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(57) ABSTRACT

An object of the present invention is to provide a new n-type
transistor, different from the prior art, using a channel having
a nanotube-shaped structure, and having n-type semiconduc-
tive properties. To realize this, a film of a nitrogenous com-
pound 6 is formed directly on a channel 5 of a transistor 1
comprising a source electrode 2, a drain electrode 3, a gate
electrode 4 and the n-type channel 5 having a nanotube-
shaped structure and provided between the source electrode 2
and the drain electrode 3.

14 Claims, 9 Drawing Sheets
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TRANSISTOR WITH NANOTUBE
STRUCTURE EXHIBITING N-TYPE
SEMICONDUCTOR-LIKE
CHARACTERISTICS

This is a continuation application of U.S. application Ser.
No. 11/815,871, filed Oct. 5, 2007, which is a 371 of PCT/
JP06/302349 filed on Feb. 10, 2006.

FIELD OF THE INVENTION

The present invention relates to an n-type transistor and
n-type transistor sensor having a nanotube-shaped structure
as an n-type channel, a method for manufacturing a channel
for the n-type transistor, and a method for manufacturing a
nanotube-shaped structure exhibiting n-type semiconductive
properties.

DESCRIPTION OF THE RELATED ART

Transistors are devices, which convert a voltage signal to
be input to a gate into a current signal to be output from a
source electrode or drain electrode. Upon application of a
voltage between the source and drain electrodes, charged
particles existing in the channel provided therebetween move
between the source and drain electrodes along the direction of
the electric field, and are output as a current signal from the
source or drain electrode. At this time, the strength of the
current signal to be output is in proportion to the density of the
charged particles. Upon application of a voltage to the gate
that is provided above, on the side surface or below the chan-
nel through an insulator, the density of the charged particles in
the channel changes. With this variation, changing the gate
voltage can change the current signal.

In recent years, for further high integration of large-scale
integrated circuits, etc., transistors using a nano-scale nano-
tube-shaped structure have drawn attention. Of nanotube-
shaped structures, especially with a technique using the car-
bon nanotube, transistors using the carbon nanotube for the
channel generally exhibit p-type semiconductive properties
in the air. It can be considered that the p-type semiconductive
properties are due to oxygen adsorbed near the carbon nano-
tube or the interface between the carbon nanotube and the
source or drain electrode. Particularly, in the former case,
holes are doped to the carbon nanotube due to oxygen. On the
other hand, in the latter case, a Schottky barrier between the
source or drain electrode and the carbon nanotube is modu-
lated due to oxygen adsorption.

In consideration of the future device applications, there
remains a strong need for manufacturing carbon nanotube
transistors exhibiting n-type semiconductive properties sta-
bly in the air. Recently, various techniques have been pro-
posed for manufacturing the n-type carbon nanotube transis-
tors. Examples of such techniques are: a method for doping
potassium, organic molecules or the like into the carbon
nanotube; a method for coating organic solid electrolytes on
a source electrode, a drain electrode and a carbon nanotube
channel; and a method for removing oxygen by conducting
thermal treatment at a temperature of 200° C. or greater under
a vacuum, nitrogen atmosphere or hydrogen atmosphere,
thereafter putting silicon oxide or zirconium oxide as a cap
(Non-Patent Documents 1 to 7).

Non-Patent Document 1: S. J. Wind, J. Appenzeller, R.
Martel, V. Derycke and P. Avouris: Appl. Phys. Lett. 80 (2002)
3817-3819.

20

25

30

35

40

45

50

55

60

65

2

Non-Patent Document 2: S. Heinze, J. Tersoff, R. Martel,
V. Derycke, J. Appenzeller and P. Avouris: Phys. Rev. Lett. 89
(2002) 106801-1-4.

Non-Patent Document 3: V. Derycke, R. Martel, J. Appen-
zeller and P. Avouris: Appl. Phys. Lett. 80 (2002) 2773-2775.

Non-Patent Document 4: J. Kong and H. Dai: J. Phys.
Chem. B105 (2001) 2890-2893

Non-Patent Document 5: C. Lu, Q. Fu, S. Huang and J. Lie:
Nano Lett. 4 (2004) 623-627.

Non-Patent Document 6: A. Bachtold, P. Hadley, T. Nakan-
ishi and C. Dekker: Science 294 (2001) 1317-1320.

Non-Patent Document 7: A. Javey, H. Kim, M. Brink, Q.
Wang, A. Ural, J. Guo, P. Mcintyre, P. Mceuen, M. Lundstrom
and H. Dai: Nature Mater. 1 (2002) 241-246.

SUMMARY OF THE INVENTION
Problems to be Solved by the Invention

Non-Patent Documents 1 to 7 disclose n-type transistors
having the conventional carbon nanotube as a channel. How-
ever, their performance capabilities are not sufficient, thus
there is a great demand for further improvement. For
example, whenpotassium is doped into the carbon nanotube,
potassium may contaminate silicon oxide. It can be consid-
ered that the organic molecule-doped carbon nanotube may
have low heat resistance.

Further, when the carbon nanotube is coated with organic
electrolytes, the solid electrolytes may have low heat resis-
tance. Thus, the transistor may not have a sufficient level of
heat resistance.

If the carbon nanotube is to be capped after thermal treat-
ment, it requires much work for the thermal treatment. Fur-
ther, when silicon oxide is formed as a film, employed gen-
erally is a plasma chemical vapor deposition (p-CVD)
process to be performed at a low temperature. However, the
carbon nanotube may be damaged by the plasma and oxygen.

Similarly, the performance capabilities of the n-type tran-
sistors are not sufficient, when a different kind of nanotube-
shaped structure is used as a channel.

