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METHOD AND DEVICE FOR HIGH SENSITIVITY AND QUANTITATIVE
DETECTION OF CHEMICAL/BIOLOGICAL MOLECULES

FIELD OF THE INVENTION

The present invention relates to a sensor for detecting chemical/biological molecules,
and to corresponding methods of manufacturing, preparing and using such sensors.
Particularly, it relates to a sensor for the electrical detection of the presence in a fluid
such as a buffered solution of bio-macromolecules such as proteins, which bind to
complementary molecular or bio-molecular probes grafted onto a nanoscale finger-
like (interdigitated or not) electrode array, which is the gate of a metal oxide
semiconductor field effect transistor (MOSFET), hereafter called the IDA-gate
MOSFET sensor.

BACKGROUND OF THE INVENTION

There are many different methods to detect the presence of chemical/biological
molecules. They can be divided into two main general categories: optical detection
and electric detection. Typical optical detection methods include enzyme-linked
immunosorbent assay, surface plasma resonance, localized surface plasma resonance
spectroscopy, surface-enhanced raman scattering spectroscopy, fluorescent,
radioscopy methods, optical fiber-based sensors and other optical nanosensors (such
as nanoparticle labeling assay and quantum dot nanosensor based on fluorescence

resonance energy transfer).

In electric detection methods, the ion sensitive field-effect transistor (ISFET) has
been the subject of marked attention since it was first reported by P. Bergveld in
1970. In this device, the metal gate of a MOSFET is removed, leaving the bare oxide
as the actual contact between the electronic system and the chemical environment
(electrolyte). When chemical ions are adsorbed on the electrolyte/oxide interface, the
threshold voltage of the MOSFET is modified by the electrolyte/oxide interface

potential. Therefore, the presence of chemical ions can be monitored by measuring the
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change in the threshold voltage. In 1978, Schenck proposed to develop a protein

sensor based on the operational mechanism of the ISFET. It was expected that the
binding of protein molecules to the gate in the FET structure would modulate the
threshold voltage. Later, it was found that such an operational mechanism cannot
work due to the fact that counter ions in an aqueous solution shield the charged
protein molecules. Therefore, P. Bergveld et al. introduced a stimulus-response
measurement. The measurement was carried out in a flow-through system: when a
stimulus electrolyte with an intense ion concentration was injected into a streaming
electrolyte with the same pH as the former, the protein molecules and the gate surface
of ISFET would immediately respond to this change in ion concentration. Although
this measurement has the ability to detect protein molecules, it is difficult to separate
the mixed responses from protein molecules and interfering ions. Recently, Sergio
Bermejo et al. proposed to use blind source separation techniques and independent
component analysis to separate the main detected ions and interfering ions ( “ISFET
source separation: foundations and techniques”, Sensors and Actuators 2006 B, 113,
222). But the on-line applicability of this method is limited by pre-calibration and

normalization steps.

Actually, the threshold voltage can also be modified by changing the work function
of the gate material through a chemical reaction from outside. But, a counter electrode
is then needed to prevent an ongoing reaction (P. Bergveld, Sensors and Actuators B
2003, 88 1). On the other hand, the threshold voltage can also be modified by
changing the gate oxide capacitance. This means that the gate oxide of a MOSFET
can be replaced by an organic insulating layer, e.g. with a hydrogel serving as a
matrix for the immobilisation of charged molecules. However, critical challenges for
ISFET application and development are (1) they need large sample volumes in the
measurement; (2) they present small signal/noise ratio and low sensitivity; (3) their
measurement procedure are complex, such as stimulus-response measurement; (4)
they are limited by the choice of gate materials; (5) their encapsulation is difficult due
to the fact that the measurement is carried out in an aqueous solution; (6) and most
importantly they need to have a reference electrode, which is difficult to integrate in

the device.
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The electrical sensor research has been progressing with the development of

nanotechnologies. Cui et al. proposed in Science 2001, 293, 1289, a nanowire sensor,
which is a MOSFET nanowire transistor (the nanowire connects source and drain)
without a metal gate. When a layer of chemical/biological ions attaches on the surface
of the nanowire, the drain current shifts upward or downward. The one-dimensional
morphology of the nanowire is expected to increase sensor sensitivity up to the single-

molecule detection level.

Moreover Talin et al. reported in the article “Large area, dense silicon nanowire array
chemical sensors”, Applied Physics Letters 2006, 89, 153102, a nanowire sensor
array. At the same time, Fernado et al., also reported in the paper “Fabrication of
silicon nanowire devices for ultrasensitive, label-free, real-time detection of biological
and chemical species” Nature Protocols 2006, 1 (4), 1711, another nanowire sensor
array. These arrays integrate many individual sensors on one chip. They show
opportunity for selective multiplexed detection of chemical/biological species. But
since detections are carried out in a solution, it is necessary to integrate a microfluidic

system, which makes the fabrication of such chips more complex and expensive.

Interdigitated electrode arrays (IDA) have been studied and employed as sensors for
several years. Ehret et al. designed in paper entitled “Monitoring of cellular behavior
by impedance measurements on interdigitated electrode structures” (Biosensors and
Bioelectronics 1997, 12, 29) a micro-scale IDA to obtain the impedance data
attributable to cell attachment. Peter et al. in the article “Nanoscale interdigitated
clectrode arrays for biochemical sensors” (Sensors and Actuators B, 1998, 49, 73)
performed theoretical calculations on a nano-scale IDA and compared the results with
experimental data. The immobilization of glucose oxidase and bulk-insensitive
behavior has been monitored by measuring the capacitance/resistance change between
two combs. A major limitation related to the use of IDA alone concerns the sensitivity
since the method can only detect large electrical signal variation and high ion
concentrations. Moreover, any conduction path (for example a nanoscale dot) between

two combs can result in false readings.
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Flandre et al. invented in United Sates Patent Application Publication 2005,

US2005/0227373 Al, a method for capacitive detection of the presence of DNA. In
order to increase the electrical signal variation, a DNA sample, bonded on a non-
conductive surface of micron-scale interdigitated clectrode array, is directly or
indirectly labeled with a conductive label, for example as obtained by silver
precipitation. Although this method demonstrates a large sensitivity (about

1:1000000), it is a label-dependent detection method.

