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Abstract

:

Laser interference patterning on top of a thin film and inside a crystal is a powerful tool today to create the desired patterns for optical data processing. Here, we demonstrate reversible and irreversible laser interference patterning on a metal-organic framework (MOF) thin film through the water desorption and thermal decomposition processes, respectively. The irreversible interference pattern with a period of the strips of up to 5 µm has been realized, and its morphology has been characterized using confocal Raman and reflection spectroscopy as well as atomic force microscopy. We revealed that reducing the distance between the interference maxima from 10.5 to a record of 5 µm for MOFs yields a 10-fold increase in the surface roughness of the irreversible pattern; on the other hand, the reversible laser pattern provides a completely non-destructive effect of variable optical contrast. The experimental results obtained open up prospects for the use of MOF crystals as photosensitive materials in the template drawing of the desired patterns for different application scopes.
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1. Introduction


Metal-organic frameworks (MOFs), which are part of the family of coordination polymers [1], are highly crystalline and porous solids formed by the coordination binding of metal ions and multitopic organic linkers. Next to their outstanding sorption and capacitive properties [2], MOFs have found their application in micro and optoelectronics [3,4] due to their high degree of crystallinity and combined organo-inorganic nature. Recently, MOFs have also been attracting growing interest from the fields of nonlinear optics and laser physics. On the one hand, the interaction of coherent laser light with such crystals makes it possible to observe lasing [5], optical harmonic generation [6], and even correlated structural transformations [7]. On the other hand, at a higher laser power, the MOF crystals undergo irreversible structural changes that make it possible to produce new functional materials for catalysis [8,9], sorption [10], solar energy [11], and even scalable microelectronics [12,13].



In terms of laser optics, the ability to control the shape of a laser beam [14] opens up the prospect of reversible/irreversible patterning on an arbitrary surface in a desired way [15,16]. In this sense, regardless of its photosensitivity, MOF can be considered as an ideal model crystal for creating micrometer-scale patterns inside or on the surface of a crystal for sensing, light control, and image development. Indeed, the porosity and the high degree of optical transparency of some MOFs [17] facilitate the step-by-step, three-dimensional laser drawing of QR codes through multiphoton absorption [17,18,19]; alternatively, the complex chemical composition of MOFs provides a step-by-step laser drawing of metal contacts for electrical circuits [13], capacitors [20] or for producing new types of functional nanoclusters [21,22,23,24]. Nevertheless, the concept of single-step interference laser patterning has not yet been implemented for MOFs.



Here, we report on MOF thin film patterning by laser interference in the reversible and irreversible modes. The utilization of the HKUST-1 thin film on a fused glass and coherent 532 nm laser light with a varied intensity allowed us to draw the stripes in real time with a period of up to 5 µm. The interference patterning in the irreversible mode was achieved by a threshold MOF decomposition [25], followed by the removal of its components from the modification area. In this study, the reversible one was demonstrated via variable optical contrast due to a change in the MOF color initiated by the desorption of water molecules [26]. A series of Raman and reflectance spectroscopy as well as atomic force microscopy (AFM) allowed us to characterize the morphology of the resulting patterns. The results revealed that reducing the period of the irreversible pattern from 10.5 to 5 µm yields a 10-fold increase in the surface roughness of the pattern; in contrast, the surface of the reversible pattern remains unmodified. The experimental results obtained confirm the unique possibility of utilizing MOFs as photosensitive films in creating the desired patterns for various application scopes.




2. Results and Discussion


For a model MOF, we focused on HKUST-1, which is one of the representative and most investigated metal-organic frameworks [27]. Besides ordinary applications such as gas storage and catalysis [28], commercially available HKUST-1 has become the basis of optical applications [29] due to its simple synthesis procedure. Moreover, Cu atoms, as a part of the MOF structure, define it as a precursor to the fabrication of microelectronic circuits [13,20]. Above all, HKUST-1 is characterized by a relatively low decomposition temperature [30], thus allowing for the favorable energy production of different micro and optoelectronic MOF-based components.