The present invention has been made in consideration of
the above. It is an object of the present invention to provide, in
transistors using a nanotube-shaped structure as a channel, a
new n-type transistor different from the prior art, an n-type
transistor sensor using the same, a method for manufacturing
a channel for the n-type transistor, and a method for manu-
facturing a nanotube-shaped structure exhibiting n-type
semiconductive properties.

Means for Solving the Problems

As a result of intensive study in view of the problems, the
present inventors have found it possible to obtain an n-type
transistor by forming a film of a nitrogenous compound under
predetermined conditions in a transistor having a nanotube-
shaped structure exhibiting p-type semiconductive properties
as a channel, and have completed the present invention.

Thatis, the subject matter of the present invention relates to
an n-type transistor comprising: a source electrode; a drain
electrode; a gate electrode; an n-type channel which has a
nanotube-shaped structure and is provided between the
source electrode and the drain electrode; and a film of a
nitrogenous compound which is formed directly on the chan-
nel. As aresult, it is possible to obtain a new n-type transistor
having a nanotube-shaped structure as a channel.
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At this time, the film of the nitrogenous compound prefer-
ably has an oxygen content of 0 atomic % or more and 10
atomic % or less.

The film of the nitrogenous compound preferably has a
hydrogen content of 5 atomic % or more and 20 atomic % or
less.

The film of the nitrogenous compound is preferably
formed only on a top and side of the channel.

At this time, the nanotube-shaped structure is preferably a
carbon nanotube.

The nitrogenous compound is preferably silicon nitride.

The gate electrode is preferably a top gate which is formed
on the channel through the film of the nitrogenous compound.

Further, another subject matter of the present invention
relates to an n-type transistor sensor comprising: a source
electrode; a drain electrode; an n-type channel which has a
nanotube-shaped structure and is provided between the
source electrode and the drain electrode; and a film of a
nitrogenous compound which is formed directly on the chan-
nel, wherein the sensor detects a target object to be detected as
a variation of a current flowing through the channel. As a
result, it is possible to obtain a high sensitivity transistor
sensor having the nanotube-shaped structure as an n-type
channel.

Still another subject matter of the present invention relates
to a method for manufacturing a channel for an n-type tran-
sistor, comprising the step of forming a film of a nitrogenous
compound directly on a nanotube-shaped structure exhibiting
p-type semiconductive properties using a thermal CVD tech-
nique, at a temperature of the nanotube-shaped structure of
500° C. or higher and 1600° C. or lower. As a result, it is
possible to obtain a new channel for an n-type transistor
having the nanotube-shaped structure as a channel, more
easily than the prior art. In addition, it is possible to obtain a
new n-type transistor having the nanotube-shaped structure as
a channel, more easily than the prior art.

Further subject matter of the present invention relates to a
method for manufacturing a nanotube-shaped structure
exhibiting n-type semiconductive properties, comprising the
step of forming a film of a nitrogenous compound directly on
a nanotube-shaped structure exhibiting p-type semiconduc-
tive properties using a thermal CVD technique, at a tempera-
ture of the nanotube-shaped structure of 500° C. or higher and
1600° C. or lower. As a result, it is possible to obtain a
nanotube-shaped structure exhibiting n-type semiconductive
properties more easily than the prior art.

At this time, the step of forming the film of the nitrogenous
compound is preferably performed under normal pressure).

The step of forming the film of the nitrogenous compound
is preferably performed in an atmosphere of oxygen concen-
tration of 1 volume % or less.

The step of forming the film of the nitrogenous compound
is preferably performed in a reducing atmosphere.

Effect of the Invention

According to the n-type transistor of the present invention
and the method for manufacturing a channel for the n-type
transistor, it is possible to obtain a new n-type transistor
different from the prior art.

According to the n-type transistor sensor of the present
invention, it is possible to obtain a high sensitivity transistor
sensor having the nanotube-shaped structure as an n-type
channel.

Further, according to the method for manufacturing the
nanotube-shaped structure exhibiting the n-type semiconduc-
tive properties of the present invention, it is possible to obtain
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4

the nanotube-shaped structure exhibiting the n-type semicon-
ductive properties more easily than the prior art.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is an exemplary cross sectional view schematically
showing an n-type transistor according to one embodiment of
the present invention;

FIG. 2 shows a method for manufacturing an n-type tran-
sistor according to one embodiment of the present invention,
wherein FIG. 2(a) and FIG. 2(b) are exemplary cross sec-
tional views each for explaining an operation in each process
of a method for manufacturing a channel using a carbon
nanotube;

FIG. 3 is an exemplary cross sectional view for explaining
amethod for manufacturing the n-type transistor according to
the embodiment, and for explaining the state of forming a
source electrode and a drain electrode;

FIG. 4 explains a method for manufacturing a channel for
an n-type transistor according to one embodiment of the
present invention, wherein FIG. 4(a) and FIG. 4(5) are exem-
plary schematic diagrams for explaining the state of forming
a nitrogenous compound film using an atmospheric pressure
thermal CVD system as an example of a device used for
forming a nitrogenous compound film using a thermal CVD
technique;

FIG. 5 is a cross sectional view exemplarily showing the
configuration of an n-type transistor sensor according to one
embodiment of the present invention;

FIG. 6 explains Example 1 of the present invention,
wherein FIG. 6(a) to FIG. 6(d) are exemplary cross sectional
views each explaining an operation in each process of a
method for manufacturing a nanotube transistor using a car-
bon nanotube for a channel;

