

  photonics-11-00425




photonics-11-00425







Photonics 2024, 11(5), 425; doi:10.3390/photonics11050425




Article



Polarization Diffraction Gratings in PAZO Polymer Thin Films Recorded with Digital Polarization Holography: Polarization Properties and Surface Relief Formation



Nataliya Berberova-Buhova 1,2,*, Lian Nedelchev 1,2,*, Georgi Mateev 1,2, Ludmila Nikolova 1, Elena Stoykova 1, Branimir Ivanov 1, Velichka Strijkova 1, Keehoon Hong 3 and Dimana Nazarova 1,2





1



Institute of Optical Materials and Technologies, Bulgarian Academy of Sciences, 1113 Sofia, Bulgaria






2



Department of Physics, University of Chemical Technology and Metallurgy, 8 St. Kliment Ohridski Blvd, 1756 Sofia, Bulgaria






3



Electronics and Telecommunications Research Institute, 218 Gajeong-ro, Yuseong-gu, Daejeon 34129, Republic of Korea









*



Correspondence: nberberova@iomt.bas.bg (N.B.-B.); lian@iomt.bas.bg (L.N.)







Citation: Berberova-Buhova, N.; Nedelchev, L.; Mateev, G.; Nikolova, L.; Stoykova, E.; Ivanov, B.; Strijkova, V.; Hong, K.; Nazarova, D. Polarization Diffraction Gratings in PAZO Polymer Thin Films Recorded with Digital Polarization Holography: Polarization Properties and Surface Relief Formation. Photonics 2024, 11, 425. https://doi.org/10.3390/photonics11050425



Received: 20 March 2024 / Revised: 30 April 2024 / Accepted: 1 May 2024 / Published: 3 May 2024



Abstract

:

In this work, we study the polarization properties of diffraction gratings recorded in thin films of the azopolymer PAZO (poly[1-[4-(3-carboxy-4-hydroxyphenylazo)benzene sulfonamido]-1,2-ethanediyl, sodium salt]) using digital polarization holography. Using two quarter-wave plates, the phase retardation of each pixel of the SLM is converted into the azimuth rotation of linearly polarized light. When recording from the azopolymer side of the sample, significant surface relief amplitude is observed with atomic force microscopy. In contrast, recording from the substrate side of the sample allows the reduction of the surface relief modulation and the obtaining of polarization gratings with characteristics close to an ideal grating, recorded with two orthogonal circular polarizations. This can be achieved even with a four-pixel period of grating, as demonstrated by our results.
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1. Introduction


Holography is a method used to record the wavefront transmitted or reflected by an object (object wave) by means of a second reference wave. Using the principle of interference, information about both the amplitude and the phase of the object wave is recorded, and the medium containing this information is called a “hologram”. After the invention of holography by Gabor in 1948 [1], many scientists had a significant impact on making holography a practical technology with a broad range of applications [2,3,4].



Most of the holographic techniques use intensity-sensitive materials (encoding only the amplitude and phase in the hologram), and, in this case, the polarization is ignored. A complete description of the wavefront, however, requires the inclusion of the polarization vector. Moreover, the polarization of light is an important characteristic, revealing the structural information of an object [5,6]. In 1956, Pancharatnam [7] considered various cases of interference of two coherent light waves with different states of polarization. Lohmann, in 1965, first proposed a method to record the polarization state of light with two orthogonally polarized reference beams [8]. The inclusion of polarization in holography has led to the development of polarization holography [9,10,11,12]. The recording material is of key importance in this case, and it has to be photoanisotropic with a high value of the photoinduced birefringence. Therefore, polarization holography employs two waves with different polarizations to record the polarization states of a polarization-sensitive photoanisotropic material [13].



