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Abstract

Cole—Cole model for electric—dielectric relaxation has been developed to be applicable in the case of optical dielectric
relaxation. Such achievement, in addition to Tauc's relationship, should help in exacting the extracted optical parameters of
an optical medium for the purposes of optoelectronic applications. One sample of barium lead sodium borate glass has been
prepared using the traditional techniques and methods. The amorphous nature prepared of the sample has been characterized
using both the X-ray diffraction XRD technique and Fourier transform infrared FTIR spectral analysis. XRD pattern revealed
only two broad humps, while FTIR spectrum revealed the existence of three basic structural units BO;, BO,, and PbO,. While
UV-Vis optical measurements showed the prepared sample is of low optical transmittance (high absorption rate per meter).
The optical analysis showed that both the surface, SELF, and volume, VELF, energy loss functions decreased as the photon's
frequency increased. The SELF values are found to be lesser than the VELF values, which means that the prepared sample
has a high absorption rate and a low reflection rate at all UV-Vis regions. Finally, the Cole—Cole approximation has been
modified successively, by the first author Hosam M Gomaa, to simulate and describe the optical dielectric relaxation for the
prepared glass, where the resulting parameters helped in determining the number of relaxation processes that contributed
to the optical spectrum. The new approximation helped in determining the hidden absorption peaks in the UV region. The
resulted Cole—Cole parameter showed small values (less than unity), confirming the amorphous nature of the prepared sample.
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1 Introduction technological applications, such as optical fibers, leaser

active media, semiconductors, microelectronics, and scin-

Borate-based oxide glasses have been catching interest in
both research and industrial sectors, for their notable and
unique properties [1-3]. These glasses possess exceptional
peculiarities that can be controlled to fit many scientific and
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tillation detectors [4—6]. Addition of impurities like bismuth
oxide led to improving overall properties of the borate glass
by changing the internal structural arrangement of borosili-
cate glasses [7-10].

UV-visible spectral analysis is very useful in the charac-
terization of the glass electronic structure as well as the glass
network homogeneity. Where it is well known that the opti-
cal properties are closely linked with the atomic and elec-
tronic band structures of the material [11]. Studies of dielec-
tric properties showed improved characteristics of different
compositions of BOGs for electronic applications [12-14].
On the other hand, interaction of light with an optical solid
affects its electronic structure by means of material polari-
zation and subsequently creates up what is called optical
dielectric relaxation. In general, the dielectric relaxation is a
complex quantity depending on the type of physical defects
related to the dipoles within the sample [15]. The optical
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dielectric relaxation process is a phenomenon that occurs in
optical materials. It is the process by which the polarization
of a material relaxes back to its equilibrium state after being
perturbed by an external electric field. This process is char-
acterized by the dielectric relaxation time which is the time
it takes for the polarization to relax back to its equilibrium
state. The well-known Cole—Cole empirical model [16] has
been used for the studies of different dielectric parameters
and the relaxation time of dielectric materials.

This paper is concerned with developing the Cole—Cole
model for dielectric relaxation to be useful in the extraction
of the optical parameters of an optical medium based on its
recorded UV—Vis charts. In more details, the current study aims
to extend this Cole—Cole approximation to describe the optical
dielectric relaxation processes due to light interaction within an
optical oxide-glass sample. This paper is not a competitive study,
it does not focus on either the preparation or characterization
of glass, and it just aims to develop the Cole—Cole equation for
electrical dielectric relaxation to be suitable in describing optical
dielectric relaxation. The used glass system has been used as an
example of the optical material to perform the study and extract
the results. It is expected that the current study will result in the
foundation of a new method to determine the optical band gap
which is an essential factor in the description of semiconductors
and insulators, as well as reflects the fine structural changes,
because it reveals details about the electrical structure of materi-
als and their optical characteristics, so the determination of the
optical band gap is crucial.

2 Experimental methodology

Sigma-Aldrich's chemicals of purity do not less than 98%
have been used to prepare one glass sample of composition
[50 mol% B,053-25 mol% Na,0-12.5 mol% BaO-12.5 mol%
PbO], where all used oxides were weighted using an elec-
trical balance and then melted in a porcelain crucible at
1150 °C in an electrically heated furnace for 90 min., before
quenched by pouring at room-temperature air in between
two copper plates. The resulted solids were examined using
Philips analytical X-ray diffraction. X-ray unit kept constant
at 40 kV with a current of 30 mA. FTIR measured using an
infrared spectrometer (type JASCO FT/IR-4100), while the
optical absorption spectra were examined using a spectro-
photometer (type JASCO, V-570).

