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ABSTRACT: Dielectric multilayer photonic-band-gap (PBG) structures that are called 

one-dimensional photonic crystals (1DPCs), have drawn considerable attentions in the field of 

physics, chemistry and biophotonics. Here, experimental results verify the feasibility of 1DPC 

working as a substrate for the switchable manipulations of colloidal microparticles. The optically 

induced thermal convective force on the 1DPC can assemble the colloidal particles that are 

dispersed in water solution, while photonic scattering force on the same 1DPC caused by 

propagating evanescent waves can guide these particles. Additionally, in the 1DPC, one internal 

mode can be excited that has been seldom noticed previously. This mode shows an ability to 

assemble particles over large areas even when the incident power is low. The assembly and the 

guidance of colloidal particles on 1DPC are switchable just through tuning the polarization and angle 

of the incident laser beam. Numerical simulations were carried out, which are consistent with these 

experimental observations.     

KEYWORDS: One-dimensional photonic crystal, colloidal particles, thermal convection force, optical 

scattering force, evanescent waves, internal mode 
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The optical tweezer’s broad appeal has come about because of its non-contact nature and 

microscopic object can be picked up, delivered to a desired place in order to facilitate the act of a 

measurement or reaction, and then brought back to an initial position [1,2]. However, due to the 

limited magnitude of optical trapping forces at high input power (usually up to 102-103 mW) [3-5], it 

is difficult to assemble or guide large numbers of small objects that are dispersed in liquids [6,7]. 

Within this limit, it was found that evanescent waves of the dielectric or metal interface could 

manipulate particles over large areas at lower power. A colloidal particle placed in the vicinity of an 

evanescent wave will be guided along the direction of the evanescent wave vector, by transferring 

the momentum of the propagating evanescent waves to a dielectric particle (photonic scattering 

force) [8-16]. Besides optical field, photothermal manipulation techniques provide versatile control 

of diverse species for colloidal particles, the strong temperature gradients of optothermal can cause 

optothermo-matter coupling phenomena through a combination of Marangoni convection, 

thermophoresis, thermoelectricity and photophoresis [17-20]. Many methods for large scale 

trapping of dielectric particles have been proposed by combining optical forces and optically 

induced thermal forces. Different competing forces dominate, leading to markedly different particle 

dynamics [21-24].  

In this work, manipulations of colloidal particles that were placed on a dielectric multilayer 

photonic band gap (PBG) structure were investigated experimentally and numerically. This structure 

is called one-dimensional photonic crystal (1DPC) and has emerged as unique structure for exciting 

Bloch surface waves (BSWs) [25] that can be used in imaging, sensing, two-dimensional optical 

elements, and other applications [26-32]. In fact, except for the BSWs, evanescent waves can also be 

excited on the surface of this 1DPC through the total internal reflection (TIR). Due to the existence 
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of PBG, these evanescence waves are sensitive to the polarization and angle of the incident laser 

beam, and thus will induce different forces on the colloidal particles, which has not been fully 

explored before [33,34]. Furthermore, for this 1DPC, one internal mode can be excited inside the 

multilayers and then electromagnetic field will be localized inside the 1DPC. Under continuous 

illumination of laser beam, heat will certainly be generated inside the 1DPC and then diffuse to the 

surface. The effect of this heat on manipulation of colloidal particles has also not been carefully 

investigated before [35]. In this work, manipulation of colloidal particles enabled by the evanescent 

waves and the internal mode of the 1DPC were investigated experimentally and numerically, which 

showed different phenomena from the manipulations of colloidal particles by using evanescent 

waves on a conventional glass/water interface [36].  

