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FIELD-EFFECT TRANSISTOR,
SINGLE-ELECTRON TRANSISTOR AND
SENSOR USING THE SAME

The present invention has been made in view of such problems as mentioned above. The object of the invention is to
provide a sensor that makes it possible to detect detection
targets with high detection sensitivity.

CROSS REFERENCE TO RELATED
APPLICATION
The present application is a U.S. National Phase application of PCT International Application No. PCT/JP2004/
012402 filed on Aug. 27, 2004 and claims priority from Japanese Patent Application 2003-307798 filed onAug. 29, 2003,
the contents of which are hereby incorporated by reference.
TECHNICAL FIELD
The present invention relates to a field-effect transistor, a
single-electron transistor and a sensor using the same.
BACKGROUND ART
A field-effect transistor (FET) and a single-electron transistor (SET) are elements that convert voltage signals input in
a gate into current signals output from either a source electrode or a drain electrode. On placing a voltage between the
source electrode and the drain electrode, charged particles
exsiting in the channel move between the source electrode
and the drain electrode along the direction of electric field and
are output from either the source electrode or the drain electrode as a current signal.
At this point, the strength of the output current signal is
proportional to the density of the charged particles. When a
voltage is applied on the gate that is placed at upward,
sideward or downward position of the channel with an insulator therebetween, the density of the charged particles exsiting in the channel is changed. With the aid of this property, the
current signal can be varied by changing the gate voltage.
Hereinafter, a field-effect transistor and a single-electron
transistor are both called simply a "transistor" when they are
not necessary to be distinguished from each.
The currently known chemicals-sensing elements (sonsors) using transistors are those utilizing the above-mentioned principles of transistors. As a specific example of sensors, the one described in Patent Document 1 can be
mentioned. Patent Document 1 discloses a sensor with construction that a substance which is capable of selectively
reacting with detection targets is immobilized on the gate of
the transistor. A change in the surface charge of the gate,
induced by the reaction of the detection targets and the substance immobilized on the gate, varies the electric potential of
the gate, thereby the density of the charged particles exsiting
in the channel being changed. This change leads to the variation in the output signal from either the drain electrode or the
source electrode of the transistor. Then the detection of a
detection target can be made by reading that variation.
[Patent Document 1] Japanese Patent Laid-Open Publication (Kokai) No. Hei 10-260156
DISCLOSURE OF THE INVENTION
Problem to Be Solved by the Invention
However, in order for a sensor like that to be used as an
immune sensor using antigen-antibody reaction, extremely
high detection sensitivity should be required. Therefore, it has
not yet realized because of its technical limiting factors to the
detection sensitivity.
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Means for Solving the Problem
The present inventors have found that a sensor for detecting
detection targets using a transistor is able to detect the detec10 tion targets with high detection sensitivity, when the transistor comprises not only a source electrode, a drain electrode
and a channel but also an interaction-sensing gate for immobilizing thereon a specific substance that is capable of selec15 tively interacting with the detection targets and a gate applied
a voltage thereto so as to detect the interaction by the change
of the characteristic of the transistor, and achieved the present
invention.
That is, a sensor of the present invention is a sensor for
detecting
detection targets, comprising a field-effect transis20
tor having a substrate, a source electrode and a drain electrode
provided on said substrate, and a channel forming a current
path between said source electrode and said drain electrode;
wherein said field-effect transistor comprises: an interaction25 sensing gate for immobilizing thereon a specific substance
that is capable of selectively interacting with the detection
targets; and a gate applied a voltage thereto so as to detect the
interaction by the change of the characteristic of said fieldeffect transistor. With this sensor, the interaction can be
30 detected in a state where the transfer characteristic of the
transistor shows the highest level in sensitivity. Thereby, the
sensor can be highly sensitive.
Another sensor of the present invention is a sensor for
detecting detection targets, comprising a single-electron tran35
sistor having a substrate, a source electrode and a drain electrode provided on said substrate, and a channel forming a
current path between said source electrode and said e drain
electrode; wherein said single-electron transistor comprises:
an
interaction-sensing gate for immobilizing thereon a spe40
cific substance that is capable of selectively interacting with
the detection targets; and a gate applied a voltage thereto so as
to detect the interaction by the change of the characteristic of
said single-electron transistor. With this sensor, the interac45 tion can be detected in a state where the transfer characteristic
of the transistor shows the highest level in sensitivity.
Thereby, the sensor can be highly sensitive.
As one preferred feature, said channel is formed with a
nano tube structure. With this construction, the sensitivity of
50 the sensor can be improved even further.
As another preferred feature, said nano tube structure is
selected from the group consisting of a carbon nano tube, a
boron nitride nano tube and a titanium nano tube.
As still another preferred feature, the electric characteristic
55 of said nano tube structure has the property like semiconductors.
As a further preferred feature, defects are introduced in
said nano tube structure. With this construction, a quantum
dot structure can be formed within the nano tube structure.
60
It is also preferred that the electric characteristic of said
nano tube structure has the property like metals.
It is also preferred that said interaction-sensing gate is the
other gate than said gate. With this construction, the transistor
can be made up with simple construction.
65
It is also preferred that said other gate is any one of a top
gate provided on the right side of said substrate, a side gate
provided on the side of said channel on the surface of said
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substrate or a back gate provided on the back side of said
substrate. With this construction, the detection can be operated easily.
It is also preferred that said channel is bridged between said
source electrode and said drain electrode in the state where
said channel is apart from said substrate. With this construction, the permittivity between the interaction-sensing gate
and the channel gets lowered, which results in smaller capacitance of the interaction-sensing gate. Thus, the detection can
be performed with high sensitivity.
It is also preferred that said channel is provided between
said source electrode and said drain electrode in the state
where said channel is bent at room temperature. With this
construction, the risk of damage to the channel, which may be
caused by a temperature change, can be reduced.
It is also preferred that said substrate is an insulated substrate.
It is also preferred that said channel is covered with an
insulator.
With this construction, the current within the transistor can
flow surely in the channel. Thereby, the detection can be
performed steadily.
It is also preferred that a layer of low-permittivity insulating material is formed between said channel and said interaction-sensing gate. With this construction, electric charge
variation caused by the interaction occurred at the interactionsensing gate can be transmitted to the channel more efficiently. Thereby, the sensitivity of the sensor can be
enhanced.
It is also preferred that a layer of high-permittivity insulating material is formed between said channel and said gate.
With this construction, the transfer characteristic of the transistor can be modulated more efficiently using the gate voltage applied to the gate. Thereby, the sensitivity of the sensor
can be enhanced.
It is also preferred that said specific substance is immobilized on said interaction-sensing gate.
A field-effect transistor of the present invention is a fieldeffect transistor used for a sensor to detect detection targets
and having a substrate, a source electrode and a drain electrode provided on said substrate, and a channel forming a
current path between said source electrode and said drain
electrode; wherein said field-effect transistor comprises: an
interaction-sensing gate for immobilizing thereon a specific
substance that is capable of selectively interacting with the
detection targets; and a gate applied a voltage thereto so as to
detect the interaction by the change of the characteristic of
said field-effect transistor.
Another field-effect transistor of the present invention is a
field-effect transistor having a substrate, a gate, a source
electrode and a drain electrode provided on said substrate,
and a channel forming a current path between said source
electrode and said drain electrode; wherein said channel is a
nano tube structure bridged between said source electrode
and said drain electrode in the state where said nano tube
structure is apart from said substrate.
Still another field-effect transistor of the present invention
is a field-effect transistor having a substrate, a gate, a source
electrode and a drain electrode provided on said substrate,
and a channel forming a current path between said source
electrode and said drain electrode; wherein said channel is
formed with a nano tube structure, and said nano tube structure is provided between said source electrode and said drain
electrode in the state where said nano tube structure is bent at
room temperature.
Still another field-effect transistor of the present invention
is a field-effect transistor having a substrate, a gate, a source
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electrode and a drain electrode provided on said substrate,
and a channel forming a current path between said source
electrode and said drain electrode; wherein said channel is a
nano tube structure, and said substrate is an insulated sub5 strate.
Still another field-effect transistor of the present invention
is a field-effect transistor having a substrate, a gate, a source
electrode and a drain electrode provided on said substrate,
and a channel forming a current path between said source
10
electrode and said drain electrode; wherein said channel is a
nano tube structure covered with an insulator.
A single-electron transistor of the present invention is a
single-electron transistor used for a sensor to detect detection
15 targets and having a substrate, a source electrode and a drain
electrode provided on said substrate, and a channel forming a
current path between said source electrode and said drain
electrode; wherein said single-electron transistor comprises:
an interaction-sensing gate for immobilizing thereon a spe20 cific substance that is capable of selectively interacting with
the detection targets; and a gate applied a voltage thereto so as
to detect the interaction by the change of the characteristic of
said single-electron transistor.
Another single-electron transistor of the present invention
25 is a single-electron transistor having a substrate, a gate, a
source electrode and a drain electrode provided on said substrate, and a channel forming a current path between said
source electrode and said drain electrode; wherein said channel is a nano tube structure bridged between said source
30
electrode and said drain electrode in the state where said nano
tube structure is apart from said substrate.
Still another single-electron transistor of the present invention is a single-electron transistor having a substrate, a gate, a
35 source electrode and a drain electrode provided on said substrate, and a channel forming a current path between said
source electrode and said drain electrode; wherein said channel is formed with a nano tube structure, and said nano tube
structure is provided between said source electrode and said e
40 drain electrode in the state where said nano tube structure is
bent at room temperature.
Still another single-electron transistor of the present invention is a single-electron transistor having a substrate, a gate, a
source electrode and a drain electrode provided on said sub45 strate, and a channel forming a current path between said
source electrode and said drain electrode; wherein said channel is a nano tube structure, and said substrate is an insulated
substrate.
