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ABSTRACT 
Electrochemical sensors are important candidates for 

autonomous integrated sensing applications. Such sensors 

can provide accurate and long-term measurements of 

multiple analyte for applications in complex environments 

e.g. in body fluids. As such sensors are made smaller and 

need to be fully integrated, special approaches need to be 

taken in order to achieve functional sensitivity, stability, 

and longevity. Here, we provide details of CMOS 

compatible, integrated design and fabrication of these 

sensors on very small scales using micro/nano scale 

fabrication and surface modification techniques. We also 

present in situ functionalization and novel interface design 

techniques. We also provide a comparison between 

integrated reference electrodes fabricated using CMOS 

compatible fabrication techniques. Finally, we show 

examples of sensing Glucose and DNA concentration in 

biological samples.  
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1 INTRODUCTION 
 

Implantable electrochemical sensors have attracted 

considerable interest lately as they are easily integratable 

with signal processing circuitry required for many sensing 

applications for completely wireless implants [1]. These 

sensors can provide selective and sensitive results in 

complex environments, in vivo environment being a very 

relevant example. Devices utilizing electrochemical sensors 

have been shown to work for long term implanted 

applications and have shown the promise of such 

technology [2]. Furthermore, use of Complementary Metal 

Oxide Field Effect Transistors (CMOS) technologies has 

the advantage of providing ample processing capabilities 

with minimal area and power requirements using materials 

that are easily adaptable towards long-term biological 

applications. Hence, an electrochemical sensor on CMOS 

system is very promising towards realizing the ultimate 

goal of chronic implants for biomedical applications.  

So far in this field most sensors are quite large and pose 

numerous challenges for widespread use in different 

applications. In most cases the sensors are designed on 

separate dies and are then integrated with signal processing 

circuitry using bonding/assembly techniques to realize fully 

functional devices. This leads to difficulty in 

miniaturization, increase in cost, and decrease in overall 

system performance. Hence, these devices tend to be larger 

and pose significant challenges towards implantation and 

long-term use. It has been proposed that smaller devices can 

have significant advantages for large scale application of 

this technology making it even more practical. 

In this work, we present our results towards a fully 

integrated electrochemical sensor on standard substrates, 

including CMOS substrates, utilizing micro/nano 

fabrication to miniaturize the sensor. The small size is 

advantageous in reducing the bio-fouling problems 

associated with such implants since it leads to reduced 

disturbance in the body, foreign body reaction, implantation 

damage, and inflammation [2]. 

 

2 SENSOR DESIGN 
 

Design constraints include the total die area sensors 

take, biocompatibility and non-toxicity, and operation time 

ranging from few weeks to few months. The sensors are 

designed for small sub-mm sized implants. The total area is 

restricted to a 500μm by 500μm square implant chip. Later 

on these square CMOS dies can be shaped to other more 

favorable shapes for implants e.g. circular dies. The sensor 

can be fabricated on the top metal layer having the circuit 

underneath utilize all but the top metal layer. Since the 

integrated system has its own power harvesting subsystem, 

power distribution is done using lower metal layers without 

any significant problems. Alternatively, sensors can be 

fabricated on the bottom of substrate after it is thinned 

down and passivated. We have used both design approaches 

and both have their own advantages and limitations. 

After setting up the design constraints, three electrode 

based electrochemical sensors are designed to fit within the 

die area and are made using biocomaptible materials. The 

geometrical design starts with some guidelines from 

literature [3]. For example, counter electrode (CE) should 

be much larger than working electrode (WE), and reference 

electrode (RE) should be as close to the WE as possible. 

This can be done using various geometries. We found no 

rigorous work comparing these geometries. For large scale 

(macro) devices, this is not very significant, although still 

relevant, since adequate performance can be achieved using 

many different types of geometries. However for small 

scale devices it is very important to study all the factors that 
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can affect sensor performance. Some example geometries 

are shown in Figure 2 (not all designs shown here). After 

the best geometry for an application is chosen using 

simulation and experimental data,  it has to be patterned at 

micro/nano scale based on application. Micro scale 

patterning is used for species which are present in high 

concentrations to keep the design simple. Nano patterning 

is used for sensing very small concentrations or for sensing 

species which need very precise surface geometries to 

interact at molecular level. 

