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This paper presents a novel CMOS electric field sensor, termed as
a Differential Electric Field Sensitive Field Effect Transistor
(DeFET). It’s based on a standard 0.18µm CMOS technology. The
DeFET shows a sensitivity of 76 µA/V/µm. Also, the DefET’s
theory of operation is presented and discussed. Both the
experimental and simulation results confirm the DeFET’s theory of
operation is presented..

1.

Introduction

Recently, an explosion of interest in microsystems for biological and chemical analysis,
with particular emphasis directed towards the development of a Lab-on-a chip. Lab-on-a
chip technology is exciting the interest of scientists in many areas [1,2]. This technology
can be used not only to synthesize chemicals, biological, cancer cells, and DNA
efficiently and economically but also to carry out biological and clinical analyses, to
perform combinatorial chemistry, and to carry out full-scale analyses from sample
introduction to cell separation, manipulation and detection, on a single, miniaturized
device. Hence, the underpinning concept of Lab-on-a-chip is the integration of several
functional units such as actuation, sensing, separation, concentration, and detection
systems onto one chip.
The electric field suitable to actuate and manipulate the biocells is a nonuniform electric
field (i.e. Dielectrophoresis). Dielectrophoresis (DEP) [3-5] has been a fairly well known
phenomenon in which a spatially nonuniform electric field exerts a net force on the fieldinduced dipole of a particle. There are many techniques that have been used for sensing,
analyzing and monitoring the behavior of the biocells. They are optical technique [6-8],
fluorescent labeling (e.g., microfabricated fluorescence-activated cells sorter (μFACS))
technique [9,10], and impedance sensing technique [11-15]. Most recently, the sensing
parts in the currently used labs-on-a-chip are based on impedance sensing technique
[16,17], and optical technique (i.e., using photo detectors) [18,19]. These labs-on-a-chips,
which are based on a nonuniform electric field to manipulate the biocells, have been
using indirect measurement for sensing, i.e. there is no real time sensing of the variation
of the electric field due to the existence of biocells.
In this paper, we present a novel electric field sensor, i.e. Differential Electric field
sensitive Field Effect Transistor (DeFET). Using DeFET, we can directly get real time
information about the electric field and consequently we can extract useful information
about the biocells. Also, it can be simply integrated with the CMOS based lab-on-a-chip.
The remainder of this paper is organized as follows:
Section 2 introduces the theory of operation of the DeFET and represents a mathematical
model of it. The simulation and experimental results are presented in section 3. Section 4
concludes the paper and discusses the merits of the proposed DeFET based on the
experimental findings.
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2. The Differential Electric Field Sensitive MOSFET (DeFET)
In DEP process, the manipulating electric field is a nonuniform electric field (i.e. the
electric field is a function of the distance). Thus, we can detect the electric field by using
the Electric Field Sensitive MOSFET [eFET], as a novel electric field sensor. Fig.1
shows the physical structure of the eFET [20]. It consists of two adjacent drains, two
adjacent floating gates with distance “d” between them, and one source. For the eFET, it
is equivalent to two identical enhancement MOSFET devices, as shown in Fig.2. Thus,
under the influence of the nonuniform electric field, the current imbalances of the two
drain currents occur. Due to the drain current dependence on the gate voltage, the eFET
device that has two adjacent gates, and two adjacent drains, but isolated from each other,
can sense the difference between the two gates voltage, which reflects the intensity of the
applied nonuniform electric field. To increase the range of measurement of the eFET, we
are using the CMOS concept to implement the Differential Electric Field Sensitive
MOSFET (DeFET) sensor. The DeFET consists of two complementary eFETs, one of
them is a P eFET type and the second is an N eFET type. The equivalent circuit of the
DeFET is shown in Fig.3. From Fig.3, the two gates of P eFEt and N eFET are
connected with each other, and there is a cross coupling between the two drains of the P
eFET and the N eFET. The output current IO is equal to the difference between the two
drain currents Ip-In (i.e. IO = Ip-In, see Fig.3). On the other hand, Ip and In are functions of
the two applied gate voltages Vin1 and Vin2, respectively, and we have designed the
DeFET to obtain IO directly related to the difference between the two applied gate
voltages (Vin1-Vin2). As, Vin1-Vin2 is equal to the applied electric field above the two gates
multiplied by the distance between them (Vin1-Vin2/d = E), where d is the distance
between the two-split gates, which is constant. So, IO is related directly to the intensity of
the applied nonuniform electric field. Thus by measuring IO we can detect the intensity of
the nonuniform electric field.
2.1 DeFET’s Theory of operation
From Fig. 3, a simple analysis shows that the output current (Iout) is:
Iout =I p -I n
(1)
where Ip and In are the two currents pass in the P transistor (M2) and the N transistor
(M3), respectively. The sensitivity is given by
S=

dI out
dE

(2)

Also, the electric field intensity above the sensor (E), which produces ∆V, is related to
this voltage as follows:
ΔV = − E.d
(3)
where: ∆V is the difference between the two gate input voltages (i.e. ∆V= Vin1-Vin2).
From (2), Iout can be expressed as:
(4)
I out = ∫ Sd(E )
Iout =SE+ Constant
(5)
Constant in (5) is equal Iout, when E equals zero, i.e. Constant=Iout when E=0.
We can notice that in our case, E=0 means that ∆V=0, so we have the same voltage drop
at the two input gates (i.e. ∆V= Vin1-Vin2=0), so Vin1=Vin2. On the other hand, Vin1=Vin2
means that we apply a uniform electric field. So, we can rewrite (5) as:
Iout =I Non +I Uni
(6)
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where: INon=SE is the output current when we apply a nonuniform electric field, and IUni
is the output current when we apply a uniform electric field.
From (2) into (1):
d (Ip -In )
(7)
S=
dE
d (I p -I n ) d ( ΔV )
S=
.
d ( ΔV )
dE