 

RESULTS AND DISCUSSION 

Configurations of the experimental set-up and the 1DPC 

Figure 1A shows a schematic diagram of the experimental set-up, which was based on an 

inverted optical microscope. The center wavelength of the laser beam is 640nm, which is used for 

the optical manipulations. The polarization of the incident laser beam was controlled using a 

polarizer and a half-wave plate. Using a pair of scanning galvanometers and a focusing lens, the 

expanded and collimated incident laser beam could then be focused on any point in the back focal 

plane (BFP) of the objective (100×, numerical aperture (NA) of 1.49) [32]. The expanded and 

collimated beam would then exit the objective and strike the substrate at a specific angle of 

incidence (θ). This angle (θ) is determined by the position of the focused point on the BFP, as 

illustrated in Fig. 1A. The propagation direction of the incident beam relative to the normal plane of 
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the multilayer structure can be defined using the two angles (θ and Ψ) illustrated in Fig. 1A. Use of 

the high-speed scanning galvanometers means that the angles of incidence (θ and Ψ) can be 

changed very quickly (in less than 1 ms). The laser beam reflected from the 1DPC was rejected by a 

band-pass filter, meaning that only the light from the white-light illuminator could reach the camera, 

then the motions of the manipulated particles could be monitored clearly. 

The dielectric multilayers were fabricated via plasma-enhanced chemical vapor deposition 

(PECVD; PlasmaPro System 100, Oxford) of SiO2 and Si3N4 on a standard microscope cover glass 

(12-548C, Fisher Scientific, 0.17mm thickness) under a vacuum of <0.0133 pa and at a temperature 

of 300°C. The thicknesses of these layers are 66 nm (Si3N4) and 110 nm (SiO2), respectively. There 

are fourteen layers in total. The thickness of the top SiO2 layer was approximately 200 nm, as shown 

in Fig. 1B. The plane of incidence is X-Z plane (Fig. 1B). One drop of a water-based solution 

containing the colloidal particles was placed on the 1DPC. The mean diameter of these particles is 

approximately 2 μm. To check the response of the 1DPC to incident beams with different 

polarizations, an expanded white light beam was used to fully fill the rear aperture of the objective 

and was then focused onto the 1DPC. The reflected light was collected using the same objective 

(100×, NA of 1.49). The BFP of the objective was imaged using a scientific complementary 

metal-oxide-semiconductor (sCMOS) camera. A band-pass filter with a center wavelength of 640 nm 

was placed in front of the sCMOS camera to filter the reflected light. The captured BFP image of the 

light reflected from the 1DPC is shown in Fig. 1C. The white line with the double arrowhead on Fig. 

1C represents the incident polarization. The objective lens is axially symmetrical with respect to the 

optical path, so, as illustrated in the BFP image, the incident light along the direction Ψ = 0° has 

transverse-electric (TE) polarization, while that along the direction Ψ = 90° has transverse-magnetic 
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(TM) polarization, relative to the surface plane of the 1DPC. Based on the known NA of the objective, 

the TIR angle for the TM incident beam can be derived to be θ = 62°, which is consistent with the 

results of the numerical calculation (arc sin (1.33/1.515)). This BFP image clearly shows that the 

intensity of the reflected light from the TE-polarized incident beam differs from that of the 

TM-polarized incident beam, which indicates that the response of the 1DPC to the incident beam is 

polarization-dependent. There is also a pair of dark arcs showing on the BFP image, which is the 

signature of excitation of an internal mode. The excitation angle can be derived to be about θ = 65°. 

Based on the known incident polarization, it can be deduced that this internal mode can only be 

excited using a TE-polarized beam [35]. The difference was illustrated more clearly in the incident 

angle-dependent reflectance curves shown in Fig. 1D, which was calculated based on the transfer 

matrix method (TMM) [37]. According to the TMM, the field expansion coefficients in the glass 

substrate and water can be related via the matrix product 
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where Aglass and Bglass are the amplitudes of the incident and reflected waves in the glass substrate, 

respectively. Awater and Bwater are the amplitudes of the incident and reflected waves in the water, 

respectively. mij (i,j = 1, 2) is the matrix element of transfer matrix. In this work, the incident beam is 

incident on the dielectric multilayer from the glass substrate (Aglass = 1, Bwater= 0). Then, the 

reflectance of the incident beam can be expressed as 
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When the incident beam is TM-polarized, there is a broad dip (indicating low reflectivity) 

below the TIR angle (62°), which is consistent with the BFP image. In contrast, when the incident 
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beam is TE-polarized, no such broad dip appears below the TIR angle, but a narrow dip appears at 

66.9° that corresponds with the internal mode excitation resonance. This calculated angle is nearly 

consistent with that measured using the BFP imaging technique (65°, Fig. 1C). 