FIG. 7 is a diagram for explaining Example 1 of the present
invention, and exemplarily showing the principal configura-
tion of a device used for forming a protective film (a nitrog-
enous compound film) of silicon nitride;

FIG. 8 is an exemplary schematic diagram of a back gate
type carbon nanotube transistor having a protective film of
silicon nitride, which is manufactured in Example 1 of the
present invention;

FIG. 9 is a graph showing the drain current I, ;-gate voltage
V &5 characteristics before and after the formation of the pro-
tective film of silicon nitride, in Example 1 of the present
invention;

FIG. 10 is an exemplary schematic cross-sectional view of
a top gate type carbon nanotube transistor having a silicon
nitride protective film (gate insulating film), which is manu-
factured in Example 2 of the present invention;

FIG. 11 is a graph showing the gate voltage-drain current
characteristics both when a back gate is used and when a top
gate is used, in Example 2 of the present invention;

FIG. 12 is an exemplary top view of a transistor sensor
manufactured in Example 3 of the present invention;

FIG. 13 is a cross sectional view for explaining the tran-
sistor manufactured in Example 3 of the present invention,
taken along a line surface A-A of the transistor sensor in FI1G.
12, and exemplarily showing an enlarged view near the chan-
nel;

FIG. 14 is an exemplary schematic diagram of a detector
used in Example 3 of the present invention; and

FIG. 15 is a graph showing the time variation of the drain
current at the time a solution of pig serum albumin is dropped
onto a well, in Example 3 of the present invention.
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EXPLANATION OF REFERENCE NUMERALS

1, 1', 1" N-type transistor

2 Source electrode

3 Drain electrode

4, 4' Gate electrode

5 Channel (nanotube-shaped structure, n-type channel)
5' Channel (nanotube-shaped structure, p-type channel)
6 Film of a nitrogenous compound

7 Substrate

8 Catalyst

9 Thermal CVD system

10 Furnace (quartz furnace)

11 Heater

12 Element

13 Substance to be detected (target object)
14 Specific substance

15, 15' n-type transistor sensor

16 Liquid stopper

17 Insulating film

18 Stage

19 Resist film

20 Hole

21 Well

22 Semiconductor parameter analyzer

23 Silver/silver chloride reference electrode

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

A preferred embodiment of the present invention will now
be described. The present invention is not limited to the pre-
ferred embodiment below, and other combinations may arbi-
trarily be implemented without departing from the scope of
the present invention.

[1. N-type Transistor|

FIG. 1 is an exemplary cross sectional view schematically
showing an n-type transistor according to one embodiment of
the present invention.

As shown in FIG. 1, an n-type transistor 1 of the present
embodiment includes a source electrode 2, a drain electrode
3, a gate electrode 4, a channel 5 having a nanotube-shaped
structure exhibiting the n-type semiconductive properties
(hereinafter referred to as an “n-type channel”), and a film of
a nitrogenous compound 6 which is formed directly on the
n-type channel 5 (hereinafter referred to as a “nitrogenous
compound film”). Generally, these components are formed
on a substrate 7.

(1. Substrate)

Any arbitrary material may be used for forming the sub-
strate 7, as long as it has insulating properties. Generally, an
insulating substrate or insulated semiconductor substrate is
used. Insulating properties means electrical insulating prop-
erties in the present specification, whereas an insulator means
an electrical insulator, unless otherwise specified.

An insulating substrate is a substrate formed of an insula-
tor.

Examples of the insulator for forming the insulating sub-
strate are silicon oxide, silicon nitride, aluminum oxide, tita-
nium oxide, calcium fluoride, acrylic resins, polyimide,
Teflon (registered trademark), etc. One kind of insulator may
be used singly, or two or more kinds of insulators may be used
in arbitrary combination at an arbitrary rate.

The semiconductor substrate is formed of a semiconductor.
Examples of'this semiconductor for forming the semiconduc-
tor substrate are silicon, gallium arsenide, gallium nitride,
zinc oxide, indium phosphor, silicon carbide, etc. One kind of
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semiconductor may be used singly, or two or more kinds of
semiconductors may be used in arbitrary combination at an
arbitrary rate.

The semiconductor substrate can arbitrarily be insulated.
Generally, it is desirable that the semiconductor substrate is
coated with an insulator so as to be insulated. If the semicon-
ductor substrate is coated with an insulating film formed
thereon, an example of the insulator for coating the substrate
is the same as the insulator forming the above-described
insulating substrate.

If an insulated semiconductor substrate is used as the sub-
strate 7, this semiconductor substrate can operate as a gate
electrode (back gate). If the insulated semiconductor sub-
strate is used as the gate electrode, it is desirable that the
substrate 7 has a low electrical resistance. For example, it is
desirable that the semiconductor substrate uses a semicon-
ductor to which a donor or acceptor is doped with a high
concentration, and which shows metallic conductivity with a
low electrical resistance.

Further, the shape of the substrate 7 is arbitrary, but it is
generally made in a flat form. There is no particular limit in
the size of the substrate, but the substrate 7 is preferably
formed in 100 um or greater so as to retain its mechanical
strength. FIG. 1 shows an example wherein the insulating
substrate is used as a substrate 1.

(2. Source Electrode and Drain Electrode)

There is no limit in the source electrode 2, as long as it can
supply carrier of the n-type transistor 1 according to the
present embodiment. There is no limit in the drain electrode 3,
as long as it can receive the carriers of the n-type transistor 1
according to the present embodiment. Thus, a known source
electrode 2 and a known drain electrode 3 can arbitrarily be
used. If the n-type transistor 1 of the present embodiment is
manufactured through a process of forming a nitrogenous
compound film using a method for manufacturing a channel
for the n-type transistor of the present invention as will be
described later, they have preferably heat resistance to a tem-
perature higher than a temperature condition at the formation
of'the nitrogenous compound film 6 using this manufacturing
method. The source electrode 2 and the drain electrode 3 are
generally formed on the same substrate 7.