Still another single-electron transistor of the present inven50 tion is a single-electron transistor having a substrate, a gate, a
source electrode and a drain electrode provided on said substrate, and a channel forming a current path between said
source electrode and said drain electrode; wherein said channel is a nano tube structure covered with an insulator.
55
As one preferred feature, said nano tube structure is
selected from the group consisting of a carbon nano tube, a
boron nitride nano tube and a titanium nano tube.
In another preferred feature, the electric characteristic of
said nano tube structure provided with above-mentioned
60 field-effect transistor has the property like semiconductors.
As still another preferred feature, defects are introduced in
said nano tube structure provided with above-mentioned
single-electron transistor. With this construction, quantum
dot structure can be formed within the nano tube structure.
65
As still another preferred feature, the electric characteristic
of said nano tube structure provided with above-mentioned
single-electron transistor has the property like metals.
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Advantageous Effects of the Invention

9 back gate (non voltage-applied and electrode-construction
type member)
10 antibody
11 high-permittivity layer
12 back gate
13 insulating membrane
14 top gate (non voltage-applied and electrode-construction
type member)
15 side gate (non voltage-applied and electrode-construction
type member)
16 photoresist (channel protecting layer)
17 catalyst
18 CVD (chemical vapor deposition) furnace
19 carbon nano tube
20 spacer layer (insulating layer)
21 insulator

According to the sensor of the present invention, it is possible to detect detection targets with high detection sensitivity.
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BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 (a) and FIG. 1 (b) illustrate sensors according to a
first embodiment of the present invention. FIG. 1 (a) is a
perspective view and FIG. 1 (b) is a side view of the transistor,
respectively.
FIG. 2 (a) and FIG. 2 (b) illustrate sensors according to a
second embodiment of the present invention. FIG. 2 (a) is a
perspective view and FIG. 2 (b) is a side view of the transistor,
respectively.
FIG. 3 (a) and FIG. 3 (b) illustrate sensors according to a
third embodiment of the present invention. FIG. 3 (a) is a
perspective view and FIG. 3 (b) is a side view of the transistor,
respectively.
FIG. 4 (a) and FIG. 4 (b) illustrate sensors according to a
fourth embodiment of the present invention. FIG. 4 (a) is a
perspective view and FIG. 4 (b) is a side view of the transistor,
respectively.
FIG. 5 (a) and FIG. 5 (b) illustrate sensors according to a
fifth embodiment of the present invention. FIG. 5 (a) is a
perspective view and FIG. 5 (b) is a side view of the transistor,
respectively.
FIG. 6 (a) and FIG. 6 (b) illustrate sensors according to a
sixth embodiment of the present invention. FIG. 6 (a) is a
perspective view and FIG. 6 (b) is a side view of the transistor,
respectively.
FIG. 7 (a) to FIG. 7 (d) are figures illustrating an example
of producting method of a transistor according to an embodiment of the present invention.
FIG. 8 is a figure illustrating an example of producting
method of a transistor according to an embodiment of the
present invention.
FIG. 9 is a figure illustrating an example of producting
method of a transistor according to an embodiment of the
present invention.
FIG. 10 (a) to FIG. 10 (c) are figures illustrating examples
of the present invention.
FIG. 11 is a figure illustrating examples of the present
invention.
FIG. 12 (a) to FIG. 12 (c) are figures illustrating examples
of the present invention.
FIG. 13 is a figure illustrating examples of the present
invention.
FIG. 14 is a figure illustrating examples of the present
invention.
FIG. 15 is a figure illustrating examples of the present
invention.
FIG. 16 is a figure illustrating examples of the present
invention.
FIG. 17 is a graph illustrating a result of examples of the
present invention.
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BEST MODE FOR CARRYING OUT THE
INVENTION
20

25

30
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50

55

EXPLANATION OF LETTERS OR NUMERALS
60

1A-1F transistor
2 substrate
3 law-permittivity layer
4 source electrode
5 drain electrode
6 channel
7 side gate

65

In the following, embodiments of the present invention will
be described. The present invention is not restricted to the
following embodiments, but any modification can be made
without departing from the scope of the present invention. In
the following first to fifth embodiments, the word "transistor"
is used to mean both the field-effect transistor and the singleelectron transistor without being distinguished each other.
Also, in the following embodiments, components that are
substantially the same have the same reference letters as in the
other embodiments.
[First Embodiment]
FIG. 1 (a) and FIG. 1 (b) illustrate sensors according to a
first embodiment of the present invention. As shown in FIG. 1
(a), the substrate 2 of the transistor 1A is made of insulating
material. On the upside (upper side in the FIGS.) of the entire
substrate, the silicon oxide layer of insulating and low-permittivity material (hereinafter, called "low-permittivity
layer," if necessary) 3 is formed. On the right side of the
low-permittivity layer 3, the source electrode 4 and the drain
electrode 5, formed of gold, are placed, between which the
channel 6 formed with a carbon nano tube is bridged.
The channel 6 is bridged between the source electrode 4
and the drain electrode 5 as if it were a bridge that connects the
source electrode 4 and the drain electrode 5. Thereby it is
apart from the low-permittivity layer 3 and the channel 6 is
fixed to the transistor 1A at its two connecting points with the
source electrode 4 and the drain electrode 5. The other portion
of the channel 6 is in a state of being suspended in the air.
Furthermore, as shown in FIG. 1 (b), the channel 6 is bridged
in a state of being bent at a predetermined angle. The channel
6 is bent at a predetermined angle to the extent that the
compressive or tensile stress exerted upon the channel 6 can
be absorbed, for example when the distance between the
source electrode 4 and the drain electrode 5 is varied by the
deformation of the substrate 2 by a temperature change. Usually, the channel 6 is set up to bent at a predetermined angle
around the temperatures at which the sensor is used. Thereby
it is able to absorb the stress caused by the themperature
change in the neighborhood of the temperatures at which the
sensor is used. But, in this embodiment, the channel 6 is set up
to bent at a predetermined angle at room temperature.
At the opposed position of the channel 6 on the low-permittivity layer 3, the side gate 7, formed of gold, is placed.
The side gate 7 is placed for applying a gate voltage to the
channel 6. The source electrode 4, the drain electrode 5 and
the side gate 7 are connected to an external power source, not
shown in FIGS., and are set up to be placed with a voltage by
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the external power source. Moreover, the currents through the
detection sensitivity of the sensor can be improved. Because
source electrode 4, the drain electrode 5 and the side gate 7
the gate capacitance is proportional to the product of the
and the voltages applied to them are measured by a measuring
length of the channel L and the width W, or LxW, it is efficient
instrument, not shown in FIGS., respectively.
to make the channel to be minute in order to reduce the gate
The transistor 1A of this embodiment further comprises the 5 capacitance. For these reasons, with a nano tube structure of
back gate (the other gate) 9, as an interaction-sensing gate,
this embodiment, which is extremely minute, detection tarformed of gold on the back side (lower side in the FIGS.) of
gets can be detected with extremely high sensitivity.
the entire substrate 2, or the opposite side to the low-permitAlso, because the back gate 9 is used as an interactiontivity layer 3. A specific substance (an antibody in the present
sensing gate and antibody is immobilized on the back gate,
embodiment) 10 that is capable of selectively interacting with io high sensitivity detection can be performed with a simple
the targets to be detected by the sensor of the present embodiconstruction. More specifically, because the back gate 9 is
ment is immobilized on the back gate 9.
placed on the back side of the substrate 1A, the detection can
The back gate 9 is setup not to be applied any voltages from
be operated easily.
outside.
Also, because the channel 6 is bridged between the source
With the above-mentioned construction of the sensor of the 15 electrode 4 and the drain electrode 5 in a state of being bent,
present embodiment, before or during the measurement, the
the risk of damage to the channel 6, induced by its deformamost suitable gate voltage that the transfer characteristic of
tion by temperature changes, can be reduced.
the transistor 1A shows the highest sensitivity will be tested to
Also, because the substrate 2 is an insulating substrate, the
be found, by adjusting the gate voltage applied to the side gate
interaction at the back gate 9 can be surely detected.
7. When the most suitable gate voltage is found, it will be set 20
Also, because the low-permittivity layer 3 is formed
as the gate voltage applied to the side gate 7.
between the channel 6 and the back gate (interaction-sensing
After that, maintaining the gate voltage to be the most
gate) 9, the change in the surface charge caused by the intersuitable gate voltage or in the vicinity thereof, a sample conaction at the back gate 9 is transmitted more efficiently as a
taining targets to be detected is made to interact with the
change of the electric charge density in the channel 6 and
specific substance. The vicinity of the most suitable gate 25 make itself shown as a large change in the characteristic of the
voltage means the range such that the change of the charactransistor 1A. Consequently, the sensitivity of the sensor of
teristic of the transistor is expected to reach the sufficient level
the present embodiment is able to be highly enhanced.
on the detection of the detection targets. If the sample conAlso, the use of the sensor of the present embodiment
tains any detection targets, the electric potential of the back
makes it possible to real-time measure, thereby the monitorgate 9 will be canged by the interaction between the specific 30 ing of the interaction between materials being realized.
substance and the detection target, which leads to the change
Also, conventional detection equipment using immunity
in the characteristic value of the transistor, such as the current
reaction or the like based on the other principles of detection,
value of the current between the souce electrode and the drain
using markers like radio immuno assay and chemilumineselectrode, the threshold voltage or the gradient of the drain
cence immuno assay, has been quite satisfactory in its detecvoltage to the gate voltage, or in the characteristic value 35 tion sensitivity. However, it requires specialized facilities and
peculiar to single-electron transistors, such as the threshold of
equipment sisytems and the measurement using them shoud
Coulomb Oscillation, the Coulomb Oscillation period, the
be taken at the inspection center or the inspection room in the
threshold of Coulomb Diamond or the Coulomb Diamond
hospital by the medical engineer who are the specialists in the
period. By detecting this change, the interaction of the detecfield. Thus, doctors in private practice can not obtain the result
tion targets with the specific substance can be detected. Fur- 40 of detection quickly, because they have to perform inspecthermore, this detection indicates the existence of the detections by ordering with outside inspection centers. In addition,
tion targets in the sample.
