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Investigation of optical and dispersion parameters poly vinyl
alcohol doped Safranin O dye (PVA/SO) thin film
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Optical characteristics of polyvinyl alcohol/Safranin O dye (PVA/SO) thin films prepared
by casting technique have been examined. Compositions and crystalline features of
PVA/SO thin films are investigated with X-Ray Diffraction analyses. Ultraviolet—Visible
spectroscopy has been utilized to measure the absorption and transmission optical
properties of the thin films through the wavelength range 300-900 nm. Two regions can be
recognized in absorption coefficient related to the direct band gaps, which are about 3.93
eV of the fundamental energy gap and 2.11eV of the onset gap. The theoretical Wemple-
DiDomenico model has been performed to quantify the static refractive index n and the
dispersion energy in addition to the oscillation energy (E,). The results reveal that the data
of the refractive index dispersion in this model obeyed the single oscillator, which is used
to deduce the dispersion and the high frequency dielectric constant. In the examined
wavelength range, it has been investigated the complex dielectric constant of PVA/SO dye
thin films. The ratio of the carrier concentration to the effective mass has been estimated.
Oscillation energy values have been examined in this study by describing the expression
E, = E, and checking the Wemple-DiDomenico model. PVA/SO thin films have
interesting physical properties for solar cell applications.
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1. Introduction

Polymers and dyes combination, amongst functional macromolecules, have a great
potential research field with respect to high performance materials. Based on that, colored
polymers in recent years have become significantly substantial for many technical applications and
a fundamental part of lifestyle. Nowadays, diverse applications of dye-containing polymers are
used in painting industries, medicine, gas separation processes [1], DSSC [2], nonlinear optics
(NLO) [3], light emitting diode (LED) [4], and optical storage devices [5]. Due to the stability and
optical bleaching of these organic materials, their applications are usually limited in devices.
Therefore, more stable dye is required to design new potential hybrid systems, such as
encapsulated dye molecules in gel host. Clearly these applications are associated with the dye’s
nature that combines with the identical polymer; the specific polymers affinity is invested in
wastewater work ups. Dyes are colored due to the selective absorption of light in the visible
spectrum region (400-700 nm), possess at least one chromophore, and have a conjugated system,
such as molecules structure with single and double alternating bonds (C-C and C=C bonds) which
prepare the material with the m-electron delocalization, However, it is also linked to the intensity
of light, as well as exhibit electrons resonance [6]. The color can be lost if any of these features in
the molecular structure are missing. Besides chromophores, auxochromes groups (color helpers)
also exist in many dyes, such as hydroxyl groups, amino, sulfonic acid and carboxylic acid.
Whilst their existence is not responsible for the color, they do color shifting and are usually
utilized to affect the solubility of the dye. Many researches have embedded it to include dyes
within polymers to obtain thin films that enable us to take advantage of the good properties of
polymers, such as mechanical properties and resistance to organic solvents and temperatures. A
suitable host material, PVA, is used among the diverse polymers since it has outstanding features,
such as water solubility, chemical stability, perfect film forming character, charge storage
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capacity, easy process ability, as well as dielectric strength, high transmittance and flexibility [7].
Actually, the organic compound is widely utilized in the optoelectronics applications technology,
such as biological applications, textile industries, tannin mordant and silk, and dye wool. Basic
dyes are among the various dyes currently available and are one of the brightest classes of soluble
dyes that are employed in textile industries. Basic dye is called a cationic dye and it is a positive
charge (cationic) that could interact with a negatively charged (anionic) material. Moreover, 3,7-
Diamino-2,8-dimethyl-5-phenylphenazin-5-lum chloride represents the IUPAC name for the
Safranin (O) dye. An organic dye typical example is Safranin (O) which is known as Basic Red 2
and belongs to Quinone-Imine class.

