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(54) OPTOELECTRONIC PROBE (57) ABSTRACT 

_ _ _ The present invention, referred to as optoelectronic probe, 
(76) Inventor‘ Halan Lm’ Bethelehem’ PA (Us) concerns a novel apparatus and method for characterization 

Cones Ondence Address_ and micromanipulation of particles or biomolecules in an 
H AI Ag LIN ' electrolyte solution. Electric ?elds, Which include both time 

constant and time-varying components, are applied to a thin 
AP (Us) insulating layer covered, lightly doped semiconductor mate 

’ rial. Illumination injects carriers into the insulator/semicon 

(21) Appl NO _ 11/054 564 ductor interface to compensate the leaking minority carrier 
' " ’ current and maintain an inversion layer, Which Works as an 

(22) Filed: Feb 9, 2005 electrode to control the particle movements. A particle array, 
or even a single cell, can be assembled in, or moved along 

Publication Classi?cation With the inversion layer electrode, Which is induced by 
illumination. Furthermore, an impedance analyzer is utilized 

(51) Int, C], to characterize the trapped particles, or single cell. The 
(‘25D 1/00 (200601) present invention has numerous uses, such as bio-chemical 

(52) US. Cl. ....................... .. 204/194; 204/415; 324/753; analysis systems, and nanosize structures assembly for elec 
324/711 tronic or optical devices. 
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OPTOELECTRONIC PROBE 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] Not Applicable 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

[0002] Not Applicable 

REFERENCE TO SEQUENCE LISTING, A 
TABLE, OR A COMPUTER PROGRAM LISTING 

COMPACT DISK APPENDIX 

[0003] Not Applicable 

BACKGROUND OF THE INVENTION 

Field of Invention 

[0004] The present invention is directed generally to meth 
ods and apparatus based on optoelectronic effect, electro/ 
dielectro-phoresis, and impedance spectroscopy, in order to 
trap, move, deform and characterize particles, such as cells, 
molecules, any type of colloids, any of inorganic and bio 
organic substances, beads, as Well as pucks and like small 
things. “Optoelectronic Probe” refers to the invention 
described herein. 

BACKGROUND OF THE INVENTION 

[0005] 
[0006] The manipulation of micro- or nano-siZe particles 
is considered as the key for the neW generation of photonic, 
optoelectronic, and electronic devices, as Well as biochemi 
cal analysis systems. Optical tWeeZers is one of the most 
unique invention in this area and Was ?rst successfully 
demonstrated by A. Ashkin et al. in pioneering Works in 
1985. (Ashkin, A.; DZiedZic, J. M., “Observation of Radia 
tion-Pressure Trapping of Particles by Alternating Light 
Beams”, Phys. Rev. Lett. 54, pp 1245-1248 (1985)) The 
technique of optical tWeeZers is based on the forces of 
radiation pressure. These are dipole- or gradient-forces 
arising from the momentum of the light itself. To make these 
forces large enough to accelerate, decelerate, de?ect, guide, 
and even stably trap small particles, one has to use continu 
ous Wave coherent laser beams to achieve the high intensi 
ties and high intensity gradients. Combined With other 
techniques, optical tWeeZers can also be a unique tool to 
characteriZe the trapped particle. For example, laser ?uo 
rescence techniques give increased opportunities to a proper 
identi?cation of different types of biological objects or 
labeling. 

I. Optical TWeeZers 

[0007] Although the Optical TWeeZers is a very poWerful 
tool, it also has its limitations, such as: 1) that the trapping 
Zone is rather small (on the order of the light Wavelength); 
and 2) focusing the beam leads to very high intensities that 
can endanger the integrity of biological objects. 

[0008] 
[0009] When it is exposed to an electrical ?eld, a charged 
particle Will experience a force and the resulting motion is 
called as electrophoresis (EP). Aneutral particle can also be 
polariZed under electrical ?eld. If a nonuniform direct cur 

II. Electrophoresis/Dielectrophoresis Based Arts 
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rent (DC) or alternating current (AC) ?eld exists, the polar 
iZed particle Will move toWards or aWay from regions of 
high electric-?eld intensity. This motion is a result of 
interaction betWeen the ?eld and dipole moment induced in 
a particle and is called dielectrophoresis (DEP). 

[0010] The dielectrophoretic force on the particle varies 
With the frequency of the applied electric ?eld. At the loW 
frequency, the polarity of the dielectrophoretic force on the 
particle depends on the conductivity difference betWeen the 
particles and electrolyte. On the other hand, at the high 
frequency the polarity of the dielectrophoretic force on the 
particle depends on the permettivity difference betWeen the 
particles and electrolyte. If the particle is more conductive 
than the electrolyte around it, the dipole aligns With the ?eld 
and the force acts up the ?eld gradient toWards the region of 
highest electric ?eld. This effect is called positive dielectro 
phoresis (PDEP). If the particle is less polarisable than the 
electrolyte, the dipole aligns against the ?eld and the particle 
is repelled from regions of high electric ?eld (Hughes, “AC 
Electrokinetics: Applications for Nanotechnology”, Nano 
technology, 11, pages 124-132, (2000)).This effect is called 
negative dielectrophoresis (NDEP). 

