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trarily disposing electrodes of a source, drain and gate. The
nano wire is configured from a first region and a second
region. For instance, the first region is intermittently doped
with a p-type dopant, and the second region is doped with an
n-type dopant.
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TUNNEL FIELD-EFFECT TRANSISTOR,
METHOD FOR MANUFACTURING SAME,
AND SWITCH ELEMENT

TECHNICAL FIELD

The present invention relates to a tunnel field effect
transistor having a group III-V compound semiconductor
nanowire, a method of manufacturing the transistor, and a
switch element including the transistor.

BACKGROUND ART

A tunnel field effect transistor (TFET) uses a tunnel
current for switching a transistor. Therefore, a TFET can
perform steep on/off switching, and can operate with a low
voltage. Examples of such a TFET include a transistor which
has a group IV semiconductor substrate and a group I11I-V
compound semiconductor nanowire uprightly provided on
the substrate, and generates a tunnel current at an interface
between the substrate and the nanowire (see, for example,
PTL 1 and Non-PTLS 1 and 2). Advantageously, this TFET
can operate with a small subthreshold (60 mV/digit or
smaller), and can be readily manufactured. Accordingly, the
TFET is suitable for a switch element.

CITATION LIST
Patent Literature

PTL 1

W02011/040012

Non-PTLs

Non-PTL 1

Katsuhiro Tomioka, Takashi Fukui, “Tunnel field-effect
transistor using InAs nanowire/Si heterojunction”, Appl.
Phys. Lett., Vol. 98, pp. 083114-1-083114-3.

Non-PTL 2

Katsuhiro Tomioka, Masatoshi Yoshimura, Takashi Fukui,
“Steep-slope tunnel field-effect transistors using III-V
nanowire/Si heterojunction” IEEE VLSI Technology
2012 Symposium Proc., pp. 47-48.

SUMMARY OF INVENTION
Technical Problem

In the TFET, the part forming the interface in the
nanowire is formed in an undoped manner; however, the
rising voltage of the switch element is shifted to the negative
side in some cases. In view of this, in the TFET, it is desired
to shift the rising voltage to the positive side.

An object of the present invention is to provide a TFET
which can operate with a small subthreshold (60 mV/digit or
smaller), and can operate with a more shifted rising voltage
on the positive side or the negative side, and moreover, can
be readily manufactured. Another object of the present
invention is to provide a method of manufacturing the TFET.

Still another object of the present invention is to provide
a switch element having the TFET.

Solution to Problem

The present inventor found that the above-mentioned
problems can be solved by producing a first region, which
includes an interface between a group IV semiconductor
substrate and a group III-V compound semiconductor

10

15

20

25

30

35

40

45

50

55

60

65

2

nanowire in the group III-V compound semiconductor
nanowire, by intermittently doping a suitable dopant at a
suitable interval, and the present inventor completed the
present invention as a result of further studies.

That is, a first aspect of the present invention relates to a
tunnel field effect transistor (TFET) and a switch element
described below.

[1] A tunnel field effect transistor including: a group IV
semiconductor substrate including a portion of a first con-
ductivity type that is one of n-type and p-type, the portion
including a (111) surface; a group III-V compound semi-
conductor nanowire including a first region uprightly pro-
vided on the (111) surface, and a second region of a second
conductivity type that is the other of the n-type and the
p-type, the second region being continuous from the first
region; one of a source electrode and a drain electrode which
is not in contact with the group III-V compound semicon-
ductor nanowire and is connected with the group IV semi-
conductor substrate; the other of the source electrode and the
drain electrode which is connected with the second region;
and a gate electrode configured to apply an electric field for
controlling flow of a carrier between the source electrode
and the drain electrode to an interface between the group IV
semiconductor substrate and the first region. The first region
contains either one or both of a first conductivity type dopant
for setting the group III-V compound semiconductor to the
first conductivity type and a second conductivity type dopant
for setting the group III-V compound semiconductor to the
second conductivity type; and at least one of the first
conductivity type dopant and the second conductivity type
dopant in the first region has a concentration that is equal to
or greater than 1x10'* cm™ and is smaller than a concen-
tration of the second conductivity type dopant in the second
region.

