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Abstract

The universal casting method for an aqueous solution has been used to synthesize PVA solid samples with 0, 0.037, 0.37, 3.7,
18.5, and 37 wt% of Er**-ions. The semi-crystalline nature of solid films was proved by analyzing the pattern of the XRD,
while the complex formation has been confirmed via FTIR spectroscopy. SEM shows the formation of clusters of the Er**-
ions on the superficiality of PVA. The optical parameters, dielectric permittivity, and /-V characteristics have been studied.
The incident light is completely absorbed in UV-region by PVA: 37 wt% Er’"-sample. Moreover, the indirect energy, E,,
gap decreased from 4.98 to 4.74 eV, whereas the index of refraction increased from 1.53 to 2.85 with Er**-ions concentra-
tion. Dielectric permittivity decreases with a high proportion of Er**-ions in PVA and an interesting nonlinear behavior of
I-V characteristics is observed in PVA: 37 wt% Er**-sample. The characteristics of synthesized materials revealed that it

can be used for manufacturing cheaper varistor device, UV-protector, and optoelectronic applications.

1 Introduction

A prototype polyvinyl alcohol, PVA, has special recogni-
tion from scientists due to its wide and promising usages
in manufacturing devices, as optoelectronics, micro-optics,
varistors, sensors, etc. [1-3]. The optical properties and elec-
trical conduction mechanism in polymeric materials vary
according to the contents’ level and the type of the fillers
[4-6]. It is well known that the electronic conductivity of
the polymer is caused by the carrier mobility that appears in
the electronic system via positive or negative particles [7, 8].
The conductivity of polymeric films can be modified by filler
doping grade and type [4, 9], as it depends on the transition
of electrons between various chains.
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In recent time, the rare earth, RE, salts are attracting a
considerable attention in composites because of their promo-
tional properties [10, 11]. The aptitude to increase the light
output and also, to reduce reflection loss has a great applica-
tion in nonlinear optics, optical information storage, optical
fiber, light-emitting diodes, lasers and optical switching [12].
Moreover, it is more vital when it has been utilized for dop-
ing ceramic resistor devices [13]. It was reported before that
RE salts with polymer form a hydroxide complexes by the
help of weak bond [14]. So, when RE-ions are doped in pure
material, they produce significant properties [5].

Owing to such tremendous modifications in the key
properties of PVA through RE ions, it seems to be justi-
fied to work further using a novel RE element for enhanc-
ing the properties of the parent polymer matrix. Thus, in
current work, we aimed to investigate the effect of erbium
nitrate with various weight proportions on crystallinity and
dielectric of all as-prepared samples. Moreover, the optical
functional parameters will also be calculated from trans-
mission and absorption spectra. Also, the ability to use the
synthesized materials in varistor—polymer applications was
investigated by measuring -V characteristics.
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2 Experimental details

A 0.001, 0.01, 0.1, 0.5, and 1 g of erbium (III) nitrate
(Er(NO;);.6H,0), with 4 N purity, was added to 4 N purity
of polyvinyl alcohol (PVA). PVA was diluted in distilled
water to cast the proposed samples which are hereafter
called as pure PVA (PVA: 0 wt% Er’*), PVA: 0.037 wt%
Er’*, PVA: 0.37 wt% Er’*, PVA: 3.7 wt% Er’**, PVA:
18.5 wt% Er’* and PVA: 37 wt% Er’*, respectively. The
percentage of Er’* weight in PVA was calculated by

’ ey

where Wi, and Wpy, refer to (Er(NO;);.6H,0) and PVA
weights, respectively. The mixtures of PVA with different
weights of Erbium Nitrate were agitated, for a homogene-
ous solution, in ultrasonic during 2 min. After that, they
were poured into an equal-sized flat petri-dishes. For solid
films, the mixtures were dried by adjusting the oven to 40 °C
for 4 days. Colorless and flexible composite films with a
homogeneous average thickness equal to ~0.1 mm.

