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Abstract

:

We report on solving of two intriguing issues concerning the inscription of surface relief gratings within azopolymer thin films under irradiation with SS, PP and RL interference patterns. For this, we utilize the orientation approach and viscoplastic modeling in combination with experimental results, where the change in surface topography is acquired in situ during irradiation with modulated light. First, the initial orientation state of polymer backbones is proved to be responsible for the contradictory experimental reports on the efficiency of the SS interference pattern. Different orientation states can influence not only the phase of SS grating but also its height, which is experimentally confirmed by using special pretreatments. Second, the faster growth of gratings inscribed by the RL interference pattern is shown to be promoted by a weak photosoftening effect. Overall, the modeled results are in good agreement with the order of relative growth efficiency: RL–PP–SS.
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1. Introduction


Polymers that can change their molecular architecture under such external stimulation as light have been of great interest for the scientific community during the last quarter of the century. Particularly known are photosensitive azopolymers, which have many applications in different fields due to their high versatility. They can be used in electronics and photonics [1,2,3], biology [4,5,6,7], medicine [8,9], liquid crystalline technology [10,11], modern soft robotics [12,13,14], etc. Furthermore, the light-responsive azosubstances can play a role of molecular switches [15,16,17,18] and fancy molecular motors [19,20,21] in different processes and devices, for instance with the aim to control surface wettability [22,23,24,25]. Some natural phenomena, such as fly-trapping plants [26], can be mimicked by designing microrobotic systems incorporating azobenzene chromophores.



In modern engineering, a special interest has been evoked by a unique opportunity to control the deformations of thin azopolymer films depending on the interference pattern (IP) of light beams [27,28,29,30,31]. This phenomenon of optically induced mass transport with the appearance of periodical topographical structures (surface relief gratings, or SRGs) was first recorded in the middle of the 1990s [32,33]. Azobenzene groups, covalently attached to the polymer backbones, are thought to be responsible for the topographical restructuring due to their cyclic trans-cis photoswitching ability and light-induced orientation. To support the experimental findings, multiple theoretical interpretations of this phenomenon have been developed, but only a few of them have considered the features of underlying molecular architecture. Moreover, some peculiar experimental observations of photoinduced deformations in azopolymer samples remain unexplained and are still discussed [22,27].



Most likely, the photoinduced deformations can be explained by the direct transformation of the light energy into the mechanical one. For this purpose, over the years, the orientation approach has been elaborated [34,35,36], which establishes a clear relation between the light characteristics and the molecular and mechanical properties of azo-containing materials. Azobenzene chromophores tend to be oriented perpendicular to the electric field vector E under the influence of polarized light [37]. In molecular glasses [38,39], the reorientation of the chromophores results in negative mechanical stress and thus in the uniaxial contraction of the material along the polarization direction. This explains the inscription of SRGs in molecular glasses, as we showed in [34,40]. In side-chain azopolymers, the reorientation of the azobenzene groups perpendicular to E induces the reorientation of the main chains along E. Both processes can be described with the help of effective orientation potentials [35,41]. The local ordering of the polymer backbones within thin film generates corresponding mechanical stress that causes plastic deformations in the glassy polymer, with the appearance of different grating structures determined by the light intensity and polarization distribution [42,43].



In the previous study, we successfully implemented the orientation approach to model the inscription of SRGs in the pre-elongated photosensitive colloids under irradiation with SS and PP intensity interference patterns (IIPs), as well as the restructuring of film edges by RL and LR polarization interference patterns (PIPs) [43]. A striking resemblance between the experimentally recorded and modeled structures was established. This motivated us to approach two unresolved issues regarding the inscription of SRGs on the thin azopolymer films. The first question is, why are the experimental reports so contradictory about the efficiency of the SS intensity pattern? While some groups found that this pattern did not inscribe any grating [44,45,46,47], others observed a modest efficiency [48,49,50]. Interestingly, the optical gradient theory [51] predicts that SS gratings cannot be inscribed at all, because of a zero force in the direction of the grating vector. Therefore, it would be important to identify the factors that could promote the emergence of SS topography. The second question is, why are the gratings produced by PIPs usually higher than those produced by IIPs [44,50,52]? Previous theories predicted an opposite tendency for RL IPs and PP IPs [53,54].