Once patterning is performed, the electrodes have to be 

coated with a material which can provide desired interface 

properties. The electrode material is required to be very 

conductive even in thin films and needs to be chemically 

stable for extended life-time. At the same time, it should be 

not only very electroactive to be able to detect the target 

specie efficiently but also biocompatible. Noble metals 

such as Pt, Au, Ir and their alloys have many favorable 

properties in this regard. Platinum is used for the working 

and counter electrodes due to its high electroactivity with 

the species being detected (e.g. hydrogen peroxide, oxygen) 

for metabolic sensing. Furthermore, Platinum is chemically 

very inert and can keep a stable surface profile for a long 

time. Gold electrodes are used for DNA sensing due to the 

ease of attaching target probes using thiol chemistry. 

The reference electrode material is either thin film 

Ag/AgCl electrode or simple Pt thin film. We compare their 

performance. 

 

3 FABRICATION 
 

Fabrication is performed on different types of substrates 

using different techniques as mentioned below.  

 

3.1 Planar Sensors 

Sensors on silicon substrates were designed to terminate in 

large USB-like contact pads for ease of testing (Figure 3). 

Fabrication of these sensors starts with Photolithography 

using either a negative resist AZ5214E or using LOR10A in 

conjunction with a positive resist such as S1813. This is 

followed by electron beam deposition in a CHA evaporator 

to deposit a thin (typically 10nm) layer of Ti and a 

relatively thick (100 nm) layer of Platinum. PG Remover is 

used to perform lift-off. Aligned lithography is then done 

for depositing of Ag on half of the samples (Pt reference 

electrodes are used in the other half of devices). E-beam 

deposition is done to deposit about 450nm of Ag followed 

by another lift off. Final photolithography is then performed 

using SU8 2002 to insulate the contact lines from the 

solution. Chlorine Plasmaina Unaxis RIE system is used to 

form a thin layer of AgCl on top of the Ag film without the 

need of complex wet processing. X-ray analysis was done 

using EDAX in an FEI-Sirion SEM to verify the chemical 

nature of this structure, as shown in Figure 4; this is 

optically confirmed with a dark brown layer of AgCl and is 

further confirmed by observing crystalline AgCl structure 

in SEM compared to granular Ag layer. The SEM of the 

Platinum electrode before and after the Plasma doesn’t 

exhibit any difference.  

CMOS sensors are designed with the contact pads on 

the same die. Processing similar to one for Silicon 

substrates described above is performed. Wire bonding was 

done to connect these electrodes to a printed circuit board 

through a chip carrier.  

 

3.2 Patterned Sensors 

Patterned sensors at both micro and nano scales were 

fabricated on both Silicon and CMOS substrates. 

Photolithography or electron-beam lithography is used to 

define the desired pattern in a resist (S1813 for 

photolithograph, PMMA 950A4 for e-beam lithography). 

An ICP-RIE system (Oxford Instruments 380 etcher) is 

used for etching. For patterning top Aluminum pads on a 

CMOS substrate, a Unaxis RIE based system utilizing a 

mixture of Boron Trichloride (BCl3) and Cl2 plasma is used. 

Low temperature (around -130°C) etching using the ICP-

RIE system utilizing a SF6 and O2 plasma is used to achieve 

high aspect ratio with high selectivity to photoresist as 

shown in figure 6.  For high aspect ratio etching at nano-

scale, a suitable etch mask such as Alumina is sputter 

deposited in a DC sputtering system from TES. 

Pseudobosch etch (utilizing a mixture of SF6 and C4F8 

plasma) is used to form high aspect ratio structures shown 

in figure 6. This can be done on exposed/backside Si of 

CMOS substrate, shown in figure 7. 

Surface oxidation is performed to isolate the substrate from 

rest of the system. Sputter coating in an Argon Plasma 

under high pressures (around 20 mT) is used to form thin 

conformal layers of Pt or Gold on these electrodes. For 

Ag/AgCl reference electrodes, Ag is deposited first and the 

electrodes are exposed to chlorine based plasma to convert 

the top layer into AgCl.  

 

4 SURFACE MODIFICATIONS 
 

Nano particles are coated on top of the sensors by 

pipetting nanoparticles dissolved in water and letting dry 

for extended time. This helps in increasing the surface area 

and provides more attachment sites for enzymes etc. to 

transfer their signal more effectively to the underlying 

electrode. 