The crystalline structure of the samples was meas-
ured via XRD-6000 diffractometer (Shimadzu model).
The XRD with wavelength 1=1.5418 A, of a monochro-
matic source (CuKa), was used to measure the phases of
Er**-ions doped PVA samples between 5° and 60° range
with angular rate of 0.02/s.

Moreover, the influence of Er3*-ions content on the
functional groups of PVA was studied by measuring the
transmission spectra in 400—4000 cm™! wavenumber range
via FTIR spectrometer (Thermo Nicolet 6700).

The morphology of the samples and the size of
Er**-ions in the doped PVA films were measured with
the help of Scanning Electron Microscopy (model:
JSM-6360).

The JASCO V-570 spectrophotometer was used for
monitoring the transmittance, T and absorbance, B, spectra
of the samples between 190 and 2500 nm range.

Furthermore, a sinusoidal voltage with frequencies
between 3 kHz and 10 MHz range was applied on the
samples, via a KEITHLEY characterization system (4200-
SCS), for testing the dielectric capacitance, dielectric loss
and I-V characteristic curve of all as-prepared Er**-ions
doped PVA films. For these measurements, a sample
holder with brass electrodes was used.
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3 Results and discussion
3.1 X-ray diffraction analysis

The diffraction peaks of Er**/PVA samples with different
concentrations (0, 0.037, 0.37, 3.7, 18.5 and 37 wt%) are
detected via the XRD. The hard-sharp signal at ~ 19.54°
is absent in all PVA samples (Fig. 1). This confirms the
crystal structure of PVA closest to amorphous nature
which agrees well with the previous work [2, 15]. The
figure also shows that the width of this peak increases and
thus the crystallinity decreases with further increase of
Er**-content. So, the crystallinity degree strongly depends
on how much bonds formed between the Er’*-ion and
the hydrogen in the backbone of PVA [16]. The signifi-
cant decrease in the relative intensity of the sample peaks
can be related to the high concentration of Er’*-ion as it is
clear in PVA: 18.5 wt% Er’* and PVA: 37 wt% Er**-films.
For calculating the induced strain and the mean crystallite
size, the following relations are employed [17, 18]:

K
" Bcosh’ @)
_ b

8_4tan9’ @)

where €, D (nm) and f are denoted, respectively, to strain,
crystal size and FWHM. By taking k = 0.9, the nano-metric
of the mean size of crystallites decreased with erbium ion
increment in the polymer sample, as illustrated in Table 1.
This means that the preparation technique allows the com-
plex formation of the PVA with Er**-ions. However, it is
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Fig.1 X-ray diffraction (XRD) patterns of pure PVA and various
wt% Er**-doped PVA polymeric samples
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Table 1 Crystal size, internal Er/PVA 0 wt% 0.037 wt% 0.37 wi% 3.7 wi% 18.5 wi% 37 wi%

induced strain, optical

dispersion constants, directand ¢ 19.5443 19.5516 19.5433 19.595 19.750 23.890

indirect energy band gap for D (nm) 3.2900 41300 41100 4.0600 3.2300 3.1100

different wt% erbium nitrate—

PVA polymeric composite € 0.0618 0.0493 0.0495 0.0502 0.0628 0.0653

samples E, (V) 4.9810 4.9530 4.9180 4.8290 4.7920 4.7390
E, (eV) - - - 3.0140 3.5170 3.6240
E! (eV) 5.6010 5.5370 5.4630 5.2620 5.1960 5.0780
E! (V) - - - - - 4.0570
E, (eV) 8.1300 1.3700 3.5700 7.8000 6.8700 11.770
E, (eV) 6.3200 3.7000 2.9200 2.5300 2.4700 2.2100
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Fig.2 FTIR spectra of pure PVA and different wt% Er’*-doped PVA
polymeric samples

also observed that the internal induced strain increased with
more addition of Er**-ion contents, which is explained by
the increment of the distortion in the base sample.