 

Experimental demonstrations on assembly and guidance of colloidal particles placed on 1DPC 

At first, the angle of incidence of the laser beam was set at about 63°, which is larger than 

the TIR angle, but lower than the angle for exciting the internal mode. The power of the incident 

laser beam was measured when a sensor of power meter (Microscope power sensor, S170C, Thorlab) 

was placed on the front focal plane of the objective (replacing the sample, as shown in Fig. 1A) and 

was measured to be approximately 16 mW. The power measured is that of the laser beam emitting 

from the objective. This power can be seen as the power of the light that reach the substrate of the 

dielectric multilayer (glass, Fig. 1B). It can be seen as the incident power. This incident power does 

not change when we change the incident angle or incident polarization.   

The illumination region of the laser beam is illustrated with the red-dashed circles drawn in 

Fig. 2A-2D. When the incident beam was TE-polarized, we find a large-scale migration of colloidal 

particles radially towards the center of the illumination region and aggregated into hexagonal 

close-packed colloidal crystals. The number of particles on Fig. 2A is much less than that on Fig. 2D, 

meaning that particles with locations beyond the illumination region or even field of view (FoV) of 

the objective were also dragged into the illumination region. Once the incident polarization was 

changed to be TM, the particles continue to migrate toward the illumination region at first, but after 

they enter into the illumination region, these colloidal particles were rapidly guided along the 

propagation direction of the excited evanescent waves and stop around the edge of the illumination 
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region as shown in Fig. 2E to 2H. More clearly demonstrations on the assembly and guidance of the 

colloidal particles using the two types of polarizations can be found in Video-1 [38]. These 

phenomena demonstrate directly that in a 1DPC containing a PBG, the evanescent waves produced 

by the TE-polarized beam have a totally different effect on the colloidal particles to that produced by 

the TM-polarized beam, which has not previously been observed in the case of evanescent waves on 

a water/glass interface [36].  

To qualitatively demonstrate the guidance of the particles (It only happened inside the laser 

illumination region, meaning the movement of the particles along the propagating direction of the 

laser beam on the X-Y plane (the direction is shown with the arrowhead on Fig. 3A and 3E)), we 

prepared dilute samples and measure the guiding velocity of individual colloid particle inside the 

laser illumination region. As shown in Fig. 3A-3H, the incident angle was set as about 62o where 

both the TM- and TE-polarized laser beam can guide the particles in the laser illumination region, 

but with different average velocity (5.37 μm/s for TM-polarized and 2.23 μm/s for TE-polarized 

beam). The guiding velocity at other incident angle was also measured as shown in Fig. 3I. For each 

incident angle, the velocities of 3 individual particles were measured and then averaged to get the 

final velocity at this angle. The experimental results clearly demonstrate the guiding velocity in the 

case of TM-polarized beam is larger than that of TE-polarized beam. For the two polarized beams, 

when the incident angle was increased, the guiding velocity will reach zero (the particle will be 

stable on the image), meaning that the individual particle will not be guided along the propagating 

direction of the laser beam.  

When the incident angle was still increased (such as to 65o), we will find the assembly of the 

particles outside and inside the laser illumination region for both TM- and TE-polarized laser beam. 
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According to the BFP image (Fig. 1C) and reflection curve (Fig. 1D), the internal mode in the 1DPC 

appears only at the TE-polarized beam with the incident angle at about 65°. To test the changes in 

manipulations of the colloidal particles, corresponding experiments at this incident angle were 

carried out. The incident power was approximately 4 mW. Fig.4A–4D show that the colloidal 

particles were assembled quickly, even when the incident power was only one quarter of that used 

in the experiments in Fig. 2A–2D. In contrast, at the same laser power (4 mW) and the same 

incident angle, particles assembled very slowly under TM polarization (Fig. 4E–4H). Similarly, as Fig. 

2A-2D, the number of particles on Fig. 4A (or Fig. 4E) is also much less than that of Fig. 4D (or 

Fig.4H), so the particles beyond the FoV of the microscope are also attracted to the laser 

illumination region.  