2. Materials and Methods


Poly[1-[4-(3-carboxy-4-hydroxyphenylazo)benzenesulfonamido]-1,2-ethanediyl, sodium salt] (PAZO) and poly[(methyl methacrylate)-co-(Disperse Red 1 acrylate)] (pDR1) were purchased from Sigma-Aldrich (Darmstadt, Germany). The polymer films of PAZO are prepared by spin casting 100 μL of the polymer solution (170 mg PAZO dissolved in a 1 mL solution containing a mixture of 95% methoxyethanol and 5% ethylene glycol) on thin glass slides at 3000 rpm for 1 minute. The pDR1 polymer films are casted at the same conditions from a chloroform solution of 60 mg/mL concentration. The film thickness is measured using the NTEGRA (NT-MDT, Moscow, Russia) atomic force microscope (AFM) cross-section analysis of a scratch within the polymer film.



The interference pattern is generated using a homemade two-beam interferometer with a continuous wave diode pumped solid state laser of a 491 nm wavelength (Cobolt Calypso, Cobolt, Solna, Sweden), as described in details in [55]. In short, the two-beam interference irradiation is performed using three interference patterns: SS and PP (intensity interference pattern) and RL (polarization interference pattern). The beam diameter is set to 4 mm for the pump beams; the intensity is set to 100 mW/cm2, and a beam splitter, followed by a half-wave plate and a polarizer per beam, is added to generate two beams of the same intensity. The in situ AFM measurements are performed using a PicoScan (Molecular Imaging), working in intermittent contact mode. The scan speed is 1 Hz, with a scan-area of 10 × 10 μm with 512 × 512 pixels. Commercial tips (Nanoworld-Point probe, Neuchâtel, Switzerland) with a resonance frequency of 130 kHz and a spring constant of 15 N/m are used for measurements.



The AFM measurements performed ex situ (measurements of film thickness and the shape of the gap) are carried out using an NTEGRA (NT-MDT) AFM operating in intermittent mode. Commercial tips (Nanoworld-Point probe, Neuchâtel, Switzerland) with a resonance frequency of 320 kHz and a spring constant of 42 Nm are used for these measurements. All experiments are carried out under yellow light in the laboratory (to avoid undesirable photoisomerization) and under ambient conditions, i.e., at room temperature with a relative humidity of 55%.



Theoretical Approach


To solve the questions posed in the introduction, we model the dynamical growth of surface relief gratings induced by the PP, SS and RL interference patterns using the orientation approach. This approach defines the light-induced stress  τ  via the rate of change of the 2nd-order orientation tensor   ⟨ u u ⟩   of rigid backbone segments [41]:


  τ = 3 n k T λ  ∂  ∂ t   ⟨ u u ⟩  



(1)




where  n  is the number density of segments;  λ  is their rotational time in the absence of light; and  u  is the unit orientation vector of the segment. The tensors   ⟨ u u ⟩   and  τ  are diagonal owing to the axial symmetry around the light polarization E [41]. The diagonal components of   ⟨ u u ⟩   can be calculated as follows:


    ∂  ∂ t   ⟨  u ∥ 2  ⟩ =  1 λ     V r  (  ⟨  u ∥ 2  ⟩ − 1  ) ⟨  u ∥ 2  ⟩ − ⟨  u ∥ 2  ⟩ +  1 3        ∂  ∂ t   ⟨  u ⊥ 2  ⟩ =  1 λ    (   V r  ⟨  u ∥ 2  ⟩ − 1  ) ⟨  u ⊥ 2  ⟩ +  1 3      



