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Abstract

The optoelectronic tweezers (or optically induced dielectrophoresis (DEP)) have showed 
the ability to parallelly position a large number of colloidal microparticles without any 
template. The microparticles can be trapped and driven by the dielectrophoretic forces 
induced by the optical micropatterns in OET devices. In this chapter, the design and fab-
rication of flat optoelectronic devices (FOD) and hybrid optoelectronic device (HOD) are 
described. In the typical FOD, the manipulation modes including filtering, transporting, 
concentrating and focusing controlling regimes are experimentally demonstrated and 
analyzed. The controllable rotation of self-assembled microparticle chains in FOD has 
also been investigated, and a method incorporating the optically induced electrorotation 
(OER) and AC electroosmotic (ACEO) effects is numerically and experimentally imple-
mented for manipulating microparticle chains. Based on the above research of FOD, a 
hybrid DEP microdevice HOD is conceptually and experimentally proposed. The HOD 
integrates with metallic microelectrode layer and the underneath photoconductive layer 
with projected optical virtual electrodes. FOD and HOD hybrid device enables the active 
driving, large-scale patterning and local position adjustment of microparticles. These 
techniques make up the shortcoming of low flexibility of traditional metallic microelec-
trodes and integrate the merits of both the metal electrode-induced and microimage-
induced DEP techniques.

Keywords: optoelectronic device, dielectrophoresis, optically induced electrorotation, 
AC electroosmosis

1. Introduction

The manipulation technique based on dielectrophoresis (DEP) [1–3] is easy-to-use and requires 

no moving parts, thus can achieve massively paralleled and non-contact manipulation for 
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particles or cells [4, 5]. It is becoming an important enabling technology in filtering [6–8], con-

centrating [9–11], transporting [12–14] and flow focusing [15, 16] for microparticles. However, 
these DEP technologies require design and fabrication of sophisticated electrode structures, 
which lack flexibility and could not provide real-time alterable electrode-patterns for diverse 
manipulations. Therefore, how to improve the electrodes’ flexibility and reconfigurability 
has become the key concern in the extended application of DEP. The proposal of optically 

induced DEP (ODEP) [17, 18] based on photoconductive effect in an optoelectronic device 
offered a potential option for the design of highly flexible and real-time reconfigurable opti-
cal microelectrodes. ODEP-based optoelectronic device offers more opportunity to develop 
miscellaneous particle manipulating techniques in biomedical microsystems, although ODEP 
device could not fully supersede the traditional physical electrode array.

Usually, the sample pretreatment process in microfluidic analysis system should include 
functional units capable of filtering, concentrating, transporting and focusing micropar-

ticles to be applicable to different sample handing requirements [9, 19, 20]. Filtration is 
essentially a separation technology, such as the insulative DEP approach for particle sepa-

ration [21] and the DEP method for characterizing and distinguish stem cells [6]. Once the 
target particles are isolated after the filtration or separation, the concentration of the target 
particle population is sometimes low and requires the concentrating steps for the follow-

ing detection. By now various DEP concentrations of viruses, bacteria have been reported 
in the literature [22–24]. The function of transporting microparticles nearly runs through 

the whole process in the microanalysis system, and biological/chemical applications [14, 
25–27]. Besides, as an important approach for the continuous single-particle detection and 
counting, focusing particles into a straight line are also applied in microfluidic devices. 
The hydrodynamic forces [28, 29] and electrokinetic force [30, 31] are usually employed to 

realize flow focusing. However, the above sample handling approaches require fabricating 
complex multi-functional electrode array or structures to achieve versatile manipulation of 

the micro/nano bio-particles, and the previous work also has difficulties in providing real-
time alterable electrode patterns to accommodate different manipulation requirements. So, 
the promotion of DEP technology in the application of the micro/nano manipulation faces 
some restrictions. In recent years, Chiou et al. [18, 32] reported parallel manipulation of sin-

gle particles using a variant of DEP mechanism—ODEP mechanism which offers the ability 
to trap single particles parallelly and massively. ODEP has also been used to discriminate 
normal oocytes at a certain frequency [33]. However, the manipulation regimes still need 
more systematic study. Therefore, this chapter will experimentally verify and analyze the 
optical pattern and controlling regimes for filtering, transporting, concentrating and focus-

ing based on ODEP.