In recent decades, there has been increasing scientific interest in polarization-sensitive photoanisotropic materials, due to their unique applications in polarization holography, and in photonics, as a media for the reversible optical storage of information and polarization multiplexing [14,15], for creating polarization-selective optical elements [16,17,18], for structures with surface modulation with high spatial frequency [19,20], to create optical switches [21,22], and more. Azobenzene-containing materials are commonly used organic materials for polarization holographic recording due to the high values of photoinduced anisotropy upon illumination with polarized light [10]. The polarization state-recording mechanism is explained through the process of selective trans-cis-trans isomerization and the subsequent reorientation of the trans azobenzene in a direction perpendicular to the electric vector of the recording linearly polarized light [10]. Natansohn and Rochon explain the mechanism of photoinduced motion in azopolymers through three types of motion—at the molecular, nanoscale, and macroscopic levels [23]. Simultaneously, with the formation of anisotropic grating in the volume of the azopolymer, a surface relief grating (SRG) is also created. This was first observed by Rochon et al. [24] and by Kim et al. [25]. Later, Holme et al. [26] reported the recording of large amplitude surface relief gratings in azopolymers. Over the years, this phenomenon has been studied by many groups [23,27,28,29]. The SRGs are of great interest because of their numerous applications in photonics, biophysics, and other fields [30,31,32,33,34].



A widely investigated azopolymer is poly[1-[4-(3-carboxy-4-hydroxyphenylazo)benzene sulfonamido]-1,2-ethanediyl, sodium salt], commonly denoted as PAZO, which is commercially available. PAZO is often the preferred material for polarization holography by many research groups, due to the high values of the photoinduced birefringence and large amplitude of the surface relief gratings [18,20,35,36,37,38,39,40]. Another important advantage of the azopolymer PAZO is that it is water soluble, thus toxic organic solvents, which are usually required for the film deposition of other azopolymers, can be avoided. These properties of PAZO allow for the easy preparation of photoanisotropic nanocomposite materials with enhanced photoinduced birefringence [34] via doping the azopolymer matrix of PAZO with nanoparticles of various chemical compositions, sizes, and shapes—silver and gold nanoparticles [29,39], goethite nanorods [20], biologically active metal complexes [40], etc.



Initially, holograms were recorded on photosensitive material, but that required time-consuming processing, including chemical treatment and mechanical focusing for the image reconstruction. In 1960, Goodman proposed the electronic recording of holograms followed by digital processing to restore the image, and this marks the beginning of digital holography [3]. Later, with the advances of technology, digitization provided new opportunities for the development of computer technology, optoelectronics, and nanotechnology. Digital holography [3,4,41,42,43,44] is a technique in which a digital hologram that contains an object wavefront is recorded in a fraction of a second directly with a CCD camera, and by using a numeric algorithm, quantitative phase images of the object are reconstructed [45]. Digital holography is widely used in the field of microscopy [42,46], quantitative phase imaging (QPI) [47,48], multiple image encryption [49,50], object recognition [51,52], and holographic 3D imaging [53]. Modern digital holographic schemes also benefit from the technological progress and employ advanced optical components such as spatial light modulators (SLMs). These devices replace the object and allow the creation of an object wave with the desired parameters. SLMs are most commonly liquid crystal devices, where the rotation of the liquid crystal molecules with respect to the supplied voltage (gray level) provides the necessary phase modulation of the corresponding pixel [54,55]. SLM is used as a dynamic (programmable) device and has wide applications [54], such as optical tweezers [56], beam shaping [57], coded aperture [58], etc.



Digital holography can be generalized to record and reconstruct the full wavefront of light—amplitude, phase, and polarization [11,59,60]. This gave rise to digital polarization holography (DPH), made possible by recording and restoring the polarization state of light [61].



Despite the intense efforts of scientists in this field, there is still a demand for the improvement of digital holography, especially for obtaining high-accuracy full-field reproduction, as well as 3D measurements of surfaces and shapes with diffractive optical elements (DOEs). DOEs are complex optical components capable of modulating light in a complex manner through the phenomenon of diffraction. Most of the known studies [62,63] regarding DOE fabrication provide good quality, but do not guarantee high diffraction efficiency or a larger modulation of the surface. In contrast, polarization holographic recording with different (or orthogonal) polarization states of the recording beams leads to an increase in the diffraction efficiency of DOEs and to a larger (deeper) photoinduced surface relief [64]. Digital polarization holographic recording with SLM allows us to spatially control the phase of the light field, thus allowing us to obtain 4G optical elements such as vector vortex waveplates [65,66], lenses [67], and other advanced geometrical phase optical elements [61].



