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Abstract

:

The review covers the research on thermocapillary convection caused by the thermal action of laser radiation in single-layer and bilayer liquid systems of capillary thickness. The advantages of using optical radiation are the instantaneous delivery of thermal energy to a place on demand (a bulk phase, interfaces); low radiation power required; concentrating heat flux on a spot of a few micrometers; the production of arbitrary spatial distributions of radiation intensity; and, as a result, corresponding thermal fields at a liquid interface and their fast reconfiguration. Thermocapillary stresses at the liquid interfaces lead to the transfer of the liquid and a change in the shape of the interface, in accordance with the distribution of the light-induced thermal field. Studies concerned with the methods of non-destructive testing of liquid media and solids, which are based on a photothermocapillary signal emitted by a laser-induced concave deformation of a thin layer, are considered. Features of thermocapillary deformation of a liquid–air interface caused by local heating of thin and thick (exceeding the capillary length) layers are demonstrated. A part of the review addresses the results of the study of thermocapillary rupture of films in the heating zone and the application of this effect in semiconductor electronics and high-resolution lithography. The works on the light-induced thermocapillary effect in bilayer (multilayer) liquid systems are analyzed, including early works on image recording liquid layer systems, liquid IR transducers, and nonlinear optical media.
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1. Introduction


Today, optical radiation (light) is widely used as a high-precision and efficient tool for controlling the fluid flow, the shape of the liquid–liquid or liquid–air interfaces, and manipulating small objects suspended in the bulk liquid phase or located on the interfaces. Using light makes it possible to solve a wide range of problems in various applications, including biological research [1,2,3,4], liquid diagnostics [5,6,7,8,9,10,11,12,13,14,15], non-destructive evaluation of solids [16,17,18,19,20], methods for studying properties of soft interfaces [21,22,23,24], electronic industry [25,26,27,28,29,30,31], technologies of tunable and biomimetic optics [8,32,33,34], image recording systems [35,36,37,38], and non-linear optics [39,40].



The advantages of optical radiation as a tool are the non-contact and remote action on the system, the generation of the required spatial and temporal distribution of the light intensity, the tightening focusing and strong localization of the radiation energy, the generation of monochrome, coherent and polarized radiation, the wide range of wavelengths from 10 nanometers to 1 mm; and the large variety of light sources, including sunlight. According to the nature of the action of optical radiation on matter, two ways of converting radiation energy into the kinetic energy of motion can be identified, e.g., in Figure 1. One of them is the direct transfer of the momentum of the light incident on the interface, appearing as the light pressure or the action of gradient optical forces caused by the refraction and scattering of light at an interface (e.g., a particle-liquid interface). This effect results in the deformation of flexible interfaces or motion of objects suspended in a fluid phase (Figure 1). Another way relies on the absorption of optical radiation by atoms or molecules of liquid medium. In the majority of cases, the effects caused by absorption dominate over the light pressure. The absorption of optical radiation leads to an increase in the internal energy of the absorption centers and their transition to an excited state (the process of photoexcitation). The relaxation of the excited state occurs by converting the absorbed energy through various degradation routes depending on specific conditions. For some media, the energy of the excited state of the absorption centers is converted through photochemical reactions. An example is the reaction of photoisomerization of photosensitive surfactant molecules (see below). Thermal non-radiative relaxation leads to the release of energy in the form of heat and, as a result, to a local increase in the temperature of the liquid medium. In turn, a change in temperature leads to a change in the temperature-dependent physical properties of the liquid.



As is known, the interfacial tension between two fluid phases is sensitive to perturbations of scalar fields of temperature or concentration of components at the interface [41]. These perturbations create the interfacial tension gradient, which due to viscous stress in the bulk phase, ultimately lead to the transport of the liquid [41]. The flow of a liquid medium caused by temperature or concentration gradients is known as the Marangoni effect [42]. The Marangoni flow is directed towards the area of higher interfacial tension. For most pure liquids, the interfacial tension at the liquid–air interface decreases linearly with increasing temperature, although for some liquids that dependence is non-linear over a wide range of temperatures and even shows two opposite trends [43,44].



