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Abstract:

 We show experimentally that the metallic salt, FeCl3, at different concentrations, provides photosensitivity and conductivity characteristics with poly(vinyl alcohol) material. The holographic recording in this photosensitive material was made in real time. The effect of applied voltage on holographic diffraction gratings in the recording process and the changes in their diffraction efficiency, depending on their composition, are shown. In addition, we describe the photo-mechanism, physicochemical processes, and water condensations involved in changes of the formation of images due to applied voltage. The results suggest that polymers doped with metallic salts may have potential as inexpensive photosensitive materials that are easy to work under normal laboratory condition.
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1. Introduction

Holographic materials research aims to create new materials with properties tailored to particular applications for various engineering and technological purposes. To date, polymeric materials, such as poly(methyl methacrylate), poly(vinyl alcohol) (PVA), and others, have been widely investigated for holographic applications [1,2,3].

Photopolymers possess good optical properties, good light sensitivity, a large dynamic range, flexibility, and low cost [4]. Among them, PVA-based films are of particular interest owing to the ease of fabrication of components; this polymer is important to industry because of its large-scale applications, for example, in biomaterials, biosensors, electrochemical sensors, membranes with selective permittivity, viscous media for controlling the crystallization process of salts, and because it is non-toxic, non-carcinogenic, biodegradable, biocompatible, water-soluble, and inexpensive [5].

The PVA material used here is polymer (organic material) doped by metallic salts [6]; inorganic additives, such as transition metal salts, considerably affect the structural, optical, and electrical properties of the polymer [6,7]. PVA is a synthetic biocompatible polymer; it has a large number of hydroxyl groups that can react with many types of functional groups, thus, it has very important applications that exploit the OH group and hydrogen bonds [8]. There are a large number of studies regarding the variety of polymer–metal systems with the aim of understand the nature and characterizing the obtained [9]. Doping of iron oxides into PVA can provide interesting phenomena involving the structure and properties of holographic register samples (diffraction gratings) [10].

Other studies have been performed with nanoparticles in organic polymers with different salts, liquid crystal, zeolite, and nanocomposites [11,12,13,14], and other work with nanoparticles, applying an electric field [15,16,17], with interesting results, different to the work described in this manuscript.

One of the first works on amplitude-phase hologram recording on PVA films doped with Iron (III) chloride (FeCl3-PVA films) was reported by Budkevich et al. [18]. They used FeCl3-PVA films to determine the contributions of the amplitude and phase components to the diffraction efficiency. They used low-temperature photolysis, in which the individual stages could be observed. Manivannan et al. [19] used PVA doped with iron (III) chloride as a real-time holographic recording medium for the first time. Their study emphasized that the reported polymeric materials doped with Cr (VI) and Fe (III) were suitable as potential candidates for real-time holographic recording, involving no thermal or chemical treatment. Bulinski et al. [20] used inorganic salts in the form of chlorides of mixed-valence metal ions (FeCl3) to dope a PVA solution. They analyzed the changes in its optical properties under UV exposure and the presence of hetero-doping elements, such as Fe pairs, with multiple valence states of the individual ions.

To our knowledge, little is available in the literature regarding the analysis of PVA doped with metal salts for possible use as a holographic and conductive material [21,22]. This manuscript presents an investigation of the optical and electrical properties of FeCl3-PVA samples with varied concentrations of FeCl3.

This manuscript is not intended to show a highly competitive material for forming display holograms, such as dichromated gelatin or some commercial films, such as (Slavich®, Pereslavl-Zalessky, Russia). Although the mixture of PVA: FeCl3 is a material that has been reported in other studies. This material is well known by its limitation as of the large amount of energy required to obtain good diffraction gratings. The intention of this manuscript is to show interesting results and update the published information, as is known in these materials, 12 J/cm2 of energy is the optimal energy to produce a diffraction grating with a diffraction efficiency >34% [19]. However, some studies show a symmetrical distribution between energy vs. efficiency, which is not entirely correct. In this manuscript, we show experimental results that do not follow this symmetry for all cases and concentrations with which we work. This manuscript reports interesting original results on the behavior of polymer holographic diffraction gratings when a voltage is applied.

The manuscript is organized as follows: in Section 2, we describe the sample preparation and report the chemical characteristics of solutions with different concentrations of FeCl3. We also present the holographic recording method and the optical setup used to make the diffraction gratings. In Section 3, we describe our experimental results; we explore the diffraction efficiency with respect to the chemical and physical characteristics of the samples, and the exposure energy and spatial frequency of the gratings. We analyzed the conductive characteristics of the sample, as well as the changes in the diffraction efficiency when we applied a voltage to the holographic recording plane. We discuss the optical and electrical effects of the dopant concentration. Concluding remarks are presented in Section 4.



2. Experimental Section


2.1. Preparation of Aqueous Solutions

The components of the photopolymer films are PVA and iron (III) chloride (see Table 1). First, the polymeric matrix was prepared in aqueous solution; this solution is called solution S1 (PVA + H2O), and the PVA content is 7% with respect to the H2O volume. Aqueous solution S2 (FeCl3 + H2O) was formed using 10% FeCl3 (powder) with respect to the H2O volume. Solutions S1 and S2 are base solutions in terms of the weight-weight percentage (% w/w).

Table 1. Components of photopolymer material.