[0011] Recently, both EP and DEP have captured much 
interest because they are effective Ways to trap, move, 
deform and separate particles ranging from colloidals to 
DNA strands and biological cells (Huang, Y; EWalt, K. L; et 
al; “Electric Manipulation of Bioparticles and Macromol 
ecules on Microfabricated electrodes”, Anal Chem, 73, pp. 
1549-1559, (2001)). In most cases, embedded electrodes 
Were carefully designed and fabricated by semiconductor 
processing techniques on substrates, such as silicon, glass or 
plastics. 

[0012] The ?eld-induced assembly method is a unique 
application of Electrophoresis/Dielectrophoresis technol 
ogy. The precise assembly of tWo- and three-dimensional 
colloidal on Conductive ITO electrode surfaces may be 
induced by an AC or DC electrical ?eld that is normal to the 
electrode surfaces (US. Pat. Nos. 5,855,753, and 6,033, 
547). This technology Was extended on silicon electrode, on 
Which the formation, placement, and rearrangement of pla 
nar colloidal arrays can be effected by an external illumi 
nation pattern due to the photo-assisted impedance modu 
lation. According to Seul et al, it is necessary to apply anAC 
electrical ?eld to penetrate the thin oxide existing on the 
silicon surface (US. Pat. Nos. 6,251,691, 6,387,707, 6,468, 
811, 6,514,771, 6,706,163, and 6,797,524). A optoelectronic 
tWeeZers has also been demonstrated by Chiou et al.(Chiou, 
P. Y; Chang, Z; et al; Proc. IEEE/LEOS International Con 
ference Optical MEMS, pp. 8-9, (2003)) The impedance of 
an amorphous silicon layer, covered by a silicon nitride 
layer, is modulated by a laser beam. The particles inside the 
electrolyte are polariZed by a non-uniform AC ?eld and 
pushed aWay from the illuminated region by the negative 
dielectrophoresis force. Those prior arts shoW superperfor 
mances on particle manipulation, but still have their limita 
tions, such as: 1) inability to characteriZe particle electri 
cally; 2) lack of advantages related to DC electric ?eld; and 
3) that the depletion layer at the semiconductor surface and 
the polarities sWitching With the AC signal make it very hard 
to precisely control the electric ?eld applied on the particles. 

[0013] OZkan et al have developed an optical addressing 
scheme to localiZe polymer beads on an unpattemed silicon 
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surface based on a DC electric ?eld (OZkan et al, “Hetero 
geneous Integration through Electrokinetic Migration”, 
IEEE Engineering in Medicine and Biology, November/ 
December, pp 144 (2001), or OZkan et al, “Optical Address 
ing of Polymer Beads in Microdevices”, Sensor and Mate 
rials, Vol 14, No 4, pp 189-197, (2002)). This approach 
utiliZes an optical microbeam that is directed on the sub 
strate to create an active ‘virtual’ electrode (US. Pat. No. 
6,605,453).The localiZed charge is de?ned by the charac 
teristics of the silicon-electrolyte interface in the electro 
chemical system and serves to attract oppositely charged 
objects Within the solution. Without a layer of oxide inserted 
betWeen the silicon and electrolyte, DC voltage Was able to 
be used to manipulate the particles. This technique also has 
its limitations, such as: 1) undesired effects of the dark 
current; 2) that high-voltage biasing during the patterning 
process must be avoided due to the electrolysis reaction; 3) 
lack of advantages from the frequency response of particles 
on AC ?eld; and 4) inability to characteriZe particle electri 
cally. 
[0014] In summary, none of the previous efforts in this 
?eld disclose all of the bene?ts of the present invention, nor 
does the prior art teach or suggest all of the elements of the 
present invention. 

[0015] 
[0016] Electrical impedance spectroscopy (EIS) is Widely 
used in experimental studies to characterize living cell. For 
example, EIS can re?ect the siZe, shape, and density of cells 
in tissue as Well as the conductivity of intra and extra cellular 
milieu. This alloWs the identi?cation of difference betWeen 
tissues or betWeen physiopatological states of the same 
tissue. The typical Way to perform EIS on samples of tissue 
is the frequency sWeep, With frequency range from several 
HZ to several MHZ. 

III. Impedance Spectroscopy 

[0017] Single cell analysis using DEP and micro electrical 
impedance spectroscopy (u-EIS) Was demonstrated on 
bovine chroma?in cells and red blood cells (SWomitra K, et 
al, “A Micro System Dielectrophoresis and Electrical 
Impedance Spectroscopy for Cell Manipulation and Analy 
sis”, TRANSDUCERS’03, pp 1055-1058, (2003)). A micro 
scale electrophysiological analysis system Was fabricated by 
micromaching technologies and cells Were injected into a 
microreservoir. Either a vacuum or DEP Was utiliZe to move 

cells in the channel and position them betWeen platinum 
electrodes for impedance analysis. 