[2] The tunnel field effect transistor according to [1]
further including a gate dielectric film disposed on at least a
side surface in the first region of the group I1I-V compound
semiconductor nanowire. The gate electrode is disposed on
the gate dielectric film.

[3] A switch element including: the tunnel field effect
transistor according to [1] or [2].

Further, a second aspect of the present invention relates to
a method of manufacturing a tunnel field effect transistor
(TFET) described below.

[4] A method of manufacturing a tunnel field effect
transistor including: growing a group I1I-V compound semi-
conductor nanowire on a (111) surface of a portion of a first
conductivity type of a group IV semiconductor substrate, the
first conductivity type being one of n-type and p-type;
forming a gate electrode configured to apply an electric field
for controlling flow of a carrier between a source electrode
and a drain electrode to an interface between the group IV
semiconductor substrate and the group III-V compound
semiconductor nanowire; forming one of the source elec-
trode and the drain electrode on the group IV semiconductor
substrate such that the one of the source electrode and the
drain electrode is not in contact with the group III-V
compound semiconductor nanowire; and forming the other
of the source electrode and the drain electrode on the group
1I1-V compound semiconductor nanowire. The growing fur-
ther includes: forming either one of both of a first region by
intermittently doping a first conductivity type dopant for
setting the group I1I-V compound semiconductor to the first
conductivity type and a second conductivity type dopant for
setting the group I111-V compound semiconductor to a second
conductivity type on the (111) surface while supplying a
group III raw material and a group V raw material; and
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forming a second region of the second conductivity type by
further supplying the group V raw material and the group 111
raw material to the first region formed on the (111) surface,
the second region being the other of the n-type and the
p-type and being continuous from the first region.

[5] In the method according to [4], the first region

contains the second conductivity type dopant for setting the
group III-V compound semiconductor to the second con-
ductivity type; and in the forming of the first region, the first
conductivity type dopant is intermittently supplied to the
(111) surface such that a concentration of the first conduc-
tivity type dopant in the first region is 1x10'* to 1x10'7
cm™,
[6] In the method according to [4] or [5], in the forming
of'the first region, the first conductivity type dopant is doped
for 0.1 to 5 seconds per doping at an interval of 1.0 to 29.5
seconds.

[7] In the method according to any one of [4] to [6], in the
forming of the second region, the second region of the
second conductivity type is formed by doping the second
conductivity type dopant to the first region formed on the
(111) surface while supplying the group V raw material and
the group III raw material.

Advantageous Effects of Invention

According to the present invention, it is possible to
provide a TFET which can operate with a small subthreshold
(60 mV/digit or smaller), and can operate with a more
shifted rising voltage on the positive side or the negative
side. The TFET of the present invention can be readily
manufactured. With use of the TFET of the present inven-
tion, it is possible to improve a degree of integration and
performance of a semiconductor microprocessor and a large
scale integrated circuit while suppressing an increase in
power consumption of the semiconductor microprocessor
and the large scale integrated circuit.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a sectional view schematically illustrating a
configuration of a TFET of an embodiment;

FIG. 2A is a sectional view of a group III-V compound
semiconductor nanowire of the embodiment taken along line
A-A of FIG. 1,

FIG. 2B is a perspective view schematically illustrating
the nanowire of the embodiment;

FIG. 3A illustrates a group [1I-V compound semiconduc-
tor nanowire produced on a silicon substrate in manufactur-
ing of the TFET of the embodiment;

FIG. 3B illustrates the group III-V compound semicon-
ductor nanowire covered with a gate dielectric film and a
gate electrode layer in the manufacturing of TFET;

FIG. 3C illustrates the group III-V compound semicon-
ductor nanowire embedded in an insulation protective film;

FIG. 3D illustrates the gate dielectric film and the group
III-V compound semiconductor nanowire exposed from the
partially removed insulation protective film;

FIG. 3E illustrates the group III-V compound semicon-
ductor nanowire exposed from the insulation protective film;

FIG. 3F illustrates a complete TFET after formation of the
source electrode and the drain electrode;