In addition to the above manipulation modes for microparticle or cells, the ODEP-based opto-

electronic device could serve as a more powerful tool to spatially manipulate and regulate the 

posture, orientation and position of microparticle chains or other microstructures. The previ-
ous methods for manipulating micro-objects usually need templates, physical or chemical 
reaction process involving more extra techniques [34]. Many of the created particle chains or 

closely linked chains are immobilized, and their relative positions cannot be stably controlled. 
The ODEP (also called optoelectronic tweezers, OETs) has showed the ability to parallelly 
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position colloidal particles without any template [18, 35]. The  microparticles can be trapped 

and driven by the DEP forces induced by the optical micropatterns in optoelectronic devices 
[36, 37]. However, the rotation of assembled microparticle chains by OETs has rarely been 
investigated, and the degree of freedom for varying the postures, positions or orientations of 
the microparticle chains still has limitations. To demonstrate the promoted ability of optoelec-

tronic devices, this chapter will experimentally demonstrate the method incorporating opti-
cally induced electrorotation (OER) and alternating current electroosmotic (ACEO) effects, 
for the formation and motion control of microparticle chains.

By comprehensively analyzing the traditional physical electrode array and ODEP-based 
optoelectronic device, we further developed a hybrid optoelectronic device (HOD) that 
could integrate the merits of both the traditional physical electrode array and ODEP-based 
optoelectronic device. The ODEP-based optoelectronic device offers a flexible and real-
time dynamic manipulating scheme but needs more external optic devices; the traditional 

physical electrode array offers a more stable working status and higher integration but 
lack the ability of real-time particle manipulation. In Section 5 of this chapter, HOD is 
conceptually proposed, and its prototype is designed and fabricated. This type of hybrid 
device enables the active driving, large-scale patterning and locally position adjustment of 
microparticles.

2. Design and fabrication of optoelectronic devices

2.1. The design and fabrication of flat optoelectronic devices

The flat optoelectronic devices (FOD) consisted of several layers, including indium tin oxide 
(ITO) and photoconductive layers. To fabricate photoconductive layer of FOD chip (as shown 
in Figure 1(a)), 50-nm doped hydrogenated amorphous silicon (n + a-Si:H), 1.5-µm intrin-

sic a-Si:H and 25-nm silicon carbide (SiCx) passivation layer were consecutively deposited 

by plasma-enhanced chemical vapor deposition (PECVD) method on the bottom ITO-coated 
glass at 200°C. The n+ a-Si:H was deposited from a gas ratio of 1% PH

3
 in SiH

4
, and then, the 

intrinsic a-Si:H was deposited from a gas mixture containing SiH
4
 and H

2.
 Afterwards, the 

Figure 1. Schematic diagram of the FOD chip based on ODEP mechanism. (a) Photograph of the photoconductive 
substrate; (b) structure diagram of the ODEP microdevice.
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SiCx layer was deposited by a SiH
4
, CH

3
 and N

2
 mixture. After that, the ITO layer for bias 

 connections was exposed via reactive ion etch (RIE), as shown in Figure 1a. The photoconduc-

tive layer of the microdevice consisted of n +a-Si:H layer, intrinsic a-Si:H layer and SiCx layer 

(as shown in Figure 1b). The n + a-Si:H layer was used as both a transitionary and adhesive 
layer from the intrinsic a-Si:H layer to the bottom ITO-coated glass. During chip packaging, 
firstly, a double-faced adhesive tape with a thickness of ~ 100µm was pasted on the four 
edges of the photoconductive surface to form a microchamber with a scale of ~15 mm × 8 mm. 
Then a droplet containing microsphere particles was dripped into the microchamber using a 

pipette. Lastly, the top ITO-glass slide was placed onto the roof of the microchamber to make 
the microchamber sealed as shown in Figure 1b. In the whole ODEP device, a 100-µm insulat-
ing spacer was used to maintain the gap between the upper ITO film and lower photoconduc-

tive layer (see Figure 1b). The alternating current (AC) voltage was supplied between the top 
and bottom ITO layers.

For the fabricated FOD chip as shown in Figure 1, the photoconductor has a high electric 
impedance (about 1 × 10–6 S/m, for example) prior to illumination, so at this time the majority 
of the applied voltage drops across the photoconductive layer, which causes a weak, uniform 
electric field inside the liquid layer. At this state, no ODEP force generates. When a projected 
light source hits the amorphous silicon layer (photoconductive layer), electron-hole pairs are 
excited, thus decreasing the impedance of the photoconductive layer by thousands of times 
(~5000 times, for example), and the electrical conductivity of the photoconductor increases to 
~5 × 10-3 S/m. At this state, the virtual electrodes are formed in the photoconductor, and the 
voltage drop across the liquid layer in the illuminated area is much higher than that in the 

dark area. Consequently, the bright-dark pattern induces a non-uniform electric field inside 
this device. The dense electric filed lines appear at the illuminated areas, and the sparse field 
lines appear at the dark areas as shown in Figure 1b. Thus, a DEP force acting on micropar-

ticles can be induced in the liquid chamber(or called fluidic chamber), and the time-averaged 
DEP force acting on the spherical microparticle suspended inside liquid chamber can be 

mathematically described as follows [38]