Due to the great interest in these optical elements in recent years, many research groups are proposing different schemes for digitally recording polarization holograms (or polarization-selective diffractive optical elements) [61,68,69]. The diffraction efficiency of the recorded DOE is also monitored as an important parameter. Various applications are outlined, including the fabrication of microstructures on the surface of the optical elements. However, to the best of our knowledge, no detailed studies of the polarization properties of polarization-selective DOEs, as recorded with by DPH, have been published so far.



In this paper, we study SLM-generated polarization gratings recorded on thin film samples of the azopolymer PAZO. The main focus in our research is the investigation of the polarization properties of the polarization holographic gratings recorded in this way, evaluating the possibilities of the method for recording polarization diffraction optical elements. Two cases are considered and compared as follows: (a) recording from the substrate side of the sample, when the SRG formation is suppressed and the polarization properties are mainly determined by the volume anisotropic grating, and (b) recording from the azopolymer film side, when significant surface relief modulation is observed.




2. Materials and Methods


2.1. Samples Preparation


In the present study, we use the azopolymer poly[1-[4-(3-carboxy-4-hydroxyphenylazo)benzenesulfonamido]-1,2-ethanediyl, sodium salt], or, put shortly, PAZO, which is commercially available (Prod. #346411, Sigma Aldrich, Burlington, MA, USA). Its chemical structure and absorbance spectrum are presented in our earlier work [33]. The thin film samples were prepared by dissolving the azopolymer PAZO in methanol, and then spin-coating the solution with a concentration 100 mg/mL on cleaned and polished glass substrates (BK7) at 1000 rpm for 30 s. The thickness of the azopolymer layers is approximately 1800 ± 20 nm, as measured by the F20 Optical Thin-Film Analyzer (Filmetrics, San Diego, CA, USA).




2.2. Optical Scheme for Digital Polarization Holographic Recording


The holographic recording of diffractive optical elements on polarization-sensitive photoanisotropic materials such as PAZO requires a coherent light beam with a wavelength within the absorption band of the azopolymer. The optical scheme used in our experiments is shown in Figure 1. The light source is a He-Cd gas laser (IK4171I G, Kimmon Koha, Tokyo, Japan) with a wavelength of 442 nm. It was selected because of its high coherence and also because its wavelength allows us to achieve the highest photoinduced birefringence in the azopolymer PAZO, as shown by our previous research [20]. The half-wave plate provides the strictly vertical linear polarization of the beam and the collimator—a spatially filtered collimated beam with uniform intensity. The linearly polarized beam is then converted to a circularly polarized beam via the quarter-wave plate (QWP1), oriented at +45° with respect to the polarization direction of the incident beam. Then, the beam is reflected by a reflective high-resolution phase only spatial light modulator (LETO 3 SLM, Holoeye, Berlin, Germany), with 1920 × 1080 pixels, a pixel pitch of 6.4 µm, and a fill factor of 93%. The active area of the SLM is 12.29 × 6.91 mm, and each pixel can be addressed with 256 phase levels. The angle between the incoming and reflected beams is less than 10°. A periodic structure with a 4-pixel period is set on the SLM. The reflected beam is then converted into a linearly polarized beam using a second quarter-wave plate, QWP2 (its axis is set at −45° with respect to the polarization direction of the input laser beam). As a result, each 4-pixel phase structure on the SLM is transformed into the light field with the periodic modulation of the azimuth, namely 0°, 45°, 90°, and 135°, in the consecutive horizontal pixels, as illustrated in Figure 1.



The lens system L1-L2 in the setup is used to image the light reflected by the SLM onto the sample carrying the photoanisotropic thin film, providing the f2/f1 reduction in size (in our case 3.75:1) of the projected image in comparison with the SLM dimensions. Thus, the exposure area is 3.28 mm × 1.84 mm, or 6.04 mm2. The power of the recording beam on the sample surface is 15 mW, hence, its intensity is about 250 mW/cm2.



The recording is performed either through the substrate side (case 1 in Figure 1), or from the azopolymer film side of the sample (case 2). As shown by our earlier studies [18,33], in case 1, the intensity of the recording beam is significantly reduced before reaching the free surface of the azopolymer film (due to the absorbance within the film itself), and this allows us to suppress the formation of the surface relief grating. In contrast, in case 2, the intensity of the recording beam is maximal on the free surface of the azopolymer layer, and this results in high amplitude surface relief grating.