FIG. 4A shows a temperature of the silicon substrate and
supply of source gas during production of the group I1I-V
compound semiconductor nanowire in manufacturing of the
TFET of the embodiment;
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FIG. 4B shows an example of supply of source gas in zone
C of FIG. 4A;

FIG. 4C shows an example of pulse doping of supply of
source gas in zone D of FIG. 4A;

FIG. 5A schematically illustrates an example of a band
structure of the TFET of the embodiment;

FIG. 5B schematically illustrates an example of a band
structure of a TFET of the other embodiment;

FIG. 6A is a scanning electron microscope photograph of
a group III-V compound semiconductor nanowire in an
exemplary conventional TFET;

FIG. 6B is a scanning electron microscope photograph of
an exemplary group III-V compound semiconductor
nanowire of the TFET of the present invention;

FIG. 7 shows relationships between the drain current and
the gate voltage in TFETs of Examples 1 and 2 and a
conventional TFET (of Comparative example 1);

FIG. 8A schematically illustrates a temperature of a
silicon substrate and supply of source gas in manufacturing
of TFETs of Examples 3 and 4;

FIG. 8B schematically illustrates pulse doping of supply
of source gas in zone D of FIG. 8A; and

FIG. 9 illustrates relationships between the drain current
and the gate voltage in the TFETs of Examples 3 and 4 and
a conventional TFET (of Comparative example 2).

DESCRIPTION OF EMBODIMENT

1. Tunnel Field Effect Transistor of the Present
Invention

A tunnel field effect transistor (TFET) according to the
present invention includes a group IV semiconductor sub-
strate, a group III-V compound semiconductor nanowire, a
source electrode, a drain electrode and a gate electrode. A
plurality of TFETs may be formed on one group IV semi-
conductor substrate. In the TFET of the present invention, a
(111) surface of the group IV semiconductor substrate and a
nanowire arranged on the (111) surface of the group IV
semiconductor substrate form an interface (hereinafter also
referred to as “junction interface”). In the TFET of the
present invention, a tunnel phenomenon occurs at this junc-
tion interface. It is to be noted that the “junction interface”
refers to a part where the group III-V compound semicon-
ductor nanowire is directly connected with the (111) surface.

The group IV semiconductor substrate is a substrate
having a (111) surface and made of group IV semiconductor,
such as a silicon substrate or a germanium substrate. The
group IV semiconductor substrate is, for example, a silicon
(111) substrate or a silicon (100) substrate. When the group
IV semiconductor substrate is a silicon (100) substrate, a
(111) surface is formed apart from the (100) surface.

The group IV semiconductor substrate has a portion
including the (111) surface. This portion is of n-type or
p-type. The conductivity type of this portion is also referred
to as “first conductivity type.” Therefore, a portion including
the (111) surface of the group IV semiconductor substrate
may have the first conductivity type, or the entirety of the
group IV semiconductor substrate may have the first con-
ductivity type. For example, the group IV semiconductor
substrate may also be a group IV semiconductor substrate
including a group IV semiconductor layer whose end face is
a (111) surface. In addition, the group IV semiconductor
substrate may be doped to be an n-type or p-type. As a
dopant doped to the group IV semiconductor substrate, a
dopant that sets the substrate to n-type or p-type is used. For
example, examples of the dopant that sets the group IV
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semiconductor substrate to p-type include B, Al, Ga, In and
T1. In addition, examples of the dopant that sets the group IV
semiconductor substrate to n-type include N, P, As, Sb and
Bi.

Furthermore, an insulating film may be formed on the
surface of the group IV semiconductor substrate. Examples
of the insulating film include a silicon oxide film, and a film
including a compound having a dielectric constant of 3.9 or
greater. Examples of the compound having a dielectric
constant of 3.9 or greater include silicon nitride and HfA1O.

The group 11I-V compound semiconductor nanowire is a
structure made of a group III-V compound semiconductor
having a diameter of 2 to 100 nm and a length of 50 nm to
10 um. For example, the group III-V compound semicon-
ductor nanowire is arranged on the (111) surface of the
group IV semiconductor substrate such that a longitudinal
axis thereof is perpendicular to the (111) surface. The group
III-V compound semiconductor may be any one of semi-
conductor made of two elements, semiconductor made of
three elements, semiconductor made of four elements and
semiconductor made of more than four elements.