	Component
	Chemical formula
	Purity (%)
	Molecular weight (g/mol)
	Solution weight (%)





	Poly(vinyl alcohol)
	(C2H4O) x
	95.0
	30,000
	7



	Iron (III) chloride
	FeCl3
	98.0
	126.75
	10










Normal laboratory environmental conditions of 19 to 22 °C and relative humidity of 30%–35% were used. The samples (films) were prepared (identified as A to F) with the concentrations shown in Table 2.

Table 2. Solution S1 and S2, are the base solutions. The second and third columns show pH and refraction index of different PVA + FeCl3 concentration.


	ID (S1%:S2%)
	pH (a.u.)
	Refractive index (a.u.)





	A = (10:1)
	2.64
	1.494



	 B = (10:1.5)
	2.47
	1.504



	C = (10:2)
	2.33
	1.520



	 D = (10:2.5)
	2.25
	1.530



	E = (10:3)
	2.23
	1.540



	F = (10:5)
	2.16
	1.545





S1: PVA + H2O; S2: FeCl3 + H2O. Percentages are % w/w.




Iron (III) ions have an affinity with water and form strong chemical bonds (metal-oxygen). The properties of these depend of different chemical bonds around them in aqueous solutions [23]. If the bond group is very polar, it has a high bonding force with the ion. The complexes with water are more stable than other groups with neutral chemical bonds. Water is an excellent solvent for salts as it forms stable complexes with the metallic ions [23]. The bonding force that characterizes a molecule is a stability measure of complex that the molecule forms with H+. Groups with strong chemical bonding capacity around H− will be able to form stable complexes with metallic ions [24].

The pH parameter was influenced by the FeCl3 concentration [23,25]. The pH change affected the characteristics of samples. If the FeCl3 concentration of the aqueous solutions is high, the electron transfer will be high and strong oxidation will occur around the sample. The pH of the aqueous solutions, was measured with a pH-meter (Conductronics ph15®, Puebla, Mexico). In Table 2, we can see the pH values at different concentrations of the photosensitive agent.





2.2. Preparation of Samples

Glass (Lauka®) was used as the substrate in this experiment. To obtain an appropriate volume of material (thickness) it is necessary to deposit, on a glass substrate, the aqueous solution of PVA-FeCl3.

A gravity method was adopted to dry the coating, thus, it was necessary to protect the photosensitive emulsion plate from falling dust particles during the sample drying time. The total thickness of each sample was 44 ± 1 µm. however in Section 3.3 experimental results of holographic recording at different thicknesses of samples are shown (the most representative thicknesses). The refraction index of the samples varies with the FeCl3 concentration, thus, the molecular weight is related to the refractive index, as we can see in Table 2.

Samples with PVA-FeCl3 ratios greater than 10:5 have crystallization due to the high salt concentration. Some dark zones may appear in the sample, which mean a reduction in optical transmittance [5]. This crystallization generates opacity and scattering in the sample surface, making holographic recording difficult. A necessary condition for holographic recording is that the samples be translucent; this characteristic facilitates the recording and reconstruction of gratings. On the other hand, the concentration of the photosensitive agent determines the photosensitivity of samples [26]. Thus, the absorbance profiles of the samples differ, as shown in Figure 1 (we show the profiles for samples A, C, E, and F as the most representative). All the graphs exhibit the same behavior, indicating that the materials prepared and deposited on the glass substrates are uniform and homogenous.

Figure 1. Absorbance profiles for different concentrations of poly(vinyl alcohol) (PVA) + FeCl3 (samples A, C, E, and F).
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The absorbance of the samples on the glass substrate was measured with an UV-visible spectrometer (Perkin Elmer Lambda 3B®, Waltham, MA, USA). Although the samples have a small absorbance in the visible zone, they have high absorbance over the UV range. This opens the possibility of using the samples for applications in this range [4].





2.3. Holographic Recording

The optical setup for holographic recording is shown in Figure 2, which shows the optical components used to generate an interference zone. A 445 nm diode (Lasever Inc.®, Ningbo, China) was used for recording holographic gratings with an output power of up to 300 mW. The beam incident on the holographic material is linearly polarized (Polarization S); we ensure the polarization using a linear polarizer after the laser output. The main beam is split into two arms (A and B) using a beam splitter; both arms are linearly polarized and also have geometric symmetry, forming an isosceles triangle between mirrors M1 and M2 (the angle formed is θ), and the interference zone. The two beams impinge at a point (interference zone) where they form an interference pattern. The power of light at this point is around 53.0 × 10−3 W/cm2 in the recording area.

Figure 2. Experimental setup for recording holographic gratings. CBS: cube beam splitter.
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We use this symmetry varying the distance Z, thus, the modulation of transfer function was obtained, and the results can be seen in Figure 6. These graphs represent the results of thirteen measurements. The size of the interference zone can be changed if we place a collimator before the prism system. We can obtain an interference zone 5 mm diameter; its size also varies with the angle between the array arms and the interference zone, due to astigmatic effect of M1 and M2. Diffraction gratings with high quality can be obtained by increasing the stability of the interference pattern, for reducing noise. Using active control technique, and technique of null detection with piezoelectric mirrors [27,28].