The nature of the interfacial tension changing due to variation in concentration of admixture strongly depends on the nature of the admixture [45]. For instance, the addition of salts to water leads to a linear increase in the interfacial tension, and surfactants, on the contrary, reduce the interfacial tension, showing a non-linear character. In a number of works, the change in concentration of a volatile admixture in liquid solutions was induced by the thermal effect of optical radiation due to controlled mass transfer across the interface, i.e., by evaporation [46,47,48]. There is a class of photosensitive, azobenzene-containing surfactants, that change the interfacial tension of liquid due to a reversible change in the structure of molecules between trans- and cis- forms upon absorption of radiation of different wavelengths (the photoisomerization reaction). A detailed description of this effect and practical applications can be found in the works [49,50,51].



Note that light pressure does not lead to a variation in the interfacial tension, but the latter is a crucial parameter for effective control of the surface shape using this mechanism. For more information, see works [3,52].



The present review focuses mainly on experimental studies on the thermal Marangoni mechanism of liquid motion, also known as the thermocapillary effect, controlled by the thermal action of optical radiation. The main requirement for optical radiation, regardless of the type of its source, is the absorption of radiation by the medium and its subsequent heating. In other words, the generation of local disturbances in temperature results in thermal gradients on the interfaces. In most of the work, as sources of optical radiation, lasers are used. Lasers generate optical radiation (laser radiation) of high directivity and at a given wavelength. Thermal sources of optical radiation, such as filament lamps and mercury lamps, are also used. However, such sources require the use of a focusing system of lenses and mirrors, and may require the use of monochromators to select a wavelength from their wide spectrum. Thus, the use of lasers is most preferable and effective compared to other sources.




2. Laser-Controlled the Liquid–Air Interfaces and Microscale Flows


The study of the thermal action of laser radiation on thin films and layers of pure non-volatile liquids of a thickness    h l  ≤  L c    is of great fundamental [53,54,55,56,57,58,59,60] and applied importance [5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33]. Here,    L c  =    γ l  /  ρ l  g     is the capillary scale, which is obtained from a balance of the gravity and surface tension forces, the Bond number   Bo ≅ 1  .



The heating of a liquid layer with a laser beam (typically with a Gaussian distribution of intensity,   I  ( r )  =   2 P   π  w 0 2    exp  (  −   2  r 2     w 0 2     )   , across the beam waist, 2   w 0   ), or any point light source, induces an axisymmetric thermocapillary flow, which transferring the liquid towards the cold area with higher interfacial tension. As a result, a concave deflection of the interface occurs in the local heating area, known as the thermocapillary deflection or cavity, Figure 2a. The pressure underneath the curved interface becomes negative and, consequently, causes the reverse flows towards the heated area near the substrate, which joins outwards thermocapillary flows creating the convective vortex.



In turn, the temperature gradient along the interface can be produced either by the absorption of radiation in the liquid layer itself, according to the Beer–Lambert law, or by the substrate. In the second case, the liquid is optically transparent (non-absorbing); the laser beam passes through the liquid layer and is absorbed by the substrate. As a result, the temperature of the substrate rises in the area of the laser beam incident. The thermal front (an actuating isotherm,   ∆ T  ), due to conductive heat transfer from the substrate through the liquid layer, reaches the liquid–air interface and locally increases the interfacial temperature,   ∆ T  . When heating via the substrate, there is a time delay in the start of the thermocapillary flow at the liquid–air interface, which varies with the layer thickness (   h l   ) and the thermal diffusivity of liquid (   χ l   ) as    τ d  ≈  h l 2  /  χ l   .



In the paragraphs below, some peculiarities and practical applications of the thermocapillary convection induced by the thermal action of the laser beam in a liquid layer are considered.



2.1. Photothermocapillary Spectroscopy and Non-Destructive Testing


A distinctive of that laser-induced effect is the fact that the thermocapillary cavity in the liquid layer represents a concave mirror, which partially reflects the incident laser beam. The reflected radiation of the laser beam forms an interference ring pattern on the remote screen called the photothermocapillary response or signal (the PTC signal for short), Figure 2a. A detailed optical scheme explaining the formation of an interference pattern by a reflection from a concave thermocapillary mirror rays is presented in [5]. The structure of the interference ring pattern (the PTC signal) and its diameter, including evolution, both contain information on the properties and parameters of the liquid and the underlying substrate.