  〈 F  
DEP

  〉 = π  R   3   ε  
m

   Re  [    
  ε ˜    

p
   −   ε ˜    

m
  
 _ 

  ε ˜    
p
   + 2   ε ˜    

m
  
   ]    ∇ E   2   (1)

where R is the particle radius, E is the amplitude of electric field,     ε ˜    
p
    and     ε ˜    

m
    are the com-

plex permittivities of the microparticle and suspending medium, respectively,     ε ˜    
p
   =  ε  

p
   − j  σ  

p
   / ω , 

and     ε ˜    
m

   =  ε  
m

   − j  σ  
m

   / ω . Here, σ
p
 and σ

m
 are ohmic electrical conductivities of the microparticle 

and liquid medium, respectively; ε
p
 and ε

m
 are the permittivities of the microparticle and liq-

uid medium; ω is angular frequency of the electric field or the applied AC voltage. In Eq. (1), 
the expression in brackets (i.e.,  (   ε ˜    

p
   −    ε ˜    

m
   ) / (   ε ˜    

p
   + 2    ε ˜    

m
   ) ) is referred to as the Clausius-Mossotti 

(CM) factor that is denoted as fCM. When Re[fCM] >0, positive DEP occurs and particles move 
toward high field regions; when Re[fCM]<0, negative DEP occurs and particles move toward 
weak field regions. The particles in solution also undergo the opposing Stokes’ drag [39], as 
follows

   F  
drag

   = − 6πηRV  (2)

where V is the particle velocity, and η is the dynamic viscosity of the liquid.
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2.2. The design and fabrication of hybrid optoelectronic device (HOD)

The hybrid optoelectronic device (HOD) has a more compact structure, integrating another 
layer of physical electrode array above the photoconductive layer. In another word, the HOD 
(several cm2) integrates with photoconductive layer and metal microelectrodes including the 

quadrupole electrodes and spiral electrodes as shown in Figures 2 and 3. Figure 2 is the 

schematic design diagram of this microdevice. This HOD has a hamburger-like structure. 
The upper plate was transparent ITO conductive glass. The lower plate included the photo-

conductive layer (or called photoconductor) and the bottom glass slide. The photoconductive 
a-Si:H layer was on the bottom ITO film, and the insulating silicon nitride (or silicon carbide) 

Figure 2. Schematic representation of HOD cross section along the line of AA’ in Figure 3. The photoconductor consists 

of insulating layer, a-Si:H layer and the bottom ITO film. Only a few representative electrodes are drawn for simplicity.

Figure 3. The enlarged drawing of quadrupole electrodes and spiral electrode bars with a width of 25 µm above the 
photoconductor. The coordinate system is shown, and the direction of z axis complies with right-handed screw rule [40].
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layer and metal microelectrode layer were consecutively fabricated above the a-Si:H layer. 
The microfluidic chamber was designed and fabricated for suspending and manipulating par-

ticles. The photoconductor layer consisted of a 25–nm-thick insulating silicon nitride layer—

to keep the insulation between the metal electrode layer and a-Si:H layer, a 1–2-µm-thick 
a-Si:H layer (include intrinsic a-Si:H layer and n + a-Si:H layer), and a bottom ITO conductive 
film (50 nm thick) in sequence. The potential of each successive signal could be set as phase 
shifted by a further multiple of 90° to produce quadrature signals or phases of 0°, 180°, 0°, 
180° to produce traditional non-uniform field. It integrated metallic microelectrodes and the 
underneath photoconductive layer with LED-illuminating microspot.

The microelectrode layer contains of four parallel spiral electrodes as presented in Figure 2. 

When the four spiral electrode elements are energized with sinusoidal voltages with relative 
phase differences, a travelling electric field is generated and travels along the radial direction 
of the spiral array. A rotating electric field is also generated in the central free-space region 
denoted as central region. The spiral electrodes have the advantages of equivalent  driving 

force to the particles at an arbitrary peripheral position. The quadrupole electrodes are located 

in the central area of spiral electrode array. The central region is surrounded by the quadrupole 

electrodes as shown in Figure 3. The geometrical shape of central region somewhat influences 
the distribution of the electric field around, and thus the sharp geometry should be avoided.

The experimental platform was established by assembling commercial optics, projector and 
an upright microscope. A digital micromirror device (DMD)-based projector (SHARP XG) 
was used as both the light source (via its dc lamp) and the interface between DMD driver 

circuit and the computer. The DMD forms a light image (or called optical pattern) according 
to the output signal of the PC’s external monitor port. The optical image at the output of the 
projector lens was collimated, collected and reflected through the reflector at 45 degree to the 
horizontal and upward directed into a 10X driven lens from the lower location. The optical 
image was focused by the object lens and finally projected onto the photoconductive layer of 
ODEP device.

