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ABSTRACT 

Applying electrical fields is a simple and versatile method to manipulate and reconfigure optofluidic devices.  Several 
methods to apply electric fields using electrodes on polymers or in the context of lab-on-a-chip devices exist.  In this 
paper, we utilize an ion-implanted process to pattern electrodes within a fluidic channel made of polydimethylsiloxane 
(PDMS).  Electrode structuring within the channel is achieved by ion implantation at a 40° angle with a metal shadow 
mask.  In previous work using the ion-implantation process, we demonstrated two possible applications in the context of 
lab-on-a-chip applications.  Asymmetric particles were aligned through electro-orientation.  Colloidal focusing and 
concentration was possible with negative dielectrophoresis.  In this paper, we discuss the different electrode structures 
that are possible by changing the channel dimensions.  A second parameter of ion implantation dosage prevents the 
shorting of electrodes on the side wall or top wall of the fluidic channel to the bottom.  This allows for floating 
electrodes on the side wall or top wall.  These type of electrodes help prevent electrolysis as the liquid is not in direct 
contact with the voltage source.  Possible applications of the different electrode structures that are possible are discussed. 
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1. INTRODUCTION  
Optofluidics combines microfluidic systems with optical components and methods [1].  The primary benefits of 
optofluidics are found in integration and reconfigurability.  Rather than developing separate chips to do specific tasks in 
traditional optical systems, in optofluidic systems, we find a number of toolkits that have been developed with the 
capability to be integrated into a single chip.  Another advantage of optofluidics is the ease of reconfigurability.  Various 
mechanisms for the reconfigurability have been realized with the application of external forces.  Electrical forces have 
been utilized to tune a liquid lens, align birefringent material and attract or repel electronic ink [2-4].  Mechanical forces 
have been utilized to stretch and compress liquid dye laser gratings and to pneumatically pump liquid [5-7].  Optical 
forces have been utilized to manipulate particles, for example, to form gratings [8-9].  Fluidic replacement has been 
utilized to demonstrate refractive index tuning and dye lasers [10-14]. 

Electrodes on polydimethysiloxane (PDMS) have been demonstrated in a variety of methods.  One method was by 
sputtering of metals formed a thin layer of metal on top of the PDMS [15].  Another method is mixing the polymer with 
conductive material to render the polymer conductive [16].  A disadvantage of these methods is the loss of optical 
transparency as well as a loss of the polymer properties.  On the other hand, metal ion implantation of PDMS modifies 
the elastic property of polymers mildly while maintaining an optical clear material [17-23].  It has found uses in flexible 
electronics as well as microactuators, lenses and pressure meters.  Moreover, it maintains its conductive properties when 
stretched to a greater extent than with sputtered gold [18, 22, 23].  It is implanted into the first 50 nm of the material so 
the overall polymer properties are not modified as much as if the entire polymer is rendered conductive [17, 19, 20].  
Also, it is implanted into the polymer rather than being weakly bonded to the polymer such that a mechanical test with 
scotch tape will not remove implanted metals but it will remove sputtered metals.  Patterning of the ion implantation can 
be done in a fairly simple manner, through a metal shadow mask or photolithography. 
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Several methods have been developed to integrate electrodes into microfluidic channels.  A substrate with an electrode 
structuring combined with a microfluidic channel has been very popular [3].  The walls of the microfluidic channel were 
used as an electrode by etching highly doped silicon [24].  Multi-step optical lithography with etching and metal 
deposition was used to develop elliptical microrfluidic channels [25].  Vertical electrodes in microfluidic channels were 
formed through metal deposition and electroplating [26].  Rather than relying on developing electrodes on solid 
substrates, in this paper, we ion implant into polymers with a microfluidic channel structuring to obtain 3-dimensional 
electrode patterning. 

2. DESIGN 
2.1 PDMS fabrication 

Microfluidic channels of various dimensions were fabricated using the replica molding technique.  The master mold is 
produced with UV lithography with SU-8 (Gerstelec) on a silicon wafer.  The master mold is subjected to a surface 
treatment of trimethylsiloxane (TMCS, Sigma-Aldrich) to prevent adhesion to PDMS.  PDMS (Dow Corning Sylgard 
184) is mixed at a 10:1 ratio and poured onto the mold.  The entire process is shown in Figure 1. 