3.2 The functional groups of Er**-doped PVA films
characterized using FTIR spectroscopy

FTIR analysis was performed to examine the influence of
the Er’*-ions on the PVA matrix at the molecular level.
Figure 2(a—f) display the FTIR spectra of all samples. The
strong main band between 3492 and 3146 cm™! is corre-
sponding to stretching vibration of O—H in the pure PVA
sample as illustrated in Fig. 2a. Moreover, the absorp-
tion band at 2942 cm™! is assigned to —~CH, asymmetric
stretching vibration, whereas the other bands observed at
1709 cm™! and 1094 cm™" are attributed to the stretching
mode of C=0 and C—O—C groups. The absorption bands that
exist at 1565 cm™', 1422 cm™', 1375 cm™', and 851 cm™

arised due to —OH and —CH bending, C—H wagging, as well
as the out-of-plane C—H vibrations, respectively [19, 20].

As presented in Fig. 2(b—f), there is a shift in the peaks
of Er**-ion doped PVA samples. The hydroxyl functional
band is shifted with further Er**-ion content to 3172-3017,
3620-2710, and 3648-2652 cm™" for PVA: 3.7 wt% Er'*,
PVA: 18.5 wt% Er’*, and PVA: 18.5 wt% Er**-samples,
respectively, due to the chemical conjugation of Er**-ion
with PVA molecules. Moreover, the functional group’s
intensity decreased with more charge escorted by the incre-
ment of Er**-ions’ content in the PVA matrix. The shift and
the decrease in the intensity of the peaks indicate the aug-
mentation of the crystalline degradation within Er**-doped
PVA polymeric samples, which is in correlation with XRD
results and also was reported in the literature for polymeric
composite films [21].

3.3 Microstructure surface morphology
of Er**-doped PVA films by SEM

Figure 3(a—c) show the morphology surfaces of the sample
before and after embedding Er’**-ions by means of SEM.
The gray color refers to the host PVA, while the whitish
one depicts Er**-ions in the matrix. It is observed that at the
low concentration of 0.37 wt% Er’*-ions, the particles are
spherical and homogeneously distributed over the entire sur-
face, while the particles agglomerated with further increase
of doping content level and form a cluster with different
distribution as shown in Fig. 3c. These results are similar to
the previous work reported on La**-doped PVA and PVA-
Al,0O; composite films [2, 22].

3.4 The optical analysis of Er**/PVA composite films

The optical UV-Vis-NIR transmission spectra of pure and
Er**-ions-doped PVA samples are displayed as seen in
Fig. 4. It is clear from this figure that the transmittance val-
ues, in the visible spectrum, are about 90% of the base sam-
ple and decreases gradually to ~ 84% with Er**-ions ratio
in the core matrix. In a similar manner, the results are also
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Fig.4 UV-vis-NIR transmittance of pure PVA and various wt% Fig.5 UV-vis-NIR absorbance of pure PVA and various wt%
Er**-doped PVA polymeric samples Er**-doped PVA polymeric samples
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reported previously for a polymeric material with rare earth
ions [15]. This indicates the increase in the random order
within the base samples by the complexes formed between
the RE ions and cations of the fundamental chain. In the
absorption spectra (Fig. 5), some ripples in the pure PVA,
at 281, 377, 520, 655 and 981 nm, increased with increas-
ing the Er**-ion concentrations. Moreover, there is a very
slight shift of the peak at 281 nm towards higher wavelength
of 285 nm for 37 wt% of Er’*-ion that is explained by the
H- bonding between Er’*-ions and the matrix of PVA. This
peak refers to n—z* electronic transition of the (C=0) car-
bonyl groups in PVA [16]. Also, the optical absorption of

70 [
—=— Pure PVA Tt
—e— PVA:0.037 wt % Er** [] 1 f
60 o PVA:0.370 wt % EF* f J
N —+— PVA:3.700 wt % Er* 14
—~ 50J—— PVA:18.50 wt % Er* / | 7
£ —+— PVA:37.00 wt % Er* 71 Z
>
I
o
>
<
=)

Fig.6 The variation of (ahv)"? with energy of applied photon for
pure PVA and various wt% Er**-doped PVA polymeric samples

Fig.7 The variation of (ahv)?

the polymeric films increased with further content level of
Er**-ions within PVA, similar to that reported for Ce’",
Gd**, Sm** and Eu*in PVA polymer films [23, 24]. More-
over, with raising the doping level of Er**-ions in PVA
matrix, the light was fully absorbed/blocked in the UV-
region band. Therefore, PVA: 37 wt% Er’*-sample can be
used as an excellent UV-protector.