The thin film of HKUST-1 (Figure 1, inset) was synthesized using a self-made setup based on a spin coater, a two-dimensional positioner system, and two automated microfluidic pumps filled with a solution of Cu(NO3)2 and BTC (1,3,5-benzenetricarboxylate) in ethanol (1.5 mmol and 3 mmol per 100 mL of ethanol, respectively). Menzel glass substrate, previously washed by isopropanol in an ultrasonic cleaner and treated in a cold-plasma cleaner, was utilized as a wafer for MOF thin film deposition. The rotating wafer holder (300 rpm) was previously heated up to 100 °C, followed by the dropping of the Cu(NO3)2 and BTC solutions onto the wafer over 700 times, thus providing the 2.1 µm film thickness controlled by AFM. The drop counting was controlled by an optical pair feedback system. At the end of the synthesis procedure, the film was air-dried on the wafer holder at 70 °C for 15 min. Finally, a powder X-ray diffraction analysis of the film was performed on a Rigaku SmartLab 3 X-ray diffractometer (Tokyo, Japan) with a 2 kW characteristic CuKα (Kα1 λ = 1.54059 Å, angular range 2θ = 5°–50°) X-ray radiation source and the Bragg—Brentano goniometer geometry. The angular resolution during the analysis was 0.01° at a scanning speed of 0.7° min−1. The analysis confirmed the HKUST-1 structure (Figure 1) based on the merging of most diffraction peaks (leaving out the varied peak intensity) with the etalon samples from the Cambridge Crystallographic Data Centre (CCDC numb. 112954) and the literature [31].



In the second step, an interference setup (Figure 2a) based on the ordinary Michelson interferometer and the OBIS Coherent (532 nm, 4 nm full width half maxima, 110 mW integral power) diode laser source was established. The pair of Ag mirrors on the shoulders of the interferometer include the angle adjustment, while one of them was mounted on the x-axis stage in order to regulate the distance. The interference pattern was focused on the backward plane of the film via an objective (Mytutoyo (Paris, France) Plan APO, 10×VIS, NA = 0.28). An optical image of the interference pattern on the MOF film was obtained from the front side of the film via an objective (Mitutoyo Plan APO, 50× VIS, NA = 0.55) and a CCD camera. The reflected (and Raman scattered) optical signal from the film was also collected by an objective (Mitutoyo Plan APO, 50× VIS, NA = 0.55) and then transferred to a confocal spectrometer. The obtained optical signal was additionally filtered by a 532 nm notch filter to prevent laser radiation.



Utilizing the interference scheme, we realized two modes of the film response: reversible (Figure 2c) and irreversible ones (Figure 2b). The former occurs for 1 s, with a laser intensity of tens of µW cm−2 (see below), due to laser-induced heating followed by the release of water molecules, as we described recently [26]. This process is characterized by a change in the compound refractive index and absorption coefficient [32], and also requires relatively low laser intensities to be initiated. What is important is that the reversible interference patterning does not have an effect on the inner structure of the MOF; hence, the thin film returns to its initial state after turning off the laser. In contrast, the latter mode (the irreversible one, occurring for 3–5 s at mW cm−2 laser intensity) is related to the thermal decomposition of HKUST-1 with the release of copper encapsulated in amorphous carbon [11,12,13,24,33]. Finally, both of these regimes could be realized on the same sample through the variation of the laser intensity (see below).



To estimate the period of the interference, Λ = (λ·l)/d, of the laser radiation, with a wavelength of λ = 532 nm focused on the film via a 10× objective, we measured the distances between the beam splitter and the film, l = 0.51 m, and two imaginary sources, d, on the scheme in Figure 2a (two laser beams passing through the beam splitter). Due to an ability to vary the angles of mirrors (Figure 2a) and a 10× magnification, we achieved d = 0.2–5 mm. Therefore, Λ equals approx. 5–136 µm, which is in good agreement with the optical images on Figure 2.



Since the irreversible mode changes the chemical structure of the initial MOF (Figure 3a), we performed Raman characterization using a self-made confocal optical setup based on the HORIBA LabRam spectrometer (Tokyo, Japan), with a water-cooling charge-coupled device (CCD, Andor DU 420A-OE 325), a 600 g mm−1 diffraction grating, and a high-aperture objective (Mitytoyo Plan Apo, 100× VIS, NA = 0.9) moving over the surface with a Thorlabs piezo-stage [34]. The Raman scattering signal was measured at 632.8 nm He–Ne continuous laser radiation excitation in reflection mode. Using this system, we mapped the coordination-bond breaking (the vibrations of Cu-O of the [Cu2C4O8] cage centered at 180–290 cm−1) [35] across the line shown in Figure 3a. As one can see (Figure 3c), the lower intensity of the coordination bonds and the newly appeared peaks of carbon (1320 and 1590 cm−1) correspond to the thermally decomposed areas with complete amorphization. The retained bonds highlighted with the black arrow in Figure 3d correspond to the non-modified area (i.e., an area of negative interference). We also checked the reflection spectra (via Andor Kymera 328i, iDus CCD detector, Oxford, UK) from the interference patterns: as in the case of the Raman mapping, Figure 3b illustrates that the irreversibly modified areas demonstrate relatively low reflectance as compared with the initial film. Despite the fact that the irreversible laser patterning of MOFs leads to the appearance of metal conglomerates [13], which should increase the surface reflection, the decline in reflection can be associated with another feature of laser exposure, i.e., the removal of material. We then analyzed this aspect using atomic force microscopy (AFM, SmartSPM 1000, Aist-NT microscope, Moscow, Russia). The AFM scans were performed at ambient conditions using HQ:NSC16 series cantilevers (HARD/AL BS and AL BS types by MikroMasch AFM probes/Innovative Solutions Bulgaria Ltd., Sofia, Bulgaria), with a force constant of around 45 N m−1 and a resonance frequency of 190 kHz.



