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Abstract
In this work, the development of three-dimensional impedance-based biochemical sensors for 
detection of chemicals and biological agents in aqueous solutions is presented. The sensors are 
made of a stack of suspended electrodes that allow the solution to occupy the space between 
them and create a larger interface area between the aqueous solution and the electrodes. 
Increasing the solution-electrode interface area drastically changes the impedance of the 
sensor-solution resulting in a better sensitivity. Low concentrations of di-ethylhexyl phthalate 
(DEHP) in deionized water are used as the target chemical to demonstrate the advantage of 
new design over conventional planar interdigitated sensors. Experimental measurements are 
carried out to characterize the response of the planar and 3D sensors and their Nyquist plots 
are compared, displaying significant sensitivity improvement in 3D sensors. An electrical model 
for the sensors is developed that considers different physical phenomena such as double-
layer capacitance, solution resistance, Warburg effect and parasitic parameters. Nonlinear 
interpolations of the experimental data show that the equivalent electrical circuit is in good 
agreement with the Nyquist plots obtained from test data. The curve fitting of the tested data 
to the equivalent electrical circuit displays good agreement between the model and the tested 
data.
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ized sensors and microfluidic systems has led to the 
development of lab-on-a-chip systems for a wide 
range of applications from point-of-care and cancer 
detection to food safety and environmental stud-
ies [1-3]. Different biochemical sensing methods 
have been developed using advancement in micro 
electromechanical systems (MEMS)and microelec-

Introduction
Detection of biological agents (cell, enzymes, 

proteins, etc.) and chemicals in many critical areas 
has been revolutionized by progression in micro-
electronics and nanotechnology and also by ex-
ploiting new materials such as carbon nanotubes 
(CNT) and graphene. The combination of miniatur-
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tronics technology, such as inertial sensors [4], 
field-effect-transistors [5], and impedance-based 
interdigitated electrodes [6]. FET-based sensors 
use the change in characteristic response of the de-
vice in presence of a chemical or biological agent 
for detection [7,8]. Micro-beams with electrostat-
ic actuation are used as inertial sensors to detect 
cells, enzymes and proteins with suitable surface 
modifications that allow the target agent to adhere 
to the beam surface and change its frequency re-
sponse [9,10]. Impedance-based sensors are also 
widely used for biochemical detection because of 
their simple structure and manufacturing process, 
ease of use and high accuracy for detection at ex-
tremely low concentrations, where the target bio-
marker or chemical is presented to the sensor in 
aqueous solution or suspension [11,12]. All these 
sensing transduction methods have demonstrated 
excellent detection capability with high sensitivity 
and can be used at sub-ppm concentrations, with 
high sensitivity.

One advantage of using electrochemistry im-
pedance spectroscopy (EIS) is the ability to provide 
information about electrochemical properties of 
the solution such as ion transportation, electron 
transfer, diffusion phenomena and the double-lay-
er effect [13-15]. The combination of an imped-
ance-based sensor and the aqueous solution is 
often modeled by an equivalent circuit that can 
define the behavior of the sensor-solution sys-
tem [16]. The electrical circuit simulating the sen-
sor-solution includes electrical elements that rep-
resent different physical phenomena. For example, 
the double-layer effect is presented by double-lay-
er capacitance [17], and the diffusion phenomenon 
near the electrode surface is quantified by Warburg 
impedance [18].

In this work, we report the development of 
novel impedance-based biochemical sensors with 
three-dimensional structures where one of the 
electrodes (or both) are suspended in the solution. 
Suspended electrodes have been used in the past 
for gas detection in field-effect-transistor (FET) and 
capacitive sensors [19-22]. The sensors used in this 
work have a different geometry and work in aque-
ous media to detect chemicals and biological agents 
such as cells and bacteria. This geometric modifi-
cation increases electrode-solution interface area 
and hence, improves the sensitivity of the sensor 
to the change of the solution concentration. Larg-

er electrode-solution interface area directly affects 
parameters such as double-layer capacitance and 
Warburg impedance, and therefore creates more 
significant change in the Nyquist response of the 
sensor-solution system when the solution concen-
tration changes. To demonstrate the advantage of 
proposed design over existing planar interdigitated 
sensors, we use low concentrations of di-ethylhex-
yl phthalate (DEHP) in water. DEHP imposes health 
hazards and has been used in the past for demon-
stration of electrochemical impedance spectrosco-
py for interdigitated sensors, and provides a plat-
form to compare the performance of the proposed 
3D sensor with existing 2D sensors. In the next 
sections, the design concept, fabrication process, 
measurement setup and results are presented.

