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Abstract—The opportunity to integrate microfluidic devices with 
CMOS instrumentation is attractive to many biological and 
biomedical sensor applications. However, the packaging of 
CMOS circuitry for use within a liquid environment remains as 
an open challenge. This paper presents a robust and reliable 
packaging scheme for on-CMOS biosensors that is uniquely 
capable of providing both electrical insulation of a CMOS chip 
in a liquid environment and also protection from chemical and 
biological agents. In particular, this is the first reported CMOS 
packaging scheme capable of surviving harsh piranha solution 
that is needed to clean the surface of on-chip gold electrodes 
before final biointerface formation. The post-CMOS fabrication 
process is described for a 3×3mm2  CMOS die. Photos of a 
packaged CMOS biosensor array chip and electrochemical 
measurements in potassium ferrocyanide demonstrate proper 
operation of the device. The redox peak separation of on-chip 
electrodes was measured at 0.1V. 

I. INTRODUCTION 
Protein research plays a key role in a variety of 

applications, especially in health care, environmental 
monitoring, industrial quality control and clinical investigation. 
To better understand the nature of protein activities and 
structure, high throughput, robust, sensitive, and reliable tools 
are needed. Recent advances in multidisciplinary research in 
life sciences and engineering have led to a concept called lab-
on-chip devices. The lab-on-chip platform enables the 
detection and analysis of chemical or biochemical substances 
to be performed rapidly on a miniaturized integrated micro-
scale device. CMOS electronic circuits are of great interest in 
lab-on-chip applications because they can provide integrated 
measurement instrumentation capable of replacing bulky 
bench top instruments with simple low-power portable 
systems. The compatibility of many developed bio/chemical 
sensor materials with CMOS technology makes the CMOS 
circuit an outstanding candidate for a silicon-based lab-on-
chip solution [1].  

The integration of biosensor interfaces and CMOS 
detection circuitry has many benefits including 
miniaturization, automated detection, high performance and 
reduced reagent costs. However, post-CMOS fabrication 
processes are necessary for such integration, including on-chip 
sensor fabrication and chip-level packaging. Packaging for 
these hybrid systems must meet the needs of each component 
of the system and the interfaces between different components. 
The packaging can be very challenging because biosensors, 

especially protein-based sensor, are usually operated in a 
liquid environment while the traditional CMOS circuit 
packaging is designed without concern for biosensor 
integration or contact with aqueous solutions. Several 
packaging approaches that permit the use of CMOS circuitry 
within liquid test environments have been reported recently. 
These methods utilize epoxy adhesives or PDMS 
(poly(dimethylsiloxane)) to seal the electrical wires and to 
create microfluidic structures. Water-resistant medical epoxy 
have been used to encapsulate the bond wires and the pads [2]. 
Here, the epoxy was applied by hand making it hard to control 
overflow that could contaminate sensing elements on the chip 
surface. This method also suffers from the poor adhesion of 
epoxy to the chip substrate that, in the presence of liquid, 
could create leaks resulting in failure of the chip. Another 
group reported the so-called “direct wire fabrication process” 
(DWFP) [3] which also used epoxy to encapsulate the chip 
and bond wires and requires a special ink writing tool. A 
different approach used PDMS and epoxy as packaging 
material to build a cell culture structure and encapsulate a chip 
[4]. PDMS patterns can only be formed using a mold, and its 
elastic property can cause wirebonds to break easily. 
Moreover, the materials used in these systems cannot survive 
extreme cleaning procedures, e.g. piranha(sulfuric acid and 
hydrogen peroxide) cleaning, which are often required to 
clean electrode surfaces before biosensor interface formation 
[5, 6]. The piranha cleaning is particularly critical in highly 
sensitive biosensors where the clean surface is essential to the 
function of the biointerface. Furthermore, epoxy encapsulation 
has a long term reliability issue due to poor adhesion to the 
chip substrate, and there is no proven chip-scale alignment or 
patterning procedures for epoxy, which is generally 
manipulated by hand.  

In this paper a new post-CMOS packaging scheme using 
parylene is introduced and demonstrated with an on-chip 2×2 
electrode array for electrochemical measurement on a 
3×3mm2 CMOS chip. Parylene is a popular moisture barrier 
and electrical insulator in biomedical applications because of 
its excellent biocompatibility and resistance to chemicals like 
piranha solution. The packaging scheme was verified by 
performing cyclic voltammetry of potassium ferrocyanide and 
compared with off-chip result. The parylene packaging is 
suitable for microfluidic applications where clean electrode 
surfaces are desired. A die-level fabrication method is also 
introduced that is useful in post-CMOS processing 
encountered, for example, with MEMS devices. 
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II. METHODS 

A.  Background 
Miniaturized, electrical biosensors hold great promise for 

minimizing size, cost, and power in vital applications 
including point-of-care diagnostics, bio-toxin detection and 
bioprocess monitoring. Many semiconductor devices and 
fabrication processes are highly compatible with biological 
materials, which has enabled the expanding use of 
microelectronic and MEMS devices such as neural probes and 
biosensor arrays. Combining CMOS instrumentation circuits 
with miniaturized electrode arrays fabricated on CMOS chips 
introduces the opportunity for a monolithic measurement 
system. A clean and smooth electrode surface is vital in either 
bio-sensing or electrochemical sensing, particularly when the 
sensing target is of molecular size. Even in off-chip sensor 
tests, aggressive electrode cleaning by piranha solution is 
required to get rid of unwanted ions or contaminants. Due to 
the strong corrosiveness of piranha, limited materials can be 
used to fabricate the sensor structure. The goal of this study is 
to selectively insulate the wire bonds and chip surface outside 
of the electrodes, as shown in Fig. 1, from a liquid test 
environment.  