[0018] IV. MIS and EIS Tunnel Junction 

[0019] The metal-insulator-semiconductor (MIS) struc 
ture has been proved to be extremely useful in semiconduc 
tor devices. When an ideal MIS structure is biased With 
positive or negative voltages, four cases may exist at the 
semiconductor. They are accumulation, depletion, inversion, 
and deep depletion cases. (S. M. SZe, “The Physics of 
Semiconductor Devices”, 2nd edition, Chapt. 7, pp 362-370, 
Wiley Interscience (1981)) 
[0020] Let us use n-type semiconductor as an example. 
When a positive voltage is applied to the metal plate, the 
energy bands near the semiconductor surface are bent doWn 
Ward. According to semiconductor theory, the doWnWard 
bending of the energy bands at the semiconductor surface 
gives rise to an enhanced concentration, an accumulation of 
electrons near the insulator-semiconductor interface. This is 
called the accumulation case. 
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[0021] When a small negative voltage is applied to the 
metal electrode of an ideal MIS structure, the energy bands 
bend upWard. The majority carriers, electrons here, are 
pushed aWay from the surface by the electric ?eld and 
depleted at the surface. This is called the depletion case. The 
surface region (layer), in Which the majority carriers (elec 
trons) are depleted, is called depletion region (layer). In the 
depletion case, the depletion layer Will shield a signi?cant 
amount of applied electric ?eld. 

[0022] According to the semiconductor theory, the hole 
concentration at the semiconductor surface is in proportion 
to the degree of the upWard band bending. When a larger 
negative bias is applied, the bands bend upWard even more 
and the hole concentration at the semiconductor surface may 
be larger than the intrinsic carrier concentration and the 
electron concentration at the surface becomes less than the 
intrinsic carrier concentration. The number of holes (minor 
ity carriers) at the surface is greater than the number of 
electrons (majority carriers); the surface is thus inverted. 
This is called the inversion case and there is an inversion 
layer at the insulator-semiconductor interface. As the band 
are bent further, eventually the hole concentration at the 
surface Will be equal to or higher than the original electron 
concentration in the n-type semiconductor material. Typi 
cally, the Width of the inversion layer ranges from 1 nm to 
10 nm and is alWays much smaller than the surface depletion 
layer Width. The inversion layer, after it is formed, Will 
shield most of the applied electric ?eld and Work as a perfect 
electrode similar to a piece of metal. 

[0023] In addition to the bias condition, the minority 
carrier concentration at the insulator-semiconductor inter 
face also depends on the interaction betWeen the supply 
capability of minority carriers and the leakage current 
through the insulator. Under the condition that the minority 
carrier concentration at the insulator-semiconductor inter 
face is dominated by the leakage process, the minority 
carriers (holes for n-type semiconductor) Will leak through 
the insulator and therefore the inversion layer can not be 
formed or maintained at the insulator-semiconductor inter 
face. The semiconductor surface stays in the depletion 
region and this is called the deep depletion case. 

[0024] When the thickness of the insulator layer is less 
than 5nm, quantum tunneling phenomena plays signi?cant 
role for a MIS structure. For a MIS tunnel junction formed 
on lightly doped semiconductor in the reverse bias region, 
the degree of inversion at semiconductor/ultra-thin insulat 
ing layer interface depends on the supply rate of minority 
carriers to the surface for a MIS tunnel junction (Green, M. 
A; SheWchun, I; Solid-State Electron, 17, pp. 349-365, 
(1974)). Under the condition Without minority carrier inj ec 
tion, an inversion layer cannot be maintained at the interface 
due to the fact that minority carriers leak through ultra-thin 
insulating layer, due to the tunneling process. A signi?cant 
portion of bias Will drop in the depletion region in the 
semiconductor and the semiconductor is in the deep deple 
tion region. With the help of external minority carries 
injection, such as illumination, an inversion layer can be 
built at the interface and Will shield electrical ?eld. As We 
knoW, the electron occupation can be characterized by an 
energy level, called the Fermi level, Which Will change along 
With applied bias. In the inversion case, bias Will primarily 
drop on that ultra-thin insulating layer. As a result, the Fermi 
level in the metal electrode Will move to majority energy 
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band edge and a majority carrier tunnel current can be 
triggered. Theoretically, this process can result in the mul 
tiplication of any minority carrier current injected to the 
insulator-semiconductor interface by factors of 100-1000. 

[0025] A localized multiplication process Was also 
observed by this author in a prior study on a nano-size MIS 
tunnel junction formed by a STM tip on lightly doped silicon 
(Lin, Hai-An et al, Appl. Phys. Lett. Vol 73 pp. 2462-2464, 
(1998)). In that case, the minority carriers Were injected by 
illumination too and MIS tunnel diodes can Work as a photo 
sWitch. It has been demonstrated that current multiplication 
can occur in a suitably biased MIS tunnel diode. 

[0026] The characterization of electrolyte-insulator-semi 
conductor (EIS) junction is very similar to that MIS junc 
tion, except the metal in the MIS junction is replaced by an 
electrolyte in the EIS junction. One of Well knoWn EIS 
structures is the ion-sensitive-?led-transistor (ISFET). The 
ISFET is constructed by substituting a sensing ?lm for the 
metal gate on the gate oxide of a traditional MOSFET and 
using electrolyte to apply the gate voltage. When the thick 
ness of the insulator in an EIS junction is less than 5 nm, an 
EIS tunnel junction Will be formed. 

