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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. Figures 15–17 did not introduce the range 

of error in the graphs for the to reader have more clarity of the information. 

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. 

 

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. 
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Figure 18. Photomicrograph of diffraction gratings with 454 lines/mm, sample C,  

(a) without voltage, (b) with voltage. 

(a) (b) 

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) [37–46]. 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 [47–57]. 

Equation (7) shows the preparation of polymer matrix with an oxidizing agent. PVA(aq) and FeCl3(aq) 
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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 [56–67]. 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, [53,68–75] 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 [76–78]. 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, [69–71]. 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: 

( ) ( )
( )

aq
C80T

%7
l2s PVAOHPVA

l

⎯⎯⎯ →⎯+ °=  (3)

aq = solute disolved in water; s = solid; l = liquid; ↑ = gas. 

Ionization of H2O and FeCl3: 

( )2 lH O H OH←⎯⎯
⎯⎯→

+ −+  (4)

( ) ( )
H /OH 3

3 aq aqFeCl Fe 3Cl
+ − + −⎯⎯⎯⎯→ +  (5)

Acid solution of ferric chloride: 

( ) ( ) ( )
25 C

23 s l 3 aq
10%

FeCl H O FeClT = °+ ⎯⎯⎯→  (6)
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Polymer matrix with oxidizing agent: 

( ) ( ) [ ] ( )25 C
3 3 2aq 3 aq

10:2/24h
PVA FeCl PVA Fe H O brown dry filmT Cl•

•
= ° •+ ×⎯⎯⎯→  (7)

Photo-active of +3Fe ions in acidic medium for holographic recording: 

( )
[ ] [ ]ClFe-lCFeClFe 2nm445h

reductionphoto

3

speciesephotoactiv

nm445h

/OHH

3 •+=

−
•=






 −+

•
• +⎯⎯⎯⎯ →⎯+⎯⎯⎯⎯ →⎯
−

++
•
•

νν  
(8)

( )
[ ] [ ]OHFeOHFeOHFe 2nm445h

reductionphoto

3

speciesephotoactiv

445h

)/OH(H

3 •+=•=
−+

−•
•

+ +⎯⎯⎯⎯ →⎯−+⎯⎯⎯ →⎯+
•
•

νν  (9)

Photo-crosslinking in the film, image recording: 

[ ] ( ) ( )

3 3445
3 2

2+
445

2 2 22 3

photo-crosslinked (image)

PVA FeCl H O Fe Cl ---PVA---Fe OH H

FeCl Fe OH Fe OH H ClPVA-OH -Fe

h nm

Transition state

h nm

ν

ν

• + − + − +=• • • ••

=

   × +⎯⎯⎯⎯→   

+ + + + ↑ + ↑⎯⎯⎯→
 (10)

Over all reaction, preparation of the holographic grating with voltage application: 

( ) ( ) ( ) ( )

( )

[ ] ( )

2
s s2 moisture 3 aq 3

active anode cathode

*2+445 nm
2 2 2 2330 V

Inactivephoto-crosslinked
image with Voltage

Cu FerriteFe OHPVA-OH-Fe H O FeCl +

+ Cl H FeCl CuCl Fe(OH)PVA-OH-Fe Fe OH 2
hν

+

=

  + + + + 

+ ↑ + ↑ + + +⎯ ⎯ ⎯→
 (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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