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Abstract

:

In the present study, we propose a new transparent thin-film ITO surface radio-frequency (RF) trap. Charged hybrid microstructures were localized in the developed ITO trap. We show, analytically and experimentally, that the position of the localization zones in the trapped hybrid structure are stable. The transfer of charged particles between localization zones was studied under the action of gravity-compensating laser radiation. We highlight the advantages of transparent thin-film ITO traps to investigate and manipulate charged particles.
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1. Introduction


Ion traps are a versatile tool for the retaining and manipulating of charged particles. Trapped particles levitate in a radio-frequency (RF) electrical field and become isolated in space. Different RF trap configurations allow the localization of charged particles, varying from atomic ions to microparticles [1,2,3]. Different types of measurements can be conducted with RF traps. Ion trapping techniques have been adopted for the following: mass spectrometry [4,5], quantum computing and quantum simulating [6,7,8,9], plasma research [10,11], and the studying, and characterization, of micro- and nano-particles [11,12,13]. RF traps have become useful tools to research the spectral and physical properties of luminescent particles [14,15,16].



Different applications require different configurations of RF traps, from quadrupole traps [2,17] to surface traps with integrated fiber optics [18,19]. However, due to the geometry of electrodes most RF traps are challenged by limited optical access and low optical collection efficiency [7,19,20]. Recently, the collection efficiency was enhanced with the use of hemispherical mirrors and an improved design of trap electrodes [21]. We propose that the use of surface traps with transparent conducting electrodes would be a solution. This configuration allows full optical access to a localized object from any angle and supports direct coupling with optical equipment.



There are only a few materials that feature both high transparency in the visible range and near-metallic conductivity. Nowadays, transparent conductive oxides, such as graphene, as well as a composite structure with ultrathin metallic films, are promising candidates for the preparation of transparent electrodes [22,23,24,25]. As one of the most studied materials, we suggest using indium tin oxide (ITO) for RF trap transparent electrodes. ITO is an n-type degenerated wide-gap semiconductor with high transmittance in visible region and near-metallic conductivity. Usually, ITO thin-film structures are deposited by well-known magnetron sputtering techniques [26,27,28,29]. The variation of sputtering conditions (working gas pressure and mixture, sputtering power, substrate temperature, post annealing) may lead to changes in conductivity, transparency, surface morphology, and optical band gap, as well as the refractive indices of the deposited films [26,27,28,29,30,31,32]. The application value of ITO thin films has been proven in liquid–crystal cells, photovoltaic cells, and gas sensors [33,34,35,36].



In the present study, we propose a new type of transparent thin-film ITO surface RF trap for the localization and manipulation of charged particles [19]. This type of RF trap provides full optical access to a localized particle, including direct laser illumination. To highlight the advantages of the fully transparent trap, we developed a double-well (DW) trap design. It has been shown that, in RF traps with DW potential, the trapped particle positions are extremely sensitive to all system parameters [37,38,39,40]. The developed trap supports particle localization in two stable zones isolated in space. Control of the trapped particle position can be implemented via switching between double-well and single-well (SW) regimes with only one stable localization zone. The proposed analytical model shows that DW to SW regime transition is possible in the case of trapped particles’ gravity force compensations. We propose to compensate the particle’s gravity with a laser beam, where the wave vector is directed in an opposite direction to that of the particle’s gravity vector. Our experimental study revealed the opportunity to manipulate the levitating particle position with a gravity-compensating laser.




2. Materials and Methods


Transparent thin-film ITO electrodes were deposited by magnetron sputtering of an indium-tin alloy target (90 wt% In and 10 wt% Sn). Thin films were deposited on transparent glass substrates through the contact mask determining the geometry of electrodes (Figure 1a). A mixture of argon and oxygen in a ratio of 3:1 was used as the working gas medium. The conductivity and transmission of ITO thin films can be varied by changing the deposition rate. The full process is discussed in detail in [31]. In the studied trap, ITO electrodes consisted of a 170 nm thick conductive layer, coated with a 30 nm thick ITO insulating transparent film (with excess oxygen content) deposited in the same technological process. Layer thickness was controlled by quartz scales during the deposition process. To improve adhesion, the deposited layers were annealed in the atmosphere at a temperature of 400 °C for 20 min. The conductivity of the uninsulated ITO electrodes was 100 Ohm/square.