Besides the enormous applications of Safranin (O) in dye industries, it is as well utilized
as a biological staining, which is well known to be toxic to human and animals, in a number of
biomedical research laboratories [8][9]. Absorption spectroscopy indicates to a mechanism which
measures the electromagnetic radiation absorption as a wavelength or frequency. According to the
absorption process that occurs as a result of the interaction between the sample and
electromagnetism, this could be explained by the differences in the absorption spectra. An
absorption spectrum is polymer material or molecule fingerprint. To study interactions between
radiation and electrons, UV-Vis absorption has been utilized as a common analytical tool.
However, infrared absorptions are usually utilized to analysis the interaction between the
electromagnetic waves and the energy of the vibration of the bonds [10]. Whilst optical constants
are expected to prepare more physical information concerning the spectral dependence of optical
parameters, such as extinction coefficient, absorption coefficient, refractive index and real and
imaginary dielectric constant, which are important in characterizing the materials employed in the
optoelectronic devices fabrication [11].

The aim of this research is to evaluate the optical characteristic of PVA/SO dye thin film
and to illustrate the refractive index dispersion in terms of the Wemple-DiDomenico WDD model,
a single oscillator model.

2. Experimental

Thin films have been provided from the prepared dye using the casting method, due to the
ease of this method, and the possibility of preparing thin films of different thicknesses by
dissolving 0.5g of PVA provided by Aldrich in 5ml of dimethyl formaldehyde
(H.CO.N(CH3)2(DMF) provided from Thomas Baker as a solvent, and shaking the mixture by
means of a mechanical mixer at room temperature for about an hour. Then the safranin dye
(C20H9CINy), provided by BDH chemical Ltd., was added to the solution, by dissolving 0.025g of
the dye into solution. Then the mixture was shaken well until a homogeneous solution was
obtained, after which it was kept in a dry place and then poured. The solution was placed on a
glass substrate that had been carefully cleaned by immersing it in a cleaning solution consisting of
acetone and exposing it to a stream of distilled water. After drying, the glass substrates were
placed on a horizontal level and some drops added on the glass substrate and left until dry for at
least 24 hr. to ensure the solvent volatilizes, after which it was thermally treated at a temperature
of 50°C. UV-Vis spectroscopy type Shimazdu-1800 at the range 200-1100 nm was used to
measure the spectral absorbance.

3. Results and discussion

The crystalline structure of the PVA/SO dye thin film has been performed using an XRD
diagnostic on the thin film sample, see Fig. 1. It is clear that in the X-ray diagram there is one
broad diffraction peak only of the PVA/SO compound showing that it originates from PVA, which
agrees with the reported literature [12]. The (101) peak of the crystalline thin film has been
obtained at 19.90° (d=4.46°A) and corresponds to a monoclinic unit cell [13], and superimposed on
a broad hump (14°-30°) reflecting the amorphous content of the compound. Safranin O hydrated
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structure resulting from the interaction between Safranin O dye and PVA can be eliminated by
hydrogen bonding [14]. Equation 1 is used to calculate the particle size. X-ray line broadening

analysis has been used to estimate the average grain size of the samples by Scherer’s formula [15]:
kA

D= (1)

- Pcosb

where K is Scherer’s factor, usually taken as 0.94. A is the X-ray wavelength, p is the FWHM
value in degree unit and transform to radian by multiplying (/180) and 0 is the Bragg angle where
D=15.32 nm for PVA/SO dye thin film. Ghoshal et al. found the grain size of PVA/BTB dye about
17.74-18.58°A at different concentration of dyes. The crystal size is used to estimate the number of
defects and vacancies in the crystal, which is known as the dislocation density and can be
calculated by [16]:

5=1/D"2 )

where & represents the dislocation density, the § value is about 4.26x10°m>, and D is the size of
the average crystallite.
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Fig. 1. XRD of PVA/SO dye thin film.

The optical properties of PVA/SO dye composite thin film is calculated by using UV—Vis
spectroscopy in the range of 300-900 nm, as illustrated in Fig. 2 and Fig. 3, respectively. The
absorbance peaks are increasing with increase of the wavelength with the maximum peaks at the
range 400—600 nm. The prepared sample cleared absorbance peaks at nearly 525 nm. Fig. 3 shows
the transmittance spectrum increase at the large wavelength where the sample appears as
transparent. Fig. 4 indicates the reflectance spectrum for the sample according to equation [17]

A+T+R=1 3)
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Fig. 2. The absorption spectral for PVA/SO film
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Fig. 3. The transmission spectral for PVA/SO film.