As shown in the Video-1 [38], Fig. 2 and Fig. 4, the particles outside of the laser illumination 

region were attracted or assembled to the center, under both the TM- and TE-polarized illumination 

and different incident angle. This average assembly-velocity also can be measured from the two 

images, such as those shown in Fig. 5A and Fig.5B that were recorded at t = 0s and t = 60s, 

respectively. Here, the assembly velocities of three individual particles (P3, P4, and P5) were 

calculated and then an average velocity was obtained as shown in Fig. 5C. It should be noted that 

this assembly velocity means the drag speed of the particles from outside of the laser illumination 

region (Fig. 5A) to the boundary of the illumination region (Fig. 5B). The assembly velocity under 

different incident angles (63o and 65o), incident power (4 mW, and 16 mW), and polarization (TE and 

TM) were all measured as summarized in Fig. 5C. It is clearly show that the drag speed is the largest 

when the internal mode was excited (TE-polarized, P =16 mW, and incident angle is 65o).  
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Numerical simulations on the photonic force and thermal convection. 

To derive the mechanisms for particles assembly and guidance as shown in Figs. 2, 3,4 and 5 

numerical simulations were performed as following. In our experiments, the angle of incidence was 

larger than the critical angle and the evanescent waves were generated on the surface of 1DPC. 

These evanescent waves will induce scattering forces on the colloidal particles that is along the 

propagating direction of the waves, and gradient force that is pointed to the multilayer. 

Three-dimensional Finite-Difference Time-Domain (FDTD) simulations [39,40] were performed to 

calculate the angular-dependent scattering optical force (FSx) and photonic gradient force (FGz) as 

shown in Fig. 6A and 6B. In the simulations, the dielectric multilayers consisted of alternating layers 

of SiO2 (low refractive index, n = 1.474 + i*10−4) and Si3N4 (high refractive index, n = 2.498 + i*10−3) 

at a wavelength of 640 nm. The refractive indices of the water and the glass substrate were 1.33 and 

1.515, respectively. The refractive index of the colloidal particle is 1.59. The incident power is set at 

16 mW.  

Fig.6A clearly demonstrates that the photonic scattering forces by TM-polarized beam is 

stronger than that by TE-polarized beam. The scattering forces decreases with increasing incident 

angle (from 62° to 67°, larger than the critical angle). Fig. 6B also demonstrate that the photonic 

gradient force will drag the particle to the dielectric multilayer (the force is negative) when the 

incident angle is larger than the TIR angle (62o) [36]. It also demonstrated that the photonic gradient 

force by the TM-polarized beam is larger than that by the TE-polarized beam. These numerical 

results can be explained through the electric-field distributions of the evanescent waves in Fig. 6C – 

6F. The intensity of the evanescent waves on the 1DPC/water interface in the case of TM-polarized 

incident beam (Fig. 6D, Fig. 6F) is stronger than that of TE-polarized incident beam (Fig. 6C, Fig. 6E), 
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when the incident angle of the two polarized beams was the same. The stronger the 

electromagnetic field at the water/1DPC interface, the larger the scattering force enabled by this 

optical field. Similarly, for the TM-polarized incident beam, with the increasing incident angle, the 

intensity of the evanescent waves on the 1DPC/water interface decreases, and then the scattering 

force will weaken, such as that on Fig. 6D comparing with that on Fig. 6F.  

The scattering force enabled by the evanescent waves can be used to explain the guidance of 

colloidal particles inside the laser illumination region as shown in Fig. 2E-2H and Fig. 3, where the 

strong scattering force by TM-polarized beam can guide the motion of the particles along the 

propagating directions of the evanescent waves. This guidance did not happen when the 

polarization was switched to TE (Fig. 2A-2D), or the incident angle was increased (Fig. 4), where the 

scattering forces enabled by the propagating evanescent waves was highly decreased to nearly zero 

as shown in Fig. 6A. Another evidence that the guidance is due to the optical scattering force, is that 

this guidance will stop when the particles were outside of the laser illumination region (as clearly 

shown in Video-1 [38]) where there is no electric field.  