BRIEF SUMMARY OF THE INVENTION 

[0027] The present invention comprises a “sandwich” 
electrochemical cell With an inversion layer electrode 
de?ned by the area of illumination region and an instrument 
to characterize the particles in the electrolyte. The electrode 
is formed by an inversion layer maintained by a proper bias 
and illumination. With this novel tool, it is possible to 
perform biochemical analysis in an integrated semiconduc 
tor chip. In addition, the optoelectronic probe can also be a 
poWerful tool to assemble next generation nano-electronic or 
optoelectronic devices. Basically, this device has the ability 
to trap, move, deform, merge, separate and characterize 
particles, such as cells, molecules, any type of colloids, any 
of inorganic and bio-organic substances, beads, as Well as 
pucks and like small things on a semiconductor chip. 

[0028] ] The ?rst advantage for the present invention is 
that the size of the electrode is self-de?ned by the size of 
light beam. It Will be easy to adjust the electrode size to 
match a single cell by simply adjusting beam size. Therefore 
We are able to characterize a single cell in a convenient Way. 
On the other hand, a large beam size can also be used to 
assemble a particle array. This is very different from the 
Optical TWeezer Where the trapping zone is too small (on the 
order of the light Wavelength) to manipulate the particle 
array. 

[0029] The second advantage for the present invention is 
that an inversion region is used as a Working electrode. The 
inversion layer has behavior similar to a metal electrode. 
The most of applied electric ?eld can be shielded by the 
inversion layer and no signi?cant ?eld Will penetrate into the 
semiconductor bulk. In addition, a majority carrier tunneling 
process Will also reduce voltage drop on the oxide layer. 
Therefore a signi?cant portion of bias Will be dropped into 
the electrolyte. Furthermore, the metal-like electrode formed 
by the inversion layer is also perfect for the impedance 
characterization. This is very different from the conventional 
illumination-assisted ?eld induced assembly technologies 
(or a conventional optoelectronic tWeezers), Where the semi 
conductor bulk or depletion region plays as the electrode. 
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The involvement of the depletion region at the semiconduc 
tor surface Will cause an extreme complexity on the voltage 
distribution among the different part of the “sandwich” 
electrochemical cell and make it very difficulty to analyze 
the impedance spectroscopy. 

[0030] The third advantage for the present invention 
comes from a thin oxide layer formed on the silicon surface. 
This oxide layer Will reduce the dark current signi?cantly 
and a Well de?ned electrode can be successfully formed. 

[0031] The fourth advantage for the present invention 
comes from combination of time constant electric ?eld and 
time-varying electric ?eld. The combined use of time con 
stant electric ?eld and time-varying electric ?eld can 
complement the limitations of EP and DEP, and potentially 
provide an integrated method for manipulation of biopar 
ticles and macromolecules on microfabricated chips. 

[0032] The ?fth advantage for the present invention also 
comes from combination of time constant electric ?eld and 
time-varying electric ?eld. The combined use of time con 
stant electric ?eld and time-varying electric ?eld avoids 
using high DC voltage to generate high electric ?eld in order 
to manipulate small particles. Therefore a strong electrolysis 
reaction under high DC current is not going to happen. 

[0033] Finally, in the conventional illumination-assisted 
?eld induced assembly technologies (or a conventional 
optoelectronic tWeezers), the illumination modulates the 
photoconductivity of semiconductor. The illumination in the 
present invention, hoWever, is only utilized to compensate 
the leaking minority carrier current. Therefore, in present 
invention, one has extreme ?exibility to choose the optical 
sources and can avoid the biological object integrity prob 
lem caused by focus beam With very high intensities. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWING 

[0034] FIG. 1 is a sectional vieW of an embodiment of the 
optoelectronic probe. 
[0035] FIG. 2A is the Wave function of the time constant 
voltage. 
[0036] FIG. 2B is the Wave function of the DC time 
varying voltage. 
[0037] FIG. 2C is the Wave function of the combination of 
the time constant voltage and DC time-varying voltage. 

[0038] FIG. 3 schematically illustrates an embodiment of 
electric input, Which has the Wave function as shoWn in FIG. 
2C. 

[0039] FIG. 4A is the energy band diagram for the deep 
depletion situation for the EIS Junction. 

[0040] FIG. 4B is the energy band diagram for the inver 
sion situation for the EIS junction. 

[0041] FIG. 5 schematically illustrates an embodiment of 
an impedance analyzer for characterizing the trapped par 
ticles. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0042] The folloWing description is of the best mode 
presently contemplated for the carrying out of the invention. 
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This description is made for the purpose of illustrating the 
general principles of the invention, and is not to be taken in 
a limiting sense. The scope of the invention is best deter 
mined by reference to the appended claims. 