3 Results and discussion
3.1 Structural characterization: XRD & FTIR:

Figure 1 shows the X-ray diffraction (XRD) pattern of
the prepared sample, where only two broad humps can

@ Springer

be observed and no evidence of sharp peaks, which con-
firms the amorphous nature of this sample. Accordingly,
it can be stated that the prepared sample can be consider
as high-quality oxide-glass optical material. The internal
structure of this sample has been verified using Fourier
transform infrared spectra (FTIR), as shown in Fig. 2,
which displays the FTIR absorption spectrum of the pre-
pared sample versus the photon wavelength (nm) instead
of the wavenumber (cm™"). Where the using of the wave-
length rather than the wavenumber is acceptable, and in
the present work, it resulted in a much clearer IR spectral
chart. Figure 2 reveals six main absorption bands due to
six different functional groups and vibrational bonds, and
these absorption bands are assigned to their originators
and are tabulated in Table 1.
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Fig.2 Normalized FTIR spectrum of the studied sample
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Table 1 FTIR absorption

Peak center A, nm A, cm v, 1/cm Assignments Refs
detectable peaks
1 4274 0.0004 2340 OH- groups [17]
2 7681 0.0008 1302 BO; glass former groups-stretching vibrations [18]
3 10,913 0.0011 916 BO, glass former groups-stretching vibrations [19]
4 14,663 0.0015 682 0,B-0-BO; linkages/bonds [20]
5 16,238 0.0016 616 PbO, glass former groups [21]
6 18,866 0.0019 530 Ba—0O-bond specific vibration [22]
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Fig.3 Optical transmittance and the absorption coefficient (inset) for
the studied sample

3.2 Optical characterization

The optical characterization using UV—Vis spectral anal-
ysis is a basic technique for a good understanding of the
electronic transitions in glasses, and it defines the type of
structural network formers as well as the imperfections in
the glass structure. Accordingly, the UV-Vis spectra have
been recorded for the studied sample using double beam
spectrometer in the range of 190-2500 nm. However, this
study is limited to the range of 190-750 nm.

Figure 3 shows the change in the percentage of optical trans-
mittance (T%) and the optical absorption coefficient (c), where
it shows a low transmittance value (less than 40% of the incident
rays), which may be due to the equal concentration of the heavy
metal cations, Pb** and Ba**, which are good energy attenuation
agents, especially in the high-energy region where the electronic
transitions have a high probability. While inset figure shows
relatively high values (near 4000 m™") for the absorption coef-
ficient (a) in UV region, which explain the dip in the T% value.
Where the refractive index was determined based on the values
of the optical reflectance (R) and the absorption coefficient (),
Egs. 1,2 [23-25].

Figure 4 exhibits the change in measured reflectance (R)
and the linear refractive index (n). The observable high value

E, (eV)

Fig.4 Optical reflectance and linear refractive index (inset) for the
studied sample

of reflectance (60-96%) at almost all energy regions may
indicate a high optical energy loss

_ (1+025R R% o ?
n= (1 - O.ZSR) * \/(1 —0.25R)? (47:) M

(where n is the linear refractive index, R is the optical reflec-
tance, « is the optical absorption coefficient, and A is the
wavelength of the incident photons)

a:z'iﬁ(l—T—R) )

(where a is the optical absorption coefficient, T is the opti-
cal transmittance, R is the optical reflectance, and ¢ is the
sample thickness).

The loss of energy can be expressed by the optical dielec-
tric relaxation £* parameter, Eq. 3 [20], which consists of a
real (¢ dielectricconstant) and an imaginary (¢” dielectric
loss) components. For unfree damper, the real component
(1) characterizes the damping of the light propagation
through the medium. While the imaginary component is
considered a damping factor that describes the amount of
energy lost/absorbed within the medium [26, 27]. Where
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both components have been calculated for all studied sam-
ples using Eq. 4 for (¢ dielectricconstant) and Eq. 5 for (¢”
dielectric loss) [27]

e*=¢ +je 3)
(where e is the complex dielectric function, ¢ is the real
dielectric constant, and €”’ is the dielectric loss)

“

! 2
€ =n - (E)
(where €' is the real dielectric constant, 7 is the linear refrac-
tive index, « is the optical absorption coefficient, and 1 is the
wavelength of the incident photons)

" oA
e = ZHE 5)
(where €” is the real dielectric loss, 7 is the linear refractive
index, a is the optical absorption coefficient, and 1 is the
wavelength of the incident photons).

Figure 5a, b illustrates the variation in the values of both £/
and e/7 with the increase in the frequency of the incident pho-
tons. It is obvious that at low frequencies (lower than 8000 THz),
each e/ and €// has a constant value, while at high frequencies
(higher than 8000 THz), both £/ and e// started to disperse
at 8000 THz and then increased to reach their maximum val-
ues at 9000 THz, approximately. After that point, 9000 THz, £/
showed a saturated state while e// decreased linearly at a differ-
ent rate. As an advanced step to understanding the behavior of
both e/ and g7/, the experimental rate of // has been chosen to
fit using the Cole—Cole equation as a novel approximation for
studying optical dielectric relaxation

I Gl (G o

1+ (07y)? a

e = (50 - Eoo) [(wTd) l—gcos(%)] .
[1 + (01,) l_gsin<%) + wr,)2179]

(where €// is the real dielectric loss, &, is the static dielectric
constant, e is the high-frequency dielectric constant, w is
the angular frequency, 7, is the dielectric relaxation time,
and ¢ is the Cole—Cole parameter).