(2)




where   ⟨  u ∥ 2  ⟩   and   ⟨  u ⊥ 2  ⟩   are components of the orientation tensor parallel and orthogonal to the electric field vector E. In our latest paper [43], Equation (2) is solved for different IPs, starting from isotropic and anisotropic initial states. The parameter    V r  = 2 q m  V 0  / 5 k T   defines the reduced strength of the effective orientation potential, which acts on the polymer backbones during illumination [41]. Here,    V 0    is the strength of the effective orientation potential acting on the azobenzene chromophores. Detailed information on these potentials can be found elsewhere [35,41]. The molecular architecture of an azopolymer is described with the help of two parameters:  m  is the number of azobenzene groups attached to one backbone segment, and  q  is the shape factor, the value of which depends on the art of the attachment. It may vary between   q = − 0.5   for azobenzenes attached perpendicular to the polymer segment and   q = 1   for azobenzenes attached parallel to the polymer segment or incorporated directly into the main chain.



The viscoplastic modeling of topographical structures is performed using the finite element software ANSYS. In particular, the Perzyna model is applied, which prescribes the relation between the rate of plastic strain     ε ˙   p l     and the magnitude of light-induced stress    τ  e q    :


    ε ˙   p l   = γ      τ  e q      τ  y i e l d     − 1    



(3)




where    τ  y i e l d     is the yield stress and   γ =  τ  y i e l d   /   3 η     regulates the viscosity of plastic flow  η . We use the following parameters to describe the material properties of an amorphous azopolymer [41,42]:    τ  y i e l d   =   10 MPa,   γ =   0.01 s−1 and   λ =   1000 s; the reduced strength    V r  =  −36.2. This corresponds to the initial light-induced stress    τ  x x , 0   = −   2 n k T  V r   3  =    25 MPa if the number density of polymer segments   n =   2.5 × 1026 m−3. Note a time rescaling: 1 s in the modeling roughly corresponds to 1 min of experiment.



In the experiment, the atomic force microscope (AFM) acquires a central part of the film. Therefore, to compare the efficiency of different IPs, we model a parallelepiped unit cell of an infinite sample. The z-axis is orthogonal to the xy-plane of the substrate, where the x-axis lies along the grating vector direction. Details on boundary conditions (BC) are given in the Supplementary Materials (SM). As we show bellow, BCs in the y-direction crucially affect the appearance of the inscribed surface patterns. For the finite element realization of IIPs, linearly polarized light with sinusoidally varying intensity is applied to the modeled samples:


  I  x  = 2  I 0    cos  2      π x  D     



(4)




where    I 0    is the intensity of the laser beam and D the grating period. In RL and LR polarization patterns, the light has constant intensity   I  x  =  I 0   , and its linear polarization rotates along the grating period. Therefore, the coordinate system of each finite element is rotated in respect to the laboratory system, as described elsewhere [43].





3. Results


Let us explore the first problem of SS grating inscription. Here, the electric field vector E points along the y-axis. Our modeling shows that no surface changes appear under SS IP if the initial state of polymer backbones is isotropic (see Figures S1 and S2). This is in good agreement with the experimental data for the Azo-Psi and Azo-PCMS polymers; see in [50]. Even with free BCs, when the azopolymer is allowed to move along the light polarization E without limitations, the grating height is merely 2 nm. However, depending on the polymer (at a fixed film height, intensity and wavelength of irradiation and optical period), the height of the SRG gratings inscribed during irradiation with SS IP broadly varies. In the present study, we measured 20 nm for pDR1 and 50 nm for the PAZO polymers (see the blue lines in Figure 1).



