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Abstract 
A DfT strategy for MEMS-based DNA sensors is 
investigated in this paper. Based on a fault-free and defect 
model developed for a single sensing element and the 
VHDL-AMS simulation results, it is implied that an 
oscillation-based interface might be a potential solution for 
both testing and read out of this DNA sensor array system. 
A possible physical implementation of the biosensing 
array is proposed based on some important boundary 
conditions. Finally, a potential architecture of the read out 
electronics to implement the strategy for the array is 
proposed. 

1 Introduction 

The objective of this paper is to investigate DfT strategies 
for MEMS-based biosensors and systems. The DNA 
sensor has been considered as a case study. DNA 
hybridization is the concept used in most of the DNA 
sensor architectures reported. This process occurs when 
complementary single-strand DNA and (ssDNA) 
sequences meet. In the application of a DNA sensor, a 
known ssDNA is immobilized onto a surface (probe) and 
the analysed ssDNA (target) is recognized by its specific 
binding affinity to the complementary nucleotide 
sequence. The hybridization may then be detected using 
several  techniques. 
 
Three main types of detection techniques are classically 
used for DNA sensors based on the DNA hybridization 
methodology. They are by indicator, by enzyme-label and 
indicator-free. 
 
 Detection by indicator 

This is based on the fact that the indicator has better 
affinity with the hybridized double strand DNA (dsDNA) 
than with the ssDNA. Its binding to the dsDNA on the 
surface of electrode is a reduction/oxidation (redox) 
process. The hybridized dsDNA on the electrode results in 
an increase of current, which originates from faraday 
currents generated by the redox process. 
 Detection by enzyme-label 

The target ssDNA is labelled with an enzyme. After the 
hybridization process, the remaining target ssDNA is 
washed out in a buffer solution. A redox process will then 
take place on the surface of the electrode, which will 
increase the measured current. 
 Indicator-free Detection 

The hybridization process changes the electrical properties 
near the electrode surface. By directly detecting the 
change of these properties, (capacitance or impedance) one 
can detect that hybridization has occurred. 
 
Initially, a DNA sensor constituted of interdigitated 
electrodes was considered in the project. Many papers 
dealing with such sensors have been published in the past 
few years [1-3]. The detection technique usually 
associated with this sensor is by enzyme-label. The main 
drawback of this technique is the labelling step which 
necessitates lengthy and complex pre-treatment of the 
samples. 
 
In contrast, techniques based on the detection of a change 
in the electrical properties near the electrode surface 
avoids any labelling of the sample molecules and offers a 
potential for the development of low-cost, portable and 
easy-to-use DNA sensors. A promising approach is the 
direct detection of DNA from capacitance measurements. 
Indeed, the possibility of detecting DNA at an 
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electrode/solution interface through capacitance 
measurements has been demonstrated [4] and a prototype 
for an integrable biosensor has been proposed [5]. 
 
Targeting systems that use an “indicator-free” method for 
the detection of DNA hybridization such as the prototype 
presented in [5] has been considered as a template for an 
integrable sensing element. Three main points of 
investigation have been identified according to our 
objective of defining DfT strategies for this category of 
system: 

 Fault-free and defect modelling of the sensing 
element  

 Implementation of the biosensing array  
 Architecture of the complete system 

 
It is clear that initial results regarding the sensor model, its 
implementation and the system architecture are required 
prior to any proposition of DfT methods. Investigations 
conducted regarding each one of these points are detailed 
in the following sections. Note that there are other 
important issues that are not addressed in this study. For 
instance, the immobilization techniques of a known 
ssDNA on the probe electrodes is another important issue 
in a DNA sensor array because the intensity and the 
coverage of the probe ssDNA is important to determine 

the quality of the solid DNA hybridization. The details of 
these techniques are not discussed here. More information 
can be referenced in [6-8]. 

2 Sensing Element Model 

The detection principle for a capacitive DNA biosensor 
relies on the measurement of the change of the interfacial 
capacitance resulting from hybridization. When a sample 
containing DNA with a complementary sequence to the 
oligonucleotides probes is immobilized on the electrode 
surface, this specific DNA will hybridize on the surface 
and other DNAs will be eluted in the flow. The hybridized 
DNA will thereby displace water and solvated ions away 
from the electrode surface giving rise to a change in 
capacitance. 
 
Here, the capacitance referred to is the double-layer 
capacitance, which forms near the electrode/electrolyte 
interface. The double-layer is considered to be composed 
of two parts, the compact layer and the diffusion layer. A 
generalized equivalent electrical model for the double-
layer shown below that could be used to assess the impact 
of fault and degradation mechanisms, is developed, and 
shown in Figure 1. 
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Figure 1: Equivalent electrical model for the electrode/electrolyte interface in the case of non-Faradaic process 
 

The electrode surface/electrolyte solution is simply 
modelled as a series of capacitors. CH and CD are the 
capacitance of the compact-layer and the diffusion-layer 
respectively; RD and Rb are the diffusion-layer resistance 
and the bulk resistance. There is no resistance effect in 
the compact-layer because the ions in this layer are to a 
first approximation immobilized. 
 
In the case of a bare electrode, we assume that this 
overall double-layer capacitance is dominated by the 

diffusion-layer. However, after functionalization and 
immobilization of probe DNA onto the electrode, a bio-
layer is formed on the electrode surface which mainly 
affects the dielectric constant and the length of the 
compact layer, while the dielectric constant and the 
length of the diffusion-layer are preserved. Thus, the 
overall double-layer capacitance is dominated by the 
compact-layer capacitance. Finally in the case of a 
hybridized electrode, an increase in both the layer 
thickness and the dielectric constant is observed in the 
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compact-layer. The decrease of the capacitance of the 
compact-layer is very close to the decrease of the overall 
capacitance for every single sensing cell. 
 