From Fig. 4, high reflecting characteristics beyond around 600 nm reach 70% and then
decrease in the large wavelength owing to the increased probability of photons lacking the
necessary energy to interact with electrons or atoms reflecting [18]. Fig. 5 show the a as a function
of the incident photon [19]:

2.303
=T h @

We noticed that o increased rapidly with increased photon incident. o analysis as a
function of the photon energy (hv) near the fundamental absorption edge with exciton effects
neglected and has been used to calculate the optical energy band-gap (E;) and the optical transition
type for crystalline and non-crystalline thin film by the expression [20][21]:

(chv)™ =B (hv — Ey) (%)

where B is a constant, & represents the Plank’s constant, v is the light frequency and m is the
material transition nature (m = 2 or % for direct and indirect transition, respectively).
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Fig. 4. Reflectance spectral as a function of wavelength for PVA/SO film
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Fig. 5. The absorption coefficient spectral as a function of photon energy for PVA/SO film.

The E, of PVA/SO dye thin film is calculated by plotting the relation between (chv)* as a
function of ho as illustrated in Fig. 6. Two significant regions can be recognized related to energy
gaps; the values of the fundamental energy gap (Egr) and onset gap (Eg) were determined to be
3.93eV and 2.11 eV, respectively. This behavior is clear in many previous studies, where the
polymer absorbs in the UV region, while the dye absorption is within the visible region. It is also
noted that there is a clear displacement of the energy gap of PV A near short photon energy [16].

The E; with filling tends to decrease. This may be attributed to the fact that small amounts
of incorporation of doping can form charge transfer complexes in the host matrix. Accordingly, the
electrical conductivity increases due to the charge transfer complexes by providing additional
charge, thus reducing the energy gap [22].

In general, the tail width in the E, of localized defect states represents the Urbach energy.
Indeed, this disorder is related with structural defects in the thin film, which lead to an elongation
of the state’s density in the band tails. Defects are produced by impurities which enhance the inter-
mediate levels in the £,. The width of the exponential absorption edge is taken into consideration
in the Urbach energy £, and can be calculated by [23].

@ = apexp (1) (6)

where o, represents a constant. The plots of PVA/SO dye in Fig. 7 shows In(a) as a function of hv.
The linear fit slope (1/ E,) of the In(a) versus (hv) plots gives the E, values, as shown in Fig. 7.
Thus, E, values are around 143.6meV.
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Fig. 6. Plot of (ahv)’ vs. hv for PVA/SO film.
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Fig. 7. Plot of Ina vs. hv for PVA/SO film.

The extinction coefficient (k) has been associated with the a according to the following
relationship [24].

k = ai/4m (7N

For PVA/ SO film, Fig. 8 shows the relation between k and wavelength (A). As seen, high
value of k is caused by the increase in the atomic refractions number as a result of the
enhancement in the linear polarizability [25]. The value of the refraction index (n) provides the
thin film optical characteristics and is given by the equation [26].

n=(%) ®)

n variation as a function of wavelength, see Fig. 9. The studied samples have shown that n reduces
sharply when wavelength is enhanced from 600 nm to 700 nm; then in the high photon energy
region it becomes saturated. The refractive index dispersion relies on the light beam frequency.
The hv dependence on n has been investigated utilizing the single effective oscillator model of
WDD model [27] as:

EoEd

n=l4——od
E! —(hv)?

)
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where Eq and E, represent single oscillator constants. Eq is the energy of the dispersion, which is
regarded as a direct measure of the optical transitions’ average strength between the bands. E, is
the energy of the single oscillator, which is regarded as the average excitation energy of the
electronic transition; it is related to the E,.
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Fig. 8. The extinction coefficient as a function of wavelength for PVA/SO film
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Fig. 9. The values of refractive index as a function of wavelength for PVA/SO film.