A surface RF trap can be represented as a set of several electrodes on a dielectric substrate. The simplest surface trap consists of five rectangular electrodes (“5-wire” design [41]). Such an electrode design provides a single quasi-equilibrium point. A possible solution for implementing SW and DW modes is to use asymmetric electrodes. In the present work, we propose a system of U-shaped and W-shaped electrodes for DW potential formation. Figure 1b represents the principal scheme for the DW surface RF trap, where gray and red indicate the grounded W-shaped and RF U-shaped electrodes, respectively. The width of the U-shaped electrodes and the distance between them was   a = 6   mm (marked with black arrows in Figure 1). A photograph of the prepared ITO trap is provided in Figure 1c. The electrodes’ geometry was designed so as to obtain a double-well effective potential in the YZ-plane for the studied microspheres. We propose using the RF trap with DW potential, since, in such traps, the equilibrium points of particles strongly depend on all the system parameters [37,38,39,40]. The principles of DW potential formation for the proposed electrode geometry, as well as for effective potential simulation for SW and DW localization regimes, are discussed in Appendix A.



In the configuration with fully transparent surface electrodes (Figure 1b), it is possible to use intense laser radiation to achieve localized particle manipulation. Transparent ITO electrodes and a glass substrate allow UV laser radiation to propagate through the entire trap. In the present study, we used UV laser beams with the wave vector directed opposite to the particle’s gravity force vector (Figure 2). Such an approach provides an opportunity to compensate the localized particle’s gravity by the scattering force and to control the positions of the trapped particles.



To conduct experimental research, we prepared the optical setup shown in Figure 2. The setup consists of an ITO trap, 535 and 405 nm lasers, and two high-speed digital cameras. The green laser beam directed parallel to the trap’s surface was used to illuminate trapped particles. We used a beam expander and aperture to adjust the green laser light to the whole localization area above the trap’s surface. Two digital cameras were used to track the motion of the trapped particles. The first camera was directed perpendicularly to the trap from above to film the motion of the particles in the XY-plane. The second camera was directed parallel to the trap’s surface in the YZ-plane. To avoid registration of scattered UV light from the trap electrodes and substrate, UV filters were used. The neutral filter was used to attenuate the UV laser intensity.



As an object of localization we used pre-synthesized CaCO3-Fe3O4-AgInS2/ZnS microspheres with diameter 3.5–4 μm [42]. The experimental conditions were the following: an U-shaped electrode, the width and distance between them equaling   a = 6   mm (Figure 1); RF voltage amplitude on the electrode of   V = 2750   V; frequency of RF voltage of   ω = 100   Hz. The CaCO3 microspheres were introduced by a pneumatic injection system.



According to published data, the approximate charge of a single microparticle of the same order of size falls within the interval   6.9 ×  10 3  − 8.4 ×  10 3    elementary charge [43].




3. Results and Discussion


Here, we propose the method of controlling the positions of charged particles by compensating for gravity using a light scattering force. We would like to highlight that optical compensation of gravity in surface traps is only possible with the use of fully transparent thin-film electrodes.



The localization of charged particles near the surface of the proposed trap is caused by the interaction of the charged particles with the RF electrical field on the thin-film ITO electrodes. The spatial position of a trapped particle above the electrode’s surface is determined by the superposition of all the forces acting on levitating particles, such as the electrical and gravitational forces. Thus, changing the ratio of these forces, or introducing a new one, can lead to shift in the particle position. In this way, the localization process can be sufficiently modified in the presence of the acting scattering force originating from the laser beam.



To account for all the forces acting on the levitating particle, we propose using effective potential formalism, which is sufficiently discussed in the following works [44,45]. Thus, we propose describing the localization process in terms of effective potential. To prove the proposed optical position control concept, we carried out a calculation of effective potential spatial distribution in the presence and absence of the light scattering force, corresponding to compensated and uncompensated gravity force cases. The effective potential can be represented as the superposition of an average kinetic energy of fast oscillation and the potential energy of a dynamical system [44,45]. The description of the model used is in Appendix A. Notably, every particle is characterized by its own effective potential, which is determined by its own mass, size, and charge and the superposition of the external forces. Thus, the same setup provides different effective potential distribution for particles with various sizes, masses and charges. The full discussion of effective potential formation depending on the characteristics mentioned above is provided in Appendix A. Further, we discuss an effective potential map for the single CaCO3 microparticle with mass   m = 9.1 ×  10  − 14     kg, size   2 r = 4   μm,   e = 8.4 ×  10 3    elementary charge. We take into account the following RF field parameters   V = 2750   V,   ω = 100   Hz, the trap geometry parameter   a = 6   mm.