Sensors Design and Fabrication Process
Design concept

Conventional impedance-based biochemical 
sensors consist of two conductive interdigitated 
electrodes (IDE) patterned on a substrate, as shown 
in Figure 1a. Depending on the fabrication process, 
the substrate may be non-conductive (like glass), 
or conductive (like single-crystal silicon) which re-
quires an insulator layer to electrically separate the 
sensors and substrate. Different conductive mate-
rials such as metals and doped polycrystalline sili-
con have been used in the past to fabricate planar 
interdigitated sensors [13,15,18,23]. The working 
principle of planar (2D) IDE biochemical sensors is 
based on the interaction between the electrodes 
and the aqueous solution (or suspension) at their 
interface and throughout the solution medium. An 
IDE sensor, exposed to an aqueous medium, acts 
like an electrical circuit comprised of a combination 
of parallel and series electrical elements with cer-
tain impedances, where each element represents 
a physical phenomenon. For example, the positive 
and negative electrical charges, accumulated on 
the surface of the electrodes and nearby solution, 
create the double-layer capacitance [17,24], or the 
diffusion phenomenon happens in the solution me-
dium near the surface of electrodes at low frequen-
cies is represented by Warburg impedance [25,26]. 
If the composition of the solution changes, then the 
values of these parameters change and allow for 
the detection of targeted chemical or biomarker 
in the solution. Depending on the fabrication pro-
cess, each sensor may also add constant capacitive 
and resistive elements to the electrical circuit of 
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the system [27]. Since these constant parameters 
do not depend on the solution composition and 
mainly depend on the sensor structure (Figure 1b 
and Figure 1c), they act as parasitic elements and 
their presence may negatively affect the sensor’s 
response and reduce its sensitivity. The main par-
asitic parameters are the capacitive and resistive 
values between the electrodes and the substrate, 
the resistance value of the transmission lines that 
connect the devices to the measurement equip-
ment, and the capacitive and resistive values be-
tween the transmission line/contact pads and the 
substrate [28,29].

Considering the major parameters that affect 
the detection process are the solution dependent 
(dynamic) electrical elements and all these ele-

ments rely on the electrode-solution interface, it is 
expected that if the effective interface area is in-
creased, then a higher sensitivity is achieved. The 
sensors presented in this work are designed to have 
a higher effective electrode-solution interface area 
compared to planar IDEs. The proposed sensor de-
signs have 3D structures where one or both of the 
sensing electrodes are suspended and the aque-
ous solution can reach both sides of the electrodes 
creating a larger electrode-solution interface. It 
should be noted that it is possible to increase the 
interface area for conventional IDEs by using larger 
electrodes, but this also increases the parasitic ca-
pacitance/resistance values shown in Figure 1b and 
Figure 1c. Therefore, larger IDE sensors may pro-
vide a larger impedance readout, but they do not 

 
   a)  

 
b)    c) 

Figure 1: (a) A conventional two-dimensional IDE impedance-based biochemical sensor; (b) Parasitic 
capacitance and resistance elements between IDE and glass substrate; and (c) Parasitic capacitance and 
resistance elements between IDE and silicon substrate [27,29].
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electrodes in chemical sensing (separate IDEs at 
each level are designed for biological applications 
to detect the cell attachment to the surface which 
is not in the scope of this work).

Fabrication process
A standard micromachining process is used to 

fabricate the planar IDE and 3D biochemical sen-
sors, called PolyMUMPs. The process uses poly-
crystalline silicon as the conductive and structural 
layer and silicon dioxide as the sacrificial layers. The 
devices are manufactured on a single-crystal silicon 
wafer. The wafer and conductive layers are electri-
cally isolated using a 0.6 µm thick silicon nitride thin 
film. Details of the fabrication process, electrical 
and mechanical properties of the polysilicon and 
sacrificial layers, and the mask design rules can be 
found in [30]. Figure 3 displays the fabrication pro-
cess of the planar IDE sensors and 3D biochemical 
sensors. The electrode patterned on the substrate 
(that also forms 2D IDE) is made by Poly0 layer, the 
middle electrode is made by Poly1 layer, and the 
top electrode is made using Poly2 layer. The thick-