The (n* — 1) " and (hv)® curves are plotted in Fig. 10; the linear part of the curve reaches
close to the band edge, where this linear fit is valid near the optical energy gap to straight tine with
slope (—1/E,Eq) and the intersection (EoE4). The calculated dispersion parameters of E4 and E, are
shown in Table 1. The E, value is changed in the same way with the energy gap, while Eq is based
on the distribution of the charge within a unit cell, which is closely associated with chemical
bonding. Dispersion has an important role in terms of optical communication and spectral
dispersion.
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Table 1. PVA/SO thin film optical constants.

Quantity | Value | Quantity Value
E, (eV) 2.98 A, (nm) 425
E, (eV) 4.08 S.(m ) 1.08x10"3

M (V) 1.96 N/m'(m*kg)™" | 1.22x10%
M (eV) | 045 | ¢ 13.66

o0

The static refractive index value (n,) has been estimated by extrapolating the WDD model
dispersion equation to (Av—0), which is obtained by [28]:

& (0) = limp, o (n? () = n? =1+ };—‘j (10)

The calculated value of #, is about 1.72. The high frequency dielectric constant, &, = (1,)°,
is 2.96. E, and E4 according to the WDD model are associated to the imaginary part & of the
complex dielectric function, and the optical spectrum moments (-1 and —-3) of the &, has been
derived from the expression below [29]:

M_ M3
E2=it, Ei=i2 (11

The M_; and M 3 moments values are summarized in Table 1, where M_; is dimensionless
and M ; is in eV. The complex dielectric function (&) in terms of its real and imaginary is often
expressed by the equation [30]:

&= g+ & =M%= (n+ik)? (12)

The real (g1) and imaginary (&;) parts of the dielectric permittivity have been evaluated
utilizing the complex refractive index, as given:

g =n"—k’,&, =2nk (13)

The real part of dielectric constant €; is related to the square of wavelength 5 by the
following formula [31].

— 52 2 _ 2
g =n -k =¢&,—BA (14)

e? N

B = (15)

4m2¢c2¢0 M*

€» 18 infinite high frequency dielectric constant, e is the electronic charge, € is the free space
permittivity (8.854 x 1072 F/m), c is the light velocity, and the ratio of the carrier concentration to
the effective mass is N/m". Fig. 11 shows the relation between n* as a function of A*. The linear
part of this dependence is extrapolated to zero wavelength to give &, value, and from the slope the
N/m" values can be estimated according to the Eq. 15. &, and N/m" values are listed in Table 1.
The oscillator model is also given as [32]

n?—1= SA2[1- (D)7 (16)

where A represents the incident radiation wavelength, A, is as average oscillator wavelength, and S,
is as average oscillator strength.
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The plots of (n*> — 1) ! as a function of the A% as shown in Fig. 12 have been fitted into
straight lines according to the formula of Meier’s dispersion. The intersection between the slope
(1/S,) and the infinity wavelength (1/S, A.)* gives the estimated value of S, and A.. The values of

the optical parameters are listed in Table 1.
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Fig. 13. The optical conductivity as a function of hv for PVA/SO film.

Optical conductivity (cop) is one of the significant quantities which is fundamentally
utilized to detect any further allowed inter-band optical transition of the material, and describe the
solids optical properties [33]:

o, __anc (17)

0P="m

The oo, versus the hv is shown in Fig. 13, and it is obvious that o, increases as hv
increases.

4. Conclusions

PVA/SO dye thin film was deposited using cast method technique. The optical and
structural properties of the PVA/SO dye have been investigated. XRD analyses revealed that the
thin film is semi-crystalline. Optical study of the thin films shows that direct energy gaps are low
at 3.93eV and 2.11eV, respectively, and £, is about 143.6 meV. The thin film optical behavior has
been described well using the WDD model. The spectral dependence of optical parameters, such
as extinction coefficient, refractive index linear and nonlinear optical susceptibilities, real and
imaginary parts of the complex optical conductivity, the complex impedance, the complex electric
modulus, and dielectric function, in the photon energy range (1.54-4.9 eV) have been performed
using UV-Vis spectrophotometer experiments. The deduced values for the high frequency
dielectric, single oscillator energy and static refractive index were derived from the linear portion
of the (n>~1)"" versus (hv)’> plots utilizing the WDD model. Energy gap values satisfy this
expression £, = 1.4E,.
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