B. Materials 
Parylene, or poly (p-xylylene), is one of the most popular 

chemical vapor deposited (CVD) thin film polymers. It has 
desirable properties including chemical inertness, conformal 
coating and excellent barrier properties which perfectly match 
the packaging requirement outlined above. Among over 20 
types of parylene that have been developed, Parylene C 
remains as one of the most popular materials.  

Parylene C (poly(monochloro-p-xylylene)) has a long 
history of use in the medical industry as a coating material. 
Parylene C is a United States Pharmacopeia (USP) Class VI 
polymer [7]. This is the highest possible biocompatibility level 
for polymers that could be used for long-term implantation. Its 
biocompatibility, biostability, low cytotoxicity and resistance 
against hydrolytic degradation have drawn increasing attention 
in micro- and nano-fabricated devices for microfluidics. 
Parylene C is an especially attractive material because of its 
simple deposition method, low process temperature, optical 
transparency and compatibility with standard microfabrication 

processes [8].  

Another polymer material called polyimide is also widely 
used in bioMEMS applications. However, polyimide is a 
solution-based material that requires spin coating and high 
temperature curing. Experiments have shown that uniform 
coverage on surfaces and sidewalls is difficult to achieve. In 
addition, shrinkage of the solution during curing was observed, 
which caused cracked and left areas uncovered by the 
polyimide coating.  

III. POST-CMOS FABRICATION  

A. Approach 
This work utilizes a CMOS chip that forms an 

amperometric electrochemical measurement system. The chip 
includes a digitally programmable voltage waveform 
generator capable of generating triangular, saw tooth, constant 
potential and square pulse waveforms, which are used for 
cyclic, linear sweep, constant potential and pulse voltammetry 
techniques, respectively. The chip also contains a potentiostat 
and an amperometric circuit based on prior work [9]. On the 
top surface of the chip, contact pads were placed to connect 
CMOS circuitry to post-CMOS surface electrodes. The post-
CMOS processing consists of die-level and package-level 
steps. At the die level, a 2×2 electrode array and metal routing 
to contact pads are patterned on the chip’s surface. Polyimide 
is then spin-coated and patterned to realize insulation of the 
chip surface and surface routing and to establish the size of the 
electrodes exposed through the polyimide. Then the chip is 
wire bonded to a standard package, after which the package, 
including the CMOS die, is coated with parylene. Later, the 
parylene is etched by oxygen plasma to expose the sensing 
electrode area. The details of the process are described in the 
following section.  

Each element of the array includes a working (WE), 
counter (CE) and reference (RE) electrode, as shown in Fig. 2. 
To maximize the electrochemical response current and realize 
uniform ion flow, the electrodes are concentrically arranged. 
The distance between electrodes is kept small to minimize the 
potential drop in the solution.  

B. Die-level fabrication 
The CMOS chip was manufactured through the MOSIS 

foundry service and received as unpackaged die. The post-
CMOS fabrication process begins with formation of electrodes 
on the CMOS chip by physical vapor deposition of 

 
 

Figure 1. Conceptual illustration of a CMOS circuit chip with on chip 
electrode array and insulation of chip surface and bonding wires. 

 

 
Figure 2. Single element of an electrode array consisting of WE, RE and CE. 
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titanium/gold (50Å/1000Å) and patterning by wet etching. 
Polyimide is then spin coated and patterned to insulate 
electrode routing and define the electrode size on the surface. 
The die-level process is illustrated in Fig. 3.  

It should be noted that the chip is only 3×3mm2 in area. 
For die-level processing, photoresist builds up at the edge of 
the chip due to the surface tension during spin coating. This is 
not an issue for large substrates or wafers, but it is quite 
problematic for small substrates. It leads to uneven coating 
across the substrate and ruins photolithography. However, a 
modified procedure has been developed to enable successful 
photolithography for die-level processing. To mitigate thick-
edge effect, the chip was bonded to the outer perimeter of a 4 
inch silicon wafer. This permits the chip to spin at maximum 
speed for a given spin rate, minimizing photoresist buildup at 
the edges of the chip. The best results were obtained when the 
chip was oriented in a way that the two parallel sides of 
bonding pads were orthogonal to the radius of the wafer. This 
is because the bonding pad sides hold more photoresist than 
the other two sides. In addition, the electrode array was 
designed to be located at the center region of the chip, as far 
away as possible from the chip’s edge. This method works 
effectively for small substrates that are commonly processed 
for millimeter sized MEMS devices and microsystem 
applications.  

