass system.

Figure 3 shows the temperature dependence of the dc

conductivity of the 0.5Er3?/2.5Yb3? co-doped (40Bi2O3–

20GeO2–(30 - x)PbO–xZnO–10Na2O where x = 0.0, 5,

10, 15, 20, 25, and 30 mol%) glass system. The slope of the

curves which gives the activation energy for conduction W.

The linear relationship between the logarithm of dc con-

ductivity [ln r; r is expressed in (Xm)-1] and inverse of

temperature with a negative slope indicates that the fol-

lowing well-known Arrhenius law is satisfied [21, 22]:

r ¼ r0 exp
�W

kT

� �
ð2Þ

where r0 ¼ lN is the pre-exponential factor, N is the

amount of charge carriers, and l their electrical mobility.

The activation energy for conduction W is the average

value of the heights of the potential energy barriers that the

mobile ion must overcome in its jumps, K is Boltzmann

constant, and T is the temperature measured in Kelvins.

From Fig. 4, it is observed that the dc conductivity in

present glass system increase with rise in temperature. Also

the dc conductivity is found to decreases with increase in

the concentration of ZnO. The activation energy (W) and

the atomic intermediate distance (R) are listed in Table 1.

In the range of measurements, W depends on the site-to-

site distance R. These results show that there is a promi-

nent positive correlation between W and R between the

ions. This agrees with the results suggested by Sayer and

Mansingh [23] and Salem [24] delineated the dependence

of W on the atomic intermediate distance (R). The results

in Table 1 indicate that as ZnO content increases, the

atomic intermediate distance (R) increases. It is understood

that this causes the activation energy for conduction W to

increase, while causing the dc conductivity (r) to decrease.

On the other hand, the decrease in electrical conductivity

of the glass system with the substitution of PbO by ZnO

content can be attributed to the presence of Bi2O3 shows a

blocking effect on the migration of mobile ions. Other

authors considered similar arguments for the decrease in

conductivity when in a binary glass; a third component

was added [5]. Therefore, the conduction mechanism in the

present glasses is purely ionic in nature and the mobile

ions are sodium.

Figure 5 shows the transmittance and reflectance spectra

of Er3?/Yb3? co-doped (40Bi2O3–20GeO2–(30 - x)PbO–x

ZnO–10Na2O, where x = 0, 5, 10, 15, 20, 25, and 30 mol%)

glass system. Each assignment in Fig. 6 corresponds to the

absorptions from the ground state 4I15/2 of Er3? ions and 2F7/2

of Yb3? ions to the excited states. The absorption band of

Yb3? for the 2F5=2 ! 2F7=22 transition overlaps that of Er3?

for the 4I15=2 ! 4I11=2 transition. Compared with Er3? ions,

the absorption of Yb3? near 980 nm is predominant. When

the excitation was performed at the 2F5/2 level with a diode

laser of 975 nm, the emission from the 2F5/2 state of Yb3?

overlaps the absorption band for the 4I15/2–4I11/2 transition of

Er3? due to only one electronic excited state for Yb3? ions.

The energy transfer (ET) from Yb3? to Er3?, 2F5/2

(Yb3?) ? 4I15/2(Er3?) - 2F7/2(Yb3?) ? 4I11/2 (Er3?), acts

as indirect pumping of Er3?. So the ET efficiency will

play an important role in Er3?/Yb3? co-doped system.
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Depending on the composition, the fundamental absorption

edge is observed in the range of (414–434 nm). The optical

absorption coefficient, a, which is the relative rate of

decrease in light intensity along its path of propagation, was

calculated from the transmittance and reflectance data in the

wavelength range 190–1100 nm. Figure 6 shows a plot of a
as a function of phonon energy for the glass system. The

optical absorption coefficient a of samples which can be

evaluated from the optical transmittance, reflectance, and the

thickness of the sample (d) according to

a ¼ 1

d
ln
ð1� RÞ

T
ð3Þ

The absorption coefficient a(m) as a function of the

photon energy (hm) for direct and indirect optical

transitions, according to Pankove [25] is given by

aðmÞ ¼ a0 hm� Eopt

� �P
.