SUMMARY OF THE INVENTION

The present invention is based on appreciating that (1) the electrical signal variation
is not so large in the known IDA capacitive/resistive sensors and it is necessary to
integrate a signal amplifier to obtain a high sensitivity in such known sensors; and (2)
the reliability is not so high in the IDA capacitive/resistive sensors, since any
conduction path (for example a nanoscale dot) between two combs can result in false

readings.

The above discussed problems may be reduced or overcome by a sensor according to

embodiments of the present invention.

An object of some embodiments of the present invention is to provide a sensor for
detecting the presence of chemical/biological molecules, with a sensitivity better than

1 ng/ml.

It is a further object of some embodiments of the present invention to provide a
sensor for detecting the presence of chemical/biological molecules by means of label-

free detection with small sample volumes about 1 pul.

It is another object of some embodiments of the present invention to provide a sensor
for detecting the presence of chemical/biological molecules by rapid and direct

analysis.
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It is yet another object of some embodiments of the present invention to provide a

method and a device for detecting the presence of chemical/biological molecules

which is especially easy to miniature and to be compatible with CMOS technology.

A first aspect of the present invention provides a sensor for detecting the presence of
chemical/biological molecules, the sensor being an MOSFET device, the gate of
MOSFET device having at least one electrode in the form of an array of fingers, and
in spaces between or on the fingers, the sensor having chemical/biological receptor
molecules, the sensor also having circuitry for sensing a change in electrical
characteristics of the MOSFET caused by the chemical/biological molecules
becoming bound to the receptor molecules. The chemical/biological molecules can be
predetermined molecules or may contain a predetermined motif.

A notable consequence of having such an array of fingers is that sensitivity can be
increased compared to capacitive sensors. Furthermore the reliability can be increased
since a short circuit between fingers may leave other fingers unaffected and so will
have less effect on the sensing than a short circuit between plates of a capacitor type
sensor for example.

The fingers can be in any shape including straight or curved fingers, elongated or not,
the configuration of fingers can be interdigitated or not, the fingers can be in varying
thickness which can provide effective spaces to enable the molecules in the spaces to

alter the field strength in the channel

Another aspect provides a corresponding method of preparing such a sensor. Another
aspect provides a method of using the sensor. Another provides a method of
manufacturing such a sensor, or fabricating and characterizing such a sensor.

Embodiments of the apparatus or the method can have any additional features, some
of which are set out in the claims, and described in more detail below. One such

additional feature is the MOSFET comprising an IDA-gate.

Another is the step of binding a linker on the surface of the IDA-gate or in the space

between fingers for the attachment of chemical/biological molecules.
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Another is the step of attaching chemical/biological receptor molecules on the linker

already bound onto the surface of the IDA-gate.

Before using the sensor, a preliminary step is sensing the presence of the attached
chemical/biological receptor molecules on the linker by measuring the change in

subthreshold characteristics of the IDA-gate MOSFET.

The use of the sensor for sensing can then result in anchoring or binding of the target
chemical/biological molecule being sensed, to its complement, the receptor already

attached on the linker.

Then the circuitry can be used for sensing of the presence of the target
chemical/biological molecule bound with its complement, the receptor molecules, by

measuring a change in subthreshold characteristics of the IDA-gate MOSFET.

Another such additional step is measuring, before the binding of the linker, of the
subthreshold characteristics. The preliminary subthreshold characteristics may be

compared with the subthreshold characteristics during the sensing steps.

A further additional step can be a step of physical characterization to observe the
presence of chemical/biological molecules onto the surface of IDA-gate. Any method
of surface characterization which is sensitive to the anchored species can be used,
such as AFM (atomic force microscopy), SEM (scanning electron microscopy) and

AFM in the single molecule force spectroscopy mode.

Another such additional feature is apparatus or steps for providing in parallel a
capacitive/resistive sensor device for determining the presence of chemical/biological
molecules, when two combs are used for the IDA. Indeed, the IDA-gate itself is a
capacitive/ resistive sensor, which can be used to detect the change in
capacitance/resistance between combs before and after the presence of

chemical/biological molecules.
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According to other additional features, the IDA-gate MOSFET can work either in

inversion or accumulation mode. The starting substrate of the IDA-gate MOSFET can
consist of a P-type, N-type and intrinsic semiconductor, usually but not necessarily
silicon. The source/drain region of the IDA-gate MOSFET can be formed by
implantation or silicidation process. The insulating layer between the IDA-gate and
the channel can be oxide, nitride, high-k materials or any low-conductive (preferably
dielectric) materials (organic or inorganic). The IDA-gate can be made in any
conductive materials, such as gold, platinum even a low cost metal, such as

aluminium, or any conducting material (organic or inorganic).

For a given gate voltage, drain current value of IDA-gate MOSFET changes when
detecting the presence of chemical/biological molecules onto the surface of the IDA-
gate at least when the infection of the target chemical/biological molecule with its

complement occurs.

The nanoscale array of fingers forming the gate may be perpendicular or parallel to
the channel (or any other orientation), but perpendicular orientation usually provides
larger current changes. The array can be composed of one comb or two combs. The
finger spacing and width of the comb can be different or identical. The shape of the
fingers can be varied, although lines will usually be preferred. While it would kill an
IDA capacitive/resistive detector, it is not a problem for the IDA-gate MOSFET if
even a nanoscale contact remains located as an unwanted short circuit between the
two combs. The nanoscale array can be fabricated by E-beam lithography or a low
cost method, such as nanoimprint, or any other method of lithography with sufficient

resolution.

A back gate can be provided for the IDA-gate MOSFET to ground during the
measurement. The back gate also can be used to verify the performance of
conventional MOSFET, or most importantly to tune the detection regime of the nano-

gate by shifting the threshold voltage.