3. Manipulation modes and controlling regimes in FOD

3.1. Filtering

Usually, the impurities or non-target stuff (such as some types of microparticles) in the raw 
sample should be filtered firstly in the pre-treatment for the sample. The filtering experiment 
was implemented via an optical line scanning as shown in Figure 4. In the filtering experiment, 
with an applied 20 V

pp
 at 600 kHz, the normal pollen grains with diameters of 17–21 µm and 

most of the 30-µm diameter polystyrene particles were driven by the optical line with a width 
of ~70 µm from the upper area (Figure 4a-b) toward the bottom area of the view (Figure 4c-d). 

In contrast, the degenerative pollen grains and few polystyrene particles were left behind and 
stayed in their original positions. Therefore, the filtering function was able to be realized. This 
separation phenomenon is probably because the particles left behind were difficult to be polar-

ized relative to the normal ones, which resulting in a much smaller DEP force for the abnormal 
ones. As long as the optical line velocity did not exceed the  maximum  synchronous velocity 
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(MS-velocity) of the normal particles [41] (i.e., maximum filtering velocity), the filtering func-

tion could be achieved. If the optical line velocity exceeded the MS-velocity, all particles would 
be left behind the scanning optical line, which made the filtering unavailable. This filtering 
experiment demonstrated the feasibility of the ODEP filtering.

3.2. Transporting

DEP can trap single particles and then transport the particles to desired positions, and the 
moving paths can be programed and controlled. As shown in, under the AC voltage of 20 V

pp
 

and 1 MHz, two 30-µm diameter particles (Figure 5a) were trapped individually and moved 

along the programmed motion paths (two particles were marked by numbers 1 and 2 shown 

in Figure 5). These two particles were able to move simultaneously according to their own 

routings. The optical patterns can be controlled by the ODEP controlling software developed 
by our group. The polystyrene particles were always trapped by two optical rings those have 

an external diameter of ~150 µm and an interior diameter of ~40 µm during the transporting. 
Particle 1 and particle 2 kept moving and following the kinetic motion of the optical rings from 

the initial positions at the upper area (Figure 5a) to the lower area (Figure 5h) of the snapshot. 

The two particles moved simultaneously and always kept away from each other during the 

transporting, as shown in Figures 5b–g until they exchanged their positions and arrived at the 

terminative destinations.

3.3. Concentrating

In many biochemical applications, the reaction is very weak between a single bioparticle 
and other reagent, but a concentrated population of particles can react with other reagent 
intensively with much more obvious phenomena. Thus, when the raw sample was filtered 
and transported to the target locations, the selected particles would need concentration for 
the following detecting operations. The experiment presented in Figure 6 serves as a typical 

example for presenting the concentrating regime of ODEP.

With an applied voltage of 20 V
pp 

at 800 kHz, at an arbitrary area (Figure 6a), the microlight 
pattern with a ring-shape can be used to collect a population of particles and can move the 
trapped particle population to an arbitrary location. The microparticles stayed inside the opti-

cal ring with a uniformly patterned array during the concentrating process (Figure 6a-f), and 

Figure 4. Snapshots of the filtering process in which a scanning light line moved from the top (a) to the bottom (d) of the 
viewing frame. Degenerative pollen grains and few polystyrene particles were left behind the optical line (b-d), while 
the normal particles were kinetically actuated by the scanning optical line.
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the distances between adjacent particles always kept the same. At this voltage magnitude, due 
to the dipole-to-dipole interaction between adjacent particles, the distance between adjacent 
 particles is difficult to eliminate. The distances between particles were obviously larger than 
the particle diameter (Figure 6). If the voltage increased, the ODEP force would increase, 
which seems to drive the particles more concentrated. However, it is not that case when the 
voltage was larger than 20 V

pp
 in this experiment, because the increased voltage also enforced 

the interactional repelling force between particles.

Figure 6. Concentration procedure for the microparticles with a diameter of 4 µm (20 Vpp, 800 kHz). (a) The initial 

distribution of microparticles. (b-e) The concentrating process of particles over time. (f) The final distribution of 
concentrated particles.

Figure 5. Snapshots of the transporting of two individual polystyrene particles parallelly. Particle 1 and particle 2 were 
driven from the upper area (a) toward the lower region (h) of the view field and the two particles switched their positions 
during the downward transporting process over time (c-g). The optical rings drawn by dashed lines in (h) indicate the 

original positions of the two particles [39].
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Figure 7. Microparticles are focused into a narrow particle line and ejected one-by-one by optical virtual channel 

and “drip nozzle.” The micropattern projected onto the photoconductive layer to generate a negative ODEP force. 
Original state (a) is the initial spatial distribution of microparticles. While the optical virtual channel and “drip nozzle” 
deformed continuously, the random-located particles were gradually forming a straight particle line as shown in 
(b–d). Finally, the particles formed a linear array, and there were obvious spacing distances between particles as 
shown in (e–f).
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3.4. Focusing

In many biochemical analyses, focusing is another important postprocessing mode apart from 
the procedures of concentrating particles. Focusing is mainly utilized to continuously and 
automatically count and detect individual particles. The ability to focus and eject particles 

based on ODEP is demonstrated in Figure 7.