The source electrode 2 and the drain electrode 3 can be
formed of an arbitrary conductor, for example, gold, plati-
num, titanium, chromium, carbon, titanium carbide, tung-
sten, molybdenum, chromium silicide tungsten, tungsten
nitride, polycrystalline silicon, etc. The source electrode 2
and drain electrode 3 may be formed of one single kind of
conductor singly, or may be formed of two or more than two
kinds of conductors in arbitrary combination at an arbitrary
rate.

Further, the source electrode 2 and drain electrode 3 can be
formed in arbitrary size and shape, using an arbitrary method.
Note that the n-type transistor 1 of the present embodiment
desirably has a sharp-ended part (a part connected to the
channel), so as to improve its performance capabilities.

(3. Gate Electrode)

There is no limit in the gate electrode 4, as long as it can
apply a gate voltage to the n-type channel 5 of the n-type
transistor 1 of the present embodiment and is electrically
insulated from the source electrode 2, the drain electrode 3
and the n-type channel 5. Any arbitrary gate electrode can be
used, as long as it does not impair the effect of the present
invention.

Therefore, the gate electrode 4 can be formed of an arbi-
trary conductor, for example, gold, platinum, titanium, tita-
nium carbide, tungsten, silicide tungsten, tungsten nitride,
aluminum, molybdenum, chromium, polycrystalline silicon,
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etc. The gate electrode 4 may be formed of one single kind of
conductor singly, or can be formed of two or more than two
kinds of conductors in arbitrary combination at an arbitrary
rate.

The gate electrode 4 can be formed in arbitrary shape.

Further, the gate electrode 4 can be formed in an arbitrary
position. Note that the gate electrode 4 is generally formed as
any one of a back gate (the gate electrode fixed onto a surface
opposite to the n-type channel 5), a side gate (the gate elec-
trode 4 formed near and on the same surface as the n-type
channel 5), and a top gate formed on the n-type channel 5
through the nitrogenous compound film 6.

Particularly, it is preferred the gate electrode 4 be formed as
a top gate. The n-type transistor having a nanotube-shaped
structure as the n-type channel 5 can be formed in accordance
with simple manufacturing processes. Thus, in general, the
gate electrode 4 is used as a back gate that applies a gate
voltage from the back surface of the substrate 7. However, if
two or more n-type transistors 1 are formed on the same
substrate 7, the back gate type electrode simultaneously
applies a gate voltage to all n-type transistors on the substrate
7. In consideration of the future integration, a top gate type
n-type transistor is so required that can apply a voltage to each
n-type channel 5 of the n-type transistor 1.

In the n-type transistor 1 of the present embodiment, the
gate electrode 4 is formed as a top gate. In this configuration,
the sensing capability can be improved, when the n-type
transistor 1 of the present embodiment is used as a sensor.
From this aspect, the gate electrode 4 is preferably formed as
atop gate. To improve the sensing capability, a thin insulating
film with high dielectric constants is used. As a result, the
mutual conductance (the change rate of the drain current with
respect to the gate voltage) improves, and it is possible to
detect the potential change due to the density of the electrical
charge on the surface of the gate insulating film. Therefore, it
can be supposed that the improvement of the sensing capa-
bility can accordingly be attained. In FIG. 1, the gate elec-
trode 4 is formed as a top gate.

It the n-type transistor 1 of the present embodiment is used
as a sensor of, for example, an ion-sensitive field-effect tran-
sistor (ISFET), the n-type transistor 1 does not generally
include the gate electrode 4, and a specimen liquid is in direct
contact with the insulating film (e.g. the nitrogenous com-
pound film 6, etc.) so as to apply a voltage to the n-type
channel 5 through the specimen liquid using a reference elec-
trode (not illustrated). This is because if the specimen is in
contact with an element (the gate electrode 4 in this case)
which is formed with a material (e.g. metal, etc.) having a
high free electron density, the sensing capability can not
sufficiently be exhibited.

The gate electrode 4 can be formed before or after the
formation of the nitrogenous compound film 6. However, if
the gate electrode 4 is formed as a top gate or back gate, the
gate electrode is preferably formed generally after the forma-
tion of the n-type channel 5 and nitrogenous compound film
6. If the gate electrode 4 is formed as a side gate, the gate
electrode is preferably formed generally before the formation
of'the channel (both p-type and n-type) 5 and the nitrogenous
compound film 6. This is to simply conduct the formation of
the gate electrode 4.

Further, the gate electrode 4 can be formed in arbitrary size
and shape. Note, however, that the gate electrode 4 is prefer-
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ably arranged in a position near the n-type channel 5 as much
as possible.

One or two or more gate clectrodes 4 may be formed.
Therefore, the gate electrode 4 can be formed for example in
combination of two or more of the top gate, the side gate and
the back gate.

The gate electrode 4 can be formed using an arbitrary
method. Generally, the gate electrode 4 is patterned using a
photolithography technique.

(4. N-type Cannel)

Generally, the channel is provided between the source elec-
trode 2 and the drain electrode 3 so as to be a current path
therebetween. The n-type transistor 1 of the present embodi-
ment includes the n-type channel 5 having a nanotube-shaped
structure exhibiting n-type semiconductive properties. In this
case, the nanotube-shaped structure is a nano-scale tube-
shaped structure. Generally, the cross-sectional diameter
orthogonal to its longitudinal direction is 0.4 nm or more and
50 nm or less.