Figure 6. Diffraction efficiency for samples C and F with different spatial frequency.
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2.4. Volume Resistivity by Four-Point Technique

A feature of each sample is its conductivity when a DC voltage is applied through electrodes. Thus, two major methods are available for measuring the volume resistivity: (a) bridge measurements of the resistance and (b) a four-point technique, in which the potential drop is measured between a pair of electrodes in a constant current established by a second pair of electrodes. The second technique is widely used in mobility measurements on metals and semiconductors, but has been little used for salts [6]. The four-point volume resistivity test with an applied voltage was used for sample C (which is the most stable) according to standards ASTM D4496 [29]; the results depended on the sample geometry and the electrodes. We applied a DC voltage of 10, 20, or 30 V directly to electrodes 2 and 3, at the same time, the volume resistivity was measured using a digital multimeter (Tektronix TX3®, Beaverton, OR, USA) connected to electrodes 1 and 4. The experimental model for measuring the resistivity and obtaining the volume resistivity of the samples is shown in Figure 3, and the volume resistivity was obtained using the expression:

Figure 3. Physical model for measuring the resistivity and volume resistivity of the sample.
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(1)




Here: VR = Volume resistivity (ohm.mm); V = Electrical potential difference between electrodes (V ± 0.1 V); A = Sample area perpendicular to the flow of current (mm2), defined as:



A = W × t








W = Sample width (mm ± 0.5mm); t = Sample thickness (µm ± 1 µm); I = Current across the sample (amp ± 0.1 amp); d = Distance between the electrodes where the voltage is measured (mm ± 0.5 mm).



The results obtained with this arrangement are shown in Figure 9 and show the volume resistivity measured in real time under applied voltages of 10, 20, and 30 V.

Figure 9. (a) Volume resistivity and (b) polynomial fit of volume resistivity of sample C in real time under applied voltages of 10, 20, and 30 V.
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2.5. Electrodes Arrangement of Copper (+) and Ferrite (−) for Holographic Grating Recording

The samples (C and F) are placed at interference area of the experimental setup as shown in Figure 2. There is a distance between electrodes of 5 mm, which apply a voltage of 30 V DC. The electrodes with a better performance were copper (+) and ferrite (−), however, Section 5 describes the influence of the electrodes due to their polarity, which can be seen in the experimental results.

The interference pattern makes contact with the electrodes perpendicularly. That is the interference pattern that is in contact with both electrodes, see Figure 4.

Figure 4. Scheme of experimental design for electrodes connection with the material where the interference pattern is formed due to holographic recording.
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The recording process is continuously in the exposure time (minutes) during a voltage of 30 V is applied. As a necessary condition, the samples must have some moisture so that the process of ion transportation can be carried out and, in addition, to observe the changes in diffraction efficiency. The diffraction efficiency of gratings was measured in real time. When the sample is completely dried the process of ion transportation is not carried out, and unsatisfactory results are obtained. That is, the diffraction grating is not recorded.




3. Results and Discussion


3.1. Experimental Results


Holographic Recording vs. FeCl3 Concentration

The holographic recording was made using a diode laser (Lasever Inc.®) selecting the time of exposure used in the recording. The intensity was measured with a radiometer (International Light, Model IL 1700®, Chicago, IL, USA).

Each sample was placed at the interference point between the incident beams. The power of incident beam was 53.0 × 10−3 ± 1 × 10−4 W/cm2 at λ = 445 nm in the recording area. The exposure time was changed of each sample to vary the exposure energy (J/cm2). All the holograms were recorded with an angle θ of 5.8° between the beams A and B (Figure 2), this correspond to a frequency of 454 lines/mm with 445 nm, as it generates the maximum diffracted intensity. The diffraction efficiency expresses the intensity of the diffracted light with respect to the incident beam [30]. We used a He-Ne laser (632 nm) as a probe beam to reconstruct the holographic gratings, with an incident intensity on the grating of Ii = 40.0 × 10−3 ± 1 × 10−4 W/cm2. This is generally determined by the ratio of the power intensity at the first-order (the sum of both orders, ±1) of the diffracted light beam I±1 to the incident power of the beam Ii at normal incidence, given by:
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(2)




The intensity I±1 can be compensated for the reflection losses at both surfaces of the glass substrate. In all cases, only a single diffracted order was observed. The behavior of each sample (made with A-F concentration) was observed while the exposure times were changing in recording the holographic gratings.

The best results were obtained for sample C (with a PVA:FeCl3 ratio of 10:2) at an exposure time of 30 to 1800 s). The maximum first-order diffracted intensity was I±1 = 10.4 × 10−3 W/cm2, which corresponds to a diffraction efficiency of η = 26%.

The sample C is similar to the sample F (with a PVA:FeCl3 ratio of 10:5), with respect to exposure time. However, the diffraction intensity from sample F was I±1 = 1.2 × 10−3 W/cm2, which corresponds to diffraction efficiency of η = 3%, at the same spatial frequency.

The Figure 5 shows the maximum diffraction efficiency of each sample. These results suggest the concentration that will produce a holographic grating with diffraction efficiency >26% (results for sample C).

Figure 5. Diffraction intensity versus energy for samples C (PVA:FeCl3 ratio of 10:2) and F (PVA:FeCl3 ratio of 10:5).
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The diffraction efficiency of sample C was >26% ± 0.5%, which is equivalent to 15 ± 1 × 10−3 J/cm2 of exposure energy approximately, on the other hand, the diffraction efficiency was <5% ± 0.5% for sample F. The results obtained in this section show that there is an optimum exposure energy for holographic grating recording. This is of 12.72 ± 1 × 10−3 J/cm2 , which is equivalent to 240 s.