A number of studies [5,6,7,8,9] were dealing with the thermocapillary convection in the layers of the heavy oil that strongly absorbs the laser radiation of the visible range. The authors attempted to estimate the shape of the thermocapillary cavity and relate it to the intensity distribution over the laser beam cross section [7,8]. They noted for the first time that thermophysical, rheological and optical properties of a liquid could be determined through analysis of the interference pattern structure [6,7,8,9].



Later on, a research group [10,11,12,13,14,15,16,17,18,19,20] developed a new direction in photothermal spectroscopy of liquids [10,11,12,13,14,15] and non-destructive testing of solids [16,17,18,19,20] based on the effect of the laser-induced thermocapillary convection in thin liquid layers. Low volatile liquids (aromatic hydrocarbons, aromatic alcohols, silicone oils of different viscosity) on absorbing the laser beam (  λ =   633 nm,   P ≤   20 mW) substrates were used in experiments. The researchers found out that the stationary diameter of the circle PTC signal (   D  s t    ), Figure 2a, generated by the steady state thermocapillary cavity of the layer, depends on a number of parameters and properties of the liquid/substrate/laser beam system,


   D  s t   = f  (  γ ,    γ ′  , β , μ ,    ρ i  ,    k i  ,  χ i  ,  h i  ,    α i   ( λ )  , I  ( r )  , P  )  .  



(1)







Here,  i  is a subscript denoting a liquid,   i = l  , or a solid,   i = s  ;  γ  and   γ ′   are the interfacial (surface) tension and the temperature coefficient of the interfacial tension,  β  is the volumetric thermal expansion coefficient of liquid,  ρ  is the density,  k  is the thermal conductivity,  χ  is the thermal diffusivity,  h  is the thickness,   α  ( λ )    is the light absorption coefficient,  λ  is the wavelength of radiation,   I  ( r )    is the intensity distribution of the laser beam,  P  is the power of the laser beam. This highly sophisticated functional relationship can be simplified by defining all but one of the parameters, then getting the calibration dependence of    D  s t     on that parameter. Based on this approach, non-contact photothermocapillary methods for determining the thickness of transparent liquid layers on flat substrates [10], the viscosity of liquids [11], advancing and receding contact angles of liquids on solid surfaces [12] were developed. Note that, according to experimental data obtained for a number of liquids (octane, o-xylene, butanol, benzyl alcohol) on a light-absorbing carbolite substrate at   P =   5.5 mW the PTC diameter and the layer thickness are related by the power law,


   D  s t   ~  h l     − n    



(2)




where  n  is the power exponent decreasing with viscosity of these liquids. In [13,14], a lag time between the moment of the laser beam turning on and appearance of the PTC signal on a screen was detected. The quadratic dependence of the lag time on the thickness of liquid layer,    τ d  ≈  h l 2  /  χ l    was considered as a basis for a method of measuring the thermal diffusivity of non-absorbing irradiation pure liquids [13]. Later, it was revealed a high-sensitivity of thermocapillary stresses on a free liquid surface to thermal properties of solids that became a basis of photothermocapillary approach to the non-destructive evaluation control of solid samples [16,17,18,19,20]. In this case, the liquid–air interface serves as actuator medium. Basing on analysis of the stationary PTC signal a number of methods to detect in solid samples of different hidden flaws, including caverns and foreign inclusions under varnish and paint coatings [16,17,18], as well as the quality control of conductive tracks of printed circuit boards were developed [19]. In [20], it was experimentally found that diameter of the PTC signal depends on thermal conductivity of solid materials as


   D  s t   ~  k s  − m    



(3)




for    k s    ranged from 0.1 to 100 W/(m × K), where  m  is the power exponent, which varies in the range 0.672–0.899 depending on the layer thickness and the power of the laser beam [20].