The diffraction efficiency (DE), defined as the ratio of the intensity of the desired diffracted beam and the intensity of the incidence beam, is measured in real time during the recording of the polarization holographic gratings (PHGs), simultaneously in both ±1 diffracted orders using two computer-operated power meters (PM100D, Thorlabs, Newton, NJ, USA). For the determination of the DE, we use a probe laser beam with circular polarization (controlled via polarizer and quarter-wave plate) and a wavelength of 635 nm from a DPSS laser.




2.3. Optical Setup for Polarization Properties Analysis


To determine the polarization properties of the recorded polarization grating, we employ the experimental setup shown in Figure 2. It allows us to set any desired value of the azimuth or of the ellipticity of the probe beam. A similar optical scheme was employed in our recent work [33]. We use a linearly polarized probe beam from a He-Ne laser at 633 nm, and, with a half-wave plate and a quarter-wave plate, we vary the polarization of the input beam and monitor the polarization state of the light diffracted in the ±1 orders.



The measurements were performed with the input angle of ellipticity varying from −45° (LCP) to +45° (RCP) with a step of 5°. The azimuth was kept constant at 90° (vertical). The polarization state of the output light was determined using a PAX5710 polarimeter (Thorlabs, Newton, NJ, USA) that allowed the real-time measurement of ellipticity, azimuth, the degree of polarization, and transmitted light power.





3. Results and Discussion


Using the optical scheme for digital polarization holography, shown in Figure 1, we inscribed polarization holographic gratings for two orientations of the sample—recording from the substrate side and from the azopolymer film side. In Figure 3, we present the kinetics of the DE for the ±1 diffraction orders obtained during the recording of the PHG from the substrate side.



As can be seen from the obtained DE kinetic curves, for recording from the substrate side, the maximum diffraction efficiency in the +1 order is approximately 14%, and, in the −1 order, it is about 10%, i.e., the total diffraction efficiency is 24% at the end of the recording process.



To describe the diffraction from this type of grating, we can use the similarity with the polarization holographic gratings recorded with two coherent waves with orthogonal circular polarizations in the materials with photoinduced birefringence. Their properties are provided in detail in [15].



If two recording waves are incident on a photoanisotropic material (the PAZO polymer in our case) at small angles θ and −θ and they have equal intensities I, the Jones vector describing their interference field is as follows:


  E =  2 I         cos  ⁡  δ         sin  ⁡  δ        ,  



(1)




where δ = 2πsin(θ)x/λ is the phase shift between the recording waves, x is the distance along the horizontal axis, and λ is the wavelength. This interference field has no intensity modulation, and its polarization is linear with a gradually changing polarization direction. It induces anisotropy in the refractive index of the polymer, and the direction of the induced axis depends on δ. For the Jones matrix, when describing the optical transmittance at δ = 0, we can write the following:


    T   δ = 0   = c o n s t .      e x p ⁡ ( i ∆ φ )   0     0   e x p ⁡ ( − i ∆ φ )      ,  



(2)




where Δφ = πΔnd/λ; 2Δn is the induced birefringence; and d is the thickness of the polymer layer. To obtain the Jones matrix of the entire grating, the matrix in Equation (2) must be rotated by an angle δ = δ(x), or


    T   G   = R   δ       T   G   R ( − δ ) ,  



(3)




where


  R   δ   =        cos  ⁡  δ       sin  ⁡  δ         − sin  ⁡  δ       cos  ⁡  δ         



(4)




is the rotation matrix. This results in the following:


    T   G   = c o n s t .        cos  ⁡  ∆ φ   + i   sin  ⁡  ∆ φ     cos  ⁡  2   δ   i   sin  ⁡  ∆ φ     sin  ⁡  2   δ     i   sin  ⁡  ∆ φ     sin  ⁡  2   δ     cos  ⁡  ∆ φ   − i   sin  ⁡  ∆ φ     cos  ⁡  2   δ      ,  



(5)







It can be easily seen that the recorded grating has only two orders of diffraction, +1 order and −1 order, and the waves diffracted in these orders are strongly dependent on the ellipticity of the probe beam; they are determined with the following matrices:


