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Abstract

:

We report on the optical characterization of very high-efficiency and high-resolution holographic volume phase transmission gratings. The gratings are recorded in a new photo-polymerizable mixture made by epoxy-resin and multi-acrylate. The epoxy-resin used is known to make tenacious acrylate-based films. The holographic mixture contains two photo-initiators, the synergic effect of which enables a reliable photo-polymerization process in the visible region of the electromagnetic spectrum. The recorded holograms are mechanically stable, show long-term temporal stability and very high values of diffraction efficiency, coupled with good angular selectivity due to a relatively narrow band of wavelengths. We measured the intensity of the transmitted beam and calculated the intensity of the diffracted beam at different wavelengths, deriving the refractive index modulation and the grating pitch by fitting the experimental data with a slightly modified theoretical approach. These kind of mixtures can be used in several fields of application, such as chemical or bio-sensors, high resolution optical sensors, high-density optical data storage, encryption and security.
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1. Introduction


Holographic biosensors and chemical sensors are technologies requiring the continuous development of novel materials. Nowadays, there is a large variety of different materials available that can be used to fabricate holograms to be used as sensors [1,2,3,4,5,6,7,8,9]. Azobenzene and thiolene polymers play an important role in the field [10,11,12]. In addition, multi-acrylate molecules are very useful for recording and retrieving information regarding the physical parameters characterizing the impinging polymerizing light [13,14,15]. They form the basis of holographic polymer-dispersed liquid crystals (HPDLCs) that are organic mixtures widely used to record transmission and reflection holograms [16,17,18,19,20,21,22,23]. Under irradiation, these materials show significant changes in their optical properties, such as changes in the average refractive index and in refractive index modulation, and in their mechanical properties, such as patterning of the surface or volume. These changes can be used to store and retrieve information in the surface or in the bulk of the used samples, in single or multi-layered solutions [24,25,26,27]. Usually, in the blue wavelength range, high recording sensitivity, high spatial resolution (>7000 lines/mm) [17], easy processability, high optical quality over large areas or volumes [28] and, finally, low shrinkage (a useful feature for large scale industrial applications) can be achieved. Two possible configurations (geometries) are most often used to detect changes in the optical or mechanical properties of the recorded holograms: the transmission geometry and the reflection geometry. When a light beam impinges on the recorded hologram, the diffracted beam can be found in the space region behind the sample (if the operation is in transmission mode) or in the space region in front of the sample (if the operation is in reflection mode). The transmission mode is often used in free space configurations in which the “reading” of the sensor optical properties can be carried out even at high distance [29]; in contrast, the reflection mode is often used in optical fibers and guided configurations [30,31]. In the latter case, the core material of the optical fiber is responsible for the changes in the refractive index modulation due to interaction with the chemical or biological species surrounding the core itself. In this paper, we focus on a holographic mixture in which high efficiency transmission and reflection holograms can be recorded. This combination was originally developed to be used in two important fields of application: high density optical storage, to replace liquid crystals in HDPLCs mixtures to overcome their drawbacks, and photomobile polymer films, the motion of which is induced and controlled by light [17,20,23,32,33]. To make the system more versatile, we slightly modify the original recipe to improve some physical parameters that can be useful in the field of sensor development. We perform a first optimization of the mixture using a two photo-initiator system to make it more sensitive to the writing wavelength that, in our case, is  λ  = 457.9 nm. We then record holographic transmission phase gratings with different pitches, in the range of 170–200 nm, to determine the relationship between the recording conditions and measured values of diffraction efficiency. We also measure the physical parameters characterizing the optical properties of the written gratings (i.e., diffraction efficiency, refractive index modulation and grating pitch) using an original experimental approach in which a large band white light impinges on the recorded grating at different angles. From a theoretical point of view, the values of the optical parameters are determined by fitting the experimental data with a slightly modified theoretical approach firstly given by Kogelnik [34,35].




2. Materials and Methods


2.1. Materials


Tris(4-hydroxyphenyl) methane triglycidyl ether (THPMTGE), dipentaerythritol-mono-hydroxy-penta-acrylate (DPMHPA), 2,6-Bornanedione (BD) were obtained from Merck; bisacylphosphine oxide (BAPO) was obtained from Ciba Specialty. The chemical formulae of the compounds used are reported in Figure 1.




2.2. Methods


BD and BAPO were first added to DPHMPA and the mixture was stirred for ≈3 h in the dark at room temperature. At the same time, aromatic epoxy resin THPMTGE was kept at 80    ∘  C for 15 min. In this condition, THPMTGE has low viscosity and is easy to handle. At this stage, it was mixed together with DPMHPA containing the two photo-initiators (PIs) and the mixture was stirred for at least 3 h until a pale yellow syrup was obtained. The final concentrations of the components of the holographic mixture were: DPHMPA 68% (w/w); TPMHTGE 28 %; BD 2%; BAPO 2%.