The nanotube-shaped structure can be used as a charge
carrier having a one-dimensional quantum wire structure that
is a few nanometers in diameter. Thus, if this structure is used
in the n-type channel 5 of the n-type transistor 1, the gate
capacity is remarkably decreased as compared to the conven-
tional transistor. Thus, if the n-type transistor 1 of the present
embodiment is applied into the sensor (such as an n-type
transistor sensor of the present invention, as will be described
later), a very large change occurs in the gate voltage due to the
interaction between a specific substance and a target sub-
stance to be detected. This results in a remarkably large
change in the density of charged particles existing in the
n-type channel 5.

Examples of the nanotube-shaped structure are a carbon
nanotube, a boron nitride nanotube, a titania nanotube, etc.
According to the conventional technique, it is difficult to form
achannel in the 10 nm grade, even using a semiconductor fine
processing technique. However, the use of the nanotube-
shaped structure enables to form the n-type channel 5 which
is finer than the conventional channel.

There is no limit in the particular shape of the nanotube-
shaped structure. In one given example of the structure’s
shape, the ratio of the length in the longitudinal direction of
the structure to the length in one longest direction among
directions perpendicular to the longitudinal direction is in a
range of 10 or more and 10,000 or less. Further, examples
include a rod-shaped structure (approximately circular in
cross section) and a ribbon-shaped structure (approximately
square in cross section), etc.

Further, the n-type channel 5 is preferably formed loosely
between the source electrode 2 and the drain electrode 3 at
room temperature. This enables to lower the possibility of
damaging the n-type channel 5 due to temperature change.

The number of the n-type channel (s) 5 is arbitrary. One or
two or more n-type channels can be formed. Further, the
n-type channel 5 can be formed in combination with a p-type
channel.

In the n-type transistor 1 of the present embodiment, the
n-type channel 5 exhibits n-type semiconductive properties.
Whether the n-type channel 5 exhibits n-type semiconductive
characteristics can be confirmed based on determination as to
whether the drain current flowing through the channel 5
increases or decreases in accordance with an increase in the
gate voltage. This determination is made particularly when
the gate voltage is applied as it is swept from -5V to +5 V in
an atmosphere at room temperature, and when the drain volt-
age 0f 0.1V is applied between the source electrode 2 and the
drain electrode 3. Specifically, as a result of the above opera-
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tion, it can be confirmed that the channel 5 exhibits the n-type
semiconductive properties, if the drain current increases. On
the contrary, the channel 5 exhibits the p-type semiconductor
properties, if the drain current decreases.

With the n-type channel 5 exhibiting the n-type semicon-
ductive properties, the n-type transistor 1 of the present
embodiment can form a complementary circuit in combina-
tion with the p-type transistor using a channel exhibiting the
p-type semiconductive properties. This complementary cir-
cuit has excellent energy efficiency, thus is indispensable for
circuit integration with low power consumption. Further,
combining an n-type channel and a p-type channel can form
a p-n junction (diode).

Generally, transistors can be grouped into two, i.e. field-
effect transistors (FETs) and single-electron transistors
(SETs), in accordance with the channel (including the n-type
channel 5) structure. The difference of the two resides in
whether the channel has a quantum dot structure. Specifically,
transistors whose channel does not have a quantum dot struc-
ture are field-effect transistors, while transistors whose chan-
nel has a quantum dot structure are single-electron transistors.
When forming the n-type channel 5, it is preferable to select
the n-type channel 5 to be formed, in accordance with
whether the n-type transistor 1 of the present embodiment is
a field-effect transistor or single-electron transistor.

Descriptions will now be made to a channel of the field-
effect transistor (hereinafter referred to as an “FET channel”)
and a channel of the single-clectron transistor (hereinafter
referred to as a “SET channel”). When the FET channel and
the SET channel are not distinguished, they are simply called
“channel”. As described above, the field-effect transistor and
the single-electron transistor can be distinguished based on
their channel. Thus, the transistor having the FET channel
should be identified as a field-effect transistor, while the
transistor having the SET channel should be identified as a
single-electron transistor.

The FET channel can operate as a current path in the
field-effect transistor.

The nanotube-shaped structure exhibits both the semicon-
ductive electrical properties and the metallic electrical prop-
erties in accordance with its chirality. If an FET channel is
used as the n-type channel of the n-type transistor of the
present embodiment, the nanotube-shaped structure desir-
ably has semiconductive properties as its electrical proper-
ties. Examples of methods for confirming whether the nano-
tube-shaped structure have metallic or semiconductive
properties are: a method for confirming the properties by
determining the chirality of the carbon nanotube using
Raman spectroscopy; and a method for confirming the prop-
erties by measuring the density of an electronic state of the
carbon nanotube using scanning tunneling microscope
(STM) spectroscopy.

Like the FET channel, the SET channel can operate as a
current path in the single-electron transistor.

Unlike the FET channel, the SET channel has a quantum
dot structure. Thus, the SET channel is formed of a substance
having a quantum dot structure. Of the nanotube-shaped
structures, one having a quantum dot structure is used for
forming the SET channel. For example, a carbon nanotube
having defects introduced therein can be used as a SET chan-
nel. Specifically, the SET channel can be formed by a carbon
nanotube having a quantum dot structure of generally 0.1 nm
or more and 50 nm or less between defects.

There is no limit in the carbon nanotube having the above-
described quantum dot structure, and any arbitrary carbon
nanotube can be used as long as it does not impair the effect
of the present invention. For example, a carbon nanotube
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having no defects therein is heated in an atmosphere gas of
hydrogen, oxygen, argon or the like, or is chemically-treated
such as to be boiled in an acid solution, thereby forming a
carbon nanotube having defects introduced therein.