Figure 4 demonstrates three patterns (stripes) scanned by AFM in order to investigate the relationship between the laser interference periods and the changes in the surface roughness. As one can see, the patterned areas are characterized by the cavities inside the film (Figure 4b,e,h). Moreover, the roughness of the surface after the patterning strongly depends on the interference period: reducing the distance between the interference maxima from 10.5 µm (Figure 4a–c) to 8.7 µm (Figure 4d–f) and 5 µm (Figure 4g–i) increases the inhomogeneity of the surface by several tens of times. Based on these results, we can also estimate the laser intensities required for the reversible and irreversible modes. For a fixed period of the laser interference (8.7 µm), we estimated the area of the irradiated film in the reversible and irreversible modes (3600 and 180 µm2, respectively), which then makes it possible to estimate the laser intensities at a known laser power of 40 mW. We see that there is no patterning at a laser intensity less than 0.01 mW µm−2; then, the reversible pattern starts, and finally, at 0.22 mW µm−2, one can observe the irreversible patterning. These results confirm that irreversible laser patterning required 20 times more intensity as compared to the irreversible one.



Finally, the reversible mode presented on Figure 3e was realized due to the reversible process of water desorption [26], which accordingly causes a change in the color (contrast) of the HKUST film in the region of the laser interference maxima. This color-changing process is fast enough [26] and does not destroy the structure that it is possible to reversibly draw the stripes on the film surface more than 100 times at ambient conditions.




3. Conclusions


We have reported on MOF thin film patterning by laser interference in the reversible and irreversible modes. The utilization of the HKUST-1 thin film on a fused glass and a coherent 532 nm laser light with a varied intensity allowed us to draw the stripes in real time, with a period of up to 5 µm. The interference patterning in the irreversible mode was achieved with a threshold MOF decomposition using a highly intense laser light (0.22 mW µm−2), followed by the removal of its components from the modification area. In this study, the reversible one was demonstrated due to the change in the MOF color initiated by the laser-induced (0.01 mW µm−2) desorption of water molecules. A series of measurements via Raman and reflectance spectroscopy as well as atomic force microscopy allowed us to characterize the morphology of the resulting patterns. It was revealed that reducing the period of the irreversible pattern from 10.5 to a record of 5 µm yields a 10-fold increase in the surface roughness of the pattern; in contrast, the surface of the reversible pattern remains unmodified. The experimental results obtained confirm the unique possibility of utilizing MOFs as photosensitive films for the creation of desired patterns for various application scopes, including “smart” materials and responsive hybrid structures for sensing [36,37].
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Figure 1. PXRD pattern of the synthesized HKUST-1 thin film and a reference compound (black curve, CCDC numb. 112954), with highlighted peaks from [31]. Inset: Optical image of the corresponding film. Scale bar, 1 mm. 
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Figure 2. (a) Experimental setup based on the Michelson interferometer. (b,c) Optical images of irreversible and reversible laser patterning. Scale bar, 20 µm. 
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Figure 3. (a) Optical image of the irreversible pattern, analyzed by (b) optical reflection (pink arrow) and (c,d) Raman (yellow arrow) mapping. Scale bar for (a), 20 µm. (c) The laser interference minima and maxima corresponding to the non-modified area (black curve and black arrows in (d)) and the modified area (red curve, red arrows in (d)) of the HKUST-1 thin film. (d) Raman mapping of coordination-bonds (the vibrations of Cu-O of the [Cu2C4O8] cage centered at 180–290 cm−1); black arrows indicate the bond retention, while the red ones correspond to bond breaking. (e) Optical images of the reversible mode. Scale bar, 20 µm. 
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Figure 4. AFM analysis of three types of laser patterns corresponding to periods of (a–c) 10.5, (d–f) 8.7, and (g–i) 5 µm. 
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