because they needs long reaction time, few of them can be
According to the sensor of the present embodiment, as
used in emergency inspections. The reason of the abovementioned above, the transistor 1A can be set, using the side
mentioned problems is that complicated operations like
gate 7, in such a state that the transfer characteristic thereof 45 washing are required in the reaction process owing to the use
shows the highest level in sensitivity, or that the transconducof markers in the present immune measurement.
tance thereof reaches the highest level. Thus, the influence
Further, though non-marker method immune sensors based
given to the density change of the charged particles in the
on various principles such as surface plasmon resonance
channel 6 by the change in the gate voltage, caused by the
(SPR) have been developed, they have all been used as equipinteraction between the specific substance and the detetion 50 ment for researches so not yet in practical use, for the lack of
targets, can be maximized. As a result, the interaction
sufficient sensitivity fit for clinical-trial use. Also this immune
between the specific substance and the detection targets can
sensor has a problem that the whole equipment is very
be measured as a large range of change in the characteristic of
upsized by the use of optical detection method.
the transistor 1A. Consequently, the sensor according to the
However, the sensor of the present embodiment can
present embodiment can be set to be highly sensitive by 55 achieve the advantages such as downsizing of the sensor, the
amplifying the change in the characteristic of the transistor
rapidity of detection, the ease with operation, and so on.
caused by the interaction between the specific substance and
[Second Embodiment]
the detection targets.
FIG. 2 (a) and FIG. 2 (b) illustrate sensors according to a
In addition, because a carbon nano tube, a kind of a nano
second embodiment of the present invention. As shown in
tube structure, is used as the channel 6, the detection targets 6o FIG. 2 (a), the transistor 1B constructing the sensor of the
can be detected with higer sensitivity. Generally, the limit of
second embodiment of the present invention has similar
the detection sensitivity of a sensor using a transistor relates
structure to the transistor 1A described in the first embodito the capacitance of the gate of the transistor (hereinafter,
ment.
called "gate capacitance," if necessary). The smaller the gate
The transistor 1B of the present embodiment further comcapacitance is, the wider range of the change in the gate 65 prises the photosensitive resin layer of insulating and highelectric potential, which indicates the change in the surface
permittivity material (hereinafter, called "high-permittivity
electric charge of the gate, can be detected and thus the
layer," if necessary) 11 is formed on the upside of the entire
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low-permittivity layer 3. The high-permittivity layer 11 is
lating and low-permittivity layer 3, the source electrode 4 and
formed to cover the whole channel 6, the lateral sides of the
the drain electrode 5. The source electrode 4 and the drain
source electrode 4, the drain electrode 5 and the side gate 7 but
electrode 5 are formed with gold. The channel 6 formed with
not to cover the upsides (upper sides in FIGS.) of the source
a carbon nano tube is brdged between the source electrode 4
electrode 4, the drain electrode 5 and the side gate 7. The 5 and the drain electrode 5.
high-permittivity layer 11 is shown by chain double-dashed
The back gate 12 for applying a gate voltage to the transisline in FIG. 2 (a) and FIG. 2 (b).
tor 1C is formed on the back side of entire substrate 2. The
Because the sensor of the present embodiment is conback gate 12 is connected to a power supply, not shown in
structed as mentioned above, similar to the sensor of the first
FIGS., which applies a voltage to the back gate 12. The
embodiment, it can be set in such a state that the transfer 10
voltage placed to the back gate 12 is able to be measured with
characteristic of the transistor 1B shows the highest level in
a measuring instrument, not shown in FIGS.
sensitivity. Then, this makes it possible to measure the interThe membrane fabricated with silicon oxide (insulating
action between the specific substance and the detection tarmembrane)
13 is formed, on the right side of the low-permitgets as a wide range of change in the characteristic of the
transistor 1B. Consequently, the sensor sensitivity of the 15 tivity layer 3, from the middle of the channel 6 to the edge of
the layer 3 in the depth direction in FIGS.
present embodiment can be improved.
The channel 6 penetrates the insulating membrane 13 sideThe following advantageous effects can be taken similar to
ways.
In other words, the portion around the middle of the
the first embodiment. That is, because a carbon nano tube is
channel 6 is covered with insulating membrane 13.
used as a channel 6, the sensor can have higer sensitivity.
On the upper side of the insulating membrane 13, the top
Also, because the back gate 9 is used as an interaction-sensing 20
gate 14 is formed of gold as an interaction-sensing gate. Thus,
gate, high sensitivity detection can be performed with simple
construction and by simple operation. Also, because the subthe top gate 14 is placed on the low-permittivity layer 3 with
strate 2 is an insulating substrate, the interaction between the
the insulating membrane 13 between them. The top gate 14 is
detection targets and the specific substance can be surely
constructed not to be applied with any voltage from outside.
detected. Also, because the low-permittivity layer 3 is formed 25 Further, the antibody 10 or the specific material is immobibetween the channel 6 and the back gate 9, the change in the
lized on the right side of the top gate 14.
surface charge caused by the interaction at the back gate 9 is
The insulator 21 is formed on the right side of the entire
transmitted to the channel 6 more efficiently, thereby the
low-permittivity layer 3. The insulator 21 is formed to cover
sensor sensitivity of the present embodiment can be further
the portions of the channel 6 uncoverd with insulating memimproved. Also, because the channel 6 is bent, the damage so bran 13, the lateral sides of the source electrode 4, the drain
induced by the variation of length, caused by temperature
electrode 5, the insulating membrane 13 and the top gate 14,
changes or the like, can be prevented. In this embodiment,
but not to cover the upsides of the source electrode 4, the drain
though the high-permittivity layer 11 is filled around the
electrode 5 and the top gate 14. The insulator 21 is shown by
channel 6, photosensitive resin (photoresist), which consists
chain double-dashed line in FIG. 3 (a) and FIG. 3 (b).
of the high-permittivity layer 11, is formed of material that is 35
Because the sensor of the third embodiment of the present
soft enough to allow deformation ofthe channel 6, thereby the
invention is constructed as mentioned above, similar to the
damage can be prevented as mentioned above.
sensor of the first embodiment, it can be set in such a state that
Further, in this embodiment, because the high-permittivity
the transfer characteristic of the transistor 1C shows the highlayer 11, a layer of high-permittivity and insulating material,
est level in sensitivity. Then, this makes it possible to measure
is formed between the channel 6 and the side gate 7, the 40 the interaction between the specific substance and the detectransfer characteristic of the transistor 1B can be more effition targets as a wide range of change in the characteristic of
ciently modulated by applying the gate voltage of the side
the transistor 1C. Consequently, the sensor sensitivity of the
date 7. Consequently, the sensitivity of the sensor is able to be
present embodiment can be improved.
further improved.
Also, similar to the first embodiment, because a carbon
Also, because the channel 6 is covered with the insulating 45 nano tube is used for the channel 6, the sensor can have higer
and high-permittivity layer 11, leaking of the charged parsensitivity. Also, because the substrate 2 is an insulating subticles in the channel 6 to the outside thereof and intrusion of
strate, the interaction between the detection targets and the
the charged particles to the channel 6 from outside of the
specific substance can be surely detected.
channel 6, other than from the source electrode or the drain
Also, because the top gate 14 is used as an interactionelectrode, are able to be prevented. This results in that the 5o sensing gate, high sensitivity detection can be performed with
interaction between the specific substance and detection tarsimple construction and by simple operation.
gets can be detected steadily.
Also, because the low-permittivity insulating membarane
Also, the use of the sensor of the present embodiment
13 is formed between the channel 6 and the top gate 14, the
makes it possible to real-time measure, thereby the monitorchange in the surface charge caused by the interaction at the
ing of interaction between materials being realized. Further, it 55 top gate 14 is transmitted to the channel 6 more efficiently,
can be integrated easily, thereby a phenomenon of interaction
thereby the sensor sensitivity of the present embodiment can
between materials happened simultaneously in many places
be further improved.
can be measured at a time.
Also, because the channel 6 is covered with the insulator
Also, the sensor of the present embodiment can achieve the
21, leaking of the charged particles in the channel 6 to the
advantages such as downsizing of the sensor, the rapidity of 60 outside thereof and intrusion of the charged particles to the
detection, the ease with operation, and so on.
channel 6 from outside of the channel 6, other than from the
[Third Embodiment]
source electrode or the drain electrode, are able to be preFIG. 3 (a) and FIG. 3 (b) illustrate sensors according to the
vented. This results in that the interaction between the specific
third embodiment of the present invention. As shown in FIG.
substance and detection targets can be detected steadily.
3 (a), the transistor 1C constructing the sensors according to 65
Also, the use of the sensor of the present embodiment
this embodiment, similar to the first embodiment, comprises
makes it possible to measure real-time, thereby to be realized
the substrate 2 fabricated with insulating material, the insuthe monitoring of interaction between materials. Further, it
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can be integrated easily, thereby a phenomenon of interaction
[Fifth Embodiment]
between materials happened simultaneously in many places
FIG. 5 (a) and FIG. 5 (b) illustrate sensors according to the
can be measured at a time.
fifth embodiment of the present invention.
Also, the sensor of the present embodiment can achieve the
The transistor 1E of the fifth embodiment of the present
advantages such as downsizing of the sensor, the rapidity of 5 invention, as shown in FIG. 5 (a) and FIG. 5 (b), has similar
detection, the ease with operation, and so on.
constrction to the transistor 1A of the first embodiment, other
[Fourth Embodiment]
than that it does not comprise the back gate 9 and the antiFIG. 4 (a) and FIG. 4 (b) illustrate sensors according to a
bodies 10.
fourth embodiment of the present invention. As shown in FIG.