In this study, a “drip nozzle” formed by the optical micropattern projected on the photocon-

ductive layer was used to focus the microparticles in a straight sample flow and eject particles 
one by one. The optical lines forming the “drip nozzle” were set with a width of around 

the diameter of microparticles (Figure 7). The geometrical shape of optical pattern was real-
time controlled so that the “drip nozzle” could continuously deform according to the current 

distribution of microparticles. The particles with 30-µm diameter moved out from the “drip 
nozzle” under the repelling ODEP force. This relative motion could also be regarded as the 
linear flow of particles relative to optical patterns. With an applied 24 V

pp
 at 600 kHz, the mic-

roparticles underwent negative ODEP force which always drove particles away from the vir-

tual electrodes (optical micropattern) and thus kept particles horizontally swam in the virtual 
channel and then swam out of the “drip nozzle” accompany by the deformation of the optical 

virtual channel and “drip nozzle.” Finally, the microparticles were focused into a straight 
particle line and had obvious spacing distances between particles 1 and 4 (Figures 7e–f). In 
this operation mode, there was no substantial fluidic flow to assist the focusing of the mic-

roparticles. The focusing efficiency grew when the optical line width increased but less than 
twice the particle diameter.

4. Manipulation of self-assembled microparticle chains by electroosmotic 

flow-assisted electrorotation in FOD

4.1. Background for microparticle chain manipulation

The microscopic particle chain is a common form of assembled particles, which involves 
in the colloidal, biological, electronic, photonic, magnetic fields. It plays an important role 
in these fields, as it serves as a link between the nanoscale world and meso- or macroscale 
objects. Currently, the methods for manipulating microparticle chains have become crucial 
for developing techniques on patterning magnetic nanoparticle arrays [42], forming regular 
superstructures by nanoparticles [43], constructing strings of particles [44], and creating mul-
ticellular assemblies [45] and live colloidosome structures [46]. In order to flexibly manipulate 
particle chains, various methods were developed, including the physical methods based on 
electric field, geometric constraint, dipole-dipole interactions or surface roughness direction 
[47] and the chemical methods based on linker molecules, oriented aggregation or non-uni-
form stabilizer distributions [34]. In this study, the formation and rotational manipulation of 
microparticle chains in real time are experimentally demonstrated by using optically induced 

electrorotation (OER) and ACEO flow in FOD.
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4.2. Experiment setup and working principle

The structure of the OET device and the scheme for rotating particle chains are conceptually 
illustrated in Figure 8. The equivalent circuit of the OET device is shown in Figure 8b. The 

device is composed by the upper and lower indium tin oxide (ITO) slides, photoconductive 
layer (hydrogenated amorphous silicon, a-Si:H) with a thickness of t

a
 and a relative permit-

tivity ε
ar
, and a fluidic chamber with a height of t

m
 and the applied AC voltages. The electrical 

conductivity of the photoconductor layer at unilluminated and illuminated areas is denoted 

as σ
al
 and σ

ad
, respectively. The microfluidic chamber contains fluidic medium with a rela-

tive permittivity ε
mr

 and an electrical conductivity of σ
m
. The micro-particles are suspended 

uniformly in the fluidic chamber at the initial time. The potentials applied at the upper and 
lower ITO layers.

Figure 8. Schematically illustration of the OET device configuration and the principle for generating rotating electric 
field and ACEO flows. (a) Conceptual illustration of the self-rotation and circular travelling of an entire particle chains. 
The motion trajectories of the particle chain around the edge of illuminated area are indicated by dashed curve lines. 

(b) Device structure and mechanism for generating the rotating electric field around the border between dark and light 
regions. ω is the angular frequency, t is time, and V

0
 is amplitude of AC voltage. (c) Electroosmotic fluid roll formed 

around the border between light and dark regions. (d–g) Experimental results of self-rotation and orbital travelling of 

an entire particle chains [48].
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The principle of the light-dark binary image induced rotating electric field (e-field) is indi-
cated in Figure 8a–b. The a-Si:H layer has different impedances on light and dark sides, which 
leads to the amplitude and phase difference in the electric potentials at upper surface (  V  

0
    e   jωt  ), 

photoconductive layer/medium interface in light area (  V  
ml

    e   j(ωt+ φ  
d
  )  ) and dark area (  V  

md
    e   j(ωt+ φ  

l
  )  ). In a 

particular frequency range, these three AC potentials can create a rotating e-field in fluidic 
medium around the border between light and dark regions, which will lead to self-rotating 
of the one-dimensional particle chains due to the interaction between the dipole moment of 

particle chain and rotating e-field.