3.2. Spatial Frequency

Dependence of the diffraction efficiency on the angle between the writing beams was obtained. The distance of the photosensitive sample from the mirrors that send the light beams to the holographic point area was varied. Thus, we can change all the beam angles between the two arms of the set up (Figure 2). In this manner, we obtained the spatial frequency for C and F (see Figure 6). Each sample was at 12.72 J/cm2 using a diode laser (λ = 445nm). The spatial frequency was calculated with the Bragg Equation [31].



The diffraction efficiency versus the spatial frequency of sample C is shown in Figure 6. When the diffraction grating has a low spatial frequency, the diffraction efficiency is high. It is around 26% at the first order, with a spatial frequency of 454 lines/mm, and exhibited decay with increasing spatial frequency, with a spatial frequency of 1132 lines/mm the diffraction efficiency is around 4.6%. With sample F, with low spatial frequencies, the diffraction efficiency is the order of 3% at the first order, with a high spatial frequency the diffraction efficiency is around 0.4%. The diffraction efficiency of holographic gratings on this photopolymer material is better at a low spatial frequency as shown by the curves in Figure 6; this is due to the natural response of the spatial modulation of the material, as with in many photosensitive materials [2]. The diffraction efficiency curves depend only on the nature of the material, in Section 3.6.1 a physicochemical reaction diagram is described, a possible mechanism that explains how the image is recorded in the material. The physical phenomenon involved in this process would be that the grooves, of the gratings at low frequency, are formed with more energy per area than high-frequency grooves. This energy stimulates the photo crosslinking and the condensation of water droplets between the grooves of the grating (see Figure 18b. The data was used to generate Figure 6, with errors of the order of 0.5% in the diffraction efficiency and ± 2.5 lines/mm in the spatial frequency. These error values are not displayed in Figure 6, due to the scales of this plotting.

Figure 18. Photomicrograph of diffraction gratings with 454 lines/mm, sample C, (a) without voltage, (b) with voltage.
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3.3. Holographic Recording at Different Thicknesses

The thickness of the film is crucial to the performance of the diffraction gratings. As mentioned in Section 2.2 (preparation of samples), samples with PVA-FeCl3 ratios greater than 10:5 have crystallization due to the high salt concentration. This crystallization generates opacity and scattering in the sample surface, making holographic recording difficult for sample C, with prepared samples of thicknesses at 44 μm, and C2 with 88 μm. The diffraction efficiency was dramatically reduced (by a factor of three) when the thickness was increased by a factor of two. This material became more opaque with increasing thickness, and exposure to light, which reduces the diffraction efficiency of gratings made with this material, see Figure 7.

Figure 7. Diffraction efficiency for samples C, C2, and F with different thickness.
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In addition, for sample F the diffraction efficiency at a thickness of 52 μm was eight times smaller than the sample C at a thickness of 44 μm. We did not obtain satisfactory results when we increased the thickness of this material, thus, the diffraction efficiency was <3%. Furthermore, we note that the opacity of the material was higher than that of sample C. Thus, it is not feasible to increase the F thickness sample by opacity and crystallization, clarifying that the opacity of the material occurs mainly when exposed to laser to form the grating. The F sample thickness of 52 µm corresponds to one milliliter of material prepared on an area of 25 cm2. Due to the concentration, that is different from the sample C, the physical thickness is different, as shown in Table 3.

Table 3. Liquid solutions poured into a 25 cm2 area to determine the thickness, at 25 °C and a relative humidity of 33%.


	Concentration
	Amounts poured into 25 cm2 area (mL ± 0.1mL)
	Thickness (µm ± 1 µm)
	Exposure time (min ± 1 s)
	Maximum efficiency of first order (% ± 0.5%)





	10:2 (Sample C)
	1
	44
	4
	26



	10:2 (Sample C2)
	2
	88
	4
	8.6



	10:5 (Sample F)
	1
	52
	4
	3



	10:5 (Sample F2)
	2
	103
	4
	–












3.4. Conductive Characteristics of the Samples

Thus, far we have determined the diffraction efficiency of the photosensitive material with respect to the FeCl3 concentration in the samples. This section focuses mainly on the structural, electrical, and holographic properties of PVA samples doped FeCl3. First, the impedance of samples C and F with respect to the electrode gap was obtained, and consequently measures its conductivity.

Subsequently, the volume resistivity of samples, with respect to voltage applied in the real time, was obtained. Finally, we analyze the effects of applied voltage in the holographic grating, specifically, diffraction efficiency based on exposure energy.


3.4.1. Impedance and Conductivity Measurements of Photosensitive Material

The impedance of samples C and F, using a digital multimeter (Tektronix TX3®, Beaverton, OR, USA), was measured. The impedance measurements (Ω ± 1) were made for both samples, C and F, of 44 ± 1 μm thick in normal environmental conditions. Figure 8 shows the measured impedance with respect to the electrode gap length (±0.5 mm). The experimental results show that the conduction of electricity in samples F is relatively high, around of kilo-ohms, thus, the material has the conductivity properties. This suggests the possibility of doping PVA with other dopant agents to obtain more efficient photosensitive samples.