necessarily improve the sensitivity of the sensor 
response. The 3D design modification results in a 
larger interface area compared to the planar design 
using the same electrode size and do not add the 
parasitic capacitive/resistive elements. Considering 
the sensors are suspended in the solution, the new 
design even reduces the parasitic capacitance/re-
sistance values compared to the conventional IDE, 
because the suspended sensors have much smaller 
physical contact with the substrate, mainly at an-
chors that hold the suspended structures. Other 
parasitic elements related to the transmission lines 
and contact pads remain unchanged in both 2D and 
3D designs. Figure 2a illustrates the design idea, 
where the stack of three electrode layers for a 3D 
structure is schematically shown. The pair of each 
two layers would form a set of impedance-based 
sensor, as shown in Figures 2b and Figures 2c. The 
design presented in this work uses two sets of IDE 
for top and bottom electrodes and a perforated 
plate for the middle electrode. Two electrodes in 
each set of IDE are short-circuited and act as one 
electrode, so the 3D sensor practically has three 

 
  a) 

 
b)      c) 

Figure 2: (a) Three-dimensional impedance-based biochemical sensor with three layers of sensing electrodes; (b) 
One patterned, and one suspended electrode configuration; and (c) Two suspended electrodes configuration.



• Page 5 of 12 •Tolouei et al. Int J Analyt Bioanalyt Methods 2020, 2:012

ISSN: 2631-5009

|

Citation: Tolouei NE, Mazrouei R, Shavezipur M (2020) Three-Dimensional Impedance-Based Sensors for Detection of Chemicals in 
Aqueous Solutions. Int J Analyt Bioanalyt Methods 2:012

tion. However, if needed, they can be eliminated by 
adding a chemical-mechanical polishing (CMP) step 
after deposition of each sacrificial layer.

Test Setup
One planar IDE sensor and two 3D sensors are 

tested and the measurement setup is shown in Fig-
ure 5. The chip that contains the sensors is tested 
on a probe station equipped with a microscope. 
The impedance is recorded for each signal frequen-
cy using a Keysight E4980A Precision LCR meter, 
and the sensors are connected to the LCR meter 
via the probe tips and co-ax cables to minimize the 
noise. A small rectangular container, made by a 3D 
printer, is glued to the surface of the chip to sep-
arate the solution from probe pads (as illustrated 
in Figure 5b). All probe pads are fabricated at the 
edge of the chip and are connected to the sensors 
via long transmission line.

For chemical detection, di-ethylhexyl phthalate 
(DEHP) is used as a target chemical and is dissolved 

ness of Poly0, Poly1 and Poly2 layers is 0.5 µm, 2.0 
µm and 1.5 µm, respectively, and the thickness of 
sacrificial layers Oxide1 and Oxide2 is 2.0 µm and 
0.75 µm, respectively, and the top gold layer is 0.5 
µm thick. Planar IDE are fabricated using only steps 
(a) and (b) of the process, and their contact pads 
are coated with gold.

Figure 4 presents the SEM images of fabricated 
sensors. A planar IDE sensor is shown in Figure 4a, 
and a 3D sensor is presented in Figure 4b and Fig-
ure 4c, and both sensors have an overall size of 400 
× 400 µm2. The anchors for each set of suspended 
electrodes (Poly1 and Poly2 layers) are at two sides 
of the sensor. As shown in close-up image of the 
3D sensor in Figure 4c, the conformality of the de-
posited thin films in fabrication process (Figure 3) 
resulted in wavy-shape middle and top electrodes, 
and the electrodes are not completely flat in the ar-
eas that the bottom layer has holes. These geomet-
ric irregularities do not affect the electrochemical 
interaction between the electrodes and the solu-

Figure 3: Fabrication process of planar IDE and three-dimensional biochemical sensors. Details of the process 
including the thickness of structural and sacrificial layers and mask design rules can be found in process 
handbook [30].
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in deionized water at low concentrations. Phthal-
ates are commonly used in food packaging and have 
a high potential for non-occupational leaching and 
ingestion into packaged beverages such as bottled 
water, juice and soda drinks and they are directly 
absorbed into human body fluids [15]. DEHP solu-
tion has been used in the past for characterization 
of biochemical sensors [15,29]. Low concentrations 
of the DEHP solution are prepared by first, adding 
ethanol (2 ppm) to the deionized water as a polar 
solvent to dissolve DEHP, and then DEHP is added 
to the distilled water and different concentrations 
of DEHP solutions, from 0.02 ppm to 10 ppm are 
prepared for impedance measurements. The de-
vices are tested by sweeping the signal frequency 
from 10 kHz to 2 MHz, and the system impedance 
are recorded and stored using a MATLAB® interface 
program. The recorded impedance values are used 
to plot the Nyquist responses of the sensors for dif-
ferent DEHP concentrations, as will be discussed in 
the next section.