That is, as shown in FIG. 5 (a), the substrate 2 of the
4 (a), the transistor 1D constructing the sensors according to io transistor 1A is fabricated with insulating material. On the
this embodiment, similar to the first embodiment, comprises
upside (upper side in the FIGS.) of the entire substrate 2, the
the substrate 2 formed of insulating material, the insulating
silicon oxide layer (low -permittivity layer) 3 of insulating and
and low-permittivity layer 3, the source electrode 4 and the
low-permittivity material is formed. On the right side of the
drain electrode 5. The source electrode 4 and the drain eleclow-permittivity layer 3, the source electrode 4 and the drain
trode 5 are formed of gold. The channel 6 formed with a 15 electrode 5, formed with gold, are placed, between which the
carbon nano tube is bridged between the source electrode 4
channel 6 formed with a carbon nano tube is bridged.
and the drain electrode 5. And the transistor 1D also comThe channel 6 is bridged between the source electrode 4
prises the side gate 7.
and the drain electrode 5 as if it were a bridge that connects the
The transistor 1D of the present embodiment further comsource electrode 4 and the drain electrode 5, thereby it is apart
prises the side gate 15 as an interaction-sensing gate on the 20 from the low-permittivity layer 3. Thus, the channel 6 is fixed
opposite-side edge of low-permittivity layer 3 to the side gate
to the transistor 1A at its two connecting points with the
7, on the right side of which antibodies 10 are immobilized.
source electrode 4 and the drain electrode 5. The other portion
The side gate 15 is constructed that in such a state that any
of the channel 6 is in a state of being suspended in the air.
voltages are not applied from the outside.
Furthermore, as shown in FIG. 5 (b), the channel 6 is bridged
As shown in FIG. 4 (b), the transistor 1D of the present 25 in a state of being bent at a predetermined angle. The channel
embodiment also comprises the insulator 21 provided on the
6 is bent at a predetermined angle to the extent that the
upside of the entire low-permittivity layer 3. The insulator 21
compressive or tensile stress exerted upon the channel 6 can
is formed to cover the whole channel 6, the lateral sides of the
be absorbed, for example when the distance between the
source electrode 4, the drain electrode 5 and the side gate 7,15
source electrode 4 and the drain electrode 5 is varied with
but not to cover the upsides (upper sides in FIGS.) of the so deformation of the substrate 2 by a temperature change. Ususource electrode 4, the drain electrode 5 and the side gate 7,
ally, the channel 6 is adjusted to bent at a predetermined angle
15. The insulator 21 is shown by chain double-dashed line in
around the temperatures at which the sensor is used, thereby
FIG. 4 (a) and FIG. 4 (b).
it is able to absorb the stress caused by the themperature
Because the sensor of the present embodiment is conchange in the neighborhood of the temperatures at which the
structed as mentioned above, similar to the sensor of the first 35 sensor is used. But, in this embodiment, the channel 6 is set up
embodiment, it can be set in such a state that the transfer
to bent at a predetermined angle at room temperature.
characteristic of the transistor 1D shows the highest level in
At the opposed position of the channel 6 on the low-persensitivity. Then, this makes it possible to measure the intermittivity layer 3, the side gate 7, formed with gold, is placed.
action between the specific substance and the detection tarThe side gate 7 is placed for applying a gate voltage to the
gets as a wide range of change in the characteristic of the 40 channel 6. The source electrode 4, the drain electrode 5 and
transistor 1D. Consequently, the sensor sensitivity of the
the side gate 7 are connected to an external power source, not
present embodiment can be improved.
shown in FIGS., and are set up to be placed with a voltage by
The following advantageous effects can be taken similar to
the external power source.
the first embodiment. That is, because a carbon nano tube is
Because the transistor 1E of the present embodiment is
used as a channel 6, the sensor can have higer sensitivity. 45 constructed as mentioned above, owing to the fact that the
Also, because the side gate 15 is used as an interactionchannel 6 is bridged between the source electrode 4 and the
sensing gate, high sensitivity detection can be performed with
drain electrode 5 in a state of being bent, the risk of damage to
simple construction. Also, because the substrate 2 is an insuthe channel 6, induced by its deformation by temperature
lating substrate, the interaction between the detection targets
changes, can be reduced even with a temperature change
and the specific substance can be surely detected.
50 when it is used for detection or kept unused.
Also, because the channel 6 is covered with the insulating
Also, because the substrate 2 of the present embodiment is
insulator 21, leaking of the charged particles in the channel 6
an insulating substrate, the permittivity of the substrate 2 can
to the outside thereof and intrusion of the charged particles to
get lowered, which leads to the reduction in the gate capacithe channel 6 from outside of the channel 6, other than from
tance, thereby the sensitivity of the transistor 1E can be
the source electrode 4 or the drain electrode 5, are able to be 55 enhanced.
prevented. This results in that the interaction between the
[Sixth Embodiment]
specific substance and detection targets can be detected
FIG. 6 (a) and FIG. 6 (b) illustrate sensors according to the
steadily.
sixth embodiment of the present invention.
Also, the use of the sensor of the present embodiment
The transistor 1F of the sixth embodiment of the present
makes it possible to measure real-time, thereby to be realized 60 invention, as shown in FIG. 6 (a) and FIG. 6 (b), has similar
the monitoring of interaction between materials. Further, it
constrction to the transistor 1B of the second embodiment,
can be integrated easily, thereby a phenomenon of interaction
other than that it does not comprise the back gate 9 and the
between materials happened simultaneously in many places
antibodies 10.
can be measured at a time.
That is, as shown in FIG. 6 (a), the transistor 1F constructAlso, the sensor of the present embodiment can achieve the 6 5 ing the sensor of the sixth embodiment of the present invenadvantages such as downsizing of the sensor, the rapidity of
tion has similar structure to the transistor 1E described in the
detection, the ease with operation, and so on.
fifth embodiment.
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The transistor 1F of the present embodiment further comprises the photosensitive resin layer of insulating and highpermittivity material (high-permittivity layer) 11 is formed
on the upside of the entire low-permittivity layer 3. The highpermittivity layer 11 is formed to cover the whole channel 6,
the lateral sides of the source electrode 4, the drain electrode
5 and the side gate 7 but not to cover the upsides (upper sides
in FIGS.) of the source electrode 4, the drain electrode 5 and
the side gate 7. The high-permittivity layer 11 is shown by
chain double-dashed line in FIG. 6 (a) and FIG. 6 (b).
The sensor of the present embodiment is constructed as
above-mentioned. Thus, in this embodiment, because the
high-permittivity layer 11, a layer of high-permittivity and
insulating material, is formed between the channel 6 and the
side gate 7, the transfer characteristic of the transistor 1E can
be more efficiently modulated by applying the gate voltage of
the side date 7.
Also, because the channel 6 is covered with the insulating
and high-permittivity layer 11, leaking of the charged particles in the channel 6 to the outside thereof and intrusion of
the charged particles to the channel 6 from outside of the
channel 6, other than from the source electrode 4 or the drain
electrode 5, are able to be prevented. This results in that the
behavior of the transistor 1E can be stabled.
[Others]
Up to this point, though the present invention has been
explained as the forms of the first to sixth embodiments, the
present invention is not limited to the above embodiments but
also can be carried out with various modifications.
For example, above embodiments may be carried out in
combination arbitrarily.
For another example, the source electrode, drain electrode,
gate, channel and interaction-sensing gate may be provided
plurally.
For still another example, in the above embodiments,
though the construction of the sensor is that the transistors are
exposed, the transistor may be installed inside of an appropriate housing or installed on the other equipment.
For still another example, though in the above embodiments the specific substances are immobilized on the sensors,
the sensor may not be immobilized with the specific substance thereon in the stage of manufacture or shipment, but
the specific substance may be immobilized by a user. That is,
it is to be understood that the embodiments of the sensors of
the present invention may include those that are not immobilized with specific substances thereon.
For still another example, though the top gate, side gate and
back gate have been used as an interaction-sensing gate in the
above embodiments, it is needless to say that any other gate,
as well as any other members than gates, may be used as an
interaction-sensing gate.
For still another example, though the channel 6 has been
constructed to be bent in the above embodiments, of course it
may not be bent but be straight.
For still another example, though the channel 6 has been
bridged between the source electrode 4 and the drain electrode 5 in the above embodiments, it may be provided being
touched with the substrate 2 or the low-permittivity layer 3,
for example. As far as the channel 6 is bent, even in a state
where it is touched with the substrate2orthelow-permittivity
layer 3, the risk of damage to it caused by temperature
changes can be reduced.
For still another example, a voltage can be applied on the
interaction-sensing gate.
[Components]
In the following, components in the above embodiments
are described particularly.

As mentioned above, the word "transistor" in the above
embodiments means either the field-effect transistor or the
single-electron transistor.
A field-effect transistor and a single-electron transistor are
the same in their basic structure, while the channels, which
form current pathes, of them are different. More specifically,
the channel of the single-electron transistor has a quantum dot
structure and the channel of the field-effect transistor does
not. Thus, they can be distinguished in the form of their
consruction by the existence of a quantum dot structure.
<Substrate>
For a substrate (indicated by the numeral reference 2 in the
above embodiments), those made of any materials may be
used as far as they are insulating substrates or insulated semiconductor substrates, without any other restriction. But it is
preferred to be insulating substrates or substrates with its
surfaces coverd with the material used for the insulating substrates, when they are used in sensors. When an insulating
substrate is used, floating capacitance can be reduced because
the permittivity of an insulating substrate is lower compared
to the semiconductor substrate. Thereby, the detection sensitivity to detect the interaction with can be improved when a
back gate is used as the interaction-sensing gate.