Another such additional feature of some embodiments of the present invention is a

reference device such as a second IDA-gate MOSFET, not exposed to the target
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molecules, enable a comparison of the current change with and without the presence

of chemical/biological molecules.

In principle, the sensor can be in the form of connections to external measurement

equipment for example

The term “IDA-gate MOSFET” refers to the device in which the blanket
metal/polysilicon gate of the conventional MOSFET is replaced by a finger-like
(optionally interdigitated) nanoscale electrode array. In fact, this device can be a
capacitive/resistive sensor coupled with a field effect transistor. It is a capacitive
sensor in the sense that the anchoring of molecular species modifies the gate channel
capacitance, which is amplified by the field effect of the transistor and detected by a
change in channel current.

It is sensitive for detecting the binding of chemical/biological molecules onto the
surface of the IDA-gate. It is also sensitive for sensing the infection of

chemical/biological molecules with its complement onto the surface of IDA-gate.
These and other features and advantages of the present invention will be described in
detail as follows, with the accompanying drawings, which illustrate the principle of
the present invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a schematic top view of an IDA-gate MOSFET sensor device without

the IDA-gate according to an embodiment of the present invention.

FIG. 2 shows a schematic top view of an IDA-gate with two combs according to an

embodiment of the present invention.

FIG. 3 shows a schematic top view of an IDA-gate with one comb according to an

embodiment of the present invention.
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FIG. 4 shows a schematic cross-sectional view (a part of) of an IDA-gate MOSFET

sensor device according to an embodiment of the present invention.

FIG. 5 shows a schematic total architecture of an IDA-gate MOSFET with four

connecting pads according to an embodiment of the present invention.

FIG. 6 shows a schematic cross-sectional view (a part of) of an IDA-gate MOSFET
sensor device with a back gate underneath a non-conductive layer according to an

embodiment of the present invention.

FIG. 7A, 7B, 7C show details of the binding of the linker onto the surface of IDA-
gate, the attachment of chemical/biological receptor molecules on the linker, and the
anchoring of specific chemical/biological analyte molecule with its complement

according to an embodiment of the present invention.

FIG. 8 shows an equivalent circuit of the channel in an IDA-gate MOSFET sensor
device according to an embodiment of the present invention before binding the linker,

chemical/biological receptor molecules and target chemical/biological molecules.

FIG. 9 shows an equivalent circuit of a bare IDA-gate MOSFET sensor device

according to an embodiment of the present invention.

FIG. 10A, 10B show a cross-section of two fingers and equivalent circuit of
capacitance in a bare IDA-gate MOSFET sensor device according to an embodiment

of the present invention.

FIG. 11 shows a graph of 1d(Vg) characteristics of an IDA-gate MOSFET sensor for
the bare device; the binding of thiol linker; the attachment of an antigen to the linker
and the anchoring of a specific antibody to its complement. For the sake of
demonstration, the antigen IRIS and the antibody anti-IRIS are selected for this figure;
however, any complementary pair of bio-macromolecules or of molecules could have

been selected as well.



10

15

20

25

30

WO 2009/010584 PCT/EP2008/059460

10
FIG. 12A, 12B are SEM top views of an IDA-gate covered by anti-IRIS with

concentrations of 0.7 ng/ml and 360 ng/ml, respectively.

FIG. 13 is a graph showing the sensitivity of an IDA-gate MOSFET sensor as a

function of anti-IRIS concentrations for detecting the infection of IRIS and anti-IRIS.

FIG. 14 is a further graph showing the sensitivity of an IDA-gate MOSFET sensor as
a function of anti-IRIS concentrations for detecting the infection of IRIS and anti-

IRIS.

DETAILED DESCRIPTION

Embodiments of the present invention will be described in detail with respect to
certain drawings but the invention is not limited thercto. For illustrative purposes,
most of the drawings are schematic, therefore, the size of the elements are not drawn
to scale. Where the term “comprising” is used in the present description and claims, it
does not exclude other elements or steps. Where an indefinite or definite article is
used when referring to a singular noun e.g. "a" or "an", "the", this includes a plural of
that noun unless something else is specifically stated.

The term “comprising”, used in the claims, should not be interpreted as being
restricted to the means listed thereafter; it does not exclude other elements or steps.
Thus, the scope of the expression “a device comprising means A and B” should not be
limited to devices consisting only of components A and B. It means that with respect
to the present invention, the only relevant components of the device are A and B.
Furthermore, the terms first, second, third and the like in the description and in the
claims, are used for distinguishing between similar elements and not necessarily for
describing a sequential or chronological order. It is to be understood that the terms so
used are interchangeable under appropriate circumstances and that the embodiments
of the invention described herein are capable of operation in other sequences than
described or illustrated herein.

Moreover, the terms top, bottom, over, under and the like in the description and the
claims are used for descriptive purposes and not necessarily for describing relative

positions. It is to be understood that the terms so used are interchangeable under
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appropriate circumstances and that the embodiments of the invention described

herein.

Embodiments of the present invention will mainly be described with reference to
detecting the infection of antigen (IRIS) and antibody (anti-IRIS) but are not limited
to them and the present invention can be applied in wider chemical and biological

fields.

Nanostructures open new perspectives for the development of electrical sensors. The
introduction of the IDA-gate MOSFET sensor could revolutionize many aspects of
biological/chemical detection. Applications are, for example, biotechnology (e. g., the
analysis of protein, DNA, RNA, enzyme and molecular components of bacteria),
medical diagnostics (e. g., AIDS, cancer, bio- or immuno-sensors), drug screening,

pharmacological research, food safety and environmental protection.

