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Abstract In this work, the physical properties of calcium

lithium borate glasses are investigated upon the inclusion

of Cu?2 ion dopant. UV–Vis–NIR, photoluminescence,

FTIR, and XRD techniques were, respectively, used in this

study. From the optical absorption response of the samples,

direct and indirect energy band gaps were calculated and

they were found to be in the ranges of 3.57–3.28 eV and

3.78–3.6 eV, respectively. Results showed that the refrac-

tive index was increased from 2.258 to 2.326 with the

increase in Cu2O concentration. Also, three main emission

bands were observed in the luminescence spectra at around

399, 483, and 575 nm, which are correlated with the

change in the copper concentration. Results of the FTIR

spectroscopy showed various peaks in the ranges of

1383–1415 cm-1 and 1062–1076 cm-1, which can be

attributed to the trigonal and tetrahedral stretching vibra-

tions of BO3 and BO4 units.

Keyword Optical properties � FTIR � Photoluminescence �
Copper impurities � Physical properties

Introduction

In recent years, glasses doped with transition metal ions

have attracted a great deal of attention due to their unique

properties such as hardness, good strength, transparency,

excellent corrosion resistance, and photoconducting prop-

erties [1]. The properties of glasses are mainly determined

by the degree of local order/disorder, through which

information about the local structure can be retrieved. UV–

VIS and FTIR spectroscopies are very useful to provide

valuable information related to the local symmetry, nature

of chemical bonds and other structural properties of glasses

[2].

Boric oxide is one of the most common glass-forming

oxides and has been incorporated with various types of

modifier metal oxide to attain the desired physical and

chemical properties [3]. Boric oxide, B2O3 is generally

interesting amorphous materials because of their structures

and physical properties. In these glasses, two groups of

bands are obtained: (a) due to trigonal BO3 units and

(b) due to tetrahedral BO4 units. By the addition of tran-

sition metal ions to the borate glasses, they would show

specific physical properties [4, 5]. Pure borate glasses are

not of practical use because of their high hygroscopic

nature and weak glow peak at low temperatures so they can

be improved with the addition of alkali metals to get good

physical properties. They are also studied as dosimetric

materials which are ideal materials for the environment [6].

The transition metal-doped glasses are mainly used for

applications in electrochemical, electronic, and optoelec-

tronic devices. Optical absorption of some transition metal

ions also gives rise to ligand field absorption energies [7].

On the other hand, the small quantity of transition metal

oxide when added to glasses like borate strongly influences

the physical properties. Copper oxide is one of the transi-

tion metal oxides which are used in industries for colored

glasses. Copper exists in two stable ionic states, the diva-

lent Cu2? and monovalent Cu? ions [8]. The cuprous ion

(Cu?) does not produce color, but Cu2? ion-doped glasses

are important due to their optical stability [9].

Thus, the purpose and objective of the current study are

to investigate the effect of copper ions concentration on
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optical, spectroscopic, and structural properties of calcium

lithium borate glasses. Additionally, the current results are

in good agreement with other studies and confirm the

suitability of these glasses in the broadband optical fiber

and other optical devices.

Methods

Experimental procedures

Compounds in powder form in mol% were utilized to

obtain the glass samples with the composition of (1)

(80H3BO3–10CaCO3–10Li2CO3) called as Glass So

(without Cu2O); (2) (80-x)H3BO3–10CaCO3–10Li2CO3–

xCu2O system, where x = 0.01, 0.02, 0.04, 0.06 and 0.08%;

these glasses are classified as S1, S2, S3, S4, and S5,

respectively. The details of techniques adopted for the

preparation of the samples were reported before [10]. The

compositions of the prepared samples are portrayed in

Table 1.

Powder samples of glasses were analyzed in computer-

assisted X-ray (Cu Ka) of wavelength k = 1.54 Å as

radiation that was running at 40 kV and 30 mA at room

temperature. The test was conducted out in the range from

2h = 5�–80� utilizing Siemens diffractometer D6000.

The optical absorption spectra in the visible and near-

ultraviolet region were measured at room temperature by

using Shimadzu (UV–3101PC) UV–Vis–NIR scanning

spectrophotometer in the wavelength range from 200 to

1800 nm. By using the Perkin Elmer LS55 luminescence

spectrophotometer, the photoluminescence spectrum was

measured.