hm ð4Þ

where a0 is an energy-independent constant (band edge

steepness parameter in Tauc’s picture [26]). The exponent

P determines the type of electronic transitions causing the

absorption and takes the values 1/2, 3/2, 2, and 3 for direct

allowed, direct forbidden, indirect allowed, and indirect

forbidden transitions, respectively [26], i.e., power part

P = 2; so, the values of indirect optical band-gap energy

Eopt can be obtained from Eq. 4 by extrapolating the

absorption coefficient to zero absorption in the ðahmÞP � hm
plot as shown in Fig. 7. The respective values of Eopt are

obtained by extrapolating to ðahmÞP ¼ 0, for direct allowed,

direct forbidden, indirect allowed, and indirect forbidden

transitions, respectively [26, 27]. Figure 7 shows the dif-

ferent values of P were applied to the present experimental

data of the glass system. The energy of the optical band gap

evaluated for the glass samples for (P = 2, 1/2, 3/2, and 3)

are listed in Table 2. However, the experimental data give

a better fit and reasonable values (Eopt = 2.53–2.62 eV),

which are in good agreement with some reported values of

related oxide glasses [27], for P = 2 which is corre-

sponding to indirect allowed transitions. As seen in Table 2

the obtained values of the optical gap are changing

according to the selected value of the exponent P. More-

over, the change in the value of the regression factor does

not really decide which value of P is better to be selected.

Therefore, Eq. 4 may be rather used only for the determi-

nation of the type of conduction mechanism, and the

optical gap itself should be determined using another

parameter, by which the exact value of exponent can be

selected. The selected parameter is the imaginary part of

the dielectric constant e2, which is a function of refractive

index n and extinction coefficient k, and it will be discussed

in detail next sections.

The optical absorption and particularly the absorption

band edge is a good method for studying optically induced

transition and gives information about the structure and
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optical energy gap in glasses. The absorption edge in many

materials follows the Urbach rule [28].

aðhmÞ ¼ ao exp
hm
Er

� �
ð5Þ

where a is the optical absorption coefficient, ao is a con-

stant and (Er) is the energy width of the tail of localized

state in the normally forbidden band gap. Er is often

interpreted as the width of the localized states in the band

gap of the material. The exponential dependence of the

optical absorption coefficient with photon energy may arise

from the electronic transitions between the localized states,

which have tailed odd in the band gap. The density of these

states falls off exponentially with energy, which is con-

sistent with the theory of Tauc [26]. However, the expo-

nential dependence of the optical absorption coefficient on

energy might arise from the random fluctuations of the

internal fields associated with the structural disorder in
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Table 2 Optical energy gap values Eopt obtained for different types

of electronic transitions P = 1/2, 3/2, 2, and 3 for direct allowed,

direct forbidden, indirect allowed, and indirect forbidden transitions,

respectively, and Eopt from e2 of Er3?/Yb3? co-doped (40Bi2O3–

20GeO2–(30 - x)PbO–xZnO–10Na2O, where x = 0, 5, 10, 15, 20,

25, and 30 mol%) glasses

Glass no. Eopt (eV) Er (eV)

P = 2 P = 1/2 P = 2/3 P = 1/3 e2

1 2.533 2.808 2.754 2.841 2.552 0.0059

2 2.542 2.811 2.762 2.847 2.595 0.0061

3 2.574 2.817 2.778 2.852 2.629 0.0058

4 2.583 2.821 2.788 2.855 2.645 0.0057

5 2.592 2.825 2.801 2.859 2.688 0.0058

6 2.601 2.829 2.809 2.862 2.699 0.0055

7 2.662 2.838 2.816 2.863 2.714 0.0051
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many materials. The width of the localized states (band tail

energy or Urbach energy) Er is estimated from the slopes of

ln(a) vs. hm plots. Figure 8 shows the variation of ln a with

incident photon energy hm for the glass system. As seen in

the figure, the absorption edge is found to be exponentially

dependent on the incident photon energy and obeys the

empirical Urbach rule [28]. The width of the localized

states Er (band tail energy or Urbach energy) estimated

from the slopes of ln a versus hm plots was found to be in

the range 0.0051–0.0059 eV. A plot of Eopt for indirect

allowed transition against ZnO content shows that Eopt

increases with an increase in ZnO content as shown in

Fig. 9. The increasing values of Eopt upon increasing the

ZnO content can be understood in terms of the structural

changes that are taking place in the studied glass system.

According to the IR analysis, germanium and bismuth have

more than one stable configuration [29, 30]; so, increasing

of ZnO into such glass matrix at the expense of PbO, will

weakness the glass network, by increasing the molar vol-

ume. Thus, the available oxygen environment around the

bismuth cations will decrease, and this will increase the

values of Eopt.