The IDA-gate MOSFET sensor is a MOSFET device except for the fact that the usual
blanket metal/polysilicon gate is replaced by a nanoscale finger-like (interdigitated or
not) electrode array. In the case of the interdigitated nanoelectrode device, when a
bias is applied to one of the combs in the array while the other is floating, it is
analogous to applying a periodic gate voltage to the MOSFET device. The current
drive is lowered in the IDA-gate MOSFET compared to a conventional MOSFET due
to the presence of different potential, resulting in a higher resistance region,
underneath the floating comb and the spacing. When a solution containing the
chemical/biological molecules to be detected is dropped on the array surface where
complementary receptor molecules were bound through an appropriate linker, an
additional layer of chemical/biological molecules from the drop forms on the receptor
molecules. Hence, the periodic electrical field is modified, which results in a change
of current drive in the MOSFET. For a given gate voltage, the drain current is a
function of the chemical/biological molecular layer thickness and molecular
concentration. For example, if an antigen is taken as receptor molecule and is bound
on the array surface by an appropriate binding method as, ¢.g., by the reaction of one
of its amine groups to a carboxylic-ended thiol assembled on the electrodes, the
presence of the complementary antibody in the dropped solution will result in the

formation of a supplementary antibody layer on the array surface, resulting in a
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enhancement in drain current. Embodiments of the present invention thus can

electrically detect chemical/biological molecules. It also offers unique opportunities
for selective multiplexed detection of chemical/biological molecules since a large

number of sensors can be integrated on one chip.

The IDA-gate MOSFET sensors presented here have the advantages of label-free and
direct analysis, small sample volumes, scaling possibility, good reproducibility and
compatibility with CMOS technology. Potential applications are not only in hospitals

and specialised laboratories but also in the form of portable devices.

One method of fabrication of IDA-gate MOSFET sensor may be as follows: first a
starting substrate is provided, the substrate may be a semiconductor such as silicon,
germanium, silicon germanium (SiGe) or any other organic or inorganic
semiconductor. It may also be a commercially available SOI (Silicon on Insulator)
wafer. The description is given for a silicon wafer. Then a pad oxide may be grown or
deposited on the substrate in order to protect the substrate surface from implantation
damage. The substrate was doped by ion implantation, according to the desired

MOSFET operational mode.

A device layout (FIG. 1) having a narrow channel 1 connected by larger source 2 and
drain 3 regions is transferred to the substrate using the current optical lithography
procedures. Reactive ion etching (RIE) may be used to etch the oxide and the
substrate. For an SOI wafer, the silicon overlay may be etched down to the buried
oxide to avoid the neighboring devices from interconnection. The source/drain region
is defined and is highly doped by ion implantation. The dopants may be N-type, P-
type, according to the desired operational mode. For example, P-channel inversion
MOSFET requires N-type dopant, while N-channel inversion MOSFET requires P-
type dopant. Contrarily, P-channel and N-channel accumulation MOSFET require P-
type and N-type dopants, respectively.

The accumulation mode MOSFET may be suitable to detect the presence of
chemical/biological molecules. Because the detection only depends on the relative

change in drain current, it does not matter even if there is a little current (normally-on)
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at the off-state of the MOSFET. One way to reduce the cost can be to replace the

expensive implantation step by a cheap silicidation process for a source/drain
architecture. For example, platinum and iridium can be used for P-type silicon

contacts as well as erbium and ytterbium for N-type silicon contacts.

The oxide damaged by implantation is removed. A high quality insulating layer may
be grown or deposited on the surface of the device. Also the high quality insulating
layer may isolate the sidewall of the device. The thickness of the insulating layer is
chosen as thin as possible to obtain a high sensitivity, but avoiding a too large gate
current leakage. The high quality insulating layer may be a SiO,, SizN4 or high-k
materials, or any other dielectric layer, non-conductive organic or inorganic,
providing the desired surface characteristics, . g. not being chemically etched during
the binding of the linker, the attachment of chemical/biological receptor molecules

and the infection of chemical/biological molecule with its complement.

Then the layout 4, 5 (FIG. 2) of the nanoscale electrode array gate is transferred to
resist layer (possibly PMMA for example) by a high resolution lithography tool. This
tool may be E-beam lithography or a low cost method, such as nanoimprint. The
finger width 6, 7 and spacing 8 are chosen as narrow as possible in order to obtain the
highest sensitivity, while maintaining spacing that is still sufficient to be compatible
with the size of chemical/biological molecules. The finger width 6, 7 and spacing 8
may be identical or different. Preferably, the finger width is in a range between 10
nanometer and 100 micron, more preferably between 10 nanometer and 1 micron, and
most preferably between 10 nanometer and 200 nanometer. The finger spacing is
comprised between 10 nanometer and 100 micron, preferably between 10 nanometer
and 1 micron and most preferably between 10 nanometer and 100 nanometer. The
detection surface of the array is chosen as small as possible to miniaturize the size of

the devices, but still within the limit of the measurements.

A layer of metal, easily binding the linker, is deposited on the resist layer (possibly
PMMA) for a lift-off process. Next the nanoscale electrode array is formed. The
nanoscale electrode array should not be chemically etched during the binding of the

linker, the attachment of chemical/biological receptor molecules and the infection of
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chemical/biological molecule with its complement. For materials which would be

etched and damaged casily, a passivation layer may be added. Thus, the nanoscale
electrode array can be made of gold, platinum, silver, ruthenium, iridium, palladium,
even low cost conductor materials, such as aluminium, copper, iron, zirconium or any
appropriate conductive material (organic or inorganic) that enables anchoring of the
desired species. Preferably, the nanoscale electrodes are made of gold, platinum,

silver. More preferably, the nanoscale electrodes are made of gold.

An advantage of the nanoscale electrode array gate is that the gate itself can be used
as a capacitive/resistive sensor to measure capacitance/resistance change before and
after the presence of chemical/biological molecules. The measurement can be carried
out directly between both combs 4, 5 (FIG.2) or a one-comb gate MOSFET sensor
device (FIG. 3) according to the present invention. The one-comb gate MOSFET
sensor device is well adapted to miniaturisation of the device, because the number of

gate electrodes is reduced from two 4, 5§ (FI1G.2) to one § (FIG. 3).