C. Package-level fabrication 
Following the die-level processing, the chip is then wire 

bonded to a standard ceramic package. The packaged chip is 
then coated with a 5μm layer of parylene, a process that 
covers all surfaces within the package, including wirebonds, 
package contact pads and the electrode array chip. The next 
step is to remove parylene from only the electrode array area 
while leaving all other surfaces insulated. Parylene etching is 
done by reactive ion etching (RIE) using oxygen gas. Typical 
RIE masking materials such as photoresist and metal cannot 
be utilized for this complex three-dimensional structure. A 
non-traditional set of steps was developed to overcome this 
challenge. A PDMS block was prepared and cured, after 
which a cylinder of PDMS was carved out using a hole punch. 
The size of the cylinder was set to match the area of the chip’s 
surface from which parylene would be removed, ~1.5mm 
diameter in this case. A silicon chip of slightly smaller size 
was also cut from a wafer using a dicing saw. The cylinder 
was then attached, on one side, to the silicon chip using 
oxygen plasma assisted bonding and, the other side, to a glass 
slide. The slide was then clamped to the parylene-coated 
package with the silicon chip pressed down over the electrode 

area. The cavity inside the package was then filled with crystal 
adhesive that was melted at 120˚C except where the 
PDMS/silicon cylinder was held. Later the slide/PDMS/silicon 
chip assembly was disassembled leaving parylene exposed 
only over the on-chip electrodes. The parylene was then 
etched using RIE, with 300W RF power and 500sccm oxygen 
flow rate, to expose the desired electrode surfaces. Once the 
crystal adhesive was removed using acetone, the final package 
was complete. The package-level procedure is described by 
Fig. 4.  

IV. RESULTS  
A 2×2 array of the 3-electrode structure shown in Fig. 2 

was fabricated on the surface of CMOS electrochemical 
instrumentation chip, as shown in Fig. 5. The chip was then 
wirebonded to a ceramic package using only pads on two 
parallel sides of the chip to enable a clear path, perpendicular 
to the wirebonds, for attachment of a microfluidic channel in 
future work. Following the package-level process described 
by Fig. 4, all surfaces of the packaged chip except the 
electrode area were coated by parylene. The final packaged 
chip is shown in Fig. 6.  

An electrode with polyimide and parylene coatings was 
washed in piranha solution up to 30 seconds with no 
noticeable effect on the insulating coatings. Bilayer lipid 
membrane interfaces were successfully formed on electrodes 

 
Fig. 4: Process flow for chip-in-package sealing for liquid environment. (a) 
Chip is wire-bonded to package and coated by 5μm parylene. (b) A PDMS 

cylinder and silicon chip are attached to a glass slide and clamped to the 
package to cover the center of the CMOS chip before crystal adhesive is melted 

to fill the cavity. (c) Glass slide is detached and parylene is etched away by 
oxygen RIE. (d) Crystal adhesive removed to form final package with all non-

electrode surfaces insulated. 

 
Figure 3. Process flow for post-CMOS electrode fabrication. Ti/Au is 

deposited and patterned (a-b). Polyimide is spin coated and patterned (c-d). 
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after piranha cleaning. To verify electrochemical 
measurements with the on-chip electrode array in the Fig. 6 
package, a simple PDMS reservoir was attached to the 
surface to contain an electrolyte solution over the chip. 
Electrochemical measurement was performed in a potassium 
ferrocyanide solution (0.1M potassium ferrocyanide and 1M 
potassium chloride buffer) using commercial instruments and 
an external Ag/AgCl reference electrode. Fig. 7 shows the 
cyclic voltammogram taken at a scan rate of 0.2V/s with 
potential swept from 0.4V to 0V. The potential separation of 
reduction and oxidation peaks is around 90mV, which 
matches measurement with off-chip electrodes and 
demonstrates proper operation of the on-chip electrode. 
Through repeated measurements, no shorts between chip 
signals or reaction of aluminum alloy bond pads were 
observed, indicating there was no leakage through the 
package in the liquid test environment.  

V. CONCLUSION  
A robust and reliable packaging scheme for on-CMOS 

biosensors was presented. This is the first reported CMOS 
packaging scheme designed to survive the harsh piranha 
solution needed to clean electrode surfaces before 
biointerface formation. An in-package parylene process was 
defined, and the parylene coating was found to provide a 
reliable insulator to chemical processing and liquid test 
environments while also being transparent, biocompatible, 

and mechanically stable. The packaging was verified by 
cyclic voltammetry measurement with on-chip electrodes in 
potassium cyanide. The recorded peak separation of ~90mV 
matches results from off-chip electrodes. This work 
demonstrates a practical solution to challenges in forming 
biosensor arrays using post-CMOS fabrication, and it 
provides a suitable platform for future integration with 
microfluidic structures. 
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Figure 7: Electrochemical cyclic voltammetry results measured with the 

electrodes on the packaged CMOS chip. 

 
 

Figure 5: 2×2 electrode array fabricated on a CMOS chip with working, 
counter and reference electrodes. 

 

 
Figure 6: Die photo after packaging of 3×3mm2 CMOS potentiostat chip with 

post-CMOS electrode array. 
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