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Quasi-phase-matched gratings printed by all-optical poling in polymer films

The all-optical poling technique permits polar orientation of molecules. For efficient poling of thin films the relative phases, amplitudes, and polarizations of the two interfering beams must be controlled. We present an original stable one-arm interferometer that is specific to the recording of two-color interference. It relies on the index dispersion of optical glasses. This interference technique permits true real-time nonperturbative monitoring of the polar orientation process and easy all-optical poling of thin-film materials without the need for phase control. This new configuration opens the door to the realization of customized phase-matched wave-guided frequency-conversion devices for the near infrared.

Self-induced generation of second-harmonic light was observed first in an optical fiber illuminated with intense light at 1.06 µm [1] and later with two beams at fundamental (1.06-µm) and secondharmonic [2] (0.532-µm) frequencies, revealing the way to induce second-order nonlinear susceptibility (2) by purely optical methods in a centrosymmetric material. Later, the optical induction of noncentrosymmetry in azo-dye materials has been the object of extensive studies [3]- [6] owing to the larger nonlinearities and potential applications of these materials in integrated optoelectronic devices. Side-chain polymer matrices containing organic moieties with large second-order polarizabilities indeed combine the possibility of combining large nonlinearities and ease of processing of polymers. Controlled spatial structuring of the nonlinear optical susceptibility on a wavelength scale permits phase matching of light waves at arbitrary frequencies, which may lead to the development of new technologies for the fabrication of integrated tunable sources [7].

The interference between a fundamental wave and its second harmonic (SH) 2 leads to the presence of a polar field ( )= ( )+ 2 ( ) inside the medium. The temporal average of the field cube ⟨ 3 ( )⟩ is nonzero, which results in the selective polar excitation of the molecules at the fundamental and the SH frequencies and in a quasi-permanent polar orientation of the dye molecules, thus breaking the centrosymmetry of the material and resulting in the recording of a (2) susceptibility with a spatial period that satisfies the phase-matching conditions for second-harmonic generation (SHG) [8]. The influence on the efficiency of all-optical poling of such seeding parameters as the relative phase between writing beams, their relative intensities, and the beam polarization states as well as the temperature dependence has been studied by several research groups [9]- [12]. The relative phase is an important factor, particularly when the writing beams are linearly polarized. Efficient SHG requires phase matching, so the harmonic fields generated in different regions along the material interfere constructively at the output. In this Letter we demonstrate a new all-optical poling scheme in which phase is automatically adjusted. The technique also permits real-time monitoring of the induced nonlinearity in thin films.

Samples were thin films of the copolymer DR1-MMA 35/65 described in Ref [3]. Its glass-transition temperature is 130°C. We prepared thin films by spin coating a 50-g/L solution of the copolymer in 1,1,2-trichloroethane onto glass substrates. The film thickness was 0.47 µm, and the optical density at 532 nm was 1.17. The refractive-index difference between the fundamental wave at 1.06 µm and the SH wave at 532 nm, Δ = 2 -, was 0.3, and the coherence length, = 2 /Δ , was 1.7 µm [5]. The source was a nanosecond -switched Nd3+:YAG laser operating at the fundamental wavelength (1.06 µm). The laser delivered pulses of 7-ns width at a repetition rate of 10 Hz. A type II KDP crystal was used as a frequency doubler. The pulse energy was 20.2 mJ at 1.06 µm and 12.9 µJ at 532 nm. The writing beam's power ratio was optimized to produce the maximum seeded SHG efficiency. The two writing beams (Fig. 1) were copropagating and were weakly focused by a lens (L) onto the sample into a spot of 3-mm diameter. A polarizer (P) was used to ensure parallel polarization of the two beams. The photoinduced second-order susceptibility (2) was probed by SH generation inside the sample and was detected by a photomultiplier tube (PM). The relative phase between the writing beams at frequencies and 2 could be tuned by translation of a wedge-shaped BK7 glass plate with a known index of dispersion. During the readout phase a red-glass filter could be inserted just after the laser output to block the 532-nm light. A filter for the beam was placed in front of the photomultiplier tube to stop the infrared beam. A shutter set in front of the photomultiplier and kept closed during the seeding period protected the photomultiplier from damage. The signal from the photomultiplier-tube was measured with a digital oscilloscope (OSC). The sample was placed on an isosceles glass prism with an acute angle of 21.6°. The prism's refractive indices for both fundamental and SH waves were measured by the beam refraction method and were 1.560 and 1.593, respectively. Seeding was performed for 30 min, the time necessary to achieve saturation of the SH signal. The experiments were performed for samples placed perpendicular to the writing beams (without prism) and for samples placed in contact with the glass prism. In the first case we observed a variation of the generated SH intensity as a function of the relative phase difference, in a similar way as was reported in Ref. [5]. In the second case of a sample placed on a prism [Fig. 1, inset (a)], the SHG signal was independent of the BK7 wedge plate position, as we explain below. The irradiating copropagating and 2 beams were perpendicular to the front side of the prism. We observed two green signals behind the prism: a strong one, which was refracted in the same direction as the 2 writing beam (during the seeding phase), and a second signal, which was weaker than the first. These two beams were emitted symmetrically on both sides of the fundamental beam, at the output of the prism. This configuration is shown in inset (a) of Fig. 1. The stronger signal observed during the readout period was phase matched transversally and longitudinally. The second one, weaker, was only transversely phase matched, which is the reason for its smaller intensity. The wave vectors of the interacting waves are shown schematically in inset (b) of Fig. 1. Wave-vector conservation gives

k +,2 = + + = 2 , ( 1 
)
k -,2 = + -+ Δ (2) 
where = 2 -2 is the grating vector, is the wave vector at the fundamental frequency, +,2 is the wave vector at the SH frequency of the strong signal, -,2 is the wave vector at the SH frequency of the weak signal, and Δ =2 ( 2 -)/ 2 is the wave-vector mismatch of the weak signal that occurs in the direction normal to the sample surface.