Figure 8. Impedance versus electrode separation on the surface of samples C and F.
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The impedance of the samples can be represented by a polynomial fit y = 2.612 + 0.432x for sample C and y = 3.675 + 0.062x for sample F, where y corresponds to impedance and x is the electrode gap (mm) used for each concentration. As expected, the impedance is higher for sample C than for sample F; thus, the conductivity is higher for the latter, due to the large number of hydroxyl groups that can react with the functional groups of FeCl3. The importance of Figure 8 is to determine the optimal distance from the electrodes to obtain the voltage measurement respect to diffraction efficiency as shown in Figure 10, Figure 11, Figure 12, Figure 14, Figure 15, Figure 16 and Figure 17, the optimal distance corresponds to the minimum impedance, as in our particular experiment, the separation between copper and ferrite electrodes is 5 mm.

Figure 10. First-order diffraction intensity vs exposure time with applied voltage of 30 V for grating with 454 lines/mm, made from sample C, C2, and F with different thickness.
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Figure 11. First-order diffraction intensity vs. exposure time with and without an applied voltage of 30 V for grating with 454 lines/mm, made from sample C.
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Figure 12. First-order diffraction intensity vs. exposure time with and without an applied voltage of 30 V for grating with 454 lines/mm, made from sample F.
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Figure 14. Diffraction efficiency with 30 V voltage, in the register process using copper electrodes (+) and (−) for different thicknesses, for grating with 454 lines/mm.
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Figure 15. Diffraction efficiency of 30 V voltage with thickness of 44 µm of sample C with a frequency of 1132 lines/mm, using different electrodes.
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Figure 16. Diffraction efficiency of 30 V voltage with thickness of 88 µm of sample C2 with a frequency of 1132 lines/mm, using different electrodes.
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Figure 17. Diffraction efficiency of 30 V voltage with thickness of 52 µm of sample F with a frequency of 1132 lines/mm, using different electrodes.
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3.4.2. Volume Resistivity by Four-Point Technique

DC voltage of 10 ± 0.1 V, 20 ± 0.1 V, or 30 ± 0.1 V was applied directly to electrodes 2 and 3; at the same time, the volume resistivity was measured using a digital multimeter (Tektronix TX3®) connected to electrodes 1 and 4. The experimental model for measuring the resistivity and the volume resistivity of samples can be seen in Figure 3, on the other hand, the results with this arrangement are shown in Figure 9.



The fit made to the points shown in Figure 9a, and expressed in Figure 9b, allows us a better visualization of the behavior and distribution of data. The volumetric resistivity increases rapidly after 20 s applying 10 V so the values began to decline. On the other hand, the volumetric resistivity has an almost linear behavior up to 360 s, when 20 V is applied. The volumetric resistivity to 30 V, shows the volumetric resistivity maximum values obtained in the INAOE (Institute National of Astrophysics Optical y Electronic) laboratory, with a maximum between 250 and 400 s. There is a discontinuity at 100 s in Figure 9a which is not shown in Figure 9b. This discontinuity is important because there is a maximum carrying ionic load between the copper and ferrite electrodes into the sample when 30 V is applied. Is important emphasize that the maximum volumetric resistivity coincides with maximum diffraction efficiencies in the same time period, see Figure 10, Figure 11, Figure 12, Figure 14, Figure 15, Figure 16 and Figure 17.




3.5. Effect of Voltage on Holographic Recording

Here, we analyze the possible changes in the diffraction efficiency in response to the application of a DC voltage to the samples during real-time recording. To obtain the behavior, with and without an applied voltage during hologram formation, we implemented on the experimental model, a pair of electrodes, one of copper (+) and the other ferrite (−), with a spacing of 5 mm (these electrodes are placed perpendicular to the grooves of the grating) in the optical setup (at the interference zone in Figure 2 and Figure 4). A DC voltage of 30 V is applied between the electrodes. The power source (B&K Precision Corp., Yorba Linda, CA, USA) providing the DC voltage is connected to the sample. Figure 10 shows the behavior of the photosensitive film to different thicknesses and different concentrations of C and F, respectively, where it is observed that the thickness of 44 µm, with concentration C, is the optimal, when a voltage is applied to the sample for diffraction grating with 454 lines/mm.



Table 4 shows the details of Figure 10, the curves plotted with exposure times up to 30 min and the peaks of efficiency are centered at the times described in table. As can be seen, the sample thickness is an important factor for thicknesses greater than 44 microns, the diffraction efficiency decreases, by which the samples becomes darker due to the concentration of (FeCl3) and light. That is, these films have a yellowish brown appearance that darkens with the thickness and photoreduction by light (samples C and F), but sample F, with more concentration, it is not feasible to increase the thickness due to problems of opacity and crystallization.

Table 4. Shows the values of diffraction efficiency of Figure 10.


	Concentration
	Thickness (µm ± 1µm)
	Voltage in the registration process ferrite (−), copper (+) (V ± 0.1V)
	Exposure time (min ± 1 s)
	Maximum diffraction efficiency to first order (% ± 0.5%)





	C 10:2
	44
	30V
	3.5
	34.2



	C2 10:2
	88
	30V
	4
	10.2



	F 10:5
	52
	30V
	3
	6.4










To analyze the voltage effect, we need to obtain the diffraction efficiency, thus, the diffracted beam is measured simultaneously during hologram recording with a probe beam (He-Ne laser, CVI Melles Griot, 30 mW, λ¼ 632.8 nm). The intensity of the diffracted beams (orders +1 and −1) is that measured at first order using a radiometer (International Light, Model IL 1700®). The diffracted beam is measured during hologram recording as a function of exposure time. The experiment is realized with and without an applied voltage for a grating with a spatial frequency of approximately 454 lines/mm; the grating was prepared from sample C, which yielded the best results. The results are shown in Figure 11.