An insulating substrate is a substrate formed with an insulator, which means an electric insulator as far as it is not
specifically mentioned in the present specification. Examples
of the insulator that forms the insulating substrate are silicon
oxide, silicon nitride, aluminum oxide, titanium oxide, calcium fluoride, acrylic resin, polyimide resin, Teflon (registered trademark), etc. These examples may used in any kinds
of combination with any percentage of each.
A semiconductor substrate is a substrate formed with semiconductors. Examples of the semiconductor that forms the
semiconductor substrate are silicon, gallium arsenide, gallium nitride, zinc oxide, indium phosphide, silicon carbide,
etc. These examples may used in any kinds of combination
with any percentage of each.
When an insulating membrane is formed on the semiconductor substrate in order to insulate it, examples of the insulator that forms the insulating membarane are the same as
those used for the insulator that forms the above-mentioned
insulating substrate. In this case, the semiconductor substrate
can also work as a gate described below.
The shape of the substrate is not limited particularly. But it
is usually manufactured in the form of a plate. The size of the
substrate is not restricted, either. But it is preferred to be more
than 100 micrometers so as to maintain its mechanical
strength.
<Source Electrode and Drain Electrode>
For a source electrode (indicated by the numeral reference
4 in the above embodiments), there is no restrictions as far as
it is an electrode that can supply carriers of the above-mentioned transistors. For a drain electrode (indicated by the
numeral reference 5 in the above embodiments), there is no
restrictions either as far as it is an electrode that can receive
carriers of the above-mentioned transistors.
The source electrode as well as the drain electrode may be
formed of any electric conductors. Examples thereof are gold,
platinum, titanium, titanium carbide, tungsten, aluminum,
molybdenum, chromium, tungsten silicide, tungsten nitride,
polycrystal silicon, or the like. These examples may used in
any kinds of combination with any percentage of each.
<Gate>
For gates (indicated by the numeral reference 7, 12 in the
above embodiments), any types of materials may be used as
far as they are able to control the density of the charged
particles in the channel, without any other restriction. A gate
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is usually constructed to have a conductor insulated from the
fullerene compound, or inorganic materials like silicon oxide,
channel and generally consisted of a conductor and an insufluosilicate glass, HSQ (Hydrogen Silsesquioxane), MSQ
lator.
(Methyl Lisesquioxane), porous silica, silicon nitride, alumiExamples of conductors forming gates are gold, platinum,
num oxide, titanium oxide, calcium fluoride, daiamond thin
titanium, titanium carbide, tungsten, tungsten silicide, tung- 5 film, etc. These examples may used in any kinds of combinasten nitride, aluminum, molybdenum, chromium, polycrystal
tion with any percentage of each.
silicon, etc. These examples may used in any kinds of comIt is also preferred that an insulating and low-permittivity
bination with any percentage of each.
layer (low-permittivity layer) is formed between the interacThe location of the gate has no restrictions as far as the gate
tion-sensing gate and the channel. Further, the portion
voltage can be applied to the channel. For example, it may be io between the interaction-sensing gate and the channel has
installed as a top gate which is upward to the substrate, as a
preferably low-permittivity characteristic all over (that is,
side gate on the same surface as the channel of the substrate or
over all of the layers between the interaction-sensing gate and
as a back gate on the back side of the substrate.
the channel). Here, the phrase "low-permittivity" means that
In these kinds of gates, the top gate and the side gate may
the relativedielectricconstant thereof is smaller than 4.5.
be formed on the surface of the channel with an insulating 15
Any insulating and low-permittivity materials can be used
membrane between them. For this insulating membrane,
to construct the low-permittivity layer, as mentioned above,
there is no restriction as far as it is an insulating material, of
without any other restrictions. Examples thereof are inorwhich examples are inorganic materials like silicon oxide,
ganic materials like silicon dioxide, fluosilicate glass, HSQ
silicon nitride, aluminum oxide, titanium oxide, calcium
(Hydrogen Silsesquioxane), MSQ (Methyl Lisesquioxane),
fluoride, and polymer materials like acrylic resin, epoxy 20 porous silica, daiamond thin film, and organic materials like
resin, polyimide, Teflon (registered trademark), etc.
polyimide, Parylene-N, Palylene-F, polyimide fluoride, etc.
<Interaction-Sensing Gate>
These examples may used in any kinds of combination with
For an interaction-sensing gate (indicated by the numeral
any percentage of each.
references 9,14 and 15 in the above embodiments), any types
In fact, because the portion between the channel and the
of members may be used as far as they are able to immobilize 25 interaction-sensing gate is insulating and low in permittivity,
specific substances thereon that are capable of selectively
the change of the surface charge on the interaction-sensing
interacting with the detection targets. Thus, the interactiongate can be transmitted more efficientoly in the form of the
sensing gate can be called an immobilizing member. In
density change of the surface chaege in the channel. Thereby,
another aspect, the interaction-sensing gate can be called a
the above-mentioned interaction can be detected as a wide
non voltage-applied type immobilizing member because it is so range of change in the output characteristic of the transistor
preferred not to be applied with a voltage from outside. In still
and thus the sensitivity of the sensor can be further improved
another aspect, conductors, semiconductors or even insulawhen the above-mentioned transistor is used as the sensor.
tors may be used as an interaction-sensing gate for example.
It is also preferred that an insulating and high-permittivity
But usually conductors are used for the interaction-sensing
layer (high-permittivity layer) is formed between the gate for
gate, as in the case of the source electrode and the drainelec- 35 applying a voltage to the transistor and the channel. Further,
trode. Thus, the interaction-sensing gate can be called an
the portion between the gate and the channel has preferably
electrode-construction type member. Further, to consider that
high-permittivity characteristic all over (that is, over all of the
it is not applied with a voltage, too, it can also be called a non
layers between the gate and the channel). Here, the phrase
voltage-applied and electrode-construction type member.
"high-permittivity" means that the relativedielectricconstant
Examples of conductors forming the interaction-sensing gate 40 thereof is bigger than 4.5.
are gold, platinum, titanium, titanium carbide, tungsten, tungAny insulating and high-permittivity materials can be used
sten silicide, tungsten nitride, aluminum, molybdenum, chroto construct the high-permittivity layer, as mentioned above,
mium, polycrystal silicon, etc. These examples may used in
without any other restrictions. Examples thereof are inorany kinds of combination with any percentage of each.
ganic materials like silicon nitride, aluminum oxide, tantalum
Also, it is preferred that the gate without any gate voltage 45 oxide, and polymer materials with high-permittivity characapplication in the transistor is used as an interaction-sensing
teristic. These examples may used in any kinds of combinagate. More specifically, the top gate, side gate or back gate can
tion with any percentage of each.
be selected preferably. Among the three of them, especially
In fact, because the portion between the channel and the
the top gate or back gate can be selected preferably. With the
gate is insulating and high in permittivity, the transfer charuse of the top gate as an interaction-sensing gate, the distance 5o acteristic of the transistor can be modulated more efficiently
to the channel is generally smaller compared to two other
with application of gate voltage. Thereby, the sensitivity of
gates and thus the sensitivity of the sensor can be enhanced. If
the sensor can be further improved when the above-menthe back gate is used as an interaction-sensing gate, the spetioned transistor is used as the sensor.
cific substance can be immobilized on the interaction-sensing
Next, the channel of the field-effect transistor (hereinafter,
gate easily.
55 called"FET channel", when necessary) and the channel of the
<Channel>
single-electron transistor (hereinafter, called "SET channel",
The channel (indicated by the numeral reference 6 in the
when necessary) are explained respectively. The field-effect
above embodiments) may form a current path between the
transistor and the single-electron transistor can be distinsource electrode and the drain electrode. Any known types of
guished by the channel of each, as mentioned earlier. In the
channels can be used, if necessary.
6o above embodiments, a transistor should be recognized as a
The channel is preferred to be passivated or protected with
field-effect transistor when it has a FET channel, and as a
the cover of insulating materials. Any insulating materials can
single-electron transistor when it has a SET channel.
be used as the insulating cover. Examples of them are polymer
The FET channel may form a current path and any known
materials like photoresist (photosensitive resin), acrylic resin,
channels can be used, if necessary. But the size of it is preepoxy resin, polyimide, Teflon (registered trademark), and 65 ferred to be minute.
self-organizing membrane like aminopropylethoxysilane,
An example of the minute channel is a nano tube structure.
lubricants like PER-fluoropolyether, Fonbrin (trade name),
The nano tube structure is a structure shaped like a tube,
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whose size is 0.4 to 50 nm in diameter of the cross section
channel, can be extremely enlarged through the use of a
orthogonal to the longitudinal direction. Here, a shape like a
single-electron transistor having a channel formed with the
tube means a shape with the ratio between the longitudinal
above-mentioned nano tube structure, compared to the conlength and the longest orthogonal length among all directions
ventional field-effect transistor without a nano tube structure.
is in the range of 10 to 10000. It also includes shapes such as 5 In addtion, the detection sensitivity with which the detection
a rod (almost circular in its cross section) or a ribbon (flat and
targets are detected can be highly improved.
almost square in its cross section).