According to equivalent circuit of the OET device shown in Figure 8b, and assuming that the 
impedance of conjunction between the light and dark regions in the a-Si:H layers is very large 
indicating no current flows across the border, the potential phasor at the bottom surface of 
fluidic chamber denoted as Φ

i
 is given by

   Φ  
i
   =  V  

0
    e   jωt   (    

 Z  
a
   +  Z  DL   −  Z  

m
  
 _ 

 Z  
a
   +  Z  DL   +  Z  

m
  
   )    =  V  

mi
    e   j(ωt+ ϕ  

i
  )   (3)

In (3), the subscript i in voltage amplitude V
mi

 and initial phase ϕ
i
 and can be replaced by “l” 

or “d” indicating the light or dark condition for the optical projection onto photoconductor, 
respectively. The impedance of photoconductor per unit area at light and dark regions is, 
respectively, expressed as follows

   Z  
a
       
_l
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Here, the   C  
a
    (  =  ε  

ar
    ε  

0
   /  t  
a
   )     is the capacitance of a-Si:H layer per unit area,   R  

a
       
_l
   =  t  

a
   /  σ  

al
    and   R  

a
       
_d

   =  t  
a
   /  σ  

ad
    

are the resistances of illuminated and unilluminated a-Si:H layer per unit area, respectively. 
Here, the double layer (DL) forms at medium/a-Si:H interface due to the interfacial polariza-

tion as shown in Figure 8b. The characteristic thickness of DL (tDL) can be estimated by Debye 

length [38]. The detailed information could be found in Ref. [49]. The microparticle chain can 

be self-assembled under an e-field E, and then, a polarization could be induced in the particle 
chain. The effective dipole of the entire particle chain (denoted as Pc) forms after the estab-

lishment of the field E with a time delay, because it takes finite time for the dipole moment to 
completely form. When the e-field E rotates, Pc will follow it and rotates with a phase lag. The 

particle chain experiences a rotational torque as follows [50, 51],

  Γ=   1 __ 
2
   Re[  P  

c
   ×  E   *  ]  (6)

where PC is the complex phasor of the effective dipole moment of a particle chain, and E* is 

conjugated complex phasor of the e-field acting on particle chains. More information on effec-

tive dipole moment of a particle chain could be found in Refs. [49, 52].

ACEO flow is also induced at appropriate frequencies in the OET or ODEP device. ACEO 
flow is the motion of fluid due to an interaction between an e-field and the DL induced at 
medium/a-Si:H interface as shown in Figure 8c. The tangential e-field mainly arises around 
the edges of optical micropatterns. Therefore, the ACEO flow mainly occurs around the opti-
cal micropatterns projected on the photoconductive layer. ACEO flow lets the particle chains 
traveling in a nearly circular trajectory as shown in Figure 8c. After applying the voltage, 
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counterions accumulate in the DL mainly within the illuminated region. Due to the distor-

tion of electrical field induced by the optical pattern, a tangential component of e-field arises 
round the medium/a-Si:H interface. As a result, the ions in DL are subjected to the tangential 
electrostatic force along the a-Si:H surface. This force is then transmitted to the fluid and drive 
the boundary liquid to flow with a slip time-averaged velocity that can be calculated by using 
the Helmholtz–Smoluchowski equation as in Refs. [53, 54]

  〈  u  
EO

   〉 = −   1 __ 
2
     
 ε  
mr

    ε  
0
  
 ____  η  
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where φ is the potential phasor just outside the DL, φ
s
 is the potential at the non-slip plane 

close to the solid surface of the DL.    E ˜    
t
  *   is the conjugated complex phasor of the tangential 

e-field just outside the DL. η
b
 is dynamic viscosity of the bulk solvent. η

b
 = 1 × 10−3 Pa⋅is for 

aqueous medium. The electrorotation of particle chains can be solely operated at relative 

higher frequencies because the ACEO flow decreases significantly at higher frequencies. 
Appropriately tuning down the frequency can make the ACEO flow available and then assist 
the self-rotating particle chains to travel along circled trajectory.