2.2. Interfacial Shape Exposed to the Light-Induced Thermocapillary Stresses


In some works [32,33], the laser-induced thermocapillary deflection created in thin layers and sessile droplets (volume   ≤    1 µL) were studied as an adaptive mirror [32] and a tunable converging/diverging lens [33], respectively. It is shown [32] that the focal length, which is inversely related to the curvature of the central part of the thermocapillary deflection, decreases with a decrease in the layer thickness and with an increase in the laser beam power (  F ~ 1 / P  ). These results indirectly indicate an increase in the slope angle of the interface and the deflection depth due to the intensification of the thermocapillary convection in a layer.



In [61], the shape of the thermocapillary deflection of thin layers of silicone oil (5 cSt) upon the thermal action of the Gaussian laser beam (  λ =   532 nm,   P =   12.7 mW, 2   w 0  =   0.8 mm) absorbed by the substrate (ebonite) was studied experimentally and numerically. The shape of the steady state thermocapillary deflection was measured by the scanning with a laser knife and then experimental data, Figure 2b, were compared to the numerically obtained shapes [61]. It was shown that the depth of the central part of deflection increases with the decrease in the layer thickness (Figure 2b) that in line with the indirectly obtained results in [32]. Similar tendency was detected in work [62] for the layers (228–550 µm) of silicone oils in wide range of viscosities from 5 to 400 cSt when irradiating the light-absorbing substrate with the laser beam (  λ =   655 nm,   P =   16.5 mW). The authors used the laser scanning confocal microscope to measure the deflection depth [62].



It is important to note that in some works [58,63], the light-induced thermocapillary convection and deformation of the liquid–air interface were studied in thick layers,    h l  >  L c   . For example, in [58] the thermocapillary convection was excited in a water layer of 30 mm thick by the CO2 laser beam (  λ =   10.6 μm,  P  ranging between 0.6–6 W), and in [63]—in decane layers of 1–10 mm thick, focusing radiation of a filament lamp (1.2–3 W) into the depth of the layer.



An interesting result was that in the area of a locally increasing the interfacial temperature of a thick layer, a convex deformation of the interface is formed, i.e., the interface rises up. In the case of decane [63], the convex shape was detected in the layers at    h l  >   1 mm, and then, when    h l  ≤   1 mm the interface took on the typical concave shape.




2.3. Light-Induced Rupture of Thin Films and the Control of the Contact Line Instability


A weak side of the laser-induced thermocapillary concave deflection of a liquid layer on a solid surface is the instability of the layer in that area to a rupture. Generally, the instability of thin films and the formation of ruptures and dry out spots in the areas of temperature perturbations is very relevant to the problem for improving the reliability of thin-film cooling systems [64,65,66,67,68] and other thin film applications [67,68]. On the other hand, the control of the rupture process and the formation of a clean non-wetted the rupture area is extremely important for solving problems in immersion lithography—technology for integrated circuits fabrication [69,70].



The studies [25,26] were devoted to the numerical and experimental investigation of the thermocapillary rupture of thin (   h l  ≈   5 µm) liquid films with a focused IR laser beam (  λ =   1470 nm, 2   w 0  =   200 µm) on stationary [25] and rotating substrates [26]. The authors showed that the narrower the beam and the higher the power, the faster the film rupture occurs. In addition, they determined the range of beam powers and substrate rotation speed in which the thermocapillary film rupture and the subsequent dewetting process occur without residual droplets. In [27] the thermal action of the IR laser beam on the receding contact line of a droplet, which represents a liquid bridge between the needle tip and the rotating substrate, was studied. It was shown that the generation of the thermocapillary flows on the receding part of the droplet leads to an increase in the mobility of the contact line, prevents fragmentation and formation of residual droplets. Finally, it makes it possible to increase the substrate rotation speed that is crucially important for improving the quality and throughput of fabrication in large-scale electronics by immersion lithography.



Feasibility of applying the optical radiation to suppress the fingering instability along a contact line of a thin film of low-viscous silicone oil (0.65 cSt) spreading on a substrate was shown in [71]. As a source of radiation, the authors used the spatial and temporal modulated radiation of an arc lamp, which was absorbed by the substrate creating a thermal field along the fingering front. As a result, the thermocapillary flow from the irradiated (heated) areas towards the non-irradiated areas appeared, thus leveling disturbances of the spreading front. The use of feedback and the fast rearrangement of the spatial distribution of light intensity allows for an effective tool for monitoring and studying instabilities [71].