Significant differences when the grating was recorded with and without the applied voltage are showed in Figure 11. The curve without the voltage is the same as that presented in Figure 7 (black points), with the voltage is the presented in Figure 10 (black points). At same exposure energy, the curve with the voltage shows significant differences in the diffraction efficiency. The sample increases the diffraction efficiency by a factor of 1.3 times when a voltage has been applied.

Figure 12 shows an important difference with and without the applied voltage. The curve without the voltage is the same as that presented in Figure 7 (green points), with the voltage is the presented in Figure 10 (green points). Sample F increases the diffraction efficiency by a factor of two times when voltage has been applied. Sample F, with more concentration of FeCl3, generates a significant difference when the voltage applied to the grating. However, with this concentration, when irradiated with a laser, the grating is darkens, causing a reduction in diffraction efficiency. The curve, with voltage applied, tends to increase and exhibits higher diffraction efficiency than without voltage applied, thus, the diffraction gratings under an applied voltage are more sensitive than those without voltage.



The polymer with plasticizers in environmental humidity has it some solvation effect (process of attraction and association of molecules of a solvent with molecules or ions of a solute) on the polymer with environmental humidity.

A plasticizer with water molecules can provide mobility of the metallic ions, resulting in an increase in the conductivity; on the other hand, it increases the intermolecular distance, thereby reducing the intensity of the intermolecular bonding forces. PVA is a plasticizer that helps in the ionic transfer, which, somehow, is involved in diffraction efficiency and it is also possible to add other plasticizers to increase, even more, the diffraction efficiency. The gratings with DC voltage in the exposure process have modulated their diffraction efficiency; this permits some flexibility in the design of holographic gratings [32,33]. This material may have behavioral changes by temperature, because it works as a hydrogel due to PVA and FeCl3 [34,35,36].


3.5.1. Diffraction Pattern

Diffraction gratings recorded in the sample C showed high diffraction efficiency, two photographs of the diffraction pattern of the gratings, as shown in Figure 13 were obtained. Image (a) is the diffraction pattern without voltage, image (b) is the diffraction pattern using 30 V. In both diffraction patterns, higher orders are displayed in a grating with a spatial frequency of 454 lines/mm. The diffraction efficiency to first order was obtained with the sum of the energies of the orders +1 and −1, represented by Figure 13, is noteworthy to observe that the light intensity of the +1 and −1 orders of (b) is higher than in (a), these differences helped to form Figure 11 and Figure 12.

Figure 13. Diffraction pattern, (a) without voltage and (b) with voltage of 30 V, for grating with 454 lines/mm, made from sample C.
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The diffraction pattern images were taken on a dark screen, by reflection, so they look a little skewed the diffracted orders. The image (b) shows less contrast than (a), this is due to problems of saturation of the camera.

The image (b) regularly presents more noise than (a), this is due to increased diffraction efficiency which is described in Section 3.5.4



3.5.2. Effect of Voltage on Holographic Recording with Copper Electrodes

In the experimental development, the size, material, and distance between the electrodes has been important. In this section, the effect of voltage on holographic recording with copper electrodes was obtained. Experimentally, copper electrodes for anode (+) and cathode (−) were used in the experimental design (see Figure 4).

The experimental results (see Figure 14) show a slight increase in the diffraction efficiency over the exposed samples without voltage applied. However, the efficiencies with copper electrode pair (+) and (−) is lower than those obtained with the combination of copper electrodes (+) and ferrite (−), the same happens for the different thicknesses.



The Table 5 shows details of experimental results of Figure 14, which shows that, with copper electrodes, the diffraction efficiency of gratings also increases, when 30 V is applied.

Table 5. Shows some parameters of Figure 8.


	Concentration
	Thickness (µm ± 1µm)
	Voltage in the registration process copper (−), copper (+) (V ± 0.1 V)
	Exposure time (min ± 1 s)
	Maximum diffraction efficiency to first order (% ± 0.5%)





	C 10:2
	44
	30 V
	2.5
	29.2



	C2 10:2
	88
	30 V
	3
	8.7



	F 10:5
	52
	30 V
	7.5
	3








A point of interest is that the optimal time of exposure is lower than those used with the ferrite and copper electrodes for samples C. However, diffraction efficiencies are lower than those shown in Table 4.





3.5.3. Effect of Voltage on Holographic Register for High Frequency, with Different Electrodes

Figure 15, Figure 16 and Figure 17 shows the behavior of this phenomenon for diffraction gratings with high frequency of the order of 1132 lines/mm. Noting, that in all cases, applying a voltage to the grating always shows greater diffraction efficiency than the gratings without voltage.



Figure 15 show that the electrodes also have an important role in increasing the efficiency of diffraction, by recording holographic gratings with a voltage of 30 V. In addition, observed, is that at frequencies of 1132 lines/mm, the pair of electrodes with better performance are ferrite electrodes (−) and copper (+). The diffraction efficiency obtained with ferrite electrodes (−) and copper (+) was approximately 5.6%, with the two copper electrodes was of the order of 5%, and without voltage 4.6% was obtained.