In experiment, the polystyrene (PS) microparticles did not form particle chains with a low 
voltage, but would start to form particle chains when the voltage increases to a threshold 
value. The PS particles with a diameter of 4 µm self-assembled into chains within the fluidic 
medium when the applied voltage was increased to 15 V

pp
. The kinetic motion of particle 

chains could be enhanced with the increased voltage until 28 V
pp

. The self-rotation of particle 

chain around its geometric center was obtained inside fluidic medium at 700 kHz because the 
ACEO flow can approximately be dismissed at these relatively higher frequencies. As shown 
in Figure 8d, the two ends of particle chains exchanged their positions after 2.8 s and had 
accomplished the first half-cycle of the rotation. Then, the particle chains continued to self-
rotate through the other half-cycle, and it took only 1.6 s. The rotation rate of particle chain 
varied with time within a single period.

At lower frequencies, the particle chains circularly travelled around the center of fluid roll 
generated by the optically induced ACEO effect. As indicated in Figure 8e, the ACEO flow 
assisted particle chain rotation can be decomposed into two component motions: the self-rota-

tion and orbital movement of the entire particle chain. Figure 8f shows the optically projected 

ring-shaped micropattern and the formed microparticle chains around the optical ring. The 
ACEO flow assisted microparticle chain rotation at 480 kHz is shown in Figure 8g. The par-

ticle chains were moving closer to the edge of optical pattern and turned around through the 
vertical planes after a short time (less than one second or a few seconds). Then, the particle 
chains were moving away from the optical ring along the circular path. They continued to turn 

around at the other corner of the circular path and then moved closer to optical ring again. 

The orbital moving of particle chains was not uniform motion and the vertical plane in which 

the circularly orbital movement occurred was approximate parallel to the diametrical dimen-

sion of optical ring. The complex movement of particle chains exhibited a three-dimensional 

(3D) movement of distributed particle chains that had more degrees of freedom than the 2D 

motion. These results offer more opportunities for spatially controlling the position, posture 
and orientation of particle chains for the applications regarding electrics, mechanics, optics 
and biodevices.
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5. Manipulation of microparticles in a prototypical HOD

5.1. Integrated design and fabrication of metal electrode array and photoconductive layer

The virtual electrode is actually the microlight image in which we project in vertical direction 

on the photoconductive layer. It can precisely locate single microparticles and dynamically 
drive them. On the silicon nitride layer, we fabricated the planar microelectrode structure by 
photolithography. The microlight pattern could be designed according to specific experimen-

tal or application requirement, and it may be, for example, a linear or a spiral microelectrode 
array. In practical operations, we usually imposed low voltage to prevent insulating layer 
from breaking down by strong electric field. The spacer to mechanically support the fluidic 
chamber can be fabricated by polydimethylsiloxane (PDMS) or just double-sided tapes. The 
electric pads of microelectrodes were led out and connected to external PCB by gold wires. 
Then, the connectors on PCB were further connected to the external signal generator. The 
HODs were finally fabricated as shown in Figure 9.

The microelectrode array was fabricated by the depositing about 2000nm-thick layer of alu-

minum or gold on top of the insulating layer through electron beam evaporation. Then, the 
spiral pattern (Figure 9) was produced by standard or “lift-off” lithography process. In the 
standard lithography process, the corrosion rate needs to be strictly controlled in order to 
prevent possible damage to the insulating layer as well as the photoconductive layer. In our 
study, we had also sputtered gold over the silicon carbide layer (insulating layer) and then 
fabricated microelectrodes. Sputtering process and standard lithography process had a cer-

tain impact on the layer-to-layer electrical connections. In general, after the deposition by 
electron beam evaporations, the insulating property between the aluminum layer and the 
substrate is better. This usually could meet the insulating requirement of layers in this device. 
On the other hand, depositing gold by sputtering method onto the photoconductive film usu-

ally involved a relatively higher sputtering power or higher temperature in vacuum chamber 
(typically the sputtering involved a much higher temperature than the electron beam evapo-

ration). These process features may result in that the a-Si:H layer was locally damaged within 
very tiny scale, which may enhance the partial defects in the thin film. More importantly, 

Figure 9. The prototypical photos of the substrates with metal microelectrodes and photoconductive layers for HOD.
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the sputtering process also could form the Schottky contact between the metal layer and the 
below semiconductor layers. Consequently, the time-averaged magnitude of local AC imped-

ance between the metal layer and bottom ITO layer was smaller. The measurement results 
showed a low resistance of a few hundred ohms to thousands of ohms between the metal 

layer and the bottom ITO layer.