FTIR transmission spectra measurements are performed

on thin disks formed by mixing the powder from the glass

sample with potassium bromide (KBr) in an agate mortar in

the ratio of 1:100 mg. The mixture was then pressed at

120 MPa for one minute to obtain a transparent disk.

Results and discussion

X-ray diffraction spectra

The X-ray diffraction (XRD) technique is a modern and

nondestructive testing method used to determine the crys-

tallographic structure and amorphous state of materials.

The prepared glasses were smashed into fine powders using

mortar and pellet. Figure 1 shows the typical X-ray

diffraction pattern for S2 glass. The truancy of any sharp

peaks confirms the amorphous nature of the glass [11].

UV–Vis absorption spectra

The optical energy gap was determined for all the samples

based on their UV absorption spectra. For this purpose,

plots of (aE)n as a function of photon energy (E) were

produced and the optical energy gap was calculated using

the Tauc’s equation [12]:

aE ¼ ao E � Eg

� �n ð1Þ

where Eg is the energy gap, a is the absorption coefficient,

E is photon energy, and ao is an energy-independent con-

stant. The value of exponent n in the equation defines the

nature of the electronic transition between the valence and

conduction bands. The value of n is 1/2 and 2 for direct and

indirect transitions, respectively. The value of the absorp-

tion coefficient can also be determined using the following

formula:

a ¼ 2:303
A

d

� �
ð2Þ

where d is the thickness of the sample and A is the

absorption. Figure 2a, b shows the ultraviolet absorption

edge and corresponding (aE)n versus photon energy (E) for

CLB:Cu2O-doped glass samples. From this plot, the

respective values of the optical energy gap (Eg) can be

obtained by extrapolating the linear region of the curve to

the energy axis at (aE)n ? 0. Results showed that the

Table 1 Glass samples code and their compositions (mol %)

Sample code Composition (mole %)

CaCO3 Li2CO3 H3BO3 Cu2O

S0 10 10 80.0 0.0

S1 10 10 79.99 0.01

S2 10 10 79.98 0.02

S3 10 10 79.96 0.04

S4 10 10 79.94 0.06

S5 10 10 79.92 0.08
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Fig. 1 X-ray diffraction patterns for the S2 sample
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value of Eg is decreased with the increase in Cu2O con-

centrations (see Table 3).

When photon energy in the region of optical absorption

is less than the band gap energy, this region is referred to as

the Urbach tail region and the relation between optical

absorption and photon energy is exponential. The Urbach

energy can be calculated by used the following relation

[13]:

a ¼ ao exp
hm
Eu

� �
ð3Þ

where Eu is the Urbach’s energy representing the width of

the localized state tails in the band gap. The values of Eu

are obtained by taking the reciprocals of the slopes of the

linear portion in the lower photon energy region of ln a

versus hm as shown in Fig. 3. The values of Eu for all

samples are given in Table 3.

Figure 4 shows the UV–Vis–NIR absorption spectra for

all the prepared samples. It can be seen from the UV

spectra of the Cu2? ion-doped glasses that there is a

transmission window in the wavelength range from 440 to

500 nm. This is a very interesting range for these borate

glasses, making them viable for the application of selective

absorption radiations. The shift of the ultraviolet absorption

band to longer wavelengths corresponds to transitions from

the nonbridge of oxygen (NBO) which binds an excited

electron less tightly than the bridging oxygen [14].
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Fig. 2 Plot of (ahm)n versus photon energy for CLB:Cu2o glasses a n = 1/2 for direct transition, b n = 2 for indirect transition
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Fig. 3 Plot of ln a versus hm for CLB glass doped with different

mol% of Cu2O
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Fig. 4 UV–Vis–NIR absorption spectra of CLB glass doped with

different mol% of Cu2O
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Photoluminescence spectra

The PL spectra of CLB:Cu glasses are shown in Fig. 5a, b;

the spectra include three main emission bands: The strong

emission peak wavelength of 399 nm band is slightly

shifted toward a higher wavelength 445 nm. The intensity

of all peaks in this band unchanged with the increase in

Cu2O content in the host glass. The second band was

observed at around 483 nm, and the intensity increased

gradually with the increase in Cu2O-doped contents. The

last emission band at around 573 nm is slightly shifted

toward a higher wavelength of 580 nm with a slight

increase in intensity upon different concentrations of Cu2?

ions. Figure 5b clearly shows that the PL intensity is

quenched with increasing the Cu2? ion concentration.

Then, it increased and decreased again such that sample S5

revealed the maximum PL intensity. This decrease in PL

intensity (sample S3) is mainly attributed to the Cu2? ions

concentration quenching effects and the instability of the

excited ions at the most upper level.