The presence of a weaker signal permits real-time monitoring of the all-optical poling process. In Fig. 2 we present the dynamics of the all-optical poling process. The SHG signal is monitored in two ways: in seeding-readout sequences, in which the green beam is cut off during the readout process, and in real time. The fast decay observed after the 2 seeding beam is stopped is due to the relatively large intensity of the probe beam at fundamental frequency (it is equal to the writing fundamental beam's intensity), which destroys orientation [12]. The 2 decay is the same when (2) is constructed in regular seeding-readout sequences or in real time (Fig. 2, inset), as there is no difference between these two methods when decay is tested. Real-time monitoring prevents partial destruction of the induced polar orientation when the seeding period is stopped at regular time intervals for probing the encoded (2) while the strong fundamental beam irradiates the sample in the probing step. The intensity of the weak signal measured in real time is proportional to the intensity of the strong signal, and thus we get an insight into the real growth dynamics of the induced (2) , not influenced by any partial erasure by the beam during the probing step, as is shown in Fig. 2: For the first 15 min of the seeding phase the intensity of the weak signal measured in the real-time regime is clearly higher than the intensity measured in writing-probing sequences. As all-optical poling of bulk glass was performed by several research groups [13] we probed seeding of the prism after 2 h to see an eventual contribution to the SH signal emerge from the prism. No SH signal was observed in such conditions, so the two 2 beams observed in the experiment with the sample on a prism are attributed to the polymer film. Fig. 2 Real-time growth and decay of the SH-generated signal (in volts). Negative times correspond to seeding preparation; at time zero, seeding has stopped. Positive times correspond to the temporal decrease of the induced (2) susceptibility. The sample was placed on the prism. (a) Decay of the weak signal monitored after seeding under real-time and regular write-read conditions, on different scales. (b) Schematic of the quasi-phase-matched structure induced inside the polymer thin film for use as a frequency-doubling waveguide device. Λ is the period of the inverted domain grating.

Changing the relative phase difference between the two beams can strongly influence the intensity of the SH signal [5]. Indeed, by moving a BK7 plate we can change the position of the fringes on the sample. As the fringe pattern in the air is sparse, moving the fringe pattern may result in a situation in which the sample is put onto a dark fringe, such that no poling is achieved. For the two writing beams interfering inside the prism, the refractive-index dispersion for the two writing waves gives 65 pairs of fringes per millimeter. As the beam diameter is 3 mm, if the sample is placed on a prism we obtain a dense fringe pattern. In consequence, changing the relative phase between the writing beams only translates the pattern, keeping the number of fringes over the beam diameter almost constant. The harmonic signal observed at the output is thus a constant, with the phase difference between the two seeding beams. When the sample was placed on the prism for seeding, we observed a lower signal than for a free-standing sample with optimized phase. The reason for this is that there are many grating fringes over the beam diameter (65 per millimeter), so the signal is an average of what we would get by varying the phase with a free-standing sample (a factor of 4 is expected theoretically). In the direction parallel to the plane of the sample we obtained a modulated quasi-phase-matched structure with domain inversion [Fig. 2, inset (b)]. It can be used for phase-matched frequency conversion in a planar waveguide configuration [14], [15]. The periodicity of the arrangement depends on the wavelength of the writing beams and on the acute angle of the prism.

The polymer film was removed from the prism after a 30-min seeding period. Diffraction from a 632.8-nm He-Ne laser at normal incidence upon the sample was investigated. No diffraction could be observed, showing that there was no efficient refractive-index grating. There is indeed, in principle, no difference in refractive index between domains where azo molecules are oriented positively or negatively. So we saw no periodic modulation of the birefringence, in contradiction to recent observations of Tsutsumi et al [16]. But this result does not prove that birefringence is negligible, as was the case in the real-time monitoring experiment proposed by Churikov et al [17]. We monitored harmonic diffraction after 30 min of seeding performed with a sample on a prism. The sample was removed from the prism and was irradiated with the fundamental frequency beam. We observed two weak frequency-doubled signals placed symmetrically about the central fundamental beam [Fig. 1, inset (a)]. We could see that +1 order harmonic diffraction is weaker than -1 order, but we could not measure their intensities under such conditions. The measured angle between the two diffracted harmonic signals was ∼4∘, corresponding to a grating period of ∼17 µm. This gave ∼58 pairs of fringes per millimeter, in good agreement with the calculation made by use of the prism indices and an acute angle.

In conclusion, we have investigated new aspects of the holographic nature of all-optical poling in thin polymer films. We demonstrated that placing the sample upon a glass prism results in a phaseindependent all-optical poling process, which is related to the peculiar nature of two-color holography. Thus we found a new technique with which to optimize the phase difference for all-optical poling of thin films. This new method permits true real-time monitoring of the all-optical poling process in all kinds of samples. It could even permit the study of unstable samples. It is also a new processing technique for efficient wave-guided frequency-conversion devices.
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 1 Fig. 1 Experimental setup: RG 630, red Schott filter for the 2 beam; KG 3, Schott filter for the beam. A BK7 wedge-shaped glass plate could be placed just after the KDP crystal to adjust the relative phase between the two writing beams. S, shutter. (a) Beam configuration at the output of the prism; (b) schematic of wave-vector conservation of the interacting fields.