On the contrary, for the assembly of the particles, as demonstrated in the experimental 

section (Fig. 2A-2D, Fig. 4 and Fig. 5, Video-1 [38]), even particles beyond the laser illumination 

region where there are no electromagnetic fields, can be assembled. So, the assembly of particles is 

due to a long-range interaction and cannot be attributed to the optical scattering or gradient force. 

When we return to the electric field distributions on Fig. 6C, 6E and 6F, we find that the 

electric-field inside the multilayer is stronger than that on the 1DPC/water interface. Due to the 

intrinsic loss of the dielectric multilayers, heat will unavoidable be generated under continuous 

illumination of laser beam (Fig.1B) and will result in the temperature gradient on the 1DPC. We 
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deduce that the mechanism for the assembly of particles is due to the temperature gradient 

induced convective flows of the water solution, which is consistent with the phenomena 

of long-range capture of microparticles around the beam center by the generation of the local heat 

[24, 41].  

In order to verify this judgement, COMSOL Multiphysics Ver. 5.4 [42] was used to conduct 

the thermal convective flow analysis with the same optical configuration as shown Fig. 1B. For 

simplification, the velocity of the water flow is stimulated based on a two-dimensional (2D) heat 

conduction, the thicknesses of the water film were set at 100 μm and the initial temperature of the 

system was set to 293.15 K. All other structural parameters are the same as that shown in Fig.1B.  

Fig. 7 show the simulation results, where the arrow indicates the flow direction of water and 

can also represent the direction of the convective force enabled on the particles. From the flow 

directions (Fig. 7A - 7D), we can judge that the colloidal particles will be attracted to the center of 

the illumination region (X =0 μm), which is attributed to the temperature gradient induced 

convective flows of the water solution. The scale-bars (right-hand of each image) on Fig. 7 

represents the flow velocity, which can also represent the magnitude of the convective forces 

enabled on the colloidal particles.  

When comparing Fig. 7A and 7B (corresponding to experimental results shown in Fig.2, the 

incident angle was 63o), the convective forces induced by the temperature gradient under 

illumination of TE- and TM-polarized laser beam are nearly the same, hence colloidal particles 

would be assembled in these two cases, which are consistent with the experimental results shown 

in Fig.5, where the colloidal particles outside of the laser illumination region can be assembled and 

attract to the laser illumination region at nearly the same assembly velocity (incident angle was 63o 
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and incident power is 16 mW, for both TM and TE-polarized illumination). When these particles 

were attracted into the laser illumination region, as shown in Fig. 2, the TM-polarized illumination 

will guide the particles along the propagating direction of the laser beam in the X-Y plane (Fig. 2E-2H, 

Video-1 [38]), however, the TE-polarized beam will further attract the particles to the center and 

increase the assembly (Fig. 2A-2D, and Video-1 [38]). This difference inside the laser illumination 

region can be explained from the calculated optical scattering force as shown in Fig. 6A. When the 

incident angle was 63o, the optical scattering force is much stronger for TM-polarized illumination, 

which will suppress the convective force, and then induce the guidance of the particles along the 

propagating directions of the evanescent waves (Fig. 2E-2H and Fig. 3). On the contrary, in the case 

of TE-polarized illumination, the scattering force is near zero, then the convective force will be 

dominant, and result in the assembly as shown in Fig. 2A-2D.  

When the incident angle was increased, such as to 67o, due to the more confinement of the 

electric field inside the 1DPC (especially for the internal mode excited by TE-polarized beam, Fig. 6E), 

more heat will be generated and then result in larger convective force (as shown in the scale bar on 

Fig. 7C). The incident power is only 4 mW, the flow velocity on Fig. 7C is still larger than that on Fig. 

7A (the power is 16 mW). At this incident angle, the optical scattering force for both polarizations is 

nearly zero (Fig. 6A), so the convective forces will be dominant, which results in the assembly of the 

colloidal particles as shown in Fig. 4A-4D.  