FTIR spectroscopy

Figure 6 shows the FTIR transmittance spectra of as-pre-

pared glasses in the wave number region (400–4000) cm-1

at room temperature. The bands observed from the FTIR

spectra and their corresponding assignments are summa-

rized in Table 2. The vibrational modes of the borate net-

work are mainly active in three infrared spectral regions,

which are similar to those reported by other researchers

[15]. The first band occurring at 1200–1600 cm-1 is due to

the asymmetric stretching relaxation of the B–O band of

trigonal BO3 units. The second band between 800 and

1200 cm-1 is due to the B–O bond stretching of the

tetrahedral BO4 units, and the third group observed around

700 m-1 is due to bending of B–O–B linkages in the borate

network. Furthermore, the band from 2400 to 4000 cm-1 is

due to the O–H vibration of water group [15–17].

A weak band in the region of (468–476) cm-1 was

formed due to the bending vibrations of various borate

arrangements, vibrations of calcium, lithium cations

through glass network [6, 18], which is due to the specific

vibrations of Cu–O, while the band in a range of (698–705)

cm-1 is attributed to B–O–B bending vibrations of borate

network [19–21]. The band at (1062–1076) cm-1 is

assigned to the stretching vibrations of B–O bonds in BO4

units from tri-, tetra-, and penta-borate groups [19]. The

band at (1383–1415) cm-1 is due to the stretching vibra-

tions of the B–O of triangle (BO3) units in meta-borates,

pyro-borates, and ortho-borates [22, 23]. The bands

(3439–3855) cm-1 are attributed to the symmetric

stretching of O–H groups (H–O–H) [24]. In the study, it

was noticed that the IR intensity of all the peaks is

increased when the concentration of Cu2O is increased.

The enhancement of peak intensity indicates the increase in

bond vibration and the shift toward higher wave number

which is due to the increase in the bond length of B–O

groups and the formation of BO4 units [25, 26].

From the FTIR spectra, already one can notice that the

addition of Cu2? in CLB has contributed to modifying the

glass network. It has been perceived that Cu2? content

helps in converting (BO3) groups to (BO4) units. This

reveals that Cu2? ions have a dominant role in the CLB

glass system.
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Fig. 5 PL spectra of CLB:Cu samples
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Physical properties

Density and molar volume

By applying Archimedes principle, the mass of the pre-

pared glass samples is measured in air and in liquid, the

density (q) of the prepared glass samples and molar

volume [VM (cm3/mol)] have been calculated at room

temperature with toluene as the immersion liquid (qo-

= 0.8669 g/cm3) on a single-pan electronic balance with

an accuracy of 0.001 mg using the following formula:

Fig. 6 FTIR spectra of all samples
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q ¼ Wair

Wair �WL

qo ð4Þ

VM ¼
P

xiMi

q
ð5Þ

where Wair is the mass in air, WL is the mass in toluene,

xi is the molar fraction and Mi is the molecular weight of

the ith component of the glass. The density is found to

decrease continuously from 2.1246 to 2.1056 g cm-3 with

the increase in Cu2O-doped concentration (see Table 3).

This decrease is majorly attributed to the following

mechanisms:

(1) Conversion of BO3 triangles into BO4 tetrahedral,

(2) enhancement of molecular mass of the glass due to

insertion of the higher atomic weight of calcium, and (3)

increase in the oxygen–boron ratio because of the increase

in Cu2O-doped concentration. Another indication of the

glass structure compactness reduction is the simultaneous

increase in molar volume (30.25–30.56 cm3/mol). This

increase is ascribed to the increase in bond length or

interatomic spacing among the atoms of the glass network

which causes compaction of structure [27, 28]. The average

boron–boron separation \dB_B[ is calculated to confirm

the modification of the glass network due to the presence of

copper oxide. Thus, the volume VB
m corresponding to the

volume that contains one mole of boron within the given

structure is defined as [29]:

VB
m ¼ Vm

2 1 � xið Þ ð6Þ

where Vm is molar volume, xi molar fraction of B2O3

dB�Bh i ¼ VB
m

NA

� �1=3

ð7Þ

where NA is Avogadro number. The value \dB_B[
slightly increased with increase in Cu2O contents, and the

measured values of\dB_B[ are recorded in Table 3.