The study [28,29] demonstrated the rupture of hexadecane layer ( ~ 1 mm thick) on light-absorbing substrates induced by a laser knife (  λ =   1.5 µm, length of the beam  ~ 1 cm,   P =   500 mW) and subsequent transfer of liquid (i.e., receding of the three-phase contact line) in front of slow displacing laser line along the substrate, Figure 3a. This mechanism was shown to be effective for cleaning the surfaces from particulate impurities. Micro- and nanoparticles adherent to substrate were removed by the laser-induced thermocapillary flow.



The formation of the thermocapillary trenches of 100 nm width in the areas of selective absorption of the IR radiation of the scanning laser (  λ =   2500 nm, 5 µm spot diam.) by metallic single-walled carbon nanotubes (metallic-SWNTs) grown on a glass surface allows them to be effectively deleted by the reactive electron etching [30], Figure 3b. Meanwhile, useful non-absorptive semiconducting-SWNTs are saved under the protective liquid layer 25 nm thick [30]. This approach solves the problem of improving the quality of transistors and semiconductor electronics [30].



A laser-direct write of positive tone as the high resolution and low power alternative for lithographic techniques utilizing the effect of thermocapillary dewetting (in other words the thermocapillary ruptures) was proposed in [31]. By scanning of a thin film of polystyrene (50–60 nm thick) on a silicone substrate with a laser beam (  λ =   532 nm, 232–240 mW at scanning rate 100 μm/s) it was possible to create the array of lines with resolution better than 1 μm. Due to the thermocapillary flows, liquid spread out from the moving laser spot, resulting in a long trench similarly to that found in work [31]. Thus, in the irradiated area the silicone substrate became free from the coating material.



The study [72] demonstrates for the first time the possibility of generating thermocapillary flows at the liquid-substrate interface by the thermal action of a laser beam. The authors prepared a superhydrophobic substrate to enable the Cassie wetting condition with the water layer when that substrate covers the layer from above. A tiny air gap (30 µm thick) between the substrate and water layer, which was filled with a hydrophobized structure of the light-absorbing soot on the substrate, served as a driving interfaces. The thermal gradient was produced by an irradiating the substrate with the laser beam (  λ =   488 nm, spot size 350 μm,   P =   10 mW), and minimal thermal gradient of 0.2 K/cm was enough to generate the thermocapillary liquid flow [72].




2.4. Laser-Induced Marangoni Flows on the Liquid-Surfactant Interfaces


The effect of surfactant additives to pure liquid on the thermally induced Marangoni convection opens up the perspectives for the development of highly sensitive instruments for physicochemical analysis [14], the study of the surfactant films rheology [21,22,73] and solving problems in microfluidics [23,24].



The main feature of such convection is the competition between two mechanisms of opposite action. The thermocapillary mechanism of the transfer of surfactant molecules along the interface away from the heating spot resulting in a compressed layer of surfactant molecules on the periphery. This led to a decrease in the interfacial tension at the periphery, and therefore, to appearing a stronger opposite interfacial tension gradient, called the concentration Marangoni effect. As a result, the flow changes its direction towards the heated area and lead to suppression of the thermocapillary effect (Figure 4).



Using the thermal lens and the probe beam deflection methods [22], it was shown that laser-induced thermocapillary convection in layers of highly light-absorbing liquids (the dyed ethylene glycol and water) was sharply suppressed when adding surfactants (hexadecanol, dipalmitoyl phosphatidylcholine and cardiolipin) in an amount sufficient to reduce interfacial tension by  ~ 0.5 mN/m. Thus, one can say that such decrease in interfacial tension is sufficient to suppress the thermal interfacial gradient. The authors noted that the moment, when the thermocapillary deflection is disappeared, corresponds to the gas–liquid-expanded phase transition of the monolayers and can be used as a diagnostic tool.