As for irradiation, two parameters should influence the inscription of topographical structures: the absorption of light by the azogroups and the Gaussian distribution of light intensity in the illuminated spot. Absorption decreases the light intensity in the sample depth and, hence, the light-induced stress tensor. So we observe that this factor only further diminishes the grating height with free BCs along the y-axis. More probably, the growth of the SS gratings can be enhanced when the Gaussian distribution of light intensity is accounted for. This assumption has been thoroughly checked in extended modeling. As reported in the Supplementary Materials, only the extreme focusing of the laser beam (down to 1 μm vs. 2 mm radius in the experiment) is able to enhance the surface deformations under the SS interference pattern, which then lose their sinusoidal form.



Thus, it still remains unclear why the SS gratings can be inscribed in the experiment, whereas the modeling predicts the absence of this type of grating for isotropic polymer films (Figure 2a). Under such initial conditions, it is also not possible to explain why in the experiments the gratings produced by the RL polarization pattern are usually higher than those produced by the PP intensity pattern [44,50]; see, for example, the growth curves for pDR1 and PAZO measured in the present study (Figure 1). The modeling shows that the growth rate of the PP grating is twice as large as that of the RL grating (green vs. red solid lines in Figure 3a). However, plastic deformations saturate earlier for PP IP, and thereby, the height of the RL grating approaches the height of the PP grating at larger inscription times.



With the increase in the grating period D = 1, 2, 4 μm, both patterns become higher, but the relation between them stays unchanged (see Figure S4). To shed light on this issue, we decided to check the following hypothesis: What if the process of film preparation causes a preferential orientation of polymer backbones inside a sample? The glass substrate is spin coated with azopolymer solution and rotated at a high speed around the z-axis. It is plausible to assume that such a procedure creates an axially symmetric orientation state, for which the x- and y-components of the orientation tensor <uu> are equal to each other. The degree of backbone orientation in respect to the z-axis is characterized by the order parameter    S z  =  3 2  ⟨  u z 2  ⟩ −  1 2   . Given this assumption, two cases can be distinguished (Figure 2):




	
Polymer backbones tend to lie in the plane of substrate,   ⟨  u z 2  ⟩ < ⟨  u x 2  ⟩ = ⟨  u y 2  ⟩ ,    S z  < 0  .



	
Polymer backbones have a tendency to align along the z-axis,   ⟨  u z 2  ⟩ > ⟨  u x 2  ⟩ = ⟨  u y 2  ⟩ ,    S z  > 0  .








We model irradiation with all three IPs for case 1, choosing   ⟨  u z 2  ⟩   = 0.1 and hence    S z   = –0.35 (see the dotted lines in Figure 3). The crucial result here is the emergence of the SS grating with a height of approximately 100 nm. Because of anisotropic initial state, the light-induced stress tensor becomes asymmetric around the z-axis, and this promotes the inscription of the SS gratings even at periodic BCs along the y-axis. At a larger inscription time, we observe a noticeable decrease in the PP grating height in comparison with the isotropic state (compare the dotted and solid green lines in Figure 3); as a result, the RL grating slightly exceeds the PP one at the end of the inscription. Additionally, we perform calculations for case 2, choosing   ⟨  u z 2  ⟩ = 0.6   and hence    S z    = 0.4. The height of the PP grating is considerably enhanced in respect to the isotropic state, while the growth of the RL grating has only marginally improved (compare the broken and solid lines in Figure 3a). With this, the relation between the height of the intensity and the polarization gratings starts to contradict the experiment (Figure 1). Moreover, the height of the SS grating noticeably decreases: two and half times compared to case 1 (see the dotted lines in Figure 3a). Hence, at first glance, case 2 is less favorable than case 1.



We show that by accounting for the initial preorientation of the polymer backbones, it is possible to explain the inscription of the SS grating and to interpret the difference in the growth of the PP and RL gratings. Nevertheless, the experimentally observed relation between the grating growth for the PP and RL interference patterns remains hidden if only the initial orientation state is adjusted. At this point, it is worth checking an additional hypothesis: What if inhomogeneous irradiation modulates the local viscosity of the azopolymer?