Alternatively, the linker and receptor molecules may be attached to other surfaces
facing the inter-finger spacing. Still another appropriate method may be used to attach
the linker and receptor molecules to both the inter-finger spacing and the finger

surface.

The thickness of the nanoscale electrode array 6,7 (FIG. 4) is chosen as thick as
possible to increase the sidewall surface of fingers, providing more sites for the
binding of the linker, but still compatible with the lift-off process. Preferably, the
thickness of the nanoscale electrode is comprised between 5 nanometers and 100
nanometers, more preferably between 5 nanometers and 50 nanometers and most

preferably between 5 nanometers and 25 nanometers.

To improve the adhesion between the insulating layer 9 (FIG.4) and the nanoscale
electrode 6,7 (FIG. 4), an intermediate layer may be added. Typically, this

intermediate layer is made of titanium.
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Windows 11 (FIG. 5) may be opened in source/drain regions for the deposition of

metal pads, which are used to connect the external electrodes by any method that
realizes bonding of wires. There are two source and two drain connections in the
actual device for reliability reason. There can be any number of connections with a

minimum of one for the source and one for the drain.

Finally, the back gate 12 (FIG. 6) may be realized by deposition of contact materials
to a non-conductive layer 13 (FIG. 6) for grounding during the measurement and

verifying the performance of conventional MOSFET.

To avoid the diffusion of the solution to bonding wires and metal pads in source/drain
regions, the following encapsulation procedure is provided:
(a) Packaging the sensor chip on a plastic (DIP) and bonding of the device by
metal wires;
(b) Deposition of a protecting layer on the top of the chip. The protecting layer
covers the sensor and bonding wires. Ideally the protecting layer may be an
epoxy, which is not etched chemically during the binding of the linker 14,
attaching of chemical/biological receptor molecules 15 on the linker and
anchoring of chemical/biological molecule with its complement 16 (FIG 5).
(¢) Opening of a window 17 (FIG. 5) for the detection surface by an
appropriate method. In this case, only the nanoscale electrode array gate is

exposed.

All the processes for the manufacturing of the devices, compatible with CMOS
technology, are similar to the fabrication processes of the conventional MOSFET
except the fact that the blanket metal gate is replaced by a nanoscale electrode array.

This is one of the advantages of some embodiments of the present invention.

Using mix&match (UV-lithography and nanoimprint) lithography and introducing
source/drain silicidation engineering can enable larger scale production output of the

devices and lower manufacturing costs.
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Many IDA-gate MOSFET sensor devices may be integrated on one chip to provide

selective multiplexed detection of chemical/biological molecules.

As shown in FIG. 7A, 7B, 7C, a linker 14 (FIG. 7A) is bound selectively on the
surface and sidewalls of an IDA-gate 6,7 (FIG. 7A), then chemical/biological
receptor molecules 15 (FIG. 7B) are attached with the linker 14 (FIG. 7B), finally a
specific chemical/biological molecule which is to be detected 16 (FIG. 7C) reacts
with its complement 15 (FIG. 7C). Methods to graft receptor molecules to surfaces by
appropriate linkers are known and can be found in “Immobilized biomolecules in
analysis. A practical approach.” [Cass T., Ligler F.S. Eds, Oxford University
Press(1998).]. Alternative coupling methods of linker and receptor molecules are also
described in "Bioconjugate Techniques", G. T. Hermanson, Academic Press (1996).

The linker 14 can be alkylthiol or arylthiol derivatives, alkylsilane derivatives or alkyl
carboxylates derivatives which are suitable molecules for selective binding to gold
IDA. Preferably, the linker 14 is an alkylthiol or arylthiol derivatives of general

formula (1)

HS—A—-R (1)

wherein n is an integer, A is hydrocarbon chains which may optionally be
perfluorinated, interrupted by hetero atoms or any chemical functionality of interest
(sulfones, urea, lactam, etc) and which are preferably non-branched, and wherein R is
alkyl, sulfonate functional group, CO;H and activated forms thercof such as N-
hydroxysuccinimidyl ester, CH,-NH; and activated derivatives such as N-maleimide,
CH;0H and activated forms such as tosylates, CH,SH and activated forms such as
dithiane derivatives, Aryl-N3, CH,N=C=0, CH,N=C=S, nitrile group, nitro group,
aldehyde, hydrazine, epoxy, vinyl group or CO,R’ wherein R’ is an alkyl group. More
preferably, the linker 14 is an alkylthiol or arylthiol derivatives of general formula (I)
wherein n is between 5 and 20 and R is CO;H and activated forms thereof such as N-
hydroxysuccinimidyl ester.

These self-assembled monolayers can then be activated by using a carbodiimide
reaction and will undergo nucleophilic substitution in the presence the
chemical/biological receptor molecules 15. In a preferred embodiment, the

chemical/biological receptor molecules 15 can be a protein having a surface exposed
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primary amine residues. More preferably, the chemical/biological receptor molecules

15 can be antibodies, antigens, DNA or immunosuppressive protein. .

Embodiments of the present invention can offer the ability for detecting
quantitatively the presence of chemical/biological molecules, particularly the infection
of chemical/biological molecule 16 with its complement 15, such as protein and

DNA.

Before the binding of the linker, a preliminary subthreshold characteristics may be
carried out. The subthreshold characteristics may be ly-Vgs curve and Ig-Vgs family
curves to obtain more information. The electric measurement may be carried out

between both combs of the IDA-gate to obtain capacitance information.

After the attachment of chemical/biological molecules on the linker, the subthreshold
characteristics may be measured again. These subthreshold characteristics may be

compared with the preliminary subthreshold characteristics.

After the reaction of specific chemical/biological analyte molecule with its
complement, the subthreshold characteristics may be further measured. This
subthreshold characteristics may be compared with the subthreshold characteristics

during the attachment of chemical/biological receptor molecules on the linker.