Measurement Results
To investigate the performance of the sensors, 

the Nyquist plots of each sensor are plotted for 
different concentrations of DEHP and compared 
in Figure 6. In general, electrochemical impedance 
measurement for IDE sensors exposed to aqueous 
solutions results in two distinct regions in Nyquist 
plot: A straight line at low frequency and a half 
circle at high frequencies [31-33]. The sensors’ re-
sponses presented here display both regions and 
differentiate between concentrations of DEHP, 
demonstrating the ability to capture even very low 
concentrations of the targeted chemical for chem-
ical detection. However, there are major differenc-
es between the response of 2D planar sensor and 
the 3D sensors as described in the following.

A closer look at the Nyquist plots presented in 
Figure 6 shows that the responses of 3D sensors 
for different concentrations are more separated 
and distinct than those of the 2D sensor. This is 
specially more visible in Figure 6c and for the 3D 
sensor that has two suspended electrodes. This 
distinction in the Nyquist response is associated 
with the larger electrode-solution interface area 
for the 3D sensors compared to the 2D planar IDEs 
that increases the dynamic (solution-dependent) 
impedance values. Increasing the interface area 
between the electrodes and the solution increases 
dynamic parameters such as double layer capaci-

 
   a) 

 
   b) 

 
   c) 

Figure 4: SEM images of fabricated biochemical 
sensors: (a) Planar IDE sensor, the width and the gap 
between the fingers is 5 µm and the overall size of 
the sensor is 400 × 400 µm2; (b) A three-dimensional 
sensor with electrode configuration similar to the 
one schematically presented in Figure 2.



• Page 7 of 12 •Tolouei et al. Int J Analyt Bioanalyt Methods 2020, 2:012

ISSN: 2631-5009

|

Citation: Tolouei NE, Mazrouei R, Shavezipur M (2020) Three-Dimensional Impedance-Based Sensors for Detection of Chemicals in 
Aqueous Solutions. Int J Analyt Bioanalyt Methods 2:012

ic capacitive and resistive elements, an equivalent 
electrical circuit is suggested to simulate the sen-
sor-solution behavior. Figure 7a and Figure 7b show 
the schematic of different elements in the sensing 
system and the equivalent circuit associated with 
them, respectively. In the equivalent electrical cir-
cuit, RT1,2 represent the resistance of the transmis-
sion lines connetcing the electrodes to the contact 
pads.Csub1,2 and Rsub1,2 are the capacitance and the 
resistance between the electrodes (including the 
anchors, transmission line and contact pads) and 
the substrate [29,36]. Rsol is the solution resistance 
and Cdl1,2 and ZW1,2 represent the double-layer ca-
pacitance and Warburg impedance at the interface 
of the two electrodes and the solution, respective-
ly. Rdi1,2 and Cdi1,2 represent the resistance and ca-
pacitance created on the surface of the polysilicon 
electrodes due to the formation of a thin silicon 
dioxide film on theelectrodes surface. We have 
shown that the formation of native oxide affects 
the diffusion (Warburg) effect since there is a thin 
dielectric layer on the surface of the electrodes 
[35]. The thin (2-3 nm) dielectric layer formed on 
the electrode surface separates the electrode (the 
conductvie part) from the solution and this separa-
tion is modeled by Cdi and Rdi.

tance, Cdl, and Warburg impedance, ZW. Comparing 
the magnitude of the real and imaginary impedanc-
es in conventional IDE sensor and 3D sensors show 
that the impedance for planar electrodes is much 
smaller than those of the 3D sensors, and the 3D 
sensor with two suspended electrode has the high-
est impedance values, where for low concentra-
tion test (0.02 ppm), the system impedance at low 
frequency exceeds 1 MΩ. Another parameter that 
contributes to the increases in system impedance 
is the use of a plate as the middle electrode. The 
middle (plate) electrode has much larger surface 
area compared to the comb-shape electrodes and 
therefore provides much larger interface with the 
solution, resulting in much larger Cdl and ZW values. 
Moreover, the parasitic capacitive and resistive 
values decrease compared to the 2D planar sensor, 
creating a larger relative change in the impedance 
of the system.