I. Optoelectronic Probe 

[0043] FIG. 1 is a sectional vieW of an embodiment of the 
present invention. An optical microscope, represented by 
reference number 100, can be used to observe and record the 
particle manipulation process. The top electrode of the 
“sandWich” electrochemical cell is formed by a glass slide 
110 coated by an optically transparent conducting thin ?lm, 
such as indium tin oxide (ITO) 120. This kind of transparent 
conducting electrode is commercially available. A spacer 
(typically thick ~50 um), represented by reference number 
130, is formed by polymer ?lm With a hole in the center. 
Reference numeral 140 denotes a layer of thin oxide (typi 
cally about 15-30 Angstroms thick) and reference numeral 
150 denotes a piece of n-type silicon, With doping density 
range from 1016-1017 cm“3 . The properly doped n-type 
silicon, covered With a thin oxide layer, is used to form the 
bottom electrode, Where an Electrolyte/Insulator/Semicon 
ductor (EIS) structure Will perform a Metal-Insulator-Semi 
conductor-like, or MIS-like tunnel diode. Reference numeral 
160 denotes the electrolyte. The bottom electrode Will also 
Work as a stage to support particles, Which are represented 
by reference number 170. Contact to electrodes is achieved 
through leads in the form of Au Wires by means of silver 
epoxy. Reference numeral 180 denotes a light beam from the 
illumination source and reference numeral 190 denotes an 
inversion region, Which Works as a Working electrode to 
control the movement of particles in the electrolyte. A laser 
beam, such as a 633 nm HeiNe laser, or IR laser diode, 
range from 650 to 680 nm, can be used here as a illumination 
source to inject minority carriers. The laser beam is steered 
by a pair of orthogonally scanning galvanometer mirrors as 
described in a paper by P. Y. Chiou et al. range (Chiou, P. Y; 
Chang, Z; et al; Proc. IEEE/LEOS International Conference 
Optical MEMS, pp. 8-9, (2003)). The beam is sent through 
a microscope and the objective lens is used to both focus the 
beam and vieW the trapped object. For assembling a particle 
array, a regular microscope illuminator can also be used 
here, With apertures or masks to provide the required shape 
or siZe of beam (Seul, M et al, U.S. Pat. No. 6,251,691 
(1997)). In addition, a CCD camera is used to monitor the 
trapped objects. 

[0044] The silicon surfaces are carefully cleaned in adher 
ence With semiconductor industry standard RCA and Pira 
nha cleaning protocols. The original “native” oxide can be 
removed by HF solution. The thin oxide, represented by 
reference number 140 as shoWn in FIG. 1, can be thermally 
groWn under standard conditions in a furnace at 950 degrees 
C. In addition, the thin oxide layers can also be regroWn after 
removal of the original “native” oxide in HF solution, under 
UV illumination from a deuterium source in the presence of 
oxygen. The back side oxide is stripped aWay, using con 
ventional oxide stripping process. In order to have better 
performance, silicon 150 in the FIG. 1 can be replaced by 
a piece of epitaxial silicon. The n“ (p~15-20 Q-cm) epi layer 
about 6-8 um Will make sure a depletion layer at the silicon 
surface and 200-250 um thick n+ (p~0.01 Q-cm) substrate is 
used to reduce the serial resistance. All kinds of silicon 
Wafers are commercially available throughout the semicon 
ductor industry. 
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II. Electric Input 

[0045] A positive time constant bias is denoted by refer 
ence number 200 in FIG. 2A. A time-varying voltage With 
chosen frequency is denoted by reference number 210 in 
FIG. 2B. In order to make sure semiconductor surface stay 
either in the depletion region or strong inversion region, We 
are using a DC time-varying voltage signal here, as shoWn 
in FIG. 2B. The DC time-varying voltage 210 Will super 
pose to the positive time constant bias 200. The ?nal applied 
input is denoted by reference number 220, as shoWn in FIG. 
2C. 

[0046] FIG. 3 schematically illustrates an embodiment of 
electric input 220 shoWn in FIG. 2C. The time constant 
voltages are generated by a commercially available voltage 
source 300, With applied bias adjustable. The time-varying 
voltages are produced by a function generator 310, With 
frequencies varying from DC to several MHZ. A commer 
cially available full Wave recti?er 320 is used to rectify the 
AC input signal from the function generator into a DC time 
varying voltage signal. The positive time constant voltages, 
superposed by the DC time-varying voltages, are applied to 
the silicon piece through terminal 330. In this Way, the 
n-type silicon electrode Will alWays stay in the positive bias 
region. Due to current leakage via tunneling betWeen the 
red-ox level Eredlox in the electrolyte and the valence band of 
the silicon, the thin oxide/silicon interface Will be set into 
deep depletion region by the applied bias and the depletion 
layer at the semiconductor surface Will shield most of the 
external electrical ?eld. It is just like a sWitch being turned 
off and no signi?cant electrical ?eld is able to penetrate into 
the electrolyte. 

III. Inversion Layer Electrode 

[0047] The energy band diagram for the deep depletion 
situation is shoWn in FIG. 4A. The red-ox level Eredlox is 
represented by reference number 400. The potential barrier 
formed by ultra-thin oxide is denoted by reference number 
410. Reference number 420 represents the conduction band 
edge, reference number 430 represents the valence band 
edge and reference number 440 represents the silicon Fermi 
level. The reference number 450 represents the depletion 
region at the silicon surface. In order to simply the discus 
sion, here We ignore the space charge region in the electro 
lyte. 