5.2. Experiment result of the distribution of particles when light pattern is off

In this experiment, a 10 V peak-to-peak (V
pp

) AC bias with a frequency of 1 MHz is applied 
between the top and bottom ITO electrodes, and the light pattern is not projected onto the 
HOD. The metal electrodes might be connected to the bottom ITO layer by a very low resis-

tance through the Schottky contact between the metal and photoconductive layer and/or 
through the local defects of a-Si:H layer, when the AC voltage was applied. Therefore, most 
of the applied voltage drops across the liquid layer (for the resistance between the metal 

electrodes, and bottom ITO electrode is very small). However, in the gap region between the 
metal electrodes, most of the voltage drops across the photoconductive layer, only minority 
of the voltage drops across the liquid layer. Therefore, most of the particles moved to the gap 
region between metal electrodes by the negative DEP, as the white dotted circles indicated in 
Figure 10A and B. In addition, a few particles remained on the metal electrodes, as shown in 
Figure 10A. The single particle on metal electrode was initially near the center region of the 

metal electrodes where the DEP is very small, and it was already under the balanced state 
from the very beginning. That is why it remained on the electrodes instead of being driven 

to the gap region. The Schottky contact formed at the interface of the gold layer and photo-

conductive layer, the electrons flew from the photoconductive layer to the metallic layer. It 
enhanced the short connection effect between the bottom ITO film and the metal electrodes.

5.3. Experiment result of the particle’s assembly under the assistance of light pattern

Before the microlight pattern was projected onto the HOD, the particles had distributed along 
the trend of spiral electrodes (Figure 10). The particles could be actuated by moving the 

microlight pattern when the light pattern (the diameter was nearly 120µm in this experiment) 

Figure 10. Generation and distribution of particle array or chains when ac voltage (10 Vpp, 1 MHz) was applied between 
the top and bottom ITO layers. (A) The arrayed microparticles in the gap of electrodes and a few ones on the metal 
electrodes. (B) The arrayed microparticles all in the gap of electrodes. The metallic electrode array was not energized by 

external voltages. Particles diameter is 10 µm. The widths of the electrodes and gap are both 20 µm.
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was projected as shown in Figure 11. The light pattern produced by LED can meet the needs 
of the power for operation. The spatial interval between the particles can be manipulated by 

adjusting the magnitude of the voltage applied between the upper and lower ITO layers, and 
the increase in voltage leads to larger separation between the particles. The metallic electrode 

array was not electrically energized. As shown in Figure 11, the DEP forces acting on mic-

roparticles were generated due to the participation of both the planar metal electrodes and 

microlight pattern in the electric field generated by the voltage applied between the upper 
and lower ITO layers. The curve arrow indicated the moving track of the light spot. Particles 
along spiral electrode and away from the white dotted arc were gradually moving closer to 
the position marked by the dotted arc due to the repulsive force from the light spot. This 
HOD can meet the need of the large-scale particles manipulation requiring the particles to 
form specific geometrical array. In this device, incorporation of metal microelectrode array 
was more suitable for the situation that the required separation between particles was small, 
and the tracks of particle distribution are more elaborate than the virtual electrode produced 

by light projection system. That is because microlight pattern needs to be produced by using 

Figure 11. Particle manipulation in typical HOD. The curve arrow indicated the moving track of the light spot. Particles 
along spiral electrode and away from the white dotted arc were gradually moving closer to the position marked by the 
dotted arc due to the repulsive force from the light spot. The AC voltage between the top and bottom ITO layers is 5 V

pp
 

and 1 M Hz. The particle diameter was 30 µm, and the widths of the electrode and gap were both 20 µm.
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even more complex and higher cost optical device, and the Gaussian distribution of light 
pattern border, the diffraction and the scattering may also limit the light pattern to have the 
smaller, finer and sharper geometry. This combination of metal microelectrode and light-
induced virtual electrode in HOD is appropriate for the situation that the area for arrang-

ing particles is compact, and the particular geometric form (like curve shape distribution) is 
expected. This technique may also have the potential for manipulating large number of cells 

and be  incorporated into the self-organization scheme for constructing multicellular structure 

[55, 56], in order to develop biomaterials applied in regenerative medicine.

6. Summary

In this chapter, firstly, the design and fabrication of flat optoelectronic devices (FOD) and 
hybrid optoelectronic device (HOD) were elucidated. Secondly, the scanning filtering, mul-
tiparticle parallel transportation, particle concentration and the focusing for single particle 
queue were experimentally demonstrated and analyzed. Thirdly, the self-electrorotation and 
circularly orbital movement of the microparticle chains in real time are experimentally dem-

onstrated by FOD. The rotating electrical field for implementing the optically induced elec-

trorotation (OER) of particle chains can be generated by utilizing the different impedances of 
photoconductor layer at light and dark areas. The optically induced ACEO flow was simulta-

neously produced accompanying the OER effect. This non-contact manipulation method for 
rotating particle chains has the potential for spatially regulating the posture, orientation and 
position of microparticle chains or microstructures. Fourthly, The hybrid device HOD enables 
rapid large-scale patterning and locally position adjustment of single microparticles. This tech-

nique makes up the shortcoming of lacking flexibility possessed by metallic microelectrodes 
and takes advantages of both electrode-based DEP and microimage-based DEP technologies.
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