The defects are formed in the nanotube-shaped structure,
thereby forming a quantum dot structure wherein areas
between the defects are several nanometers in size and also
reducing the gate capacity. A coulomb blockade phenomenon
occurs in the nanotube-shaped structure having the quantum
dot structure. In this phenomenon, an inflow of electrons into
the quantum dot structure is restricted. Thus, such a nanotube-
shaped structure is used as the n-type channel so as to realize
a single electron transistor.

Another difference between the SET channel and the FET
channels is that the nanotube-shaped structure preferably has
metallic properties as its electrical properties, when it is used
as SET channels. The method for confirming whether the
nanotube-shaped structure is metallic or semiconductive may
be the same as the above-described method described in the
description of the FET channel.

(5. Nitrogenous Compound Film)

The nitrogenous compound film 6 is a film of anitrogenous
compound and is formed directly on the n-type channel 5.

There is no limit in the nitrogenous compound forming the
nitrogenous compound film 6, as long as it is an insulating
compound containing nitrogen. Any arbitrary nitrogenous
compound can be used, as long as it does not impair the effect
of the present invention. For example, boron nitride, alumi-
num nitride, and silicon nitride can be used. Among them,
silicon nitride is preferable. One single kind of nitrogenous
compound can be used, or two or more kinds of nitrogenous
compounds can be used in arbitrary combination at an arbi-
trary rate.

From an aspect of higher performance of the n-type tran-
sistor 1, the nitrogenous compound film 6 is preferably
formed of a material with as high a dielectric constant as
possible. Specifically, itis desirable that its dielectric constant
be generally 3 or greater, preferably 7 or greater. As a result,
the nitrogenous compound film 6 can operate as an insulating
layer.

There is no limit in the thickness of the nitrogenous com-
pound film 6. The thickness of the film is arbitrary, as long as
it does not remarkably impair the eftect of the present inven-
tion. For higher performance of the n-type transistor 1, how-
ever, the nitrogenous compound film 6 on the channel is
desirably made thin to an extent that the leakage current is
negligible. Note, however, that if the film is made too thin, the
leakage current remarkably may increase due to a tunnel
current or the like. Therefore, the thickness of the nitrogenous
compound film is generally desirably 0.5 nm or greater, pref-
erably 1 nm or greater, and more preferably 2 nm or greater.

Further, the nitrogenous compound film 6 is formed
directly on the surface of the n-type channel 5, not through
any other film. In this case, the film 6 only has to be formed on
at least a part of the surface of the n-type channel 5. However,
it is more preferred that the nitrogenous compound film 6 be
formed directly over the entire surface of the n-type channel
5. According to this structure, the n-type channel 5 is pro-
tected from oxygen so as to form a stable n-type channel.

If the nitrogenous compound film 6 is formed through a
later-described nitrogenous compound film forming process,
the nitrogenous compound film 6 to be formed is generally
formed only on the upper and side parts of the n-type channel
5 but not on its lower part. That is, if the nitrogenous com-
pound film is formed using a thermal CVD (thermal chemical
vapor deposition) technique, a nitrogenous compound is
deposited so as to form the nitrogenous compound film 6. As
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a result, the nitrogenous compound is not deposited on the
lower part of the n-type channel 5 because the n-type channel
blocks. Even in this case, because the nitrogenous compound
film 6 can protect the n-type channel 5 from oxygen, the
semiconductive properties of the n-type channel 5 can be
retained as “n-type”.

The nitrogenous compound film 6 can be formed as a part
of or entire surface of the source electrode 2 or drain electrode
3, as an insulating film thereof.

The nitrogenous compound film 6 may contain any sub-
stance other than a nitrogenous compound. Examples of such
a substance are carbon, hydrogen, ammonia, chlorine, oxy-
gen, argon, helium, etc. An advantage of containing any of the
above substances is that the dielectric constant of the nitrog-
enous compound film 6 can be controlled. The nitrogenous
compound film 6 is preferably formed of mainly a nitrog-
enous component. Specifically, the nitrogenous compound
film 6 contains generally a 50 atomic % nitrogenous compo-
nent, preferably an 80 atomic % or greater nitrogenous com-
ponent, and more preferably a 90 atomic % or greater nitrog-
enous component. The upper limit of the containment is
arbitrary, but should logically be 100 atomic % or less.

Particularly, the nitrogenous compound film 6 has an oxy-
gen content of generally 10 atomic % or less, preferably 8
atomic % or less, and more preferably 7 atomic % or less. If
the nitrogenous compound film 6 has a too high oxygen
content, oxygen has an effect on conductivity of the nanotube.
Thus, it maybe difficult to control the conductivity. The lower
limit of'the oxygen content of the nitrogenous compound film
6 is logically O atomic %, but generally 1 atomic % or greater.
Such a nitrogenous compound film 6 having a low oxygen
content can be obtained when the nitrogenous compound film
6 is formed through a later-described nitrogenous component
forming process.

The nitrogenous compound film 6 has a hydrogen content
of generally 5 atomic % or greater, preferably 7 atomic % or
greater, and more preferably 8 atomic % or greater, and fur-
ther generally 20 atomic % or less, preferably 15 atomic %,
and more preferably 10 atomic % or less. If the nitrogenous
compound film 6 has a too low hydrogen content, it may be
difficult to suppress an effect of oxygen on conductivity of the
nanotube due to the reduction effect of hydrogen. On the other
hand, if the nitrogenous compound film 6 has a too high
hydrogen content, a stress within the nitrogenous compound
film 6 increases. This may result in separation of the film. The
nitrogenous compound film containing hydrogen in the
above-described range can be obtained through a later-de-
scribed nitrogenous compound film forming process.