[0048] If a beam of light injects into the surface of deep 
depleted EIS tunnel diode, extra holes, Which are the minor 
ity carrier herein, Will be supplied to the silicon surface to 
compensate the leaked holes. The semiconductor surface in 
the illumination area Will be turned into inversion. The 
holes, denoted by the reference number 460 in FIG. 4B, 
accumulate at the surface and Work as an electrode to shield 
the electrical ?eld, as denoted by the reference number 190 
in FIG. 1. Further more, the red-ox level 400 in the 
electrolyte Will be moved up above the semiconductor 
conduction band 420, as shoWn in FIG. 4B and, a majority 
carrier current can be carried by direct tunneling process 
betWeen the red-ox level and conduction band. Therefore, a 
signi?cant bias Will be dropped in the electrolyte in the 
illuminated area. Outside the illuminated area, the semicon 
ductor still stay in the deep depletion and the electric ?eld is 
shielded by the depletion layer. Since the inversion layer 
electrode 190 has area much smaller than that of ITO ?lm 
120, as shoWn in FIG. 1, an electric ?eld concentration 
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region has been Well de?ned by the illuminated area and a 
non-uniform electric ?eld has been built into the electrolyte 
betWeen the top electrode 120 and the bottom electrode 190 
formed by the inversion layer. 

IV. Basic Operations 

[0049] The non-uniform electric ?eld can be used to trap 
charged particles by EP process or polarized (charged or 
neutral) particles by DEP process. An array of particles can 
be assembled in a designed area, and the interparticle 
spacing and internal state of order Within the array may be 
controlled by adjusting the applied ?eld prior to anchoring 
the array to the substrate. 

[0050] An array of particles starts With a capture process. 
As long as the inversion layer electrode is formed, particles 
Will be captured over it. An array starts to groW and Will 
continue to groW until it approaches the outer limits of the 
electrode. The internal state of order of captured aggregate 
of particles is determined by the strength of applied voltage, 
high values favoring increasingly denser pacing of particles 
and the eventual formation of ordered arrays displaying a 
hexagonally crystalline con?guration in the form of a bubble 
raft. The siZe and shape of the array are determined by the 
light beam. Arrays are maintained by the applied electric 
?eld in a liquid environment. Removal of the applied voltage 
results in the disassembly of the array. 

[0051] The process also leaves the array in a state that may 
be readily subjected to further chemical modi?cation such as 
cross-linking, or made permanent by chemical anchoring to 
the substrate. This is best accomplished by involving 
anchoring chemistries analogous to those relying on heter 
bifunctional cross-linking agents invoked to anchor proteins 
via amide bond formation. Molecular recognition, for 
example betWeen biotinylated particles and surface-an 
chored streptavidin, provides another class of coupling 
chemistries for permanent anchoring. 

[0052] If the light beam moves from one position to the 
next position, the inversion layer electrode Will move along 
With the beam and so Will the trapped particle array, as long 
as the light beam has a moving speed sloWer than that of 
particles, dragged by the lateral component of the non 
uniform electric ?eld. The control of lateral particle trans 
port by changing or moving patterns of illumination has the 
advantage that it may be applied Whenever and Wherever 
required. 
V. Time Constant Fields 

[0053] Under the condition that only a time constant 
voltage is used, the polarity of the dielectrophoretic force on 
the particle depends on the conductivity difference between 
the particles and electrolyte. If the particle is more conduc 
tive than the electrolyte around it, the dipole aligns With the 
?eld and the force acts up the ?eld gradient toWards the 
region of highest electric ?eld. Examples of trapping polar 
iZed (charged or neutral) particles by DEP process can be 
demonstrated by colloidal beads, such as silica, and poly 
styrene, With a diameter in the range from several hundred 
Angstroms to 2 pm. With silica, the electrolyte is triply 
distilled Water (pH=5.8 With a conductivity of <1 uS cm“); 
for polystyrene the suspending electrolyte contained a mix 
ture of ionic and nonionic surfactants added to provide the 
colloidal stability. At proper electric ?eld range (<100 V 
cm typically), the particle trapping process is reversible. 
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When the ?eld is removed, the particle array is stirred by 
BroWnian motion. On the other hand, a strong electric ?eld 
compresses the particles and they coagulate or adhere to the 
electrode surface. The array Will be assembled and perma 
nently froZen on the electrode surface. With properly adjust 
ing the siZe of illumination (focused laser beam), We can 
have a reasonable siZe of electrode and therefore all the 
operations mentioned above can be repeated on a single 
particle, or a single living cell. 

VI. Combination of Time Constant/Time-Varying Fields 

[0054] When a time-varying voltage is superposed to the 
applied time constant voltage, the combination of the time 
varying and time constant electric ?eld Will bring us extreme 
?exibility to manipulate particles. This is because that the 
dielectrophoretic force on the particle Will vary With the 
frequency of the applied electric ?eld. If the particle is less 
polarisable than the electrolyte, the dipole aligns against the 
?eld and the particle is repelled from regions of high electric 
?eld. This effect is called negative dielectrophoresis 
(NDEP). Particles having different dielectric properties Will 
experience different DEP forces that may be exploited for 
particle selective manipulation. Therefore, the frequency of 
the time-varying voltage can be chosen to selectively trap or 
deform particles if they are deformable particles, such as 
living cells. 