(8)

For simplicity, we can assume that:
ΔV = −( I p - I n )(rp // rn )

(9)

where rp and rn are the output resistance of the M2 and M3 transistors, respectively.
d (I -I )
1
From (9)
(10)
=−
p

n

d ( ΔV )

( rp // rn )

d (ΔV )
= −d
dE

From (3)

(11)

From (10) and (11) into (8), the sensitivity can be given as:
S=

d
(rp // rn )

(12)

As a linear equation, we can express the output current (Iout) in terms of the sensitivity
and the electric filed as follows:
(13)
I out = SE + IUni
From (12) into (13)
I out =

d
E + IUni
( rp // rn )

(14)

Equation (14) shows a liner relationship between the DeFET’s output current and the
intensity of the applied electric field. Thus, if we have an array of DeFET, then we can
obtain an electric field intensity image at different locations.

3. Experimental and Simulation Results
The proposed DeFET is implemented in a standard CMOS 0.18μm technology. Fig. 4
shows a microscopic picture of two DeFETs and the electrodes used to apply the required
electric field pattern.
3.1 DC Response
The DC response of the DeFET is experimentally tested, and the result is shown in Fig. 5.
From this figure, we can observe a good agreement between the experimental and the
simulation results. Also, we can observe that the sensitivity of the DeFET is
76 µA/V/µm, which is high.
3.2 AC Response
The frequency response of the DeFET in Air is experimentally tested and shown in Fig.
6. From this figure, we can notice that the DeFET works as a band path filter with
bandwidth 11 MHz, and the quality factor Q is 2.182 (Q= fo/BW). Also the response of
the DeFET with different electric field profiles and in different media, i.e. Air and Silicon
Rubber, has been tested and the results are shown in Figs. 7 and 8. From these figures we
can verify that the DeFET is working properly.
3.3 Noise Analysis
The noise floor of the DeFET is measured using the network analyzer (HP 4395A
Network/ Spectrum/ Impedance Analyzer). The experimental results are plotted in Fig. 9.
From this figure, we can observe that the noise level is low, thus, the signal to noise ratio,
and consequently the dynamic range will be high. We can observe also, that although we
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are using floating gates we still get a low noise floor, the reason is that we are using cross
coupling between the P eFET and N eFET, see Fig. 3, at the output. So any common
noise will be rejected.
3.4 Other Features
Other dynamic and static characteristics of the DeFET have been measured. The input
offset voltage is 25 µV. The sensitivity of the DeFET is 71.6 µA/V/µm. The rise and fall
times have been measured using a square signal, and they are 17 ns, and 15ns,
respectively. The selectivity [21], which is defined as the ability of the sensor to select a
specific measurand among different input measurands, is also tested, by using the DeFET
in different temperature environments (i.e. at room temperature and 10 degree above it).
The results shown in Fig.10 verify that it has a very high selectivity. The dynamic range
of the DeFET is high, as we mentioned before, because we have a low noise floor. A
summary of these results is shown in Table1.

4. Conclusion
A novel electric field sensor named Electric Field Sensitive Field Effect Transistor
(DeFET) is presented. It is based on CMOS TSMC 0.18um technology. Its properties and
characteristics is presented and discussed. It has a sensitivity 76.2 μA/V/μm. The
proposed DeFET sensor has many applications in the biomedical field.
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Fig.1 Physical structure of an eFET [20]
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Fig.2 Equivalent circuit of an eFET
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Fig.3 An equivalent circuit of a DeFET [20]
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Fig. 4 A microscopic picture shows two DeFET sensors and the electrodes used to apply
the electric field
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Fig. 5 The DC response of the DeFET [20]
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Fig. 6 The measured frequency response of the DeFET
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Fig. 7 The measured output current for different DeFET sensor with the configuration
Electrode 1 and 2= +5V p-p, Electrode 4= +5V p-p, and Electrode 3 is not connected and
the frequency is 10 MHz
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Fig. 8 The measured output current for different DeFET sensor with the configuration
Electrode 1 and 2= +5V p-p, Electrode 3= +5V p-p, and Electrode 4 is not connected and
the frequency is 10 MHz

Downloaded on 2015-08-15 to IP 75.158.151.142 address. Redistribution subject to ECS12
terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).

ECS Transactions, 1 (28) 1-15 (2006)

-140
-141
-142

Noise Spectral (dBm/Hz)

-143
-144
-145
-146
-147
-148
-149
-150
-151
-152
0

0x10

5x10

7

8

1x10

8

2x10

8

8

2x10 3x10 3x10
Frequency (Hz)

8

4x10

8

4x10

8

8

5x10

8

5x10

Fig. 9 The measured noise floor of the DeFET using spectrum Analyzer
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(a)

(b)
Fig. 10 (a) The response of the DeFET at regular room temperature
(b) The response of the DeFET at temperature 10 degrees above the room temperature
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Parameter

Value

Unit

Die Area

0.0005

mm2

Supply voltage

+/- 3.3

Volt

Sensitivity

71.6

µA/V/µm

Signal/noise ratio

>78.2

dB

Offset voltage

25

µV

Bandwidth

Band pass with BW=11 MHz

Hz

DC power
consumption

1.23

mW

Rise Time

17

ns

Fall Time

15

ns

Noise Level

Very low

Table 1 Summary of the DeFET features
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