The embodiments described show an IDA-gate MOSFET sensor which has a N-
channel and works on inversion mode, but the present invention is not limited thereto.
The conventional N-channel MOSFET is composed of N-type source and drain
regions connected by a P-type silicon channel coupled capacitively with a blanket
metal/polysilicon gate. The IDA-gate MOSFET sensor may be made by replacing the
blanket gate with a nanoscale clectrode array. A cross-section of the IDA-gate

MOSFET sensor device can be seen in FIG. 8. When a bias V, is applied to onc 6

(FIG. 8) of combs in the array while the other 7 (FIG. 8) is floating, it is analogous to
applying a periodic gate voltage to the device. The current drive is lower in this
device than that in the conventional MOSFET due to the presence of a high resistance

region (Ry2) underneath the floating comb and the spacing as shown in FIG. 8.
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In the equivalent circuit as shown in FIG. 9, transistor Ty represents the region
covered by the finger 6, while transistor Ty, is composed of the region covered by the
finger 7 and the spacing region. Two transistors are coupled through a coupling

5  capacitance C, .

The influence of the coupling capacitance can be considered in transistor T, the
equivalent circuit can be further represented as a series association of two transistors
as shown in FIG. 10B. The gate capacitance of transistor Ty, can be composed of an

10 equivalent capacitance C

<> Including the normal gate oxide capacitance C,,, the

capacitance between two fingers C,; and the fringing capacitance C, between the
finger sidewall and oxide surface (see FIG. 10A). The equivalent capacitance C,,is

given by:
_ Cox(cﬁ + Cfr)
“C+C,+C,

(1)

15

The general expression for the drain current of the conventional MOSFET is:
w |
[d = Cox/u?|:(Vgs o I/t )Vds B E Vds :| (2)

20  Where /,is drain current in the channel, C,, is the gate oxide capacity per unit area,
4 1s the electron mobility in the channel, W and L the width and the length of the
channel, respectively, V,, is a bias applied to the gate, V, is the threshold voltage, V'

85

a voltage between drain and source.

25 The general expression for the drain current of the IDA-gate MOSFET sensor is the
same as Eq. (2) except the fact that the C,, is replaced by C,, in Eq. 1.

The bare IDA-gate MOSFET sensor has a smaller C,, due to small dielectric

constant (1 in air). Therefore, drain current is lower, ¢. g. current does not flow easily
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between source and drain since an electron-poor layer (high resistance region) appears

at the interface underneath the floating comb and the spacing. When the nanoscale
electrode array is submersed in a solution containing chemical/biological molecules, a
layer of chemical/biological ions/molecules is adsorbed on the array surface. As a

result, the equivalent capacitance C,, becomes larger, which is associated with the

facts that the dielectric constant of organics is larger than the dielectric constant of
vacuum and that the equivalent thickness of the equivalent capacitance is reduced
after the binding of molecule layer. Consequently, drain current is increased. In this
case, an clectron-rich layer forms at the interface underneath the floating comb and
the spacing and current can now flow more easily. In other words, for a given gate
voltage, the drain current will be a function of the chemical/biological molecule layer

thickness and molecule concentration.

It is worth noting that the increase of the drain current caused by the presence of
chemical/biological molecules may be amplified by increasing gate voltage through
Eq. (2). It will deform if a signal amplifier is added to a capacitive sensor. This makes

the sensitivity of the sensor higher in embodiments of the present invention.

After the binding of chemical/biological receptor molecules and the anchoring of
specific  chemical/biological molecule/material with its complement, the
measurements of the subthreshold characteristics can be not only carried out in a
solution but also in air. This makes encapsulation become simpler and easier, which is

another advantage of embodiments of the present invention.

EXAMPLE

Materials and Process:

A commercially available P-type SOI wafer having a resistivity of 15-25 Q .cm was
used as the starting substrate according to this embodiment of the present invention.
Silicon overlay is about 100 nm. A thin pad oxide was deposited on the wafer in order
to protect the silicon surface from implantation damage. For a N-type inversion
MOSFET, the wafer was implanted by boron with an energy of 20 KeV and a dose of
4.510" cm™.
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The sensor layout was transferred to the wafer using UV-lithography. Typically, the
width of the channel is 30 um. Reactive ion etching (RIE) was used to pattern the
oxide and the silicon overlay. The source/drain regions were defined by UV-

lithography and doped by arsenic with an energy of 40 KeV and a dose of 5 10" cm™.

After removing the damaged oxide, a high quality oxide having about 20 nm is
grown as the insulating layer. The growing temperature and time of SiO, were 950°C

and 27 min respectively.

Then the layout of the nanoscale interdigitated electrode array was transferred to
PMMA by e-beam lithography. The array covers a detection area of 30 X 25 um®.
Different finger width and spacing (50 nm, 80 nm, 100 nm and 150 nm) were
designed. A stack of 3 nm Ti and 20 nm Au was deposited on the PMMA. The Ti
improves the adhesion of Au to oxide. Lift-off was carried out by sonication in hot

acetone.

The connection windows were opened to deposit a layer of gold for metal pads.

Finally, the back gate was made by depositing a layer of gold.

The chip was packaged on a 40-pin plastic (DIP) and the device was bonded with
external electrode by gold wires. A layer of PMMA covered the device and gold wires
to protect them from being chemically etched and damaged during the binding of the
thiol linker onto the surface of IDA-gate, the attachment of antigen (IRIS) on the
linker, and the reaction of antibody (anti-IRIS) with its complement (IRIS). A window

was opened to expose the detection surface in a solution.

Measurements and results:

A fabricated IDA-gate MOSFET sensor has a total arca of the device is 860
x 860 um?, while the detection area is only 30 x 25 um?. Two source pads, two drain
pads and two combs were connected to the external electrodes for electrical

characterization and measurement.
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The measurement was performed using an HP4156 semiconductor parameter
analyzer. The back gate was connected to the ground. All the measurements were

carried out in the same conditions (in air, in the dark and in a metallic cage).