Figure 16 shows the diffraction efficiency of gratings constructed with double thick emulsion C2, with respect to what is shown in Figure 15. It can be seen that diffraction efficiencies are similar in both cases when a voltage is applied, using the ferrite electrodes (−) and copper (+). This behavior is important because the thickness at these frequencies does not greatly affect the gratings’ efficiency, in contrast with the Figure 10, where the thickness dramatically reduces the diffraction efficiency at low frequencies as 454 lines/mm.



In important, also, for the polarity of the electrodes, the ferrite changes polarity (−) to ferrite (+), thus, different results are obtained, as shown in the figure, this determines that the use of ferrite with the polarity (−) is the best option. The diffraction efficiency obtained with ferrite electrodes (−) and copper (+) was 5.2%, approximately, with the copper electrodes was of the order of 3.6%, with ferrite electrodes (+), copper (−) was 3.5% approximately, and without voltage was 3.4%.

Figure 17, is very interesting because it clearly shows a big difference when 30 V is applied to the electrodes of ferrite (−) and copper (+), and without voltage. Another interesting point is the polarity of the electrodes of copper, when changed from (+) to (−), one would expect it to be the same, but the nature of materials reserve some surprises, as shown in this graph. It suggests that the material preferably has a polarity determined by the salts comprising the photosensitive emulsion. The diffraction efficiency obtained with ferrite electrodes (−) and copper (+) was approximately 3.3%, with the copper (+) and copper (−) was of the order of 0.6%, with copper (−) and copper (+) was approximately 0.8%, and without voltage was 0.4%, although all measurements are within the error range, which corresponds to 0.5% in diffraction efficiency. Figure 15, Figure 16 and Figure 17 did not introduce the range of error in the graphs for the to reader have more clarity of the information.





3.5.4. Microstructure of Gratings

The images of gratings with sample C were obtained with an Olympus BX51 Optical Microscope®, (Hicksville, NY, USA). The image (a) corresponds to a photomicrograph of the grating without voltage, clearly being observed from grooves forming in the grating. The red background is the filter used with the microscope. Image (b) is a photomicrograph of the grating with 30 V, with more diffraction efficiency, by a factor of 1.3 times, with respect to the grating (a).

The increase in diffraction efficiency is determined by the factors described in Section 3.6, by the process of crosslinking of iron with the photochemical reaction of the reduction of Fe3+ to Fe2+ ion, and condensation of water, see Figure 18b.



An important point of the gratings, with 30 V, is the accumulation of micro-droplets (condensation of water) on microgrooves of orderly form. This contributes to increase the diffraction efficiency. The microdroplets on the grooves generate a small scattering on the diffracted orders, due to the shape and size variation of the microdroplets. This phenomenon is repeated for all frequencies from 454 to 1132 lines/mm, and for concentrations C and F.




3.6. Discussion

The hypothesis describes process of photo-crosslinking through electron transfer with formation and mobility of ion-radical active and non-active in system. With reorientation of electric charges and polarity between atoms and molecules the intramolecular crosslinks are formed in the hologram. This process is essentially through electron transfer from photochemical reduction reaction of Fe3+ to Fe2+ ion. Finally, electrochemical voltaic interaction contributes to a photo-redox process, increasing more the diffraction efficiency, and changing absorption in the film, taking a dark appearance.

An interesting result of Figure 18b is the condensation of water, which plays an important role in increasing the diffraction efficiency of gratings. This physical phenomenon is external to the electrochemical processes in the hypothesis posed. These are complementary phenomena.