Further, the nitrogenous compound film 6 has insulating
properties, and thus can be used as an insulating film, thereby
preventing a short-circuit as a result of the n-type channel 5
being in contact with the top gate 4 or wiring.

The nitrogenous compound film 6 can arbitrarily be
formed not only on the surface of the n-type channel 5, but
also on the surface of the substrate 7, source electrode 2, drain
electrode 3 and gate electrode 4, as long as it does not remark-
ably impair the effect of the present invention.

(6. Other Members)

The n-type transistor 1 of the present invention may
include any member (s) or film (s) other than the above source
electrode 2, the drain electrode 3, the gate electrode 4, the
n-type channel 5 and the nitrogenous compound film 6.

For example, any other insulating film may be formed on
the surface of the substrate 7 or the surface of the nitrogenous
compound film 6. Such an insulating film is to protect the
channel 5 or each electrode 2, 3 and 4, and is to allow a current
to securely flow by the channel 5. This insulating film can be
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formed of an arbitrary insulating material of a high molecular
material, such as photoresist (photosensitive resins), acrylic
resins, epoxy resins, polyimide, Teflon (registered trade-
mark), etc., a self-assembled film such as aminopropylethoxy
silane, etc., a lubricant such as PER-fluoropolyether, Fomblin
(trade name) etc., an inorganic materials such as a fullerenes
compound, or silicon oxide, fluosilicate glass, HSQ (Hydro-
gen Silsesquioxane), MLQ (Methyl Lisesquioxane), porous
silica, silicon nitride, aluminum oxide, titanium oxide, cal-
cium fluoride, a diamond thin film, etc. One single kind of the
above materials can be used, or two or more kinds of the
above materials can be used in arbitrary combination at an
arbitrary rate.

(7. Effect)

According to the n-type transistor 1 of the present embodi-
ment, a new n-type transistor can be provided using a nano-
tube-shaped structure as the n-type channel 5.

The n-type transistor 1 of the present embodiment is stable
in the air. Thus, the n-type channel 5 can be controlled not to
exhibit P-type semiconductive properties due to oxygen in the
air with the passage of time. Meanwhile, “stable in the air”
means that the back gate is formed and the channel still
exhibits n-type semiconductive properties, even after the
nitrogenous compound film 6 is formed and left in the air ata
temperature of 26° C. and 26% relative humidity for gener-
ally one week or longer, preferably one month or longer, and
more preferably one year or longer and further more prefer-
ably ten years or longer.

Further, the n-type transistor of the present embodiment
has higher heat resistance than conventional transistors. Con-
ventionally, when the n-type transistor is made using organic
molecules or solid electrolytes, such an n-type transistors
does not have sufficient high heat resistance, because the
organic molecules and solid electrolytes do not have high heat
resistance. However, in the n-type transistor 1 of the present
embodiment, the nitrogenous compound such as silicon
nitride, etc. covering the surface of the n-type channel has
high heat resistance, thus achieving high heat resistance, for
example, up to 1200° C.

In the n-type transistor 1 of the present embodiment, then-
type channel 5 is protected using the nitrogenous compound
film 6 formed of a nitrogenous compound, without using a
conventionally-used protective film containing oxygen.
Thus, various advantages can thus be attained.

For example, the nitrogenous compound film 6 does not
contain oxygen or contains oxygen of only a predetermined
level or less. This results in an advantage that the n-type
semiconductive properties of the n-type channel 5 can stably
be maintained. According to the above excellent technique,
many advantages can be attained by forming the n-type tran-
sistor 1 of the present embodiment with: the source electrode
2; the drain electrode 3; the gate electrode 4; the n-type
channel 5 having the nanotube-shaped structure arranged
between the source electrode 2 and the drain electrode 3; and
the insulating film (i.e. the nitrogenous compound film) 6
formed directly on the channel 5 and containing oxygen of
only a predetermined level or less.

(II. Manufacturing Method)

The method for manufacturing the channel for the n-type
transistor of the present invention includes a process of form-
ing a nitrogenous compound film directly on the nanotube-
shaped structure as a channel exhibiting p-type semiconduc-
tive properties under predetermined conditions using a
thermal CVD technique (a nitrogenous compound film form-
ing process). As a result, the nanotube-shaped structure
exhibiting the p-type semiconductive properties is changed to
exhibit the n-type semiconductive properties. In addition, the



US 8,008,650 B2

13

nitrogenous compound film according to the present inven-
tion is formed on the surface of the nanotube-shaped struc-
ture, thereby obtaining a channel for an n-type transistor.

By going through the above-described nitrogenous com-
pound film forming process, a transistor having an n-type
channel can be manufactured, using the transistor having the
nanotube-shaped structure having the p-type semiconductive
properties or an element halfway through the manufacture
(such as the substrate having any one of the source electrode,
the drain electrode and the gate electrode). This method is
hereinafter called a “method for manufacturing an n-type
transistor of the present invention”.

Descriptions will now be made to an embodiment for
explaining the method for manufacturing the channel for the
n-type transistor and the n-type transistor of the present
invention.

[1. Preparation of p-type Channel]

To manufacture an n-type transistor of the present embodi-
ment, prepared is a transistor having a channel (hereinafter
referred to as a “p-type channel”) having a nanotube-shaped
structure exhibiting p-type semiconductive properties, or an
element(s) halfway through the manufacture. The specific
method for manufacturing the transistor is arbitrary. For
example, when a carbon nanotube is used as a nanotube-
shaped structure forming a p-type channel, it can be prepared
in accordance with the following processes.