The map of effective potential distribution over the surface trap in the YZ-plane for the studied cases is shown in Figure 3. The colors of the given maps represent the effective potential normalized values, while the black lines are equipotential lines. Figure 3a corresponds to the case of the localization of CaCO3 spheres above the surface of the studied ITO trap in the absence of the light scattering force. We can see two independent potential minima marked with asterisks on the map corresponding to two independent localization zones. This means that charged CaCO3 particles can stably localize in two independent isolated areas above the surface of the studied ITO trap (DW regime). In the presence of light, with the wave vector directed opposite to the gravity force vector, the superposition of the forces along the Z-axis changes. Figure 3b presents the map of the effective potential in the case when the scattering force fully compensates the gravitational force. As seen, only one potential minimum corresponds to one stable localization zone. In this case, localization of the studied microspheres occurred only in one region (SW). We can conclude that compensation of the levitating charged particle gravity by the scattering force leads to transition from the DW regime to the SW regime.



To verify the simulation results, we conducted an experiment with the setup shown in Figure 2. We investigated the spatial distribution of CaCO3 microspheres in the electric field of an ITO trap with and without UV light action. Photographs of the charged levitating CaCO3 particles over the surface of the studied trap were taken in the YZ-plane, and are shown in Figure 4. The particles’ oscillation amplitudes during the localization process was much higher than its actual size. Thus, Figure 4 represents the particles’ oscillation trajectories, rather than the actual particles.



Figure 4a presents two independent groups of levitating particles over the surface of the ITO trap. As can be observed, without gravity compensation, the DW regime was realized as predicted by the analytical estimation (Figure 3). The photographs of charged levitating particles after the UV light was switched on is represented in Figure 4b. Only one broad regime of localization was observed, which agrees well with the proposed model. During the experimental procedure, we adjusted the intensity of UV light by means of a filter (Figure 2), since lower intensity light did not provide enough scattering force value, and high intensity light led to delocalization of particles (i.e. particles left the localization zone). Generally speaking, the relation between the switching from DW to SW regimes in response to laser intensity can be used to develop a new way of estimating such trapped particle characteristics as mass, charge, and size.



We studied a set of experimental video footage of charged levitating particle positions along the Y-axis in the presence and absence of a light scattering force. The coordinates of each independent particle were obtained by the computer vision method. In each frame, we tracked bright pixels, which correspond to light scattered on levitating particles. The number of bright pixels counted along the Y-axis were collected for 5 s periods for UV-on and UV-off laser modes. The number of counts in each point along the Y-axis corresponded to the particle detection probability at the same point.



Figure 5 represents the total counts of bright pixels over the experiment. The red curve in Figure 5 corresponds to the CaCO3 microspheres’ detection frequency on the Y coordinate in the DW regime. The blue curve corresponds to the CaCO3 microspheres’ detection frequency on the Y coordinate in the SW regime after the gravity-compensating UV-laser was switched on. The results of bright pixel detection processing agreed well with the proposed model of the effective potential.



At the same time, in our experiment there was a small probability of particle detection between stable localization zones in the DW regime, Figure 5. Likewise, one can see that, even after switching on the UV laser, a small second localization zone still remained. Both these observations were associated with transient effects when the UV laser was switched on and stochastic motions of the particle trapped under the atmospheric conditions.



Discrepancy between the potential minima coordinates in the simulation results, in Figure 3, and the statistical experimental data, in Figure 5, can be explained by the fact that the simulations were performed with certain values of charge, mass and size for a single CaCO3 microsphere. The real ensemble of CaCO3 microspheres consists of particles with some parameter dispersion. The deviation of mass to charge ratio leads to shift in the potential minima coordinates in the developed trap (see Appendix A).




4. Conclusions


In the present study, we developed a new type of surface RF trap, which provides full optical access to the trapped charged particle. The advantage of full optical access was achieved by means of transparent conducting ITO thin film acting as the trap’s electrodes. The proposed approach supports charged microparticle levitation above the trap’s surface and provides an opportunity to compensate the particle’s gravity with an optical scatterings force.



To observe the gravity compensation effect most clearly, we designed a DW surface RF trap, where the trapped particle position was highly sensitive to the particle parameters, localization conditions and external influences. The numerical simulation of the effective potential for the proposed trap geometry showed two separate stable localization zones for charged microparticles. By having the scattering force directed opposite to the particle’s gravity in the simulation the confluence of two potential minima into one resulted.



We prepared an RF trap with thin-film ITO electrodes deposited on a glass substrate using the magnetrone sputtering technique. Fully transparent conducting electrodes supported propagation of the laser beam with the wave vector directed opposite the particle’s gravity vector. It was shown that without a gravity-compensating laser beam, charged CaCO3 microspheres grouped in two separate localization zones above the ITO electrodes. After switching on the gravity-compensating laser, all trapped particles relocated to the single stable localization zone. The experimental observations agreed well with the numeric simulation results.