When comparing Figs. 7C and 7D, we can find the flow velocity in the case of TM-polarized 

illumination is much smaller than that of TE-polarized illumination, which can be attributed to the 

electric field distribution inside the 1DPC (Fig.6E and Fig. 6F). The smaller flow velocity will result in 

smaller convective force, and the assembly speed of colloidal particles will be much smaller, which 
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are consistent with the experimental results shown in Fig. 4E-4H and Fig.5C (the assembly velocity 

in the case of TM-polarized beam (0.122 μm/s) is much smaller than that of TE-polarized beam 

(0.738 μm/s) with incident angle at 65o, the power was 4 mW).  

From the simulated flow directions as shown in Fig. 7, we notice that the assembly particle 

(around the position X =0 μm) can be pushed upward and away from the water/1DPC interface, if 

the convective force is larger than the gravity of the particle. This was verified by our experimental 

results as shown in Fig. 8. The TE-polarized beam was used to excite the internal mode of the 1DPC. 

When the incident power was increased, more heat would be generated inside the multilayer 

structure, resulting in the stronger convective force. When the incident power was only 5 mW, the 

colloidal particles were organized into closely-packed hexagonal colloidal crystals (see Fig. 8A and 

8B). As the incident power increased, reaching up to 12 mW, the number of organized particles in 

the illuminated region (marked using a dashed circle) decreased under continuous illumination, as 

shown in Fig. 8C and 8D. A clearer demonstration of the escape of these organized particles from 

the illuminated region is presented in Video-2 [43], showing that the particles was pushed upward 

due to the larger convective force than the gravity of the particle. 

 

CONCLUSIONS 

In summary, we have demonstrated for the first time that evanescent waves on an 

all-dielectric 1DPC allow the use of combined optical and thermal forces in either guiding or 

assembling colloidal particles, simply by tuning the polarization and angle of the incident laser beam. 

It creates an optical conveyor belt for the sampling and sorting of large-scale assemblies of 

micro-objects, which indicates a new potential use for the 1DPC. These phenomena have not been 
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observed for evanescent waves excited on a conventional water/glass interface. The mechanism of 

this guidance and assembly was analyzed from the competition between the optical scattering force 

and optical induced thermal convective force. When the optical scattering force is larger, the 

particles will be guided along the direction of the propagating evanescent waves inside the laser 

illumination region, such as TM-polarized incidence and the incident angle was 63o. On the contrary, 

when the convective force is larger, such as TE-polarized laser beams with incident angler larger 

than the TIR angle, the colloidal particles will be assembled from outside of the laser illumination 

region to the inside. If the convective force was increase further by using the high laser power, the 

assembly particles can be pushed away from the 1DPC substrate, because that the convective force 

becomes larger than the gravity of the particle.  

It should be noted here that while our experiments were performed with a high-NA 

objective, they can also be achieved when using a high-refractive-index prism-based setup, where 

more colloidal particles can be accumulated at the excitation region; in addition, the motion areas 

for these particles will be larger because the excitation region on the prism is larger than that on the 

objective lens [41, 44]. However, the advantage of the objective-based experimental setup is also 

obvious; its imaging ability can be used to monitor the manipulation of the particles directly while 

also capturing surface-enhanced Raman spectra, and it can also be used to study light-induced 

self-assembly and optical binding interactions, along with the nonlinear properties of densely 

packed metal or dielectric particle arrays. To the best of our knowledge, we have described an 

optical microscope system that is capable of both guiding and trapping dielectric particles using only 

one laser beam for the first time. This method can be used for applications including accumulation, 

microfiltration and transportation of micro/submicroscale particles or biological materials. 
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Attracting of many particles in the illumination region when thermal convection is formed might 

find applications in research of prebiotic evolution. A main requirement in prebiotic studies of 

self-replicating systems and prebiotic metabolisms [24] are high concentrations of reaction partners. 