Refractive index, molar refraction and molar polarizability

The values of the optical band gap (Eg) (indirect allowed)

consequently lead to refractive index results. The refractive

index (n) of each sample is calculated using the relation

[29, 30]

n2 � 1

n2 þ 2
¼ 1 �

ffiffiffiffiffi
Eg

20

r

ð8Þ

From the measured values of n and molar volume (VM),

molar refractivity (RM) and molar polarizability (am) of the

glasses have been calculated using the following relations

[29, 31, 32]:

Table 2 FTIR peaks position of prepared glass samples

Wave numbers (cm-1) Band assignments

468–476 Angles modification of B–O–B linkages

698–705 BO3–O–BO4 bending vibrations

1062–1076 B–O (stretching of tetrahedral BO4 bond)

1383–1415 B–O (stretching of trigonal BO3 bond)

2687–2925 Hydrogen bending

3439–3855 O–H (H2O bond)

Table 3 Measured optical properties, physical properties and inter-nuclear properties for all samples

Properties Doped Cu2O (mol %)

0.0 0.01 0.02 0.04 0.06 0.08

Direct band gap energy, Eg (eV) 3.57 3.49 3.41 3.38 3.33 3.28

Indirect band gap energy, Eg (eV) 3.78 3.74 3.69 3.67 3.63 3.6

Urbach energy, Eu (eV) 0.3048 0.3105 0.3135 0.3175 0.3194 0.3115

Density, q (g/cm3) 2.1246 2.1241 2.1203 2.1193 2.1182 2.1056

Molar volume, Vm (cm3/mol) 30.259 30.270 30.328 30.349 30.372 30.56

Refractive index, n 2.258 2.276 2.295 2.302 2.313 2.326

Molar refractivity, Rm (cm3) 17.471 17.622 17.808 17.875 17.975 18.188

Molecular weight, Mw 64.29 64.297 64.304 64.319 64.334 64.349

Average boron–boron separation, (\dB-B[ nm) – 0.36217 0.36279 0.36322 0.36335 0.3649

Molar polarizability, am (Å3) 6.925 6.985 7.059 7.086 7.125 7.21

Cu2? ion concentration, N (ion/cm3) 9 1020 – 1.988 3.97 7.934 11.892 15.758

Inter-nuclear distance, ri (Å) – 8.5661 6.803 5.401 4.719 4.296

Polaron radius, rp (Å) – 6.9031 5.4824 4.3524 3.8031 3.4625

Field strength, F (cm-2) 9 1015 – 6.085 9.648 15.308 20.049 24.188
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RM ¼ n2 � 1

n2 þ 2
VM ð9Þ

am ¼ 3

4pNA

� �
RM ð10Þ

The measured values of refractive index (n), molar

volume (VM), molar refractivity (RM) and molar polariz-

ability (am) are depicted in Table 3. Figure 7 shows that the

refractive index and molar refractivity increase with the

increase in Cu2O concentration. This increase is mainly

due to the creation of nonbridging oxygen atoms as a result

of breakage of glass network structures and subsequent

enhancement in the polarizability [33].

Internuclear properties

Ion concentration

The ions concentration inside the current samples can be

calculated by using the formula [34]:

N ¼ mole% of doped � q� NA

Average molecular weight of glass
Ion cm�1
� �

ð11Þ

Polaron radius, internuclear distance and field strength

Other related internuclear properties such as polaron

radius, internuclear distance, and field strength can be

calculated after the determination of ion concentration by

using the following equations [35]:

Polaron radius rp Å
� �

¼ 1

2

p
6N

	 
1
3 ð12Þ

Inter-nuclear distance ri Å
� �

¼ 1

N

� �1
3

ð13Þ

The field strength is expressed as,

F ¼ Z

r2
p

 !

ð14Þ

The measured values of ions concentration (N), polaron

radius (rp), internuclear distance (ri) and field strength

(F) are summarized in Table 3.

Conclusion

From the spectroscopic investigations of (CLB:Cu) glasses,

the following conclusions are drawn:

1. The analysis of optical absorption data reveals that the

optical band gap values are decreased with an increase

in Cu2O concentration.

2. The UV–Vis absorption spectra of glasses show that in

the copper oxide-doped glasses, there is the transmis-

sion window range from 440 to 500 nm.

3. Test dopant Cu2? ion concentration variation influ-

ences the physical properties such as glass density,

molar volume, molar refractivity, polaron radius,

internuclear distance, molar polarizability (am) and

field strength.

4. The photoluminescence spectra revealed three excita-

tion bands at around 399 nm, 483 nm and 575 nm.

5. The FTIR studies revealed that the network structures

of the studied glasses were related to the characteristic

borate bonds, especially BO3 and BO4 units.
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