The effect of the delay of the PTC signal from a thin layer of optically transparent water on the light-absorbing ebonite substrate was found to be very sensitive to presence of any organic impurities on water-air interface [14]. The authors shown that by adding to pure water layer of microdroplets of the solution of hexadecanol in chloroform, the deviation from the quadratic dependence of the delay time is observed. The method enables detection of surface concentrations of 0.3 μM/m2 of hexadecanol in highly purified water.



The generation of thermocapillary vortex flow in a quasi-2D Langmuir monolayer at the liquid–gas interface under irradiating by an IR laser beam was proposed to create a non-contact microfluidic mixer [23].



In [24] it was reported that the thermocapillary convection caused by a heating with a laser beam (  λ =   1457 nm,   P =   15 mW, the beam spot area is 100     μ m  2   ) of nanodroplets of aqueous solutions of surfactants and lipids, immersed in dodecanol led to the motion of droplets towards the beam impact area and the formation of stable aggregates. The stability is supported by the formation of lipid bilayers at the contact area between interacting droplets. It is interesting to note that the motion of that droplets was ultimately due to the concentration Marangoni mechanism, caused by the thermocapillary flow inside droplets. This approach provides an opportunity to develop a tool for digital microfluidics and for study thin film drainage and interface stability in emulsion, as well as creating a lipid-bilayer network.



It is interesting to note that the competition between the laser-induced thermocapillary forces at the water–air interface covered with surfactant molecules and the concentration-induced forces, turned out to be the cause of the ambiguity of the measuring data and a sudden rising the signal when study the interfacial molecules by the sum-frequency generation (SFG) spectroscopy depending on concentration [74]. It was revealed in [75] that high-power IR laser pulses used in the SFG spectroscopy cause the heating of the liquid phase. According to the authors’ estimates [75], the temperature increase in a pulse time in the area of the laser beam projection in resonance with OH vibration reaches   ∆ T ≈   19 K. This temperature gradient induces interfacial flows which transfer molecules away from the area of laser beam in the case of a low concentration of surfactants at the interface. As a result, the signal disappears. Increasing the surfactant concentration creates a strong opposite directed concentration surface tension gradient, which inhibits thermocapillary flows and fills with a dense surfactant monolayer of the irradiated area. This results in the sudden increase in the SFG signal.



Recently, a number of theoretical, numerical, and experimental studies [73,76,77,78] have been performed to understand the mechanism of influence of surfactant adsorbed at the liquid–air interface on the nature of the thermocapillary flows.



The study [76] reports the results of an experimental and numerical investigation of the influence of an insoluble oleic acid surfactant added to the water–air interface on the development of axisymmetrical thermocapillary flow in the water layer of 7.5 mm thick. The thermocapillary flow was induced by heating of the water with the IR laser beam (  λ =   1455 nm,   2  w 0  =   1.26 mm,   P =   40 mW). It was shown that the generation of concentration flows caused by the nanoliter addition of surfactants narrows the area of the thermocapillary vortex. These results are consistent with results of a theoretical analysis [77], which show that in the case of convective mass transfer, the front of the thermocapillary flow changes in inverse proportion to the elasticity number characterizing the surfactant film. At the border of the front, both axisymmetric thermocapillary and concentration-capillary flows completely extinguish each other, creating a stagnation zone.



In [78], the instability of thermocapillary flow caused by a laser-heated microbead partially wetting at the water–air interface experimentally investigated. The light-absorbing bead of 300 µm in diameter was glued to an optical fiber through which the laser radiation (  λ =   532 nm) was guided. The power was varied from a few to tens of mW. It was found that an increase in the laser power up to a critical value destroys the axisymmetric structure of the thermocapillary flow and generates dipole and quadrupole vortex flows with opposite directions of rotation. The authors suggested that such instability arises from the inevitable presence of surfactant impurities on the water–air interface. Surfactant molecules are swept away from the heating spot and accumulate near the walls. The surfactant film then creates concentration counter-flows into the heating spot resulting in the azimuthal instability.





3. Laser-Controlled the Liquid–Liquid Interfaces in Multilayer Systems


Thermocapillary flows and instabilities of interfaces in multilayer systems confined between uniformly heated solid surfaces is of great importance in natural and industrial processes [79]. The light-induced convection in the bilayer (the two-layer) liquid systems with a free upper interface is of interest in the development of image recording systems [35,36,37,38], nonlinear optics [39,40] and multifunctional optical systems [34].