The another point in which the SET channel is different
A nano tube structure can be used as an electric charge
from the FET channel is that the nano tube structure used as
transporter. Because it has a structure of one-dimensional
the SET channel is preferred to have the electric property like
quantum wire with several nano meters in diameter, the gate io metals. Examples of methods to check if the nano tube struccapacitance gets remarkably lowered compared to the fieldture is like a metal or a semiconductor are the one with which
effect transistors used in conventional sensors. Consequently,
the chirality of the carbon nano tube is determined by Raman
the change in the electric potential of the gate, caused by the
spectroscopy or the other with which the electronic state
interaction between the specific substance and the detection
density of the carbon nano tube is measured using scanning
targets, gets extremely large. The change in the density of the 15 tunneling microscope (STM) spectroscopy.
charged particles existing in the channel gets extremely large,
<Detection Target and Specific Substance>
too. Thereby, the sensitivity of the detection for detecting
The detection target is not restricted particularly but any
targets is dramatically improved.
materials can be used. For specific substances (indicated by
Examples of the nano tube structure are a carbon nano tube
the numeral reference 10 in the above embodiments), any
(CNT), a boron nitride nano tube and a titania nano tube. With 20 types of materials may be used as far as they are capable of
the conventional fine processing technology of semiconducselectively interacting with the detection targets, without any
tors, the detection sensitivity of the sensor has been restricted
other restriction. They may be, for example, enzyme, antibecause of the difficulty in forming 10-nanometer class chanbody, protein like lectin, peptide, hormone, nucleic acid,
nel. However, the use of these nano tube structures makes it
sugar, oligosaccharide, sugar chain like polysaccharide, lipid,
possible to form channels that are minuter than was previ- 25 low molecular compound, organic materials, inorganic mateously possible.
rials, or fusion of these materials, and virus, cell, body tissue,
A nano tube structure shows an electrical property like
or materials composing them, etc.
either a semiconductor or a metal, depending on its chirality.
The protein may be of its full length or may be a partial
When it is used as an FET channel like a semiconductor, it is
peptide including a binding activity portion. In addition, the
preferred that it has an electrical property like a semiconduc- 30 protein with its amino-acid sequence and fuction known, as
tor.
well as unknown, may be used. Even synthesized peptide
The SET channel may also form a current path similarly to
chain, proteins refined from an organism or proteins transthe FET channel and any known channels can be used, if
lated and refined from cDNA library or the like using appronecessary. The size of it is also preferred to be minute. Further
priate translation system can be used as the target molecules.
similarly to the FET channel, a nano tube structure may be 35 The synthesized peptide chain may be bound with sugar chain
used as an SET channel and examples of the nano tube structo be a glycoprotein. In these examples, the synthesized proture are a carbon nano tube (CNT), a boron nitride nano tube
tein with its amino-acid sequence known or the protein transand a titania nano tube or the like.
lated and refined from cDNA library or the like using approHowever, the SET channel is different from the FET chanpriate process are preferably used.
nel in the point that it has a quantum dot structure. Though any 40
The nucleic acid is not limited particularly, and DNA as
known materials with quantum dot structures can be used as
well as RNA can be used. The nucleic acid with its base
SET channels, usually carbon nano tubes introduced with
sequence or fuction known, as well as unknown, may be used.
defects therein are used. More specifically, usually a cabon
The nucleic acid with its fuction that it has binding capacity in
nano tube with 0.1 to 4 nanometer quantum dot structures
its protein and its base sequence known or the nucleic acid cut
between the defects is used. It can be produced by a chemical 45 and isolated from genome library or the like using restricted
process such as heating a carbon nano tube without any
enzyme and the like are preferably used.
defects in gas atmosphere like hydrogen, oxygen or argon, or
The sugar chain with its sugar sequence or fuction known,
boiling it in acid solution Thus, with these defects introduced
as well as unknown, may be used. The sugar chain that is
in the nano tube structure, the quantum dot structures with
already isolated and analized thus with its sugar sequence or
regions sized several nanometers are formed between the 50 fuction known is preferably used.
defects. Thereby, the gate capacitance gets further lowered. A
The low-molecular compound is not limited particularly,
nano tube structure with quantum dot structures shows Couas far as it is capable of interaction. The low molecular with its
lomb Blockade phenomenon, which blocks the intrusion of
function unknown, as well as with its capability of bonding or
electrons into the quantum dot structure, and thus a singlereacting with proteins already known, can be used.
electron transistor can be realized by using that type of nano 55
As mentioned above, lots of kinds of specific substances
tube structure.
can be immobilized on the interaction-sensing gate. The
For example the gate capacitance of conventional silicon
interaction-sensing gate immobilized specific materials
base MOSFET (metal-oxide semiconductor field-effect tranthereon is suitably used for a biosensor used for detection of
sistor) is about 10-is F (farad), while the gate capacitance of
materials interacting with the functional material. The matethe above-mentioned single-electron transistor with a nano 6o rial, which interacts with the material already interacted with
tube structure introduced with the defects is about 10-19 to
the specific substance, can be marked by enzyme, by materi10-20 F. That is, the gate capacitance of a single-electron
als showing electrochemical reaction or luminous reaction, or
transistor decreases by a factor of about ten thousand to one
by polymer and particles with electric charge. These are wellhundred thousand, compared to the conventional silicon base
known method as labeling measurement in the field of DNA
MOSFET.
65 analysis using immunoassay or intercalator (cited references:
As a result, the change in the gate capacitance, as well as
Kazuhiro Imai, "bioluminescence and chemiluminescence,"
the change in the density of the charged particles in the
1989, Hirokawa Shoten or P.TIJSSEN "enzyme immunoas-
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say biochemical experimental technique 11," Tokyo Kagaku
(Step 2) Evaporation Metal Catalyst 17, as shown in FIG. 7
(b)
Dojin or Takenaka, Anal. Biochem., 218, 436 (1994) and the
A metal that will be catalyst 17 is evaporated onto the
like of many).
patterend substrate 2. Examples of the metal to be catalyst 17
The "interaction" between the specific substance and the
detection target is not limited particularly, but usually means 5 are transition metals like iron, nickel or cobalt, the alloys of
them, etc.
the action caused by the force acting between the molecules
(Step 3) Liftoff to Pattern with catalyst 17, as shown in FIG.
that are combined with at least one type of combinations
7 (c)
including covalent bond, hydrophobic bond, hydrogen bond,
After the evaporation of the catalyst 17, lift-off is pervan der Waals binding or the combination made by electroio formed. The photoresist 16, as well as the catalyst 17 evapostatic force. However, the word "interaction" in the present
rated on the surface of the photoresist 16, are removed from
specification should be interpreted most widely and in any
the substrate 2 by the lift-off. Thereby, the pattern of the
meanings it should not be interpreted limitatively. The covacatalyst 17 is made according to the pattern formed in step 1.
lent bond may include coordinate bond and dipolar coupling.
(Step 4) Feed the Gas like Methane Gas or Alcohol Gas in
The combination made by electrostatic force includes elec- 15 CVD (chemical vapor deposition) furnace 18 at high temtrostatic repulsion, as well as electrostatic binding. And also
perature and forming carbon nano tube 19 between the Catathe interaction includes reactions occured by the above-menlysts 17, as shown in FIG. 7 (d)
tioned action, such as binding reaction, synthetic reaction or
At high temperature, metallic catalyst 17 turns to be minute
decomposition reaction.
particles of several nanometers in diameter, which is used as
Examples of the interactions are: binding and dissociation 20 the core around which the carbon nano tube grows. Here, the
between antigen and antibody, binding and dissociation
high temperature usually means from 300 to 1200° C.
between protein receptor and ligand, binding and dissociation
After forming the carbon nano tube 19 following the steps
1 to 4, the source electrode and the drain electrode are probetween adhesion molecule and object molecule, binding and
duced at the both edge of the carbon nano tube 19. In this
dissociation between enzyme and substrate, binding and dissociation between apoenzyme and coenzyme, binding and 25 explanation, ohmic electrodes are formed as the source electrode and the drain electrode. At this point, the source elecdissociation between nucleic acid and protein to be bound
trode and the drain electrode can be installed at the tips of the
thereto, binding and dissociation between nucleic acids, bindcarbon nano tube 19 or at the lateral side thereof. The heat
ing and dissociation between proteins in communication systreatment in the range of 300 to 1000° C. can be made when
tem, binding and dissociation between glycoprotein and protein, binding and dissociation between sugar chain and 30 the source electrode and the drain electrode are formed so as
to get the improved condition of the electrical connections.
protein, binding and dissociation between cells or body tisThen, the gate and the interaction-sensing gate are prosues and protein, binding and dissociation between cells or
vided at appropriate positions, to finish the production of the
body tissues and low molecule compounds, interaction
transistor.
between ion and ion-sensitive material or the like. However 35
According to the above-mentiond method of production,
the interaction is not limited to these types of actions, but also
the transistor can be produced forming the carbon nano tube
includes: immunoglobulin or the derivation F(ab')2, Fab', Fab,
19 under control of the position and the orientation thereof.
receptor or enzyme and the derivation thereof, nucleic acid,
However, the probability of forming the carbon nano tube 19
native and artificial peptide, artificial polymer, carbohydrate,
between the catalyst metals is small by above-mentioned
lipid, inorganic material or organic ligand, virus, cell, drug 40 method of production (about 10% in the test performed by the
and the like.
present inventors). So, as shown in FIG. 8, the shape of the
Further, the other examples of the "interaction" between
catalysts 17 are made to be pointed sharply and an electric
the specific substance immobilized on the interaction-sensing
charge is applied between the two catalysts while the carbon
nano tube 19 is growing. This raises expectations that the
gate and the other material can include the response, related to
the functional material immobilized on the gate, not to any 45 carbon nano tube 19 grows between the sharp catalysts along
the electrical flux line.
substances but to the change in outside emvironments such as
The reason why the carbon nano tube 19 grows when an
pH, ion, temperature, pressure or the like.
electric charge is applied between the catalysts 17 is not yet
[Production Method of Transistor]
understood. However, the following two reasons are guessed.
Next, an example of production method of the transistor,
described in the above embodiments, will be explained, using 50 One is that the carbon nano tube 19, starting to grow from the
electrode (catalyst 17, in this example), has large polarization
FIGS. 7 (a) to FIG. 7 (d), taking the case that a carbon nano
moment and thus it grows along the direction of the electric
tube is used as the channel for example.
field. The other is that the carbon ions decomposited at high
The transistor using a carbon nano tube is produced
temperature form the carbon nano tube 19 along the electrical
according to the following procedure.
55 flux line.