There are indirect experimental indications that light of a moderate intensity (up to 200 mW/cm2) can decrease the viscosity of glassy polymers up to 1 order of magnitude [40,56]. Maybe, this photosoftening effect also controls the grating growth and defines the difference in SRG’s appearance between the intensity and the polarization patterns. The main reason here is that in the PP and SS patterns, the intensity of the light sinusoidally changes along the grating period; see Equation (4). Hence, the strongly illuminated stripes with maximal intensity Imax = 2I0 are followed by unilluminated stripes Imin = 0 in the film irradiated with intensity patterns. In PIPs, the light intensity I0 stays unchanged along the grating period. We assume that this distinction determines the local dependence of plastic flow viscosity η on light intensity. As we described above, η is inversely proportional to the parameter  γ  in the Perzyna model; see Equation (3). When the light irradiation decreases the viscosity of the azopolymer,  γ  should increase. We use Equation (5) to implement the light-induced change of  γ :


  γ =  γ 0   e      V  x     V  r , 0     − 1     =  γ 0   e    2 c o  s 2      π x  D    − 1      



(5)




where the reduced strength of the orientation potential   V  x  =  V  r , 0     for PIPs and   V  x  = 2  V  r , 0   c o  s 2      π x  D      for IIPs. It is assumed that a noticeable decrease in viscosity and, hence, an increase in  γ  starts at    V  r , 0    , which corresponds to the impact of light with the intensity I0. For such a choice, the parameter  γ  changes with intensity   I = 0 …  I 0  … 2  I 0    as follows:   γ =    γ 0   e  …  γ 0  …  γ 0  e  . Accordingly, the viscosity in various regions of IIPs is changed in e2 times, while for PIPs, the viscosity is constant.



The results of viscoplastic modeling for a photosoftened azopolymer are presented in Figure 3b. Accounting for the regions with different viscosities in IIPs considerably reduces the height of the corresponding gratings. In particular, for the PP gratings inscribed from the initial isotropic orientation, the height decreases more than two times (compare the solid green lines in Figure 3). The growth rate of the PP grating becomes slower than that of the RL grating, the latter being unaffected by the change in viscosity. With this, the modeling results for the initial isotropic state resemble the growth of the SS, PP and RL gratings inscribed on the pDR1 and PAZO polymers (Figure 1). Interestingly, the SS gratings grow in a similar manner from two anisotropic states for a photosoftened polymer (compare the dotted and broken lines in Figure 3b), reaching a height of 50 nm.




4. Discussion


Until now, we had considered only the dynamics of grating growth under different conditions. Several efforts have previously been made to correlate the phase of gratings with the phase of interference patterns. The most thorough assignment is reported in ref. [49], with a single correction for the RL pattern made later in ref. [55]. To be able to solve the problem of grating inscription, it is necessary to check our modeling predictions against this assignment experiment. The phases of the modeled PP and the RL gratings match the assignment; see Figure S5. The valleys in the PP grating correspond to the maximal intensity of light (Figure S1a) because the azopolymer is stretched along E. Switching from periodic BCs to free BCs along the y-direction slightly decreases the grating growth because some material protrudes symmetrically at the hill positions (intensity minima) into free space. In the RL grating, the hills grow at positions where E is perpendicular to the grating vector. Interestingly, modeling with periodic BCs results in the antisymmetric modulation of film edges along the y-axis (Figure S5c,d). As reported in our previous paper [43], the free BCs lead to the appearance of differently structured edges: spiky protrusions from one side and fan-like protrusions from the other side (Figure S1c). Such shape is formed due to the stretching of the material elements in different directions by the light with rotating linear polarization. Therefore, at the edge with converging E vectors, the material is expelled out of the film, while at the edge with diverging E vectors, the material is pushed inside the film.