[0055] This example Will shoW hoW We can separate 
spores to bacteria. Sample preparation process is similar to 
one described in a paper by Y. Huang et al. (Huang, Y; EWalt, 
K. L; et al; “Electric Manipulation of Bioparticles and 
Macromolecules on Microfabricated electrodes”, Anal 
Chem, 73, pp. 1549-1559, (2001)). B. globigii spores (the 
Biological Defense Research Directorate, Bethesda, Md.) 
Were stocked in phosphate-buffered saline (PBS, pH=7.2; 
Life Technologies, Grand Island, N.Y.) at a concentration of 
1.4><109 spores/mL. Heat-killed E. coli 0157:H7 bacteria 
(KPL, Gaithersburg, Md.) Were stocked in distilled Water at 
a concentration of 7><109 bacteria/mL. Heat-killed E. coli 
bacteria and B. globigii spores Were Washed 3 times in 280 
mM mannitol (Sigma) nd resuspended in the mannitol 
solution having a conductivity of 20 uS/cm. The ?nal 
mixture concentration Was 2><108/mL and 3><108 mL for 
bacteria and spores, respectively. The time-varying voltage 
here used has frequency about 50 KHZ. The bacteria Were 
repelled from the inversion layer electrode by NDEP force 
and the spores Were trapped over the electrode by DEP force. 
If the light beam moves from one position to the next 
position, the trapped spores Will moves along With the beam. 
Therefore, the spores Will be separated further from the 
bacteria. 

[0056] The negative DEP force also gives us another Way 
to transport particles in the electrolyte on the semiconductor 
surface. A 100 KHZ time-varying voltage is applied in this 
case to drive 20 um polystyrene particles (from Poly 
sciences). The buffer solution consists of deioniZed Water 
and KCL, mixed to have a conductivity of 10 mS/m. The 
particle is pushed by the optical beam, until at suf?ciently 
high scan rate. 

VII. Impedance Spectroscopy 

[0057] Conventional impedance-based sensing of par 
ticles is a Well-accepted method for the counting, siZing and 
characterizing of particles and cells and ?nds Wide applica 
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tion in clinical and veterinary laboratories for the analysis of 
blood, cell suspensions, and other samples. In general, the 
particle response is frequency dependent and the frequency 
dependency can be used to characterize or identify the 
particle. Applications of the present invention are vast and 
include, but are not limited to applications such as cell and 
particle counting, cell and particle subpopulation analysis, 
cell viability analysis, cell and particle concentration analy 
sis, cell dilferential analysis, medical applications, veteri 
nary applications, bioengineering, food analysis, soil analy 
sis, in-line particle detection in ?uidic circuits and systems, 
detection of bacterial spores and other biological agents of 
potential use in Warfare and terrorism, discrimination of 
potentially harmful biological agents from non harmful 
biological cells such as pollen and from inert particulate 
materials such as dust, smoke, and non-viable cells, detec 
tion of responses of cells such as human blood cell sub 
populations to biological and chemical agents, and detection 
and discrimination of bacterial cells and spores (including 
anthrax) for medical, agricultural, environmental, and bio 
Warfare and bio-terrorism detection applications. 

[0058] FIG.5 schematically illustrates an embodiment of 
an impedance analyzer for characterizing the trapped par 
ticles in the ?eld concentration region on the bottom silicon 
electrode 150 of FIG. 1. As shoWn in the FIG. 5, an 
impedance analyzer consists of a digital oscilloscope 500 to 
sense the current signal and a personal computer 510 to 
analyze the current signal and generate the impedance 
spectroscopy. The data bus 520 is responsible for the com 
munication betWeen the digital oscilloscope 500 and per 
sonal computer 510. The input of the digital oscilloscope 
500 is connected to top ITO electrode 120 of FIG. 1 to 
collect the current signal. The terminal 530, Which in one 
side is contact to the bottom silicon electrode 150 of FIG. 
1, is connected to terminal 330 in FIG. 3. The out put of the 
recti?er 490 in FIG. 3 gives us the desired voltage signal as 
shoWn in FIG. 2C. An array of particles can be characterized 
by the impedance analyzed after it is assembled. A classical 
method to perform impedance measurements on particles is 
the frequency sWeep, With the frequency range of the time 
variable electrical ?eld 310 in FIG. 3 from several Hz to 
several MHZ. The responses of particles on applied electric 
?elds are sensed by the digital oscilloscope 500 and ana 
lyzed by the personal computer 510. Both the magnitude and 
phase measurements of the impedance have interesting 
implications, in regards to particle characterization and 
identi?cation. 