A possible explanation of the general increase is a

change in the structure of the glasses with increasing ZnO

content. PbO in general is a glass modifier and enters the

glass network by breaking up the bonds (normally the

oxygens of PbO break the local symmetry, while Pb2? ions

occupy interstitial positions) and introduces coordinate

defects known as dangling bonds along with non-bridging

oxygen ions. However, PbO may also participate in the

glass network with PbO4 structural units when lead ion is

linked to four oxygens in a covalency bond configuration

[31]. Therefore, at high fractions of PbO, the content of

pyramidal groups is high, resulting in a compacting of the

network and a corresponding to the minimum value of the

optical band gap for the sample free ZnO. On the other

hand, ZnO [32] can act as network modifiers or as network

formers. At low oxide content they act predominantly as

network modifiers, but at higher contents network-forming

groups of ZnO4 are established [33]. Therefore, with

increasing of ZnO at the expense of PbO content of pyra-

midal groups are decreased, resulting in reducing the

compactness of the network and a corresponding increase

of the optical band gap with the substitution of PbO by

ZnO content.

According to the theory of reflectivity of light, the

refractive index (n) as a function of the reflectance (R), and

the extinction coefficient (k) are given by the quadratic

equation

R ¼ ð1� nÞ2 þ K2

ð1þ nÞ2 þ K2
ð6Þ

Figure 10a shows the refractive index n as a function of

wavelength for the glass system. It is seen that the values of

the refractive index n decreases as the wavelength

increases. From the calculated refractive indices n and

also based on the average molecular weights (M) of each

glass samples. It is clear from the curves that the general

behavior of n is the same for all samples at high

frequencies. This can be explained by the fact that the

hole exchange in the samples cannot follow the frequency

[34]. The behavior of e2 and n suggests that the hole

exchanges are in the local displacements of electrons or

holes in the direction of the electric field, which then cause

polarization. Figure 10b shows a plot of the extinction

coefficient k, for the glass system, which is calculated

according to the following relation

k ¼ ak=4p ð7Þ

Figure 11 shows the fundamental absorption band which

could be determined from the measurements of reflectivity

at normal incidence [26]. The absorption band is obtained

when the imaginary part of the dielectric constant is plotted
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as a function of photon energy. Dielectric constant is

connected to the refractive index according to

ðnþ ikÞ2 ¼ e
eo
¼ e1 þ e2

eo
ð8Þ

Separation of the real part and the imaginary parts, leads

to the real and imaginary parts:

e1 ¼ n2 � k2 and e2 ¼ 2nk ð9Þ

Galeener and Lucovsky [35] studied infrared-active

vibrational modes in glasses and showed that peaks in

the spectrum are associated with vibrations e2 having

transverse-optical-mode character. However, zero crossings

of occur at longitudinal optical e1 phonon frequencies.

Therefore, spectrum e2 should reflect the vibrational

character of the glass samples. On a comparison of the

optical energy gap values obtained from the transmittance

and reflectance spectra in the case of indirect allowed

transition (Eopt = 2.53–2.62 eV) which are in good

agreement with the values estimated from the dielectric

measurements e2 (Eopt = 2.55–2.71 eV), however, the type

of electronic transitions in the present glass system is

indirect allowed.

Conclusions

From the present study, it is observed that the density

decreases with increase in ZnO content due to the

replacement of heavy metal oxides PbO by lighter ZnO.

The infrared spectral analysis of the present glass system

shows that Bi3? cations are incorporated in the glass net-

work as [BiO3] pyramidal and [BiO6] octahedral units. The

band at 533 cm-1 is due to vibrations of Bi–O bonds in the

[BiO6] polyhedra, while the shoulder at 832 cm-1 is rela-

ted to symmetrical stretching vibrations of the Bi–O bonds

in the [BiO3] groups. The band from *832 cm-1 disap-

pears and a new band situated at *875 cm-1 is present in

the samples containing 15, 20, 25, and 30 mol%. This

suggests the conversion of the BiO3 into BiO6 structural

units with the increasing of ZnO content in the glass

samples. The presence of IR band in the range 400–

600 cm-1 indicates the presence of Zn–O tetrahedral

bending vibrations in the present glass system. The dc

conductivity decreases and activation energy increases

with increase in ZnO content. The activation energy W and

the atomic intermediate distance R are increases with

increase in ZnO content. The electrical conduction in

present glass system is purely ionic in nature. The optical

band gap increases with increase in ZnO content due to the

decrease in the available oxygen environment around the

bismuth cations. Both the optical gap Eopt and the band tail

Er behave oppositely. The optical energy gap obtained

from the transmittance and reflectance spectra in the case

of indirect allowed transition Eopt = 2.53–2.62 eV which

are in good agreement with the estimated values from the

dielectric measurements Eopt = 2.55–2.71 eV. Therefore,

the type of electronic transitions in the present glass system
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Fig. 10 a The extinction coefficient k and b refractive index n as a

function of wavelength for the glass system
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is indirect allowed, and the present glasses behave as

indirect gap semiconductors.
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