Before the binding of the thiol linker on the surface of the IDA-gate, a preliminary
measurement of subthreshold characteristics was carried out. The preliminary
subthreshold characteristics would be compared with the subthreshold characteristics
during the binding of the thiol linker, the attaching of the antigen to the thiol linker

and the reaction of antibody to its complementary antigen.

The sensor surface was cleaned in ethanol for 15 min and in hexane for 15 min. After
drying under nitrogen, the sensor was immediately immersed in the thiol solution for
24 h at room temperature, followed by rinsing off the residual thiol molecules with

ethanol.

After the binding of the thiol linker, a measurement of the subthreshold
characteristics of the sensor was carried out further in air. The subthreshold
characteristics would be compared with the subthreshold characteristics during the
attaching of the antigen to the thiol linker and the reaction of antibody to its

complement or with the preliminary subthreshold characteristics.

To covalently immobilize the antigen IRIS on the IDA-gate, the well known EDC-
NHS coupling chemistry was used. Activated NHS-ester groups were so created on

the IDA-gate surface.

Then, the antigen (IRIS) was immobilized on the surface of the IDA-gate for 1 h by
reaction of the amine groups present at the surface of the protein with the NHS-ester
groups present at the IDA-gate surface to form amide groups. The measurement of
subthreshold characteristics of the sensor was carried out in air. The measurement of
subthreshold characteristics would be compared with the measurement of
subthreshold characteristics during the reaction of antibody to its complement or with
the preliminary measurement of subthreshold characteristics and the measurement of

subthreshold characteristics after the binding of thiol linker.
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Finally, the antibody (anti-IRIS) was put into contact with the antigen for 1 h. The
measurement of the subthreshold characteristics of the sensor was carried out again in
air. The measurement of subthreshold characteristics would be compared with all the

subthreshold characteristics measurements obtained previously.

Fig. 11 gives subthreshold characteristics (I - Vg curves) of a fabricated IDA-gate
MOSFET sensor for the bare device; after the binding of thiol linker ; after attaching
the antigen (IRIS) to the thiol linker and the reaction of antibody (anti-IRIS) with its
complementary antigen IRIS, successively. It can be seen that when V> 1V, for a
given gate voltage, the drain current is increased with the increase of the organic
molecule layer thickness. The increase of the drain current is caused by the increase of

the equivalent permittivity &,, and the decrease of the equivalent thickness 7, in the

equivalent capacitance C,, .

It is noted that the change in drain current may be amplified by increasing the gate
voltage as shown in FIG. 11. This is one remarkable advantage of embodiments of
the present invention. In fact, the IDA-gate MOSFET sensor itself is an amplifier,
which may amplify the electrical signal variation due to the presence of antigen or the
infection of antigen and antibody. This makes the sensitivity of the sensor open to

improvement by adjusting the gate voltage.

It can be seen that the presence of IRIS and the infection of IRIS and anti-IRIS are
monitored directly by the drain current change rather than by the labels. At least some
embodiments of the present invention thus have the advantages of label-free and

direct analysis.

It is also noted that, only 1ul solution containing antigen or antibody was used in the
measurement due to a small detection area of 24 x 30um?. The need of a small sample

volume is another advantage of some embodiments of the present invention.
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After finishing all the measurements, a step of physical characterization was used to

observe the infection of anti-IRIS and IRIS. FIG. 12A, 12B show a SEM top views of
the nanoscale IDA-gate covered by anti-IRIS with concentrations of 0.72 ng/ml and

360 ng/ml, respectively.

The sensitivity of the sensor is defined by (/,-1,)/1,at constant gate voltage and
drain voltage, where 7, and 7, are the drain currents before and after the infection of

IRIS and anti-IRIS, respectively. FIG. 13 shows the sensitivity of a typical sensor as a
function of anti-IRIS concentrations. A nearly linear relationship between the
sensitivity and logarithmic value of concentration is found in a range from 0.7 ng/ml
to 36 um/ml. The detection limit of this sensor is lower than 1 ng/ml. The high
sensitivity and quantitative detection is a remarkable advantage of some embodiments

of the present invention.

In order to make sure this sensor does not react with non-specific anti-IRIS, a non-
specific antibody (286F7) with a concentration 40 times higher than specific anti-IRIS
was first tested with IRIS. No evident change in drain current was observed. If the
concentration which is the same as that of anti-IRIS was used, this change will be
become much smaller, even undetectable and ignored. This means that there is no
reaction between IRIS and 286F7. The highly selective and specific sensing is another

advantage of embodiments of this invention.

It is also noted that the sensitivity also depends on finger width and spacing. Table 1
summarises the sensitivity of three sensors with different finger width and spacing for

detecting the infection of IRIS and anti-IRIS at a concentration of 36 pug/ml.

Finger 1 Finger 2 Finger )
) ) ) lon covering
[Name width width spacing
arca (%) Sensitivity
(nm) (nm) (nm)
Sensor A 150 150 100 40 6%
Sensor B 100 100 100 50 60 %
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Sensor C 30 50 30 55 260 %

Table 1

To compare sensor A, and B, they have different finger width (150 nm and 100 nm)

and the same spacing (100 nm) which means that their C; is the same, but the high

resistance region is shorter in sensor B (300 nm) than in sensor A (350 nm), resulting

in a larger Cj, in sensor B than in sensor A. Therefore sensor B exhibits a higher

sensitivity (60%). Sensor C has the narrowest spacing (80 nm) and the shortest length
of the high resistance region (210 nm) among three devices, it presents highest
sensitivity (260%). The size effect offers an interesting possibility for optimizing the

sensitivity: it turns out that narrower finger width and spacing offer larger sensitivity.