3.6.1. Hypothesis Mechanism for Holographic Recording and Voltage Effect

The process describes possible chemical reactions for the preparation of PVA-FeCl3 hologram. Starting with preparation of the aqueous solution of polyvinyl alcohol (PVAaq) 7% and 80 °C, Equation (3) [37,38,39,40,41,42,43,44,45,46]. The aqueous solution of ferric chloride, FeCl3(aq), Equation (6) to 10% at 25°C, water ionization described in hydrogen ions (H+) and hydroxide ions (OH−), Equation (4). These, interact with ferric chloride crystals generating the solution of ferric ions (Fe3+) and chloride ions (Cl−), resulting a solution of ferric chloride with acidic properties, Equation (5). The reactions of ions (Fe3+ + 3OH−) produce ferric hydroxide, Fe(OH)3. With removal of OH− (hydroxyl) ions in aqueous solution causes a relative excess of hydrogen ions, H+, which makes an acid solution [47,48,49,50,51,52,53,54,55,56,57]. Equation (7) shows the preparation of polymer matrix with an oxidizing agent. PVA(aq) and FeCl3(aq) are combined in a ratio 10:2 and 10:5, at 25 °C, with conventional drying of samples C and F for 24 h at normal laboratory conditions. Starting here, the intramolecular interaction of components [18,19]: a film of yellow light brown [PVA:FeCl3]·xH2O is generated. The image (grating) is recorded, through of photo-crosslinking process with the photo-activity of ferric ions (Fe3+) with chloride ions (Cl−) and hydroxide ions (OH−) in acidic medium. Thus, Equations (8) and (9) represent the formation of photo-active intermediate species that coexist with [Fe3+.Cl−] and [Fe3+OH−], to pH = 2. With a photon absorption of λ = 445 nm, the process continues until reaching photo-reduction of iron with generation of ferrous ions (Fe2+) and free radicals, both chlorine (Cl) and hydroxyl (OH). With the process of photo-crosslinking there is the formation of three types of Fe, active and inactive Fe3+, and Fe2+ inactive [56,57,58,59,60,61,62,63,64,65,66,67]. Equation (10) represents the polymer matrix, [PVA:FeCl3]·xH2O, exposed to laser λ = 445 nm, a state transition is produced, [Fe3+Cl–---PVA---Fe3+OH−] + H+, by electronic excitation, where main photo-active species interact with PVA and generate hydrogen radical-cation. The species [Fe3+OH−] is more active, and photo-chemically less active, known as iron (III) aqueous, Fe3+(aq), [18,19]. The photo-redox process continues for transfer of electrical charges being obtained the photo-crosslinked (recorded image), [PVA-OH-Fe2+], with the production of ferrous chloride (FeCl2), ferrous hydroxide, Fe(OH)2, ferric hydroxide, Fe(OH)3, hydrogen gas, H2, and chlorine gas, Cl2, [53,68,69,70,71,72,73,74,75] this process darkens the sample film. Lastly, the photo-electrochemical process is performed by a redox reaction. Equation (11) represents chemical reaction simulation, where film is recorded simultaneously with voltage application [76,77,78]. The photo-crosslinking process [PVA-OH-Fe2+] with humidity and 30 V, with copper electrode (anode) and ferrite electrode (cathode), separated by 5 mm. The electric field contributes to increase diffraction efficiency of the holographic grating recording process [PVA-OH-Fe2+]*. Substances obtained: hydroxides of Fe (II) and Fe (III), chlorides of Cu (II) and Fe (II), and H2 and Cl2 gas, [69,70,71]. By the electronegativity the copper, Cu, replaces the iron atom, Fe, in the system. Apart of the photochemical and electrochemical processes, we note that when the applied electric field the holographic grating recording. It produces a condensation of water located on the grooves of the gratings.



3.6.2. Diagram Chemical Reactions

Preparation of PVA-FeCl3 for holographic recording.

PVA aqueous solution:
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(3)




aq = solute disolved in water; s = solid; l = liquid; ↑ = gas.
Ionization of H2O and FeCl3:
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(4)
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(5)




Acid solution of ferric chloride:
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Polymer matrix with oxidizing agent:
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Photo-active of Fe3+ ions in acidic medium for holographic recording:
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(8)
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Photo-crosslinking in the film, image recording:
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Over all reaction, preparation of the holographic grating with voltage application:
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(11)




Figure 19, presents a 2D schematic of the vicinity of the copper electrode (anode) and ferrite (cathode) by applying a voltage of 30 V, showing the electrochemical redox process, based in the explaining of the Equation (11).

Figure 19. Scheme 2D, simplified representation of the electrochemical interactions as from photo-redox process the grating (image) [PVA-OH-Fe2+]*. The formation of the image (grating) without voltage is: [PVA-OH-Fe2+], when voltage is applied is: [PVA-OH-Fe2+]*. This * is, to differentiate both images.
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4. Conclusions

Holograms formed with PVA and FeCl3 have two components, phase and amplitude. Generally we know that the phase contributes more significantly to the diffraction efficiency than the amplitude. PVA is a hydrophilic material; the prepared emulsion always has a humidity component that promotes the electrical conduction of the material and gratings recording. If the sample is completely dry, without wetness, the material is not photosensitive. We investigated the diffraction efficiency of holographic gratings made with different concentrations of FeCl3 dopant. We describe the sample preparation and report the chemical characteristics of the solutions with respect to the FeCl3 concentration. The experimental results show, as well, the diffraction efficiency with respect to the chemical and physical characteristics of samples, exposure energy, and registration angle of the gratings. The diffraction efficiency of the samples under a voltage applied to the hologram was obtained. We experimentally observed that the dopant concentration affects the characteristics of the samples as: resistivity, pH, and absorbance. The principal chemical mechanism in the samples under an applied DC voltage is the oxide-reduction reaction and photocrosslinking of PVA bonds with the incident energy in holographic recording. The hypothesis on the formation of the grating and the effect of the applied voltage is shown. The values of some important parameters for holographic gratings can be changed in this material by varying the applied voltage. The phenomena involved here are complex as two interrelated behaviors are significant for holographic gratings recorded with and without an applied voltage, an increase in the diffraction efficiency by a factor of 1.3 times for sample C and 2 times for F when the voltage is applied, and a shift in the diffraction efficiency with time, these results are valid for low and high frequencies. An important point of the gratings with 30 V is the increase in diffraction efficiency that is determined by the factors described in Section 3.6, by the process of crosslinking of iron with the photochemical reaction of the reduction of Fe3+ to Fe2+ ion; forming the [PVA-OH-Fe2+]* image, together with condensation of water.

The condensation of water on microgrooves, contributes to an increase the diffraction efficiency and generate a small scattering on the diffracted orders, due to the shape and size variation of the microdroplets.

This phenomenon is repeated for all frequencies and concentrations.

These are preliminary results; in the future, the material will be characterized in greater depth to determine its nature and whether it is appropriate for use as a photorefractive material. Finally, the principal goal in this work is to use the metallic halides, which offer a good opportunity for obtaining photoconductive materials using metallic salts and these are inexpensive and easy to manipulate under room conditions.
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