Furthermore, the direct, Eé , and indirect, E,, energy gap
of the non-crystalline materials were calculated using the
following relations [25]:

B
a= 2'303X(cm) 4)
(ahv)l/’” = B(hv — E;)Pl)m’ 5)

where B and «a are the energy constant (absorbance), and the
absorption coefficient. As the values of the direct, m=1/2,
and indirect, m =2, allowed transitions are determined by
extrapolating a line to zero absorption in the plotting of
(ahv)'/™, with (hv), as presented in Figs. 6 and 7. All the
values of the energy gap are recorded in Table 1. The E; ,
and E, values are equal to 5.6 eV and 4.98 eV for the base
sample, whereas for PVA:37 wt% Er**-ions film they were
5.08 eV and 4.74 eV, respectively. This decrease in the band
gap with further Er**-ions content was observed in previous
work of filler-doped PVA [2, 26]. However, this proved the
formation of energy levels which are created in the mobil-
ity gap of Er’*/ PVA films, which facilitated the crossing
of electrons. This result is related to the influence of the
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Fig. 8 Variation of the refractive index (n) with the wavelength (1) of
the incident photon for pure PVA and various wt% Er’*-doped PVA
polymeric samples

complex bonding of Er’*-ions with O—H of PVA chains.
Similarly, the effect on the energy band gap is reported in
other work [1, 15].

One of the power parameters in optical physics is the index
of refraction, n, which is more significant for designing optical
communication and spectral dispersion devices. The following
formula was used to calculate the n values [27]:

where R and k are called the reflectance and the extinction
index. The base sample has n values between 1.53 and 1.67
in the range of 2000-950 nm, while the maximum value lies
between 2.44 and 2.84 for PVA: 37 wt% Er’**-ions sample in
the same range (Fig. 8). However, these values are more than
that reported for PVA with ErCl; [28] and La**-doped PVA
samples [2]. Moreover, it is clear that n value increased with
the increase of Er**-ions contents in the PVA. The results
are comparable to previous work reported on PVA: ErCl,
[28]. The n value of the material depends on the internal
structure like the packing density and molecular weight dis-
tributions factors. Therefore, the highest electronegative ions
like Er**-ions (1.24 eV) increase the degree of the disorder
in the matrix of PVA by forming ion- legend complexes
inside the polymer that arise more mobilities of the free radi-
cals and increase the value of n [29].

The single dispersion energies (E;) and the average
oscillator energy for electronic transitions (E,) in the Er**/
PVA films were calculated by plotting the relation between
(n®> = 1)~" and (hv)? with the help of the single effective
oscillator model [30]:

1 _E (w)
-1 E; E4E,

)

Therefore, in Fig. 9, the slope of the linear part and the
intercept values with the y-axis of that relation were used to
determine E,4 and E for all films. As recorded in Table 1,
the E,4 value increased, whereas the E, decreased with an
increment of Er**-ions content within PVA. These show the

1+R
n= (1+R) 4R _R ©)
(1-R) (1-R)*
Fig.9 Variation of (n*> — 1)~! 2.5

with (hv)? for of pure PVA and
various wt% Er’*-doped PVA
polymeric samples
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Fig. 10 The dielectric permit- 16

tivity £’ (a) and dielectric loss

€ (b) versus frequency for

pure PVA and all prepared 14
Er**-doped PVA polymeric

samples
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strong effect of the addition of Er’*-ions in the base sam-
ple. These results are similar to the other work reported on
La>*-doped PVA and PVA—AL,O, composite films.