FIG. 14 shows current responses as a function of the antibody-IRIS concentrations
for two group sensors. All detecting measurements were carried out at Vgs = 5V and
Vps = 0,05V. In group X, the IDA-gate MOSFET has a detection area of 4 pm x 3
um, with 20 fingers (45 nm height, 100 nm width and 100 nm spacing) while in group
Y, the detection area is 30 pm x 25 pm, with 100 fingers (23 nm height, 150 nm width
and 150 nm spacing). Besides, the detection area of group X is wider than the channel
surface under the fingers. For a given concentration, group X shows higher sensitivity
than group Y does. In theory, a larger detection area gives rise to more capacitance
variation, accordingly, increasing the amount of the current variation and the current
response. However, the drain current of group Y is larger than that of group X since
its channel is wider. Therefore, more antibody molecules required to modify the drain
current, which makes the sensitivity of group Y small. In other words, the channel
width plays an important role in the current response. This means that the
sensitiveness of the sensors can be improved while reducing the channel width and the
distance between the fingers. For both group sensors, the detection limits are lower
than 1 ng/ml and a nearly linear relationship between the sensitivity and logarithmic

value of the concentration is obtained.
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Table 2 shows further results concerning the reproducibility. As it can be seen, the

sensitivity is at 3% for an anti-IRIS concentration of 0.7 ng/ml, while increasing to
11% for an an anti-IRIS concentration of 360 ng/ml. These results underline the good

reproducibility of the sensor.

Sample group Device number [Anti-IRIS] ng/ml Sensitivity %
1 1 0.7 3

2 0.7 3
2 3 36 9.6

4 36 8.6
3 5 360 11

6 360 11

5
Table 2

In order to assess the sensing reproducibility, more than 20 sensors were measured
after the presence of IRIS and the infection of IRIS and anti-IRIS. The drain current
10 change has been observed in all the measured sensors. Particularly, the performance
of bare sensors with identical finger width and spacing display an excellent
uniformity. The good reproducibility of the fabrication is another advantage of at least
some embodiments of the present invention. As has been described above a sensor is
provided, whose construction is similar to that of a conventional MOSFET, except for
15  the fact that the traditional blanket metal/polysilicon gate is replaced by a nanoscale
finger-like (interdigitated or not) eclectrode array. The sensor can be used to

quantitatively detect the presence of chemical/biological molecules.
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CLAIMS

1. A sensor for detecting the presence of chemical/biological molecules, , the sensor
being an MOSFET device (1,2,3,6,7,9,10,12,13), the gate of the MOSFET device
having an electrode in the form of an array of fingers (6,7), and on fingers or in spaces
between the fingers, the device having chemical/biological receptor molecules (15)
suitable for seclectively binding with the chemical/biological molecules (16), the
sensor also having circuitry (4,5,11) for measuring a change in -electrical
characteristics of the FET caused by the chemical/biological molecules becoming

bound to the receptor molecules.

2. The sensor of claim 1, the array of fingers being arranged perpendicular to a

channel of the device.

3. The sensor of claim 1 or 2, the array of fingers having a comb of fingers (6).

4. The sensor of claim 3, the array of fingers having a second comb of fingers (7).

5. The sensor of any preceding claim, the MOSFET comprising an IDA-gate (6,7)

6. The sensor of any preceding claim, having a linker (14) on a surface facing the
space between fingers, for the attachment of the chemical/biological receptor

molecules.

7. The sensor of claim 6, wherein the linker (14) is an alkylthiol, arylthiol, alkylsilane

or alkyl carboxylates derivative

8. The sensor of claim 7, wherein the linker (14) is an alkylthiol or arylthiol

derivatives of general formula ()

HS—A—-R (1)

wherein n is between 5 and 20 and R 1s CO,H and activated forms thereof
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9. The sensor of any preceding claim having a back gate (12) arranged to ground
during the measurement or to tune the detection regime of the gate by shifting the

threshold voltage.

10. A method of preparing a sensor for detecting the presence of chemical/biological
molecules, the sensor being a MOSFET device (1,2,3,6,7,9,10,12,13), the gate of the
MOSFET device having an electrode in the form of an array of fingers (6,7) the
method having the steps of applying on fingers or in spaces between the fingers,
chemical/biological receptor molecules (15) suitable for selectively binding with the
chemical/biological molecules, to enable sensing by measuring a change in electrical
characteristics of the FET caused by the chemical/biological molecules becoming

bound to the receptor molecules.

11. The method of claim 10, having the step of applying a linker (14) in the spaces
before applying the chemical/biological receptor molecules, to retain the

chemical/biological receptor molecules on the device.

12. The method of claim 10 having the preliminary step of measuring the electrical
characteristics before and after the application of the chemical/biological receptor

molecules.

13. A method of using a sensor for detecting the presence of chemical/biological
molecules, the sensor being a MOSFET device (1,2,3,6,7,9,10,12,13), the gate of the
MOSFET device having an electrode in the form of an array of fingers (6,7) and in
spaces between the fingers, the device having chemical/biological receptor molecules
(15) suitable for selectively binding with the chemical/biological molecules, the
method having the steps of exposing the sensor, and of measuring a change in
electrical characteristics of the FET caused by the chemical/biological molecules

becoming bound to the receptor molecules.

14. The method of claim 13, using a sensor prepared by the steps of any of claims 8 to

10, the sensor being as set out in any of claims 1 to 7.
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15. The method of claim 13 or 14, the measuring of electrical characteristics

comprising measuring a change in drain current of the device.

16. The method of claim 15, the sensor having two combs, the measuring further

comprising measuring a change in capacitance or resistance between the combs.

17. A method of manufacturing a sensor for detecting the presence of
chemical/biological molecules, the method having the steps of forming a MOSFET
device (1,2,3,6,7,9,10,12,13), forming a gate (6,7) having an electrode in the form of
an array of fingers (6,7), and in spaces between the fingers, applying
chemical/biological receptor molecules (15) suitable for selectively binding with
theTJchemical/biological molecules, and forming circuitry (4,5,11) for measuring a
change in electrical characteristics of the FET caused by the chemical/biological

molecules becoming bound to the receptor molecules.

18. The method of claim 17 having the step of forming the array in the form of a first

and a second comb of fingers.

19. The method of claim 17 or 18 having the steps of forming an integrated sensor
having many of the FET devices, for detecting many different chemical/biological

molecules.
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