The proposed surface ITO RF trap opens up a new way of conducting optical experiments with trapped charged particles. Full optical access to the trapped particle can improve the optical collection efficiency of a trapped object and allow RF trap deposition directly onto optical surfaces and equipment. This work presented the concept of transparent RF traps and its practical implementation. We would like to highlight that the shape and material selected for the trap electrode can be optimized in accordance with a specific task.
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Appendix A. ITO Double Well Trap Model


Effective potential minima coordinates of the proposed ITO RF trap are strictly related to the trap’s voltage parameters and gravity-compensating laser parameters, as well as to the trapped particle parameters. We assume that the three main forces acting on a levitating charged particle are the electrical force from the trap electrodes, gravitational force, and light scattering force.



To describe trapped particle–electric field interaction it is convenient to consider electrical potential distribution above the trap’s U-shaped electrode (Figure 1). An approximation of the electrode’s shape was performed with a well-known rectangular fitting [46]. Then, electrical potential distribution takes the following form


     U  ( x , y , z )  = V cos  ( ω t )   ∑  i = 1  3    1  2 π     tan  − 1       (  x  1 i   − x )   (  y  1 i   − y )    z     (  x  1 i   − x )  2  +   (  y  1 i   − y )  2  +  z 2       −         −  tan  − 1       (  x  1 i   − x )   (  y  2 i   − y )    z     (  x  1 i   − x )  2  +   (  y  2 i   − y )  2  +  z 2       −       −  tan  − 1       (  x  2 i   − x )   (  y  1 i   − y )    z     (  x  2 i   − x )  2  +   (  y  1 i   − y )  2  +  z 2       +        +  tan  − 1       (  x  2 i   − x )   (  y  2 i   − y )    z     (  x  2 i   − x )  2  +   (  y  2 i   − y )  2  +  z 2        =     



(A1)






     = V cos  ( ω t )   f V   ( x , y , z )  ,      



(A2)




where V,  ω  is amplitude and frequency of AC voltage on the U-shaped electrode,   i = 1 ⋯ 3   is an increment of the electrode’s segment,   x  1 i   ,   y  1 i   ,   x  2 i   ,   y  2 i    are rectangle apex coordinates (marked in green on Figure 1a).



Particle–light interaction can be accounted for as the light scattering force in the following form


   F z  = μ P   r 2   r 0 2    Q  p r   ,  



(A3)




where   μ = 3.33 ×  10  − 12    , P is power of the laser source, r is the particle radius,   r 0   is the laser beam radius,   Q  p r    is the radiation pressure efficiency [47].



Complementing the Euler–Lagrange equation for a charged particle in the trap’s electric potential with its gravitational force and a non-conservative light scattering force along the Z-axis, we can obtain the particle’s equation of motion. The particle acceleration projection on the Z-axis can be written as


    z ˜  ¨  = −   ∂  f V   (  x ˜  ,  y ˜  ,  z ˜  )    ∂  z ˜      e V cos  ( ω t )    m  a 2    +   g a  −   μ P   m a     r 2   r 0 2    Q  p r    ,  



(A4)




where    z ˜  = z / a  ,    x ˜  = x / a  ,    y ˜  = y / a  , a is the electrode width. Using dimensionless time substitution   τ = ω t / 2   we obtain the final form


    z ˜  ¨  = −   ∂  f V   (  x ˜  ,  y ˜  ,  z ˜  )    ∂  z ˜    2 q cos  ( 2 τ )  + α ,  



(A5)




where   q =  2 e V  / ( m  a 2   ω 2  )   is the electrical field-charged particle interaction parameter;   α = 4 g / ω a −  (  4 μ  r 2  P  Q  p r    )  /  (  m a  ω 2   r 0 2   )  =  α 0  −  α 1   ;   α 0   is normalized acceleration parameter,   α 1   is light-particle interaction parameter. The accelerations in the XY-coordinates take a similar form to the corresponding partial derivative and the inhomogeneous term  α . Notably, the   α 0   term is defined by the surface trap’s, but not the particle’s trap’s, parameters. As   α 0   is predetermined by the trap, the trapped particle localization behavior can be controlled via adjusting optical field parameters in the   α 1   term.



As mentioned above, the effective potential can be represented as a superposition of an average kinetic energy of fast oscillation (q-depended term) and the potential energy of the dynamical system ( α -terms) [44,45]. Thus, the effective potential is given by


   U eff  =   q 2  4       ∂  f V    ∂  x ˜     2  +     ∂  f V    ∂  y ˜     2  +     ∂  f V    ∂  z ˜     2   − α  z ˜  .  