    T   + 1   =   1   2   i   sin  ⁡      π ∆ n d   λ            1   i     i   − 1      e x p ⁡ ( i 2 δ )  



(6)




and


    T   − 1   =   1   2   i   sin  ⁡      π ∆ n d   λ            1   − i     − i   − 1      e x p ⁡ ( − i 2 δ )  



(7)







Therefore, if the Jones vector of the reading beam for right/left elliptical polarization is


  R =        cos  ⁡  ε       ± i   sin  ⁡  ε        ,  



(8)




then the intensities of the two diffracted orders can be calculated as


    I   ± 1   =   1   2     s i n   2       π ∆ n d   λ     .   1 ±   sin  ⁡  2 ε     ,  



(9)




where ε is the ellipticity angle of the probe beam.



In the case of our grating, recorded with light field polarization determined via the SLM, as shown in Figure 1, we have more than two diffracted orders (the higher orders having much smaller intensities), but we believe that the intensities of the ±1 orders are given by analogical expressions. So, in Figure 4, we have plotted the curves     I   ± 1   = C   1 ±   sin  ⁡  2 ε       with solid lines, where C is half the maximum value of the measured diffraction efficiency.



If we consider the experimentally determined DE vs. ellipticity dependence (Figure 4a), we can see that, when changing the input ellipticity from left circular polarization (LCP) to right circular polarization (RCP), a transfer of energy from −1 to +1 diffraction order is observed. The maximum DE value is around 17%. Hence, its behavior is very close to the theoretical model for grating recorded with two orthogonal (left and right) circular polarizations.



We should also note that there is no significant change (modulation) in the output ellipticity and output azimuth when changing the input ellipticity for both orders (Figure 4b). These properties are typical for polarization-selective gratings. The deviation between the theoretical calculation and experimental data can be explained with two effects as follows: (a) appearance of surface relief grating, even with small modulation, and (b) the fact that the continuous variation of the azimuth of the recording light field, which is assumed in the model, in our experiment is simulated by only four discrete azimuth values.



For comparison, for PHGs recorded from the azopolymer film side, a higher DE was achieved (Figure 5a), approximately 22% in the +1 order and nearly 40% for the two diffracted orders. As known, this is due to the presence of a surface relief grating. This is also indicated by the much longer exposure time required for the SRG to form. On the other hand, however, the polarization properties of this grating have degraded (Figure 5b) due to the stronger influence of the surface relief grating.



In order to analyze the surface topography of both recorded gratings, we used an atomic force microscope (Asylum Research MFP-3D, Oxford Instruments, Abingdon, UK) supplied with standard silicon probes AC160TS-R3, operating at 300 kHz with a spring constant of 26 N/m. For better visualization of the features of the resulting surface relief, the measured area was set to 20 µm × 20 µm.



In Figure 6a, a relief amplitude of about 80 nm is observed, while, in Figure 6b, the height of the surface relief is of the order of 200 nm. This confirms the data already shown regarding the diffraction efficiency and polarization properties of the recorded PHGs in the two cases.



To characterize the volume anisotropic grating for the sample recorded through the substrate, we have used a polarization optical microscope operating in reflection mode (Zeta-20 Optical Microscope, Zeta Instruments, San Jose, CA, USA). The polarization pattern presented in Figure 7 was obtained with a 50x microscope objective, and the polarizer and analyzer were oriented at 90°. As can be seen from the high contrast of the image, birefringence with significant modulation is induced in the sample during the recording process.



We should also comment on the photoanisotropic azopolymer material used in the present investigation. Most of the researchers working in the field of digital polarization holography use either proprietary photoalignment materials or azopolymers synthesized in their own laboratories, which makes it difficult to reproduce and verify the results reported. On the other hand, the azopolymer PAZO we used here is a well studied, easily accessible, and commercially available azopolymer which allows for the straightforward replication of the polarization gratings described in our work and for usage in a broad range of applications.