A VHDL-AMS simulation, using the tool AdvanceMS 
of Mentor Graphics, has proven the expected result. A 
simple test-bench construction is depicted in Figure 2. 
 

 
 

Figure 2: Test bench for a single bio-sensor element 

The aim of the simulations is to examine the quantitative 
relationship between the change of capacitance of and 
some global variables, for example the current through 
the single bio-sensor cell (Ic). 
 
The voltage signal used is a sine wave Vin with an 
amplitude of 0.5V and a frequency of 20Hz. Ic is the 
current through the bio-sensor array element. The values 
of relative dielectric constants and dielectric length are 
extracted from the experiment results of the previous 
literature [5, 9-11]. The simulation results are shown in 
Table 1. A distinct change of Ic is detected during the 
sensing process, implying that oscillation-based sensing 
strategy might be a potential solution in this bio sensor 
implementation. 
 
 
 

 

 Vin (V) Dielectric 
constant 

Dielectric 
length (nm) Ic ( A) Phase difference between 

Ic and Vin (Degree) 
Bare electrode 0.5 80 1 20 90 
Functionalization 0.5 1.9 2 4 90 
Hybridization 0.5 2.5 5.5 2.3 90 

 
Table 1: VHDL-AMS simulation results of a single sensing element model 

 

3 Biosensing Array Implementation 

On the basis of the single prototype sensor from [5], 
several ideas for the implementation of a biosensing 
array have been considered. 
 
An important aspect has to do with the fluidic flow. In 
the original idea, a network of fluidic channels was 
envisaged. As the speed of the flow along the probe 
DNA is important, it was concluded that a single channel 
could guarantee a uniform flow along all capacitors; this 
is not the case in a multi-channel approach. 
 
A second important feature is that the end-user has to 
deposit the probe DNA, as he/she is the only one who 
knows the application DNA. This means that a closed 
channel structure is not practical. In our first prototype 
we consider the top electrode as the one that can be 
customized. 
 

The third boundary condition is that the DNA probe 
material cannot survive high temperature steps. Hence 
thermal bonding of the top to the rest of the structure is 
not possible. However, gluing (even conductive) is a low 
temperature step, which is acceptable. 
 
Finally, the top electrode of the capacitor has to be 
connected to the lower silicon structure, incorporating 
the other end of the capacitor and the electronics. This 
can be a straightforward implementation, where the 
bottom electrodes of the capacitor resemble the bonding 
pads in a normal IC. The scratch-protection layer 
functions here as insulator between the fluid and 
microelectronics. Although bonding could also be a very 
simple option if a small number of electrodes are 
considered, we have opted for the via through in silicon. 
A possible implementation is shown in Figure 3. The top 
part has to be flipped on to the rest of the structure. 
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Figure 3: Possible implementation of biosensing array 
 

4 System Architecture 

In the view of a complete single-chip solution that 
includes the array of biosensing elements together with 
the microfluidic and electronic parts, several ideas have 
been considered for the system architecture. One 
important point that should be addressed regarding the 
electronic architecture of the array for the signal 
conditioning and processing is the testing aspect. Our 
basic idea is to avoid any analogue parts and use 
registers as far as possible, as these are easy to test, e.g. 
via scan techniques. 
 
A potential solution is based on an oscillation approach. 
The idea is to convert circuit component variations into 
frequency variations using a simple RC oscillator. The 
oscillator then provides a digital signal that can be used 
as a clock signal for further processing. Clearly, the 
purpose of such a solution is to move the analogue signal 
(obtained from the variations of C or R) into the digital 
domain as soon as possible in the signal processing 
chain. It reduces the number of possible noise input 
sources while making the development of test strategies 
easier. 
 
Regarding the capacitive biosensing array, we have 
opted for a similar approach. The basic idea is that a 

change in component value will change the oscillation 
frequency of an oscillator. This signal is then used as a 
clock signal for a digital counter, which basically 
measures the number of pulses during a certain time 
window (Tobs). 
 
For a certain capacitor in the array, this value is stored in 
a register. To reduce the hardware, a multiplexer 
structure is used, which is controlled by a simple micro 
controller. This controller organizes all timing sequences 
of the circuit and sample points for communication. The 
different multiplexers and lines to the oscillator can be 
calibrated by the manufacturer or end-user, by putting a 
dummy plate with fixed oxide during the calibration test 
on top of the electronic wafer; also dummy capacitors 
can be inserted in the array in a similar way as is used in 
DRAM architectures.  
 
For test communication, a JTAG port is being used. The 
most difficult part to test is the oscillator. However, 
several techniques for this category of circuits have 
already been developed (e.g. Philips). The registers 
(counter & storage) can be tested in a straight-forward 
digital way (scan), as is the micro-controller. The 
possible architecture of this electronics is shown in 
Figure 4. 
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Figure 4: Possible architecture of the electronics in the Bio-Sensing Array (BSA) 
 

 

5 Future Work 

To further develop the oscillation-based strategy for the 
bio sensor array, the following activities are planned: 

 Physical implementation of the array, using 
micro-fluidic constraints and the proposed 
architecture of the  signal-processing electronics. 

 To develop a fault-free and faulty model of the 
bio-sensor arrays that can be used to inject 
anticipated defects. 

 To construct a simulation environment in 
VHDL-AMS, which is capable of simulating 
fault free as well as faulty Bio Sense Arrays. 
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