(A6)







The effective potential distribution (A6) depends on the following: the charged particle parameters, such as mass m, size r and charge e; the trap’s RF field parameters, such as voltage amplitude V and frequency  ω . The distribution of the effective potential for differently sized mircoparticles localized at various RF voltages and frequencies is shown in Figure A1. Column (a) represents effective potential maps for particles with 2, 3 and 5 μm at fixed RF voltage and frequency. Column (b) represents effective potential maps for RF voltages 2000, 3000 and 5000 V at fixed RF frequency and particle size. Column (c) represents effective potential maps for RF frequencies 50, 100 and 150 Hz at fixed RF voltage and particle size. As can be seen, the DW regime for the proposed electrode geometry is realised only for a specific relation in the varied parameters. Notably, effective potential minima coordinates, marked with red asterisks, strongly depend on all the varied parameters. The physical values of r and  ω  define the  α  parameter in Equation (A5), while the physical values of V and  ω  define the q parameter. To analyze conditions for DW and SW effective potential formation in a general form, we calculated the number of potential minima for different   α − q   sets in accordance with Equation (A6). Therefore, according to the   α − q   relation, the effective potential map can have a different number of stable equilibrium points. It should be noted that all the system parameters are explicitly included in  α  and q parameters. Thus, any variation of these individual parameters can be taken into account as  α  and q parameter variation.
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Figure A1. Evolution of effective potential cross sections at   x = 0   for the case of   α =  α 0   : (a)—as particle radius r changes; (b)—as voltage V changes; (c)—as frequency  ω  changes. Asterisk indicates the potential minima coordinates. 






Figure A1. Evolution of effective potential cross sections at   x = 0   for the case of   α =  α 0   : (a)—as particle radius r changes; (b)—as voltage V changes; (c)—as frequency  ω  changes. Asterisk indicates the potential minima coordinates.
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Figure A2 shows the dependence of the number of effective potential minima in coordinates  α , q according to the numerical simulation (A5): 0 (unstable), 1 (single-well (SW) regime, Figure 3b) or 2 (double-well (DW) regime, Figure 3a). In Figure A2, the SW regime is marked in blue, DW is marked in green, and the unstable regime is marked in red.



Since  α  describes the superposition of all the force projections on the OZ-axis, the numerical value of  α  shows the trapped particle localization behavior, and three general cases are possible. First, a common case where    α 0  >  α 1   , which means that the particle’s gravitational force is much greater than the light scattering force. Second, a case where    α 0  =  α 1   , which implies exact gravity compensation. Third, a case where    α 0  <  α 1   , when the light scattering force exceeds the particle’s gravity. Therefore, the DW regime is only possible in the first case with uncompensated particle gravitational force (the green zones in Figure A2). For compensation or overcompensation of the particle’s gravity the SW regime is only possible (the blue zones in Figure A2).
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Figure A2. Localization regimes map in surface ITO trap: SW regime is marked in blue, DW is marked in green, unstable is marked in red. 






Figure A2. Localization regimes map in surface ITO trap: SW regime is marked in blue, DW is marked in green, unstable is marked in red.
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Figure 1. (a) Contact mask determining ITO-trap electrodes’ geometry. The rectangular approximation is marked in green (Appendix A). (b) Principal scheme of double-well ITO surface trap. Gray (1) and red (2) indicate grounded and RF electrodes. (c) Photograph of the prepared ITO trap. 
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Figure 2. Principal scheme of the experimental setup with thin-film ITO trap: 1—535 nm laser source; 2—405 nm UV lase source; 3, 7—beam expander; 4—aperture; 5—mirror; 6—UV-attenuation filter system; 8—ITO surface trap; 9—localized charged particles; 10, 11—UV-filters; 12, 13—cameras; 14—trap’s power supply. 
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Figure 3. Effective potential distribution for the case of uncompensated gravity (a), and full gravity compensation (b). White asterisk indicates the potential minima coordinates. 
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Figure 4. Trapped hybrid microstructures levitate above the ITO trap’s surface. (a) Two groups of particles were located in two isolated localization zones while their gravity was not compensated. (b) One group of particles was located in a single localization zone while its gravity was compensated with the UV laser. 
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Figure 5. Particles’ distribution in the surface ITO trap in the gravity-uncompensated regime (marked in red) and optical gravity compensation regime (marked in blue); accumulation was carried out for 600 s. 
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