Finally, it is worth discussing the complex tradeoff between the grating area on the azopolymer film, the exposure time, the SLM pixel size, and the period of the recorded polarization holographic grating. Here, an interesting parallel can be made between our study and the results reported by Strobelt et al. [68]. In the optical scheme used by us, the lens system L1-L2 reduces the size of the SLM image by a ratio of 3.75:1 when projecting it on the film surface. In this way, relatively large gratings, with an area of about 6 mm2, can be inscribed with a single exposure. The exposure time, however, is large (of the order of minutes and even hours) due to the low intensity of the recording beam. On the other hand, in the optical scheme proposed in [68], a microscope objective is used, which reduces the projected image by about 140 times when compared to the SLM original dimensions. The size of the microgratings is 126 μm × 80 μm, which corresponds to an area of about 0.01 mm2. At the same time, this allows the reduction of the recording time to 5 s, while still being able to obtain a surface relief modulation of more than 300 nm.



We have chosen relatively a small reduction ratio of the lens system in order to obtain larger size gratings, so that their polarization properties can be reliably analyzed. This, however, imposes certain limitations on the grating resolution or the minimal grating period that can be reached, due to the finite pixel size, which is, in our case, 6.4 μm. Even in the case of a binary grating, the smallest grating period is two pixels, which corresponds to a 3.4 μm period on the film surface. To represent more faithfully the azimuth rotation pattern in the case of the interference of left and right circularly polarized beams, we have selected a four-pixel periodicity of the SLM gray levels, which are converted to four discrete azimuth values. Still, our results show that the polarization characteristics of this “simplified” grating are very close to those of an ideal grating recorded with continuous azimuth variation. At the same time, choosing only a four-pixel period on the SLM allows us to obtain a polarization grating with relatively high spatial frequency and, as a result, a large angle of diffraction. This is important for applications as polarization-selective DOEs as it enables more compact device implementation.




4. Conclusions


Using a digital polarization holographic setup, we have inscribed and studied the polarization properties of polarization holographic gratings, recorded in a commercially available azopolymer PAZO, via irradiation either from the azopolymer film side or from the substrate side of the samples. Using a small reduction ratio of the lens system (3.75:1), we were able to record fairly large gratings with a single exposure, with an area of about 6 mm2 and a relatively high spatial frequency. The phase modulation of each pixel of the SLM was converted via two quarter-wave plates to the azimuth rotation of a linearly polarized light field with a four-pixel periodicity, namely with consecutive azimuth values of 0°, 45°, 90°, and 135°. Our experimental data indicate that when the recording is performed from the substrate side of the sample, i.e., when the SRG amplitude is reduced, even with four-pixel period, we can obtain grating with polarization properties very similar to the model holographic grating, recorded with left and right circular polarizations. A possible application of this type of polarization grating is a polarization-selective DOE that acts as a circular polarization beam splitter, dividing the left and right circularly polarized components of the incident light into the −1 and +1 diffraction orders, respectively.



On the other hand, in the case of recording from the side of the azopolymer film, a higher diffraction efficiency and surface relief modulation are observed; however, the polarization selectivity is degraded. In this case, the obtained surface micro- and nano-structures can be used for applications in biophysics and as sensors, or can be replicated on other, non-photosensitive layers. In general, SLM-generated polarization gratings recorded on thin film samples not only enable the realization of polarization-selective optical elements with spatial symmetry as gratings, lenses, etc., but also allow us to realize any kind of arbitrary wavefront optical structure as, for example, polarization encoded image that can then be used for security applications.
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Figure 1. Optical setup for digital polarization holography. HWP—half-wave plate, C—collimator, QWP1 and QWP2—achromatic quarter-wave plates, QWP3—quarter-wave plate for 635 nm, SLM—spatial light modulator, L1 and L2—lenses, P—polarizer. 
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Figure 2. Setup for the investigation of the polarization properties of the gratings. HWP—half-wave plate, QWP—quarter-wave plate. 
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Figure 3. Kinetics of the DE in ±1 diffracted orders in the case of recording PHGs from the substrate side. 
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Figure 4. Dependencies of the diffraction efficiency (a), ellipticity, and azimuth (b) of ±1 diffracted orders of the PHG on the angle of the ellipticity of the probe beam in the case of recording from the substrate side. 
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Figure 5. (a) Kinetics of the DE in ±1 diffracted orders for PHGs recorded from the azopolymer film side; (b) dependency of the DE for ±1 diffracted orders of the PHG on the ellipticity of the probe beam for PHGs recorded from the azopolymer film side. 
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