In [35,36] perturbations of the interface between layers of partially miscible liquids when irradiated by a spatially modulated intensity of an IR laser beam were experimentally and theoretically investigated. Radiation is absorbed in a thin sublayer of the upper layer and produces the thermocapillary stresses on the liquid–air interface. It is shown that in the irradiated parts due to thermocapillary stresses, the free interface deflected, and the liquid–liquid interface acquired a convex shape caused by entrainment with ascending flows in the upper layer (Figure 5). This mechanism was applied by the authors to create a prototype of a highly sensitive IR visible image converter [36,37,38]. The authors obtained thermal images of real objects [36,37,38] in the bilayer system with a resolution of 10 lines per mm [38].



Using a two-layer system as a nonlinear optical medium, the dynamic recording of diffraction gratings of a laser beam were demonstrated [39,40]. A 2–3 μm thick layer of solution of magnetic particles in kerosene imposed on a 1-mm thick layer of water was used in experiments. The modulation of the surface profile was performed due to thermocapillary mass transfer caused by heating with the pump laser beam (  λ =   514.5 nm,   P =   140 mW) of the light-absorbing upper layer of the viscous liquid. The results showed that the following factors contribute for improving the diffraction efficiency: an increase in the viscosity of the upper liquid, a decrease in the upper layer thickness, and the use of a liquid layer as a substrate.



In the study [34] an adaptive liquid diaphragm driven by the pumping laser beam was demonstrated. The actuation mechanism is based on the generation of the local thermocapillary circular rupture of the upper layer, which serves as a shutter for passing light. It was shown that the rupture diameter and the focal length of the convex deformation of the bottom layer are varied with the thickness of the upper layer. The bottom layer (glycerol dyed with brilliant green, 2 mm thick) absorbs the pump laser radiation (  λ =   632 nm,   P =   17mW,   2  w 0  =   1.5 mm) and creates a heat source at the liquid–liquid interface. Hexadecane dyed with Oil Red O to absorb the passing light (  λ =   532 nm, the beam diameter around 50mm) was used as the upper layer. The aperture diameter increases from 1 to 11 mm when the thickness decreases from 600 to 300 μm. It was observed that a convex deformation of the lower layer operates as a focusing lens with the focal length range from 4 to 25 cm.



In [80,81] the thermocapillary convection in the two-layer system as described in [34] was studied experimentally and theoretically depending on the thickness of the upper and bottom layers. Using the method of scanning laser knife [61] it is shown that the depth of the thermocapillary cavity of the upper layer increases with a decrease in its thickness, similarly to the case of a single-layer systems [61]. Additionally, even in a very thick upper layer, a cavity about 5 µm deep was detected. Measurement of the profile in the rupture area made it possible to found that the height of the convex deformation of the lower layer rises with a decrease in the thickness of the upper one, but does not depend on the thickness of the lower layer in the range of 1–5 mm. A mathematical model [81] is based on the Boussinesq approximation of the Navier –Stokes equations with an intense thermal exposure on the free surface by the laser beam. The model allows one to describe the convex thermocapillary deformation of the liquid–liquid interface, the thermocapillary concave deflection of the liquid–air interface and predict the rupture time of the upper layer.



The mathematical model of the laser-induced thermocapillary convection in the bilayer and three-layer liquid systems with a closed geometry and anomalous temperature interfacial tension coefficient at the liquid-liquid interface was proposed in [82]. The effect of the ratios of layer thicknesses and liquid viscosities on the amplitude and direction of interface deformations was studied analytically. In the limiting case of equality of viscosities and thicknesses, no deformation in the interfaces was found. Interestingly, despite the simplicity of the model, it appears to be an interesting method to explain and predict the features taking place in optofluidic experiments on droplet dispensing in microchannels [83].



In [84], the modulation of interfacial shapes of a multilayer system under a localized thermal load at the free surface of the upper layer was studied theoretically and numerically. From the numerical study, it was concluded that the convective flows in the layers and the position and shape of the interfaces are determined by the parameters of the system and the properties of the liquids.