As we discussed above, the SS grating cannot be inscribed from the isotropic initial state at any of the BCs (Figures S1b and S2b; Video S1). Let’s look at the appearance of this grating in case 1 (Figure 2b) with the preferential orientation of backbones in the plane of the substrate (azobenzenes are aligned perpendicular to the substrate). The maximal intensity of light corresponds to the hills in the SS grating, for both free and periodic BCs (Figure 4a and Figure S5e; Video S2). At free BCs, the protrusions of free edges appear at the hill positions in the bulk of the SS grating. In case 2 (Figure 2c), with the backbones aligned along z-axis (azobenzenes prefer to align in the plane of substrate), the maximal intensity of light corresponds to the valleys in the SS grating (Figure 4b and Figure S5f; Video S3), which is in accordance with the assignment in ref. [49]. The protrusions of free edges appear at the valley positions in the bulk of the SS grating. This agrees well with the AFM micrograph for the scratched pDR1 film (Figure 4c). Hence, we found that the initial preorientation does not affect the phase of the PP and RL gratings but can change the phase of the SS grating (Figure S5e,f).



To better understand the influence of the initial orientation, we treated the scratched azopolymer films with different stimuli, specifically heat, linearly (P) polarized light and circularly (R) polarized light, before the exposure to the SS IP. The results are summarized in Table 1. The pDR1 film, used as prepared, allows us to inscribe the SS grating with a height of 30 nm. Small protrusions appear at the valley positions, which indicates the preferable orientation of the azobenzenes in the plane of the substrate. Half an hour of heating at 120 °C results in an almost flat film (∆h ≈ 2 nm), which is expected, as the heating above the pDR1 glass transition (Tg = 100 °C) induces the isotropic orientation of the azobenzenes and the main chains. Pretreatment with P or R polarized light with an intensity of 100 mW/cm2 leads to the same result. This means that during the pre irradiation, the azobenzenes are oriented out of the substrate plane, which results in the in-plane orientation of the backbones. Circularly polarized light with the much smaller intensity of 10 mW/cm2 seems unable to fully destroy the initial orientation.



Very interesting results are found for the PAZO films (Table 1). Here, the preheating does not prohibit the inscription of the SS grating of the height ∆h ~ 70 nm. A small difference between the as-prepared and the preheated samples can be explained by the larger thickness of the latter. It is known from a previous study [55] that the PAZO polymer does not exhibit a glass transition, and as a result, the films made from it do not respond on preheating. However, the treatment with P and R polarized light appears to be quite effective in destroying the initial orientation of azobenzenes, as indicated by the drop in the SS height to 10–20 nm. Altogether, the modeling results and the data shown in Table 1 support our working hypothesis that the appearance of the SS grating and its efficiency crucially depend on the initial orientation state of the side-chain azopolymer used in a particular experiment. This would explain contradictory reports in the literature [44,45,46,47,48,49,50].




5. Conclusions


In this study, we presented the theoretical solution for two problems in the inscription of SRGs during irradiation with the RL, PP and SS interference patterns. For the first time, a possible reason for the contradictory experimental data for the SS gratings was identified as the initial orientation of the polymer backbones. By changing the order parameter    S z   , which describes the degree of backbone preorientation in respect to the z-axis, it became possible to control not only the height of the SS grating but also its phase. To solve the second problem, we assumed a weak photosoftening effect with a constant reduction in the plastic flow viscosity for PIPs and its sinusoidal variation for IIPs. With such an approach, the relation of the gratings’ dynamical growth between the RL, PP and SS patterns was explained to be in agreement with numerous experimental data.








Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/polym15020463/s1. The supporting information consists of the next sections: the inscription of the surface relief gratings on an initially isotropic sample; influence of boundary conditions; impact of Gaussian intensity distribution; influence of the grating period D on the grating growth; and influence of initial orientation on phases of gratings. List of videos: Video S1: Plastic deformation of the azopolymer film under irradiation with SS interference pattern from the initial isotropic state; Video S2: Plastic deformation of the azopolymer film under irradiation with SS interference pattern from the in-plane orientation of polymer backbones (case 1); Video S3: Plastic deformation of the azopolymer film under irradiation with SS interference pattern from the out-of-plane orientation of polymer backbones (case 2). Figure S1: Modeled gratings with free BCs in y-direction after 100 s of inscription with PP, SS and RL interference patterns. Initial isotropic state. Colors correspond to directional deformations along z-axis: from maximal stretching (red) to maximal compression (blue). Figure S2: Modeled gratings with Frictionless support in y-direction after 100 s of inscription with PP, SS and RL interference patterns. Initial isotropic state. Colors correspond to directional deformations along z-axis: from maximal stretching (red) to maximal compression (blue). Figure S3: Modeled gratings with Frictionless support in y-direction after 100 s of inscription by differently focused Gaussian beams: (a) SS, ω = 1 μm, (b) SS, ω = 10 μm, (c) PP, ω = 5 μm, (d) RL, ω = 5 μm. The size of the sample in a, c and d is 4 × 10 × 1 μm3, for b the size is taken 4 × 20 × 1 μm3 to accommodate a larger irradiation spot. Initial isotropic state. Figure S4. Time-dependent growth of PP and RL gratings at different optical periods: D = 1, 2 and 4 μm: Initial isotropic state. Note that the height of both gratings increases with the grating period. Figure S5: Modeled gratings for two initial anisotropic cases discussed in the main text. a, c, e—case 1 and b, d, f—case 2. Infinite sample with periodic BCs in y-direction has the unit cell 4 × 2 × 1 μm3. Note that the phase of PP and RL gratings is not influenced by the initial orientation state, whereas the phase of SS grating flips: the maximal stretching along z-axis (red hills) grow either at maximal or minimal intensity of light.
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Figure 1. Experimentally recorded time-dependent growth of SS, PP and RL gratings for (a) pDR1 films of 500 nm thickness and (b) PAZO films of 1 µm thickness. The irradiation intensity in all cases is 100 mW/cm2, as measured at the sample; the irradiation wavelength is 491 nm; and the optical grating period is 2 µm. 
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Figure 2. Three cases of initial polymer backbone orientations: (a) isotropic state—backbones are without preorientation; (b) case 1—backbones have in-plane orientation; and (c) case 2 corresponds to the out-of-plane backbone orientation.    S z    is the order parameter of polymer backbones in respect to the z-axis. 
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Figure 3. Modeled time-dependent growth of SS, PP and RL gratings at periodic BCs along the y-axis for different initial backbone orientations: (a) in the absence (  γ =  γ 0  =   0.01 s−1) and (b) presence of photosoftening ( γ  is given by Equation (5)). The film thickness is 1 µm. The initial light-induced stress is 25 MPa. 
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Figure 4. Modeled SS gratings inscribed on the 1 µm thick film after 25 s at free BCs along the polarization direction for two initial backbone orientations: (a) case 1 and (b) case 2. The local distribution of the electric field vector is depicted by white arrows. The initial light-induced stress is 25 MPa. (c) AFM micrograph of the 300 nm thick pDR1 polymer film irradiated with SS IP for 1 h. The polymer film is scratched before irradiation to allow for the boundary deformation. 
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Table 1. The height of SS grating ∆h inscribed on pDR1 and PAZO after different pretreatments.
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Thickness, nm

	
Pretreatment

	
Height of SS Grating, nm






	
pDR1




	
300

	
as prepared

	
30




	
heated 120 °C, 30 min

	
2




	
R 100 mW/cm2, 10 min

	
2




	
P 100 mW/cm2, 10 min

	
2




	
R 10 mW/cm2, 10 min

	
8




	
PAZO




	
740

	
as prepared

	
65




	
810

	
heated 120 °C, 1 h

	
74




	
740

	
R 100 mW/cm2, 1 h

	
10




	
810

	
P 100 mW/cm2, 1 h

	
19




	
810

	
R 10 mW/cm2, 1 h

	
12
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