2.3. Holographic Set-Up


We created the cells using a sandwich-like configuration comprising two microscope glasses separated by two 100  μ m thick Mylar stripes. The cell was heated at ≈60    ∘  C to allow the filling of the cell by capillary action. The sample was then irradiated by two interfering CW DPSS s-polarized laser beams at  λ  = 457.9 nm (see Figure 2). The writing power used was P = 100 mW per beam. The spot region had a diameter d of ≈5 mm. Typical recording angles  θ  were in the range 30   ∘   to 60   ∘  . The light emitted by the DPSS laser passed through an attenuation system made by a half-wave ( λ /2) plate and a linear Glan–Thompson polarizer (P). By rotating the plate, the intensity of the laser could be controlled with great accuracy. A mirror deflected the light towards a beam expander (BE) with a two× magnification factor. The magnified beam passed through a 50% beam splitter and the resulting two beams were redirected by two mirrors onto the sample. A low power He-Ne laser positioned at the Bragg diffraction angle was used to detect the grating formation. After a few seconds, the diffracted signal appeared. To ensure a complete photo-polymerization of the spot area, the total irradiation time was set at 5 min. During the photo-polymerization, a phase-separation process occurred between the polymerized and non-polymerized parts of the starting monomer mixture. The result was a periodic structure (holographic grating) permanently recorded inside the interfering region of the two beams. A dielectric contrast or refractive index modulation was now present inside the spot region. This modulation could be readily detected using optical techniques, as follows: the sample, placed on a motorized goniometer, was illuminated through an optical fiber connected to an incoherent large band Xe-light source emitting wavelengths in the range of 350–1000 nm. The sample was then rotated and the transmitted signal was captured by a spectrometer connected to a real-time data acquisition system. The spectra of the transmitted light were detected using a real-time spectrometer for each value of the incident angle. Other spectra were simply acquired by illuminating the sample with the same white source and, at the same time, acquiring the transmitted signal with an optical fiber connected to the spectrometer.





3. Results and Discussion


In this investigation, we used a composite polymer mixture consisting of a combination of a multi-functional acrylate monomer DPHMPA and an epoxy-aromatic resin THPMTGE. The final mixture is a highly viscous fluid that can be introduced into a glass cell by capillarity, as explained in the Methods section. The high viscosity of the mixture and the absence of any solvent are useful features for applications in which thick polymer films are required [36,37,38]. The DPHMPA-THPMTGE mixture was photo-sensitized to  λ  = 457.9 nm by adding two PIs: (1) BAPO—a very efficient photo-initiator in the UV-A region, yielding carbon-centered and phosphorous-centered free radicals under irradiation, and (2) BD—the maximum absorption of which is at  λ  ≈ 470 nm. The synergic effect of the used PIs generated an efficient photo-polymerization of DPHMPA [39]. The chemical formulae of the compounds used are reported in Figure 1. In Figure 3, a transmission spectrum written in the holographic mixture THPMTGE/DPHMPA is shown. The corresponding diffraction efficiency is around 85%. The material proposed represents an advance with respect to the previous generation of widely used HPDLCs that are the direct competitors of our mixtures. However, the absence of liquid crystals is a great advantage when seeking sensors that are insensitive to pressure, temperature and electric or magnetic fields. Moreover, the material shows high values of diffraction efficiency (up to 85.0%), low shrinkage [17], low light scattering and high transparency. The absence of liquid crystals should enable more straightforward bio-/chemo-functionalization. With respect to the diffraction efficiency, we detected a negligible reduction in its value from 85.0% to 84.6% over approximately one year. This implies that the optical properties of the recorded structures remain unaltered in this temporal range. According to Kogelnik’s theory, the diffraction efficiency of a one-dimensional transmission phase grating can be written as:


  η  ν , ξ  =  e  −   α d   cos θ        s i n     ν 2  +  ξ 2      2   1 +   ξ 2   ν 2      



(1)




with coupling and detuning parameters, respectively defined as:


  ν =   π × δ n × d   λ × c o s θ    



(2)






  ξ =  Δ θ  × β × d × s i n  θ 0   



(3)




where   δ n   is the induced refractive index variation, d the grating thickness,  λ  the reading wavelength in the free space,  θ  the angle of incidence,   θ 0   the Bragg angle,  α  the distributed absorption coefficient and n the average refractive index of the medium and   β = 2 π n / λ  . The parameter   Δ θ   in Equation (3) describes the de-phasing term appearing when  λ  or  θ  are varied. The relationship between the wavelength, the angle of incidence and the grating period  Λ  is described by the following relation:


  Δ θ =   2 π  Λ  × sin θ −     2 π  Λ   2   λ  4 × π × n    



(4)







Under the Bragg condition   Δ θ = 0  , the Equation (4) takes the well-known expression:


    θ 0   ( λ )   = arcsin   λ  2 × Λ × n     



(5)




which leads to a new expression for the diffraction efficiency:


   η  λ , δ n   =  e  −     2 α d   cos  θ 0   ( λ )        sin 2     π × δ n × d   λ cos  θ 0   ( λ )      



(6)







Figure 4 shows several transmission spectra as a function of the rotation angle (or wavelength). Each rotation angle has a corresponding diffracted narrow range of wavelengths. Each rotation angle corresponds to a Bragg angle for the narrow band of colors selected by the grating and subtracted from the transmitted signal. Each spectrum shows, after proper calibration of the spectrometer, a quite narrow peak centered around the main diffracted wavelength ranges. The height of the peak directly provides the value of the diffraction efficiency of the diffracted signal [40,41]. By measuring the values of the diffraction efficiency for each single peak, we can plot the behavior of the diffraction efficiency of the grating as a function of the wavelength (or the Bragg angles). This behavior is reported in Figure 5.