4. Conclusions


The phenomena of light-induced thermocapillary convection and the spatial modulation of the interfacial shapes have attracted researchers for a long time as a universal method for solving a wide range of applied problems in microelectronics (the cleaning of silicon wafers, high-resolution lithography), biology (the manipulation of molecules, bacteria, lipid vesicles), the non-contact methods for the testing of liquids and solids, and so on. The advantages of using the thermal action of optical radiation are the following: the delivery of thermal energy to the required place instantaneously and practically lossless; low operating radiation power at the limits of mW; the localization of thermal perturbations on scales smaller than a few micrometers; ensuring the absorption of radiation in the bulk medium or at interfaces; the fast tunability of the power, the radiation flux density and the spatiotemporal distribution of radiation intensity; wavelength choosing for thermal excitation from the IR range (1.4–10.6 μm) absorbed by water or a substrate to the visible range (488–633 nm), which is absorbed by a substrate or dye pigments added to the liquid.



Analysis of the studies shows that a free liquid–air interface, even as a micron-sized air gap between a textured hydrophobic substrate and a liquid, is a necessary condition for generating thermocapillary flows, regardless of the mode of radiation supply.



It is important to note that the laser-induced thermocapillary effect is not limited to problems involving the study of interfacial flows and interface deformation in single- or multilayer systems, as discussed in this review. A large research area is associated with the application of the laser-induced thermocapillary transfer of micro- and nanoobjects suspended in liquid layers/droplets with the free liquid–air interface [1,85,86] or in the confined liquid medium [87,88,89] for applications in photothermal self-assembly technologies. Interestingly, to generate flows in the confined liquid medium, the free interface activating the motion is artificially created via generating a vapor microbubble on a substrate by heating with a laser beam [87,88,89]. Moreover, a sharp increase in temperature can be induced by strong radiation absorption of a substrate itself or by the absorption of a plasmonic particle. Such a small area of the liquid-vapor interface is sufficient to create thermocapillary flows that transfer suspended particles to the heated spot.
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Figure 1. The ways of light energy conversion into kinetic energy of motion. 
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Figure 2. (a) Schematic of the thermocapillary convection in a liquid layer locally heated with a laser beam, I(r). A thermocapillary concave deformation of the interface in the heated spot and the photothermocapillary signal (PTC signal) formation by a reflected laser radiation; (b) typical profiles of the thermocapillary concave deformation of silicone oil layers (500–1730 μm) induced by heating with the laser beam (  λ =   532 nm,   P =   12.7 mW) and the deformation depth,   δ h  , vs. the layer thicknesses. 
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Figure 3. Top view images of the laser-induced thermocapillary ruptures: (a) the rupture of hexadecane layer ( ~ 1 mm thick) on a wetted soft magnetic disc caused by a line beam of IR laser. Residual polyethylene particles are captured by receding three phase contact line in the rupture area; (b) selective trench formation in the thermocapillary resist layer caused by laser exposure [30]. Trenches of ∼20 nm in the depth,  ~ 100 nm in the width and around 60 μm length. Reprinted with permission from ACS Nano, 2014, 8, 12641. Copyright 2022 American Chemical Society. 
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Figure 4. Schematic of the laser-induced thermocapillary convection in a layer with surfactants on the liquid–air interface. (a) The competition between interfacial forces caused by thermal gradient and interfacial forces caused by surfactant concentration gradient (the concentration-driven Marangoni flows); (b) an increase of surface concentration of surfactant molecules suppresses the laser-induced thermocapillary flows and interfacial deformation. This leads to disappearing the PTC signal on a screen. 
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Figure 5. The light-induced thermocapillary effect in bilayer systems with a free liquid–air interface of an upper layer. (a) Illustration of interfacial deformations generated by a spatially modulated radiation in the light-absorbing upper layer (at the top). A side-view not to scale image of the thermocapillary deformation of the liquid–liquid (L1-L2) interface and the rupture of the upper layer caused by a single laser beam according to experimental conditions in [34] (at the bottom); (b) a top-view of the thermocapillary rupture of the bilayer system. 
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