 

5 FUNCTIONALIZATION 
 

           Sensors are functionalized to selectively enhance 

detection of particular specie e.g glucose. This is done by 

using enzymes such as Glucose Oxidase or Glucose 

Dehydrogenase. We use the method of encapsulating the 

enzymes in a hydrogel, specifically Bovine Serum Albumin 

(BSA), coated on the sensor. Enzyme solution is added in 

BSA, and Glutaraldehyde (cross-linker) is mixed in the 

solution. The mixture is then pipetted directly (under a 
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microscope or using a robotic arm) on these electrodes and 

a stencil mask is used to plasma clean any extra material 

once BSA has gelled. DNA sensing electrodes are 

functionalized by soaking the electrodes in the appropriate 

solution (e.g thiol and methylene blue functionalized single 

stranded probe DNA) or by pipetting the solution on the 

electrodes covered with a glass coverslip to minimize 

evaporation. 

6 RESULTS 
 

Sensors were connected to a CH Instruments (model 

7051D or 1242B) potentiostat or a custom CMOS 

integrated potentiostat to make the measurements. The 

sensing part was then immersed in a solution (or a droplet 

was placed on the sensor). The solution was spiked with 

different concentrations of test samples and electrochemical 

data was measured (using many techniques including cyclic 

voltammetry, chronoamperometry, impedance 

spectroscopy, constant potential electrolysis, and 

impedance-potential curves). For some experiments, this 

was done on a hot plate to get measurements at body 

temperature. Phosphate Buffered Saline was used as 

background solution. Experiments were also carried out 

using serum and whole blood samples from mice. Tests 

were repeated for few days to few weeks to test the 

longevity of the devices and their time response. 

Each sensor design was fabricated with both a Pt 

reference electrode (RE) and Ag/AgCl RE.  Ag/AgCl RE 

proved more stable than Pt RE especially at higher negative 

potentials as seen in figure 9. This is due to interference 

from species reacting with Pt at such potentials most 

notably hydrogen peroxide.   

Glucose was sensed successfully using glucose oxidase 

functionalized and glucose dehydrogenase functionalized 

systems in PBS, mouse serum, and mouse blood. 

Chronoamperometric glucose sensing results for mouse 

serum are shown in figure 10. 

For DNA sensing, probe ssDNA functionalized 

electrode was immersed in a beaker containing PBS. Square 

wave voltammetry was performed to measure the 

background redox current due to methylene blue attached to 

the probe ssDNA. Target DNA was detected by spiking the 

background solution with 2micromolar target solution and 

measuring the decrease in redox current as a function of 

hybridization time as shown in figure 11. 

 

7 CONCLUSION 
 

In this work, we verified that miniaturized 

electrochemical sensors are very much suitable for 

integration on many different types of substrates rendering 

them useful for many applications. We showed that 

photolithographic processing (either as post-processing on 

CMOS chips for now or as monolithic process to 

commercial CMOS process) along with in-situ 

functionalization without using any complicated or toxic 

chemistries can provide sufficient performance to achieve 

sensing suitable for many applications. We also showed 

that design optimization can lead towards optimum sensing 

geometry for various applications. 
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Figure 1: Schematic of Integrated Nano-patterned Sensor 

 

  
(a)Design K w/ AgCl RE    (b) Design G w/Pt RE 

   

Figure 2: Designs of Integrated Electrochemical Sensors 

 

 

Figure 3:  Image of the sensor after Functionalization 

  

(a) Pt                               (b) AgCl 

Figure 4:  SEM of Sensor Electrodes 
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Figure 5:  Spectrum of SiO2/Ti/Pt/Ag/AgCl electrode 

 

 

Figure 6:  Micro pillars etched in Si Substrate 

 

 
Figure 7: Nanopillars etched in CMOS Aluminum Pads 

 

 
 

Figure 8: Nanopillars etched in Si 

 
Figure 9: Comparison of Pt and Ag/AgCl RE 

Figure 10:  Chronoamperometry in Mouse Serum 

 

Figure 11:  Square Wave Voltammetry Results for Single 

Stranded DNA detection  
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