3.5 Dielectric analyses of Er**/PVA composite films
The permittivity £, and the loss £” of the dielectric Er**/

PVA samples are expressed, respectively, by the following
relations [31]:

4.0x10° 6.0x10° 8.0x10° 1.0x10’
f, (Hz)
, _ CF).X(m)
& = TN A ®)
e,(F.m~1).A(m?*)
" =¢' . tané, 9)

where C is the capacitance of the sample. Figure 10(a, b)
show the variation of the dielectric permittivity, €', and loss,
¢, with different ratios of Er**-ions, in air, over the range
3 kHz-10 MHz. It was reported that £’ does not depend only
on the different frequencies, but also the ratio of the doping
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Fig. 11 Variation of cur-

rent- voltage characteristics

of pure PVA, PVA:0.037 wt%
Er**, PVA:0.37 wt% Er**, and
PVA:3.7 wt% Er’** (a), PVA: 18
wt% Er** (b), and PVA: 37 wt%
Er** (c) films
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in polymeric composite films [4]. As presented in Fig. 10a,
the &’ values decreased by increasing the wt% of Er’*-ions
compared to the base polymer, which can be explained by
the effect of the complex interaction between the reacting
substances, as well as, the conductivity effects that cause a
decrease of polarization via the increment of the charge car-
riers of the continuous network inside the composite films.
Figure 10b shows that the base polymeric sample, at low
frequencies, has a higher value of dielectric loss compared
to the others. However, at higher frequencies, the losses of
samples, with high Er’*-ions content, increased which can
be due to the vibration of molecules in the crystalline region
of the PVA main chain.

3.6 I-V characteristic curve of Er>*/PVA composite
films

The effect of variable concentration of Er**-ions on I-V char-
acteristic of PVA is illustrated in Fig. 11a—c. It was observed
that as the applied potential difference increases, the asso-
ciated electric current values increase. Also, the values of
the current increase with the Er**-ion content. However,
another trend has been noticed in the case of zero and low
content of Er**-ions in PVA matrix; the I-V characteristics
are linear, and the samples have an Ohmic behavior. It can
be noticed that with high doping of erbium nitrate (18 wt%
and 37 wt%), the nonlinear behaviors of the -V character-
istics were induced at the high applied voltage. This could
be related to two reasons: the first one is the decreasing of
the resistance of the sample and the other one is due to fur-
ther addition of Er**-ions that establish a new level inside
the gap of the base sample [4, 32]. Thereby at high voltage,
the narrow region in the band gap permits more charges to
jump between levels, which associated with the increase in
the electric current values from nA to mA. However, the
current values for PVA: 18.5 wt% Er’* and PVA: 37 wt%
Er’*are larger than that reported for PVA doped La**-ions
[2]. So, a new and cheaper varistor device can be made by
the preparation of polymeric samples with a high content of
rare earth-like Er**-ion.

4 Conclusions

A successful synthesis of PVA films with different concen-
trations of Er’* is achieved at low temperature through a
low-cost technique. The structure between amorphous and
crystalline is observed by XRD, whereas the production of
Er**/PVA complex is confirmed by FTIR. Moreover, the
agglomeration of Er**-ion increase, and a larger cluster size
is formed on the superficiality of PVA:37 wt% Er**-sample
approved by SEM. The dielectric, the electrical and the

optical properties vary with the percentage of Er’*-doping.
Due to the absorption property of PVA: 37 wt% Er**-sample
within the UV—-vis region, this film can be used as a prom-
ising material for excellent UV-protector. The E; ,and E,
values are found to be 5.08 eV and 4.74 eV for PVA: 37 wt%
Er**-film. The n values for pure PVA are observed between
1.37 and 1.53, while for PVA:37 wt% Er>*, between 1.98
and 2.46 in range of 2000-950 nm. Therefore, these samples
are promising materials to utilize in optoelectronic appli-
cations. The electrical characterization of the as-prepared
films presents a non-linear /-V behavior and the electrical
current value changed from nA to mA by increasing wt%
of Er**-ions, which are significant factors for new varistor
devices that work at high voltage.
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