 
Figure 1. Process flow for fabrication of the master mold and microfluidic channel. 
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2.2 Ion implantation 

A Filtered Cathold Voltage Arc (FCVA) is used to implant gold ions into the PDMS.  A steel shadow mask is used to 
pattern the implanted area.  The gold nanoparticles are implanted into the top 50 nm of the PDMS.  The deposition 
occurs during a pulse when a dense plasma is created between the gold cathode and the trigger electrode (anode).  Pulsed 
at 1 Hz, the filtered ions are accelerated towards the PDMS at a bias of 2.5 keV.  The ions are doubly charged and the 
ion energy varies through the pulse.  We implant at a 40° angle to implant ions into the sidewall of the microfluidic 
channel.  The process is repeated twice to coat both sides of the channel.  Figure 2 shows the ion implantation process 
and the angled implantation. 

 
Figure 2. Diagram of ion implantation. 

 

2.3 Indium tin oxide (ITO) coated glass slide electrode fabrication 

An indium tin oxide (ITO) coated glass slide (Sigma Aldrich) is lithographically pattern to create electrical contact with 
the gold implanted region as well as add contacts within the fluidic channel.  Spin-on-glass (Honeywell) is coated onto 
specific regions of the ITO coated glass slide to insulate the electrodes for the microfluidic channel from the gold ion 
implanted region of the PDMS.  Inlet and outlet ports are punched into the PDMS with a hole-punching machine and the 
silicone is given the oxygen plasma treatment for 20 seconds at 50 W.  Immediately afterwards, the silicone is bonded to 
the ITO-coated glass slide.  An example of a finished chip design is shown in Figure 3. 

 
Figure 3. Electrode schematic in PDMS and on ITO coated glass slide. 
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3. TUNING PARAMETERS 
Two primary characteristics in the ion implantation were tuned to achieve different electrode structures.  Implantation 
dosage was modified to prevent connecting the contacts between the bottom, side and top walls of the microfluidic 
channel.  Tuning channel dimensions allows for easily testing the properties of the top wall electrode coating.  Changing 
implantation dosage results in the different possibilities of the ion implantation are shown in Figure 3.  The threshold 
from a single electrode to separate electrodes on each wall of the microfluidic channels occurs at approximately 800 
pulses/cm2. 

  
Figure 4. Diagram of different possibilities of ion implantation.  Left image shows each wall of the microfluidic channel 

as separate, unconnected electrodes.  Right image shows each wall of the microfluidic channel as a single, connected 
electrode. 

 

Changing channel dimensions allows for creating different electrode structuring shown in Figure 4.  We utilized a 40° 
angle to implant ions at an angle.  From this we can calculate the precise conditions to implant electrodes in the different 
regimes.  To describe the uncoated portion of the top wall width for one angled implantation, 

      
w
h

=°)40tan(        (1) 

      )50tan( °= hw        (2) 

When w  is less than half the total width of the fluidic channel, we are in Regime 1.  When w  is greater than the total 
width of the fluidic channel, we are in Regime 3.  For values in between, we are in Regime 2.  These conclusions were 
confirmed with fluidic channels of heights of 10 or 70 microns with widths of 30, 50, 70, 80, 90 or 100 microns. 

  
Figure 5. Diagram of different possibilities by tuning microfluidic channel dimensions.  Left image shows all walls of 
the microfluidic channel as a single, connected electrode (Regime 1).  Middle image shows a slight coating of the top 

wall connected to the side and bottom of the chip (Regime 2).  Right image shows coating of the side wall only (Regime 
3). 
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4. BACTERIA MANIPULATION 
Bacteria manipulations were demonstrated using ion-implantation of microfluidic channel in Regime 2 with connected 
side wall, top wall and bottom electrodes (with the device shown in Figure 3) for electro-orientation and 
dielectrophoresis [27].  These applications are of particular interest for integration with sensing structures such as the 
optofluidic microscope. 

4.1 Alignment of bacteria through electro-orientation 

Electro-orientation allows for the alignment of asymmetric particles in liquid to the electric field.  We align E coli K12 
with 10 Vpp at 10 MHz. Figure 5 shows the images of aligned bacteria.  Further details can be found in [27]. 

 
Figure 6. Images of aligned bacteria to the electric field.  The direction of the electric field is indicated by the arrows.  

The aligned bacteria are indicated by the white circles/ellipses.  They are aligned in the same direction as to the electric 
field. 
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4.2 Colloidal focusing through negative dielectrophoresis 

Colloidal focusing was achieved through negative dielectrophoresis.  Figure 6 shows the focusing that was achieved by 
using this force.  Further details can be found in [27]. 

 
Figure 7. Graph of focused bacteria with applied electric field.  The bacteria are concentrated to within 25 microns of the 

center of the fluidic channel. 

5. CONCLUSION 
Interesting applications are possible with 3-dimensional electrode patterning in microfluidic channels with metal ion 
implantation of polymers.  We demonstrate that different microfluidic channel dimensions allow for distinct regimes 
where specific electrode patterning is possible.  Two possible lab-on-a-chip applications were shown. 
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