The carbon nano tube used in the transistor shoudbe manuAlso it is probable that large Van der Waals force between
factured controlling its position and orientation. Thus, it is
the substrate 2 and the carbon nano tube 19 may inhibit the
usually produced using patterned catalyst with a method like
growth of the carbon nano tube 19. The carbon nano tube 19
photolithography, controlling its position and orientation.
may be attracted to get close to the substrate 2 by Van der
More specifically, a carbon nano tube is produced accord- 60 Waals force and the controlling of the direction thereof may
ing to the following steps.
be troubled. Thus, it is preferable to form the spacer layer 20
(Step 1) Patterning Photoresist 16 on the Substrate 2, as
of silicon oxide or the like betweem the catalyst 17 and the
shown in FIG. 7 (a)
substrate 2, as shown in FIG. 9, which can make the carbon
The pattern corresponding to the position and the orientanano tube 19 apart from the substrate 2 during the growth
tion where the carbon nano tube will be formed is determined. 65 thereof.
Then, the photoresist 16 is patterned according to the deterAccording to the above-mentioned process, the field-effect
mined pattern on the substrate 2.
transistor can be produced.
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Then, the single-electron transistor can be manufactured
from the field-effect transistor by chemical treatings such as
heating in atmosphere gas of hydrogen, oxygen or argon, or
boiling in the acid solution so as to introduce the defects for
forming quantum dot structure therein.
[Immobilizing Method of Specific Substance to Interaction-Sensing Gate]
The method of immobilizing the specific substance to the
interaction-sensing gate is not limited particularly, as far as
the immobilization can be done with the method. The substance can be binded directly to the interaction-sensing gate
by physical adsorption, or by a flexible spacer, which has an
anchor portion to bind the substance, placed at the interaction-sensing gate in advance, for example.
When a metal is used for the interaction-sensing gate, the
flexible spacer includes preferably alkylene with structural
formula (CH2), (n shows a natural number 1 to 30, preferably
2 to 30, more preferably 2 to 15). The thiol group or the
disulfide group, which forms an anchor portion suitable for
adsorption of metals like gold, is preferably used for one end
of the spacer molecule. One or more conneting portions that
can bind the specific substance to be immobilized are preferably included in the other end of the spacer molecule, which
points to the other directions than to the interaction-sensing
gate. The connecting portion may be various reactive functional group such as amino group, carboxyl group, hydroxyl
group, suximide group, and hapten or chelate such as biotin,
biotin derivative, digoxin, digoxigenin, fluorescein, fluorescein derivative, theophylline, for example.
In order for the specific substance to be immobilized to the
interaction-sensing gate, we can first bind conductive polymer, hydrophilic polymer, LB membrane or matrix to the
interaction-sensing gate, directly or with a spacer therebetween, and then can connect, include or support one or more
kinds of the specific substance on the conductive polymer,
hydrophilic polymer, LB membrane or matrix. And also, we
can first connect, include or support one or more kinds of the
specific substance on them and then can bind it to the interaction-sensing gate.
The conductive polymer may be, for example, polypyrrole,
polythiophene, polyaniline or the like. The hydrophilic polymer may be polymer without any electric charge such as
dextran or polyethylene oxide, and may be polymer with
electric charge such as polyacrylic acid or carboxyl methyl
dextran. In the case of polymer with electric charge, with the
use of the polymer with opposite electric charge to the specific substance to be immobilized, the specific substance can
be connected or supported utilizing electric charge enrichment effect (cited document: farumashia patent, Japanese
Patent No. 2814639).
For detecting a specific ion, an ion-sensitive membrane
corresponding to the specific ion can be formed on the interaction-sensing gate. In addition, the enzyme immobilization
membrane can be formed instead of or together with the
ion-sensitive membrane. This results in that the detection
target can be detected by means of measuring the product of
enzyme, acted as a catalyst toward the detection target.
After immobilization of the specific substance to be immobilized, surface processing using inert molecules such as
bovine serum albumin, polyethylene oxide or the like, covering with OF membrane in order to inhibit nonspecific reaction, or selecting permeable materials can be done.
An insulating membrane can be selected as the interactionsensing gate, other than metals. Examples of the materials
used for the insulating membrane are inorganic materials
such as silicon oxide, silicon nitride, aluminum oxide, tita-

nium oxide, calcium fluoride, and polymer such as acrylic
resin, epoxy resin, polyimide resin, Teflon (registered trademark), etc.
In order to measure ions like H or Na', an ion-sensitive
membrane can be formed on the insulating membrane, if
necessary, corresponding to the respective ions to be detected.
In addition, the enzyme immobilization membrane can be
formed instead of or together with the ion-sensitive membrane. This results in that the detection target can be detected
by means of measuring the product of enzyme, acted as a
catalyst toward the detection target (cited documents: Syuichi
Suzuki `Biosensor" 1984 Kodansha and Karube et al.
"Development and practical application of Sensor," vol. 30
No. 1 Bessatsu Kagaku Kogyo 1986).
[Application Areas]
The sensor of the present invention can be used in any
appropriate area. Specific examples are in the following.
When it is used as a biosensor utilizing interactions, for
example a sensor for clinical examination on blood, urine or
the like, pH, electrolyte, dissolved gas, organic materials,
hormone, allergen, medication, antibiotic, activity of the
enzymes, protein, peptide, mutagenic materials, cell of
microorganism, blood cell, blood type, hemostasis, DNA
analysis can be measured. In the pointo of the principle of
measuring, examples of sensors to be considered are ion
sensor, enzyme sensor, microorganism sensor, immune sensor, enzyme immune sensor, luminescent immune sensor,
fungi count sensor, blood clotting electrochemical sensing
and electrochemical sensor using various electrochemical
reactions. However it can contain all the principles with
which an electric signal can be available as the final output
(cited documents: Syuichi Suzuki `Biosensor" Kodansha
(1984) and Karube et al. "Development and practical application of Sensor," vol. 30 No. 1 Bessatsu Kagaku Kogyo
(1986)).
Futhermore, the sensor of the present invention can be used
in the measurement in vivo and in situ, for example an insertion-type microsensor mounted on a catheter, implantable
microsensor or capsule-mounted type microsensor using
medical capsule (cited document: Karube et al. "Development and practical application of Sensor," vol. 30 No. 1
Bessatsu Kagaku Kogyo 1986).
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In the following, examples of the present invention will be
described referring to the FIGS.
An field-effect transistor with a carbon nano tube as the
channel was produced like the following.
[1. Production of the Sensor]
(Preparation of the Substrate)
After oxidating the surface of an n-type Si(100) substrate 2
by dipping it into an acid with the volume ratio between
sulfuric acid and hydrogen peroxide is 4:1 for five minutes, it
was rinsed out with water for five minutes. Then the oxicide
layer was removed with acid with the volume ratio between
hydrogen fluoride and pure water is 1:4, and finally it was
rinsed out to wash the surface of the Si substrate. Then the
surface of the Si substrate 2 washed was thermally-oxidized
with an oxidization furnace under the condition of 1100° C.
temperature for 30 minutes with enzyme flow rate 3 L per
minute. Consequently the insulating membrane 20 was
formed with about 100 nanometers-thickness of Si02 .
(Formation of the Channel)
Next, the photoresist 16 was patterend by a photolithography method so as to form a carbon nano tube growth catalyst
on the surface of the insulating layer 20 {FIG. 10(a)}. First,
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the hexamethyldisilazane (HMDS) was spin coated on the
300 A and 2000 A respectively and with the deposition rates
insulating layer 20 under the condition of 500 rpm for ten
of 0.5 A and 5 A per second respectively (FIG. 13).
seconds, then 4000 rpm for 30 seconds. Then the photoresist
(Formation of the Channel Layer)
(microposit "S1818" manufactured by Shipley Far East Ltd.)
Then the layer protecting the elements formed on the Si
was spin coated under the same condition.
5 substrate 2 was removed by being washed in acetone being
After the spin coat, the Si substrate 2 is baked on a hot plate
boiled, then by acetone, ethanol, and finaly by flowing water
under at the temperature of 90° C. for one minute. Then, the
each for three minutes.
Si substrate 2 coated with photoresist 16 was dipped into
Next, the photoresist was patterend, similarly to the phomonochlorobenzene and after that it was dried by nitrogen
tolithography method used for patterning the source electrode
brow. Then it was baked in an oven at the temperature of 85° io 4, drain electrode 5 and side gate electrode 7, onto the right
C. for five minutes. After the baking, it was exposured with a
side of the elements in the area without the source electrode 4,
patterend enzyme using an aligner and then was developed
drain electrode 5 and side gate electrode 7, so as to form the
for four minutes in developing agent ("AZ300MIF developer
channel protecting layer 16 (FIG. 14). The schematic diagram
(2.38%)" manufactured by Clariant Co.). Then it was rinsed 15 of the carbon nano tube field effect transistor (hereinafter,
out with flowing water for three minutes and was dried by
called "CNT-FET" when necessary) produced by abovenitrogen brow.
mentioned method is shown in FIG. 15.
The Si, Mo and Fe catalyst 17 is deposited on the Si
[2. Characteristic Measurement Using the Sensor]
substrate 2 patterend with the photoresist 16 using an EB
Using the CNT-FET produced, the characteristic before
vacuum evaporation system in order for the thicknesses of Si, 20 and after immobilization of the antibody was measured
Mo and Fe to be 100 A, 100 A and 30 A respectively, with
accoding to the following process.
deposition rate of 1 A A per second {FIG. 10(b)}. After the
Fifty microliters of the mouse IgG antibody solution,
deposition, the lift-off was done in acetone which is being
which is diluted by acetic acid buffer solution to have conboiled. Then it was washed by acetone, then by ethanol, and
cestration of 100 [microgram/mililiter], was dropped on the
finaly by flowing water, each for three minutes, and was dried 25 back gate 9, in order for the antibody to be immobilized,
by nitrogen brow {FIG. 10(c)}.
through the reaction in a wetting box at the humidity of 90%
The Si substrate 2 patterend with the catalyst 17 was set in
for 15 minutes and the washing with pure water the surface
a CVD furnace and blowed with ethanol, bubbled with Ar,
thereof. As the resut of the immobilization, the specific subwith the rate of 750 cc per minute and hydrogen with the rate
stance, IgG antibody 10, was immobilized on the back gate
of 500 cc per minute, at the temperature of 900° C. for 20 30 electrode 9, as shown in FIG. 16. The channel-protecting
minutes so as to make the carbon nano tube 19 grow, which
layer 16 is shown by chain double-dashed line in FIG. 16.
will be the channel (FIG. 11). In this process, heating up and
The measurement of electric characteristic of CNT-FET
cooling down are done with Ar being blowed at the rate of
was conducted using the semiconductor parameter analyzer
1000 cc per minute.