The data in Figure 5 can be fit using Kogelnik’s theory; the agreement between the theoretical expression, reported in Equation (1), and the experimental data is excellent. The fitting procedure enables determination of the grating refractive index modulation   δ n ∼ 2.90 ±  0.03  ×  10  − 3     and the pitch  Λ  = 233 ± 10 nm, assuming an average refractive index n = 1.52 and a thickness d = 100  μ m. The data obtained from the fitting have been corrected for angle- and polarization-dependent Fresnel refraction.



At this stage, certain observations on the photo-polymerization process as the basis of the grating formation should be highlighted.



While BAPO is extremely efficient in the UV-A region, it is less efficient at low concentration in the Vis-region of interest, namely, the visible region of the electromagnetic field in which the photo-polymerization process affects the grating formation ( λ  = 457.9 nm). As mentioned, the maximum absorption of BD is at ≈ λ  = 470 nm, which is compatible with the chosen wavelength. However, the use of a single photo-initiator under our experimental conditions did not achieve the formation of gratings with appreciable diffraction efficiency. This phenomenon is probably due to the mechanical constrictions of molecular mobility in the holographic sample that requires a more efficient PIs system to promote an optimal photo-polymerization process. The molecules present in the sample were in a static configuration, strongly limiting one of more of the factors at the basis of the reactivity of a chemical system. These factors are: (a) the probability that molecules will meet, (b) the correct activation energy, and (c) the right molecular orientation. The molecular weight of DPHMPA is 524.21, while that of THMPTGA is 460.52, corresponding to relatively high molecular weights for single molecules (i.e., not inserted in a polymer configuration). They are used in the system to form a high viscous layer, as indicated in the Materials and Methods section. This configuration does not allow the molecules to rotate and/or to move freely in the reaction environment, strongly limiting the possibilities of inter-molecular reactivity in the matrix. In short, to produce efficient polymerization reactions in our system, we can only choose: the PIs in terms of the efficiency of free radical formation and the quantity of multi-functional monomers able to store the information related to the physical properties of the incoming beams. The activation of oxygen- and carbon-centered free radicals on BD and the induction of free radical formation on the BAPO, that efficiently produces carbon- and phosphorous-centered free radicals, injects free radicals that are immediately available for the beginning of the desired photo-polymerization process in the system. With respect to the mechanism of action of BD, the literature reports the formation of carbon- and oxygen-centered free radicals. A possible mechanism involving the triplet state of the molecule is illustrated in Figure 6. However, the two PIs do not affect the THPMTGE polymerization [15,17]. In our system, THPMTGE creates a sort of matrix for the DPHMPA that prevents mechanical shrinkage [17].




4. Conclusions


In this paper, we report the optical characterization of one-dimensional volume transmission gratings recorded in a composite polymer mixture made from epoxide and multi-functional acrylate monomers. The optical parameters characterizing the recorded high-resolution holograms are derived by fitting the experimental data using a slightly modified version of Kogelnik’s theory. The experimental approach allows for the direct measurement of the diffraction efficiency of the grating as a function of the wavelength and presents the possibility of measuring certain optical parameters, such as the refractive index modulation and the grating pitch. The stability of the recorded holograms and their optical properties represent promising results for their application in different research fields, ranging from holographic bio- and chemical sensors to optical data storage and data encryption/security.
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Figure 1. Chemical structures of the used compounds. 
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Figure 2. Schematic representation of the writing setup for the high-resolution transmission gratings. l/2 = half wavelength plate; P = polarizer; M = mirror; 2 × BE = 2 × beam expander; BS = beam splitter; S = sample; d and t = diffracted and transmitted beams, respectively. The recorded transmission grating is shown in black. 
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Figure 3. High efficiency transmission spectrum recorded in our holographic mixture. Recording power P = 100 mW per beam,  λ  = 457.9 nm, grating pitch  Λ  = 170 nm. 
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Figure 4. Spectra of a transmission grating taken at different diffraction angles (53.4   ∘  , 51.0   ∘  , 45.4   ∘  , 39.4   ∘  , 32.6   ∘  , 24.1   ∘  , 10.7   ∘  ). The maximum measured value of diffraction efficiency is >60% with a FWHM of ≈10 nm, grating pitch  Λ  ≈ 230 nm. 
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Figure 5. Data fit of the experimental values of the diffraction efficiency as a function of the wavelength. 
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Figure 6. Scheme of the hypothesized mechanism concerning the formation of oxygen-centered free radicals on BD molecule under Vis-irradiation and phosphorous- and carbon-centered free radicals on the BAPO molecule. 
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