The ordinary Cole—Cole formula Eq. 6a, b [16] contains
only one term for one relaxation mechanism. Hosam M.
Gomaa, the initial author, changed Eq. (6b) to take the form
of Eq. 7, which has many terms, each of which denotes a
distinct relaxation process (relaxation time) with a separate
activation energy. This alteration was based on the simulta-
neous occurrence of many electronic transitions caused by
high-energy electromagnetic waves (UV—-Vis light)
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Fig.5 a Optical dielectric constant versus the frequency of the pho-
ton in THz. b Simulated and experimental optical dielectric loss ver-
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(where 7, 74, and 75 are the relaxation times of different
relaxation process)
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Fig. 6 Rate of absorption change with energy versus the photon ener-
gies

AL
Ty =T e, i=1,2 ®)

(where 74 is the dielectric relaxation time corresponding
to the activation energy AE,, 7, is the characteristic relaxa-
tion time, k is Boltzmann constant, and 7 is the Absolut
temperature).

Equation 8 shows that the dielectric relaxation time is a
function of both the characteristic relaxation time 7, and the
dielectric activation energy AE which in most cases is close
to the value of the activation energy of the DC conduction
[18]. Generally, the Cole—Cole formula contains a lot of use-
ful parameters like the high-frequency and low-frequency
dielectric constants {&,, €}, and the parameter {{} which
is enclosed between 0 and 1.

Figure 6b is a representative figure that exhibits the
experimental and simulated dielectric loss as a function of
the frequency of the photons. It is noticed that there is a large
consistency between the measured and calculated dielectric
loss factors. Such consistency resulted in some parameters
that are recorded in Table 2, which shows only one value
for the characteristic relaxation time and three values for
the Cole—Cole parameter. Such a result can be explained

by imagining multiple relaxation mechanisms. Table 2 also
shows that there are three activation energies, which in turn
means a distribution of relaxation times for three different
charge carriers, (electrons, Plasmon, and metal cation).
Where, the observed decrease in the values of the activation
energies explains the decrease in the value of optical trans-
mittance in the high-energy region (above 3.5 eV, Fig. 3).

In general, the suggested simulation method reveals about
three relaxation processes with different activation energies.
To check the validity of this result, the optical absorbance
(A) has been calculated using Eq. 9, and then, dA/dE was
plotted versus the photon energies as shown in Fig. 5 which
shows three maximum limits of the change of dA/dE versus
E, which refers to three different relaxation processes, which
confirm the validity of the previous simulation process. The
observed maxima are located at an energy point that has a
value that converges with that obtained from the simulation
process

1
A=2-log=
og ©)

(where A is the optical absorbance and T is the optical
transmittance).

Pines and Bohm et al. [25, 26] stated that when the charge
carrier moves throughout the matter body or on its surface
amount of energy should be lost, which is known as surface
energy loss, SELF, and volume energy loss, VELF, func-
tions, Egs. 10 and 11, respectively

el

SELF=—_%
(e + 1)2 + 112 (10)

VELF = — &
T el (In

(where € is the real dielectric constant, and €™ is the dielec-
tric loss).

As shown in Fig. 6, as the frequency increased up to 8000
THz, the values of SELF and VELF remained constant.
While, when the frequency exceeds 8000 THz, both SELF
and VELF decreased linearly to reach their lowest values
at 9000 THz, and then showed no response to the photons

Table 2 Cole-Cole simulation i=1 i=2 i=3
parameters
AE (eV) 3.35 4.5 525
A (nm) 370 282 239

Corresponding electronic
transition [28-36]

& (Cole—Cole parameter)  0.35
7y ($)

Electronic transitions related to the divalent
lead cations Pb**

5% 10 7310

Electronic transitions related
to the non-bridging oxygen
atoms

4%x1073  3x107
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Fig.7 SELF and VELF versus the photon frequency

falling. Also, it is noticeable that the VELF values are higher
than SELF values, the thing which may be evidence that
the probability of light—matter interaction is higher inside
the body of the sample than on its surface, which in turn
explains the low values of T% (percentage of the optical
transmittance). In other words, the optical analysis showed
that both the surface and energy loss function (SELF) and
the volume energy loss function (VELF) decreased as the
photon's frequency increased. The SELF values are found to
be lesser than the VELF values, which means that the pre-
pared sample has a high absorption rate and a low reflection
rate at all UV—Vis regions. Cole—Cole parameter showed
small values (less than unity), confirming the amorphous
nature of the prepared sample (Fig. 7).

4 Conclusions

One sample of the well-known sodium borate glass has
been prepared based on the fast-quenching method. Both
XRD and FTIR reveal the amorphous nature of that sample
with a glass network composed of three structural units:
BO;, BO,, and PbO,. The optical measurements showed
a low transmittance value (less than 50%) with a high
absorption rate per unit length. The Cole—Cole approxi-
mation has been modified to describe the optical dielectric
relaxation process in the optical materials. The parameters
resulting from the Cole—Cole simulation process showed
how more than one relaxation process, and different charge
carriers, contribute to increasing the optical dielectric
response. The new modification makes it possible to use
the Cole—Cole approximation to determine the hidden
absorption peaks in the UV region. These findings should
be useful in the field of optical characterization as well
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as the research and application area of the optoelectronic
field.
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