[1-1. Formation of p-type Channel]

FIG. 2(a) and FIG. 2(b) are exemplary cross sectional
views for explaining an operation in each process of a method
for manufacturing a channel using a carbon nanotube. The
same reference numerals are employed in FIG. 2(a) and FIG.
2(b) to identify the substantially same features in FIG. 1.

There is no limit in the method for forming the channel.
The position and direction of the carbon nanotube used as the
n-type channel 5 are generally controlled. Thus, the carbon
nanotube is formed by controlling the growth position and
direction thereof, generally using catalysts (growth catalysts)
8 patterned through a photolithography technique. Specifi-
cally, for example, the p-type channel having the carbon
nanotube can be formed through the following processes (1)
to (4). In FIG. 2(a) and FIG. 2(4), the p-type channel and the
carbon nanotube represent the same feature, thus are identi-
fied by the same reference numeral, 5'.

Process (1): patterning the photoresist (not illustrated) on
the substrate 7.

Process (2): depositing metallic catalysts 8.

Process (3): conducting liftoff so as to form a pattern of the
catalysts 8 {FIG. 2(a)}.

Process (4): making a source gas to flow so as to form a
carbon nanotube 5' between the catalysts 8 {FIG. 2(b)} using
a thermal CVD technique.

The below describes each of the processes.

In Process (1), a pattern to be formed is determined in
accordance with a target position and direction for forming
the carbon nanotube 5'. Patterning is performed on the sub-
strate 7 using photoresist in conformity with the pattern.

In Process (2), a metal to be the catalysts 8 is deposited on
the surface of the patterned substrate 7. Examples of the metal
to be the catalysts 8 are transition metal, such as iron, nickel,
cobalt, etc., or their alloys.

Subsequently, in Process (3), as shown in FIG. 2(a), after
the deposition of the catalysts 8, liftoff is performed. As a
result of the liftoft, because the photoresist is removed from
the substrate 7, the catalysts deposited on the photoresist
surface are removed therefrom as well. As a result, the pattern
of the catalysts 8 is formed in conformity with the pattern
formed in Process (1).
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Finally, in Process (4), as shown in FIG. 2(b), a source gas
for the nanotube (e.g. methane gas, alcohol gas, etc.) is made
to flow at a high temperature in a CVD furnace so as to form
the carbon nanotube 5' between the catalysts 8. At a high
temperature, the catalysts 8 become particles of a few nm in
diameter, and the carbon nanotube 5' grows with a core of the
particles. In this case, the high temperature represents a tem-
perature range of 300° C. or higher and 1200° C. or lower.

As described above, the carbon nanotube 5' can be formed
in accordance with Processes (1) to (4).

When the n-type transistor 1 of the present embodiment is
manufactured as a single-electron transistor, defects may be
introduced into the carbon nanotube 5' through a following
oxidation process so as to form quantum dots. As a result, the
SET channel can be formed.

At this stage, the thus formed carbon nanotube 5' is to
operate generally as a p-type channel 5' exhibiting p-type
semiconductive properties, when used as a channel.

[1-2. Formation of Source/Drain Electrodes]

As shown in FIG. 3, a source electrode 2 and a drain
electrode 3 are formed at both ends of the carbon nanotube 5',
using ohmic electrodes, etc.

The source electrode 2 or drain electrode 3 can be formed
arbitrarily using the known manufacturing method, but gen-
erally a photolithography technique is used. In this case, the
source electrode 2 and the drain electrode 3 can be provided
at the end or on the side surface of the carbon nanotube 5'. At
the time of forming the source electrode 2 or drain electrode
3, heat treatment in a range of300° C. or higher and 1000° C.
or lower can be conducted for the purpose of better electrical
connection.

FIG. 3 is an exemplary cross sectional view for explaining
the method for manufacturing the n-type transistor of the
present embodiment and for explaining the state of forming
the source electrode and the drain electrode. The same refer-
ence numerals are employed in FIG. 3 to identify the substan-
tive same features in FIG. 1, FIG. 2(a) and FIG. 2(b).

[1-3. Formation of Gate Flectrode]

A gate electrode 4 is formed before or after a later-de-
scribed nitrogenous compound film forming process. A
method for forming the gate electrode 4 is arbitrary. For
example, the gate electrode 4 can be formed in accordance
with the same formation method as that for the source elec-
trode 2 or drain electrode 3.

[2. Nitrogenous Compound Film Forming Process]

In a nitrogenous compound film forming process, a nitrog-
enous compound film 6 is formed directly on the surface ofa
prepared p-type channel 5', under a predetermined condition
with a source gas of a nitrogenous compound, using a thermal
CVD technique, thereby obtaining an n-type channel 5 exhib-
iting n-type semiconductive properties (i.e. a nanotube-
shaped structure exhibiting n-type semiconductive proper-
ties).

The p-type channel 5' for forming the nitrogenous com-
pound film 6 may be in the form of an element including only
the p-type channel 5' formed on the substrate 7, or may be in
the form of an element on which one or both of the source
electrode 2 and the drain electrode 3 is or are formed, or
further may be in the form of an element (i.e. a p-type tran-
sistor) including the p-type channel 5, the source electrode 2,
the drain electrode 3 and the gate electrode 4. Generally, the
nitrogenous compound film 6 is formed onto an element,
which includes the substrate 7 on which the p-type channel 5'
is formed, and includes also the source electrode 2 and the
drain electrode 3 both of which are formed on both sides of
the channel 5'. The other element on which the film 6 is