For quantitative analysis of the sensors’ respons-
es, the equivalent circuit of the sensors is studied. 
Different electrical circuits have been suggested in 
the literature for IDE sensors used for biochemical 
detection [16,22,26,34,35]. To consider different 
physical parameters contributing to the perfor-
mance of the sensors, such as Cdl, ZW and parasit-

 
   a)      b) 
Figure 5: (a) Experimental set up including the chip with the fabricated device, the solution container and probe 
tips and micro-positioners; (b) Schematic of the sensor, container wall and contact pads configuration. The 3D 
printer solution container separates the sensors from the contact pads.
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    a) 

 

    b) 

 

    c) 

Figure 6: Nyquist diagrams for: (a) Conventional (planar) IDE sensor; (b) Three-dimentional sensor with one 
electrode suspended electrode and one electrode patterned on the substrate; and (c) Three-dimentional 
sensor with two suspended electrodes.
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curve to the experimental data using a specific pro-
gram developed for curve fitting for electrochemi-
cal impedance spectroscopy [36]. Figure 8 presents 
the results of curve fitting using the equivalent 
circuit of Figure 7b and the data for concentration 
of 2 ppm. The curve fitting for all three responses 
display acceptable match, where the 2D sensor has 
the best match of the three tested sensors.

The three-dimensional biochemical sensors pre-
sented in this work provide high sensitivity and can 
be used to detect low concentrations of chemicals 
and biomarkers. The scope of the work presented 
here was limited to chemical sensing; however, the 
sensors can be also used for biological sensing to 
detect cells, proteins, enzyme and other biomarkers 
in aqueous solutions. It should be noted that elec-
trochemical impedance spectroscopy better serves 
the biological sensing because for cell, bacteria or 
protein detection, the selectivity of the sensor can 

The electrical model and the parameters shown 
in Figure 7a are used for 2D and 3D sensors, as the 
fundamental functions all sensors are the same. 
The parasitic elements in the equivalent circuit are 
RT1,2, Csub1,2, Rsub1,2, Rdi1,2 and Cdi1,2 and the dynamic 
elements are Cdl, AW and Rsol, where AW is the War-
burg coefficient is obtained from:

    W W
W

A AZ
jω ω

= +           (1)

And ω represents the signal frequency. As ex-
plained before, the values of parasitic elements 
only depend on the sensor geometry and electrode 
sizes; however, the dynamic parameters such as 
Cdl and AW are expected to be larger in 3D sensors, 
because they depend on the electrode-solution in-
terface area. To examine the equivalent electrical 
circuit and the values of dynamic parameters, we 
use one concentration for all three sensors to fit a 

    a) 

 
    b) 

Figure 7: (a) Physical elements that contribute to the electrochemical response of the biochemical sensors; 
and (b) The equivalent electrical circuit represnting the sensor and the solution.
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solution through their top and bottom surfaces, 
doubling the interface area. Larger solution-elec-
trode interface area allows the electrolyte solu-
tion to interact with a larger electrode surface, 
and results in larger values in solution-sensitive 
parameters such as double-layer capacitance and 
Warburg coefficient, and therefore improves the 
sensitivity of the sensor. Moreover, the 3D sen-
sors have smaller parasitic (constant) capacitance 
and resistance values which further improve the 
sensitivity of the sensor to the change in solution 
concentration. Comparing the performance of one 
conventional 2D planar interdigitated sensor and 
two 3D sensors using different concentrations of 
di-ethylhexyl phthalate (DEHP) in de-ionized water 
shows that the 3D sensors provide distinctly high-
er sensitivity. Higher sensitivity allows the sensors 
to detect a slight change in solution concentration, 
and can be used for biological measurements that 
require detection of a small change in the sample 
concentration.

be improved using electrodes surfaces modified by 
antibody or DNA/RNA strand associated with the 
target agent. This allows the electrodes to attract 
the target biological agent to their surface and cre-
ate bonds with them. However, for detection in an 
aqueous medium, the presence of contamination 
for biological and chemical targets affects the accu-
racy of the sensing method. The sensors presented 
in this work may not improve the selectivity, but 
under similar circumstances provide better sensi-
tivity compared to the 2D planar IDEs. Moreover, 
using other conductive materials such as metals 
with no dielectric coating on the electrode surface 
eliminates some of the parasitic elements exist in 
polysilicon-based electrodes, and could further im-
prove the sensor sensitivity.

Concluding Remarks
This work presented three-dimensional imped-

ance-based biochemical sensors. The 3D sensors 
use suspended electrodes that have interface with 

 
   a) 

 
   b)      c) 

Figure 8: Nonlinear interpolation fitting the equivalent circuit to the experimental Nyquist data obtained for 2 
ppm DEHP concentration of 2D and 3D sensors: (a) 2D planar IDE sensor; (b) 3D sensor with one fixed and one 
suspended electrode (Poly0-Poly1); and (c) 3D sensor with two suspended electrodes (Poly1-Poly2).
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