It appears likely that thermal convection force can cause reaction partners (similar as the colloidal 

particles used in our experiment) to be drawn to the center of the excited region, and then their 

concentrations can be highly increased. The ability to generate local heat inside the 1DPC substrate 

can also be used to develop thermophoretic tweezers that can be used to manipulate colloidal 

particles, living cells, and other bodies [45-47].  
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Figures Caption 

 

Figure 1: | Schematic of the experimental setup, the 1DPC and its BFP image, and the calculated 

angular-dependent reflection curves. (A) Experimental setup. BFP: back focal plane. (B) the sample 

on (A), the 1DPC acting as the substrate for the colloidal particles in a water-based solution. FSx, FGz 

are the photonic scattering force and photonic gradient force, respectively. (C) BFP image of the 

1DPC. TIR: total internal reflection; TE: transverse-electric; TM: transverse-magnetic. The 

wavelength of the incident laser beam was 640 nm. (D) Calculated reflectance of the 1DPC versus 

angle of incidence under TE- and TM-polarized illumination. 
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Figure 2: | Assembly and guidance of the colloidal particles with incident angle at about 63°. (A–D) 

The incident laser beam was TE-polarized. The colloidal particles were organized into hexagonal 

closely packed colloidal crystals during illumination. (E–H) The incident beam was changed to a 

TM-polarized beam; the packed colloidal particles were then guided along the propagation direction 

of the evanescent waves. The scale bar on (A) is also applicable to (B–H). The arrow lines on (A) and 

(E) show the propagation direction of the evanescent waves in each case. The incident laser beam 

power is approximately 16 mW. The dashed line circles indicate the illumination region of the laser 

beam. 
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Figure 3: | Measuring the guidance velocity of the particle inside the laser illumination region. 

The incident power was 16 mW. (A–D) The incident beam was TM-polarized. (E–H) The incident 

beam was TE-polarized. the incident angle was 62o (A-H). The position of the particle P1 and P2 on 

the image was changed with the time, which is due to the guidance. (I) the guiding velocity vs. 

incident angle for TM- and TE-polarized illumination. The scale bar shown on (A) is applicable to 

(B–H). 
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Figure 4: | Assembly of the colloidal particles with incident angle at approximately 65°. The 

incident power was 4 mW. (A–D) The incident beam was TE-polarized. (E–H) The incident beam was 

TM-polarized. The scale bar shown on (A) is applicable to (B–H). 



25 
 

 

Figure 5: | Measuring the assembly velocity of the particle outside of the laser illumination region. 

This assembly was due to the thermal convection force. (A)at the moment t = 0 s, three individual 

particles (P3, P4, and P5) were outside of and far away from the laser illumination region (marked 

with the red ring). (B) due to the laser illumination for 60 s, the three particle reach the boundary of 

the laser illumination region. The incident beam was TE-polarized, the incident power is 16 mW and 

the incident angle is 63o. The scale bar shown on (A) is applicable to (B). (C) the averaged assembly 

velocity of the particle under various incident power, incident polarization, and incident angle.   

 



26 
 

 

Figure 6: | Numerical simulations of the optical force and electric field distributions. (A) 

Calculated optical scattering force (FSx) and optical gradient force (FGz) as a function of the incident 

angle. (C, D) Electric field distributions under TE- (C) and TM-polarized (D) illumination, when the 

angle of incidence was fixed at 63°. (E, F) The same distributions when the angle of incidence was 

fixed at 66.9°, corresponding to the excitation angle for the internal mode, as shown in Fig 1(D). The 

position Z = 0 nm denotes the water/1DPC interface.  
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Figure 7: | Simulated 2D convective velocity maps around beam center (X= 0 μm). The arrows 

indicate the directions of water flow, and the scale-bar (left side of each image) express the 

magnitude of the velocity. (A-D) calculated fluid convection pattern under different polarizations (TE, 

TM), incidence angles (θ) and incident power (P). (A) TE-polarized, θ = 63°, P = 16 mW; (B) 

TM-polarized, θ=63°, P=16 mW; (C) TE-polarized, θ = 66.9°, P = 4 mW; (D) TM-polarized, θ = 66.9°, P 

= 4 mW. 
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Figure 8: | Effect of incident power on assembly of the colloidal particles. The internal mode of the 

1DPC was excited by TE-polarized laser beam. The incident power was increased from 5 mW (A) to 

12 mW (C, D). (B) Enlarged graph of the assembled particles that shows the hexagonal pattern. The 

scale bar on (A) is also applicable to (C, D). 

 

 

 

 

 

 