[0059] In the case that a single cell is trapped by the 
optoelectronic probe, We are able to characterize the single 
cell by the impedance analyzer. Since the inversion layer 
electrode is de?ned by the illumination, it Will be easy to 
make it match the cell size by simply adjusting beam size. 
In addition, the inversion layer Will shield most of the 
applied electric ?eld and Work as a perfect electrode similar 
to a metal piece. This is very different from the conventional 
illumination-assisted ?eld induced assembly technologies 
(or a conventional optoelectronic tWeezers), Where the semi 
conductor bulk, or depletion region plays as the electrode. 
The involvement of the depletion region at the semiconduc 
tor surface Will cause an extreme complexity on the voltage 
distribution among the different part of the “sandWich” 
electrochemical cell and make it very dif?culty to analysis 
the impedance spectroscopy. All those features in the present 
invention Will give us an edge to sense the single cell. 
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VIII. Conclusion 

[0060] All of the methods disclosed and claimed herein 
can be made and executed Without undue experimentation in 
light of the present disclosure. While the techniques of this 
invention have been described in terms of speci?c embodi 
ments, it Will be apparent to those of skill in the art that 
variations may be applied to the methods and in the steps or 
in the sequence of steps of the method described herein 
Without departing from the concept, spirit and scope of the 
invention. All such similar substitutes and modi?cations 
apparent to those skilled in the art are deemed to be Within 
the spirit, scope and concept of the invention as de?ned by 
the appended claims. 

What is claimed is: 
1. A method for controlling the movement of particles in 

an electrolyte, comprising the folloWing steps: 

providing a semiconductor material; 

forming an insulating layer over said semiconductor 
material; 

attaching an electrolyte solution to said insulating layer; 

applying an electric input to said semiconductor material, 
said electric input having a predetermined polarity; 

illuminating the surface of said semiconductor material 
With a predetermined light beam; 

maintaining an inversion region at the interface betWeen 
said semiconductor material and said insulating layer, 
said inversion region being de?ned by said predeter 
mined light beam, said inversion region Working as an 
electrode; and 

providing a plurality of particles suspended in said elec 
trolyte solution, said particles being manipulated by 
said electrode, in accordance With said electric input 
and said predetermined light beam. 

2. The method of claim 1, further comprising a charac 
terizing step Which is performed using an instrument to 
measure the electric response of said particles on said 
electric input. 

3. The method of claim 2, Wherein said instrument is an 
impedance analyzer. 

4. The method of claim 1, Wherein said semiconductor 
material has a predetermined doping density to form a 
depletion layer at the interface betWeen said semiconductor 
material and said insulating layer. 

5. The method of claim 1, Wherein said insulating layer 
has a predetermined thickness to enable to tunnel carriers 
betWeen said electrolyte and said semiconductor material. 

6. The method of claim 1, Wherein said electric input is a 
voltage input that comprises both a time constant component 
and a time-varying component. 

7. The method of claim 6, Wherein said time-varying 
component has a frequency to polarize said particles. 

8. The method of claim 7, further comprising the step of 
sWeeping said frequency from a ?rst predetermined value to 
a second predetermined value. 

9. The method of claim 6, Wherein said time-varying 
component is a direct current time-varying component 
Which has the same polarity as said time constant compo 
nent. 
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10. The method of claim 1, further comprising the step of 
assembling an array of said particles over said electrode, in 
accordance With said electric input and said predetermined 
light beam. 

11. The method of claim 10, further comprising the step 
of maintaining said array by either maintaining said prede 
termined light beam and said electric input, chemically 
linking said particles, or con?ning said particles. 

12. The method of claim 10, further comprising the step 
of disassembling said arrays by removing said electric input, 
or turning off said predetermined light beam. 

13. The method of claim 10, further comprising the step 
of moving said array by steering said predetermined light 
beam. 

14. The method of claim 10, Wherein said predetermined 
light beam is adjusted to recon?gure said particle array in 
accordance With said predetermined light beam. 

15. A method for probing particles in an electrolyte using 
a semiconductor material covered With an insulating layer, 
comprising: 

applying an electric input to said semiconductor material; 

illuminating the surface of said semiconductor material 
With a predetermined light beam to form an inversion 
region at the interface betWeen said insulating layer and 
said semiconductor, said inversion region Working as 
an electrode; 

trapping a particle over said electrode in accordance With 
said electric input; and 

analyZing the electric response of said particle on said 
electric input. 

16. A method for characterizing particles in an electrolyte 
using photosensitive material, comprising: 
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applying an electric input on said photosensitive material; 

illuminating the surface of said photosensitive material 
With a predetermined light beam in conjunction With 
said electrical input to generate an electrode to control 
the movement of said particles; and 

analyZing the electric response of said particles on said 
electric input. 

17. An apparatus for probing particles in an electrolyte, 
comprising: 

a semiconductor material; 

an insulating layer formed over said semiconductor mate 

rial; 

an electrolyte solution attached to said insulating layer; 

an electric source Which applies an electric input to said 
semiconductor material, said electric input having a 
predetermined polarity; 

a predetermined light beam Which illuminates the surface 
of said semiconductor material to maintain an inversion 
region at the interface betWeen said insulating layer and 
said semiconductor, said inversion region Working as 
an electrode; 

a plurality of particles suspended in said electrolyte 
solution, said particles being manipulated by said elec 
trode in accordance With said electric input; and 

an instrument for measuring the electric response of said 
particles on said electric input. 