4156C manufactured by Agilent Co. The transfer character(Production of the Source, Drain and Side Electrodes)
3 5 istic (VSO ISD characteristic), which is a kind of electric
After the growth of the carbon nano tube, the photoresist 16
characteristic, was measured before and after the immobiliwas patterend on the Si substrate 2 by a photolithography
zation of the antibody and then the two measured values were
method, mentioned above, so as to product the source eleccompared. The result of the measurement is shown in FIG. 16.
trode, drain electrode and side gate {FIG. 12(a)}.
In the measurement, at each stepped point of the side gate
After the patterning, Ti and then Au are deposited on the Si 40 voltage VSG, which was sweeped from —40 to 40 V (stepped
substrate 2, so as to form the source electrode 4, drain elecby 0.8 V), the current that flows between the source electrode
trode 5 and side gate electrode 7, using an EB vacuum evapoand the drain electrode (source drain current) ISD A was
ration system with the thicknesses of Ti and An to be 300 A
measured while the source voltage VS was maintained to 0 V
and 3000 A respectively and with the deposition rates of 0.5
and the drain voltage VD was sweeped —1 to 1 V (stepped by
A and 5 A per second respectively {FIG. 12(b)}. After the 45 0.02 V). In FIG. 17, the graph lines of negative in the value of
deposition, the same as in the above-mentioned method, the
source drain current indicates the measured value while V SD
lift-off was done in acetone that is being boiled. Then it was
is —1.0 V and the graph lines of positive in the value of source
washed by acetone, then by ethanol, and finaly by flowing
drain current indicates the measured value while VSD is +1.0
water, each for three minutes, and was dried by nitrogen brow
V.
{FIG. 12(c)}.
50
To note the portion around 5 microamperes in the value of
After the patterning of the source electrode 4, drain elecsource drain current in FIG. 17, the side gate voltage after the
trode 5 and side gate electrode 7, HMDS is spin coated on the
immobilization of the antibody increased with +47 V from
right side of the Si substrate 2, so as to protect the elements,
before the immobilization of the antibody, the change of
under the condition of 500 rpm for ten seconds, then 4000
which was remarkable. The measurement resulted in that the
rpm for 30 seconds. Then the above-mentioned photoresist 55 interaction occurred in the vicinity of the back gate can be
was spin coated under the same condition. Then the photoredirectly measured because the transfer characteristic of CNTsist was hardened in an oven at the temperature 110° C. for 30
FET is dramatically changed between before and after the
minutes so as to form a layer protecting the elements.
immobilization of the antibody. This result indicates that the
(Production of the Back Gate)
sensor of the present invention has extremely high sensitivity
The Si02 layer 20 on the back side of the Si substrate 2 was 60 with which it detects chemicals and thus it is easily expected
removed by dry etching using RIE (reactive ion etching)
that the sensor is capable of detecting the interaction between
device. Here, SF6 was used for etchant and etching was done
the detection target and the specific substance.
for six minutes in plasma with the RF power of 100 W. After
Industrial Applicability
romoving the Si02 layer 20 on the back side, Pt and then An
The present invention can be applied to wide range of
are deposited on the Si substrate 2, so as to form the back gate 65 analysis such as chemical analysis, physical analysis or bioelectrode (interaction-sensing gate) 9, using an EB vacuum
logical analysis, and is suitably used for a medical sensor or a
evaporation system with the thicknesses of Pt and An to be
biosensor for example.
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The invention claimed is:
1. A sensor for detecting a detection target, the sensor
comprising:
a field effect transistor having
a substrate,
a source electrode overlying the substrate and a drain
electrode overlying the substrate, and
a channel forming a current path between the source
electrode and the drain electrode;
an insulator overlying the substrate and covering a portion
of the channel;
an interaction-sensing gate overlying the insulator, the
interaction-sensing gate having a specific substance that
is capable of selectively interacting with the detection
target;
a gate for applying a gate voltage to adjust a characteristic
of the field-effect transistor;
wherein the detection target changes the characteristic of
the field-effect transistor when interacting with the specific substance;
wherein the interaction-sensing gate is not in direct contact
with the source electrode and is not in direct contact with
the drain electrode.
2. The sensor of claim 1, wherein the interaction-sensing
gate is spaced from the substrate by the insulator.
3. The sensor of claim 1, wherein the channel comprises a
carbon nano tube, the carbon nano tube being bent between
the source electrode and the drain electrode at room temperature.
4. The sensor of claim 1, further comprising an insulator
layer having a low-permittivity insulating material.
5. The sensor of claim 1, wherein the specific substance is
disposed on a same side of the sensor as the source electrode
and drain electrode.
6. The sensor of claim 1, wherein the characteristic is a
threshold of a Coulomb Oscillation, a Coulomb Oscillation
period, a threshold of a Coulomb Diamond, or a Coulomb
Diamond period.
7. A field-effect transistor used for a sensor to detect a
detection target, the field effect transistor comprising:
a substrate;
a source electrode overlying the substrate and a drain electrode overlying the substrate;
a channel forming a current path between the source electrode and the drain electrode;
an insulator overlying the substrate and covering a portion
of the channel;
an interaction-sensing gate overlying the insulator, the
interaction-sensing gate having a specific substance that
is capable of selectively interacting with the detection
target;
a gate for applying a gate voltage to adjust a characteristic
of the field-effect transistor;
wherein the detection target changes the characteristic of
the field-effect transistor when interacting with the specific substance;
wherein the interaction-sensing gate is not in direct contact
with the source electrode and is not in direct contact with
the drain electrode.
8. The field effect transistor of claim 7, wherein the interaction-sensing gate is spaced from the substrate by the insulator.
9. The field effect transistor of claim 7, wherein the channel
comprises a carbon nano tube, the carbon nano tube being
bent between the source electrode and the drain electrode at
room temperature.
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10. The field effect transistor of claim 7, further comprising
an insulator layer having a low-permittivity insulating material.
11. The field effect transistor of claim 7, wherein the spe5 cific substance is disposed on a same side of the sensor as the
source electrode and drain electrode.
12. The field effect transistor of claim 7, wherein the characteristic is a threshold of a Coulomb Oscillation, a Coulomb
Oscillation period, a threshold of a Coulomb Diamond, or a
10
Coulomb Diamond period.
13. A sensor for detecting a detection target, the sensor
comprising:
a single-electron transistor having
15
a substrate,
a source electrode overlying the substrate and a drain
electrode overlying the substrate, and
a channel forming a current path between the source
electrode and the drain electrode;
20
an insulator overlying the substrate and covering a portion
of the channel;
an interaction-sensing gate overlying the insulator, the
interaction-sensing gate having a specific substance that
is capable of selectively interacting with the detection
25
target;
a gate for applying a gate voltage to adjust a characteristic
of the field-effect transistor;
wherein the detection target changes the characteristic of
the field-effect transistor when interacting with the spe30
cific substance;
wherein the interaction-sensing gate is not in direct contact
with the source electrode and is not in direct contact with
the drain electrode.
35
14. The sensor of claim 13, wherein the interaction-sensing
gate is spaced from the substrate by the insulator.
15. The sensor of claim 13, wherein the channel comprises
a carbon nano tube, the carbon nano tube being bent between
the source electrode and the drain electrode at room tempera40 ture.
16. The sensor of claim 13, further comprising an insulator
layer having a low-permittivity insulating material.
17. The sensor of claim 13, wherein the specific substance
is disposed on a same side of the sensor as the source elec45 trode and drain electrode.
18. The sensor of claim 13, wherein the characteristic is a
threshold of a Coulomb Oscillation, a Coulomb Oscillation
period, a threshold of a Coulomb Diamond, or a Coulomb
Diamond period.
50
19. A single-electron transistor for a sensor to detect a
detection target, the single-electron transistor comprising:
a substrate;
a source electrode overlying the substrate and a drain electrode overlying the substrate;
55
a channel forming a current path between the source electrode and the drain electrode;
an insulator overlying the substrate and covering a portion
of the channel;
an interaction-sensing gate overlying the insulator, the
60
interaction-sensing gate having a specific substance that
is capable of selectively interacting with the detection
target;
a gate for applying a gate voltage to adjust a characteristic
of the field-effect transistor;
65
wherein the detection target changes the characteristic of
the field-effect transistor when interacting with the specific substance;
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wherein the interaction-sensing gate is not in direct contact
with the source electrode and is not in direct contact with
the drain electrode.
20. The single-electron transistor of claim 7, wherein the
interaction-sensing gate is spaced from the substrate by the
insulator.
21. The single-electron transistor of 19, wherein the channel comprises a carbon nano tube, the carbon nano tube being
bent between the source electrode and the drain electrode at
room temperature.
22. The single-electron transistor of claim 19, further comprising an insulator layer having a low-permittivity insulating
material.
23. The single-electron transistor of claim 19, wherein the
specific substance is disposed on a same side of the sensor as
the source electrode and drain electrode.
24. The single-electron transistor of claim 19, wherein the
characteristic is a threshold of a Coulomb Oscillation, a Coulomb Oscillation period, a threshold of a Coulomb Diamond,
or a Coulomb Diamond period.
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