Examples of the group III-V compound semiconductor
made of two elements include InAs, InP, GaAs, GaN, InSb,
GaSb and AlSb. Examples of the group III-V compound
semiconductor made of three elements include AlGaAs,
InGaAs, InGaN, AlGaN, GaNAs, InAsSb, GaAsSb, InGaSb
and AllnSb. Examples of the group 1II-V compound semi-
conductor made of four or more elements include InGaAIN,
AllnGaP, InGaAsP, GalnAsN, InGaAlSb, InGaAsSb and
AllnGaPSb.

The group III-V compound semiconductor nanowire
includes a first region and a second region. The first region
is a portion that is joined to the (111) surface of the group
IV semiconductor substrate and is uprightly provided on the
(111) surface. The second region is a portion that is con-
tinuous from the first region. For example, in the longitu-
dinal direction of the group III-V compound semiconductor
nanowire, the first region is a portion provided on the
substrate side, and the second region is a portion provided on
the side opposite to the substrate side.

The first region contains a first conductivity type dopant
for shifting a gate voltage described later. That is, the first
region includes the first conductivity type dopant for setting
the group III-V compound semiconductor to the first con-
ductivity type, or a second conductivity type dopant for
setting the group III-V compound semiconductor to the
second conductivity type, or both. For example, the first
region may be composed of a group III-V compound semi-
conductor which is of i-type in a non-doped state in which
the first conductivity type dopant, or the second conductivity
type dopant or both is doped. In addition, the first region
may be formed by doping either one or both of the first
conductivity type dopant and the second conductivity type
dopant into a group III-V compound semiconductor having
the property of n-type by doping an unintended dopant there
into although the group III-V compound semiconductor has
the property of p-type in a non-doped state. Further, the first
region may be formed by doping either one or both of the
first conductivity type dopant and the second conductivity
type dopant into a group III-V compound semiconductor
having the property of p-type by doping an unintended
dopant there into although the group III-V compound semi-
conductor has the property of n-type in a non-doped state.

The concentration of the first conductivity type dopant
and the second conductivity type dopant in the first region
may be appropriately set in a range between a concentration
which is effective as a dopant when the first conductivity
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type dopant or the second conductivity type dopant is singly
doped, and a concentration at which the influence of one of
the dopants can be substantially canceled with the other of
the dopants in the first region. For example, the concentra-
tion of at least one of the first conductivity type dopant and
the second conductivity type dopant in the first region is
equal to or greater than 1x10'* cm™ and is smaller than the
concentration of the second conductivity type dopant in the
second region.

In addition, in the case where the first region includes both
the first conductivity type dopant and the second conduc-
tivity type dopant, the concentration of one of the first
conductivity type dopant and the second conductivity type
dopant is preferably smaller than that of the other of the first
conductivity type dopant and the second conductivity type
dopant, from the viewpoint of substantially cancelling the
influence of one of the dopants by the other of the dopants.
For example, in the case where the first conductivity type
dopant is doped to the first region of the group III-V
compound semiconductor which is the second conductivity
type with the presence of unintended dopant although the
group III-V compound semiconductor has the property of
i-type in a non-doped state, the concentration of the first
conductivity type dopant is smaller than the concentration of
the second conductivity type dopant in the second region,
and is, preferably, smaller than the concentration of the
second conductivity type dopant in the first region when the
doping of the first conductivity type dopant is intended to
suppress the second conductivity type set by unintended
doping.

Disadvantageously, when the concentration of the first
conductivity type dopant is excessively small, the conduc-
tivity type of the first region may not appropriately be
controlled, and when the concentration of the first conduc-
tivity type dopant is excessively large, the actual junction
interface is the interface between the first region and the
second region. Both the concentration of the first conduc-
tivity type dopant and the concentration of the second
conductivity type dopant can be determined by forming an
InAs nanowire in a non-doped state on a silicon substrate of
n-type, p-type or i-type to produce a vertical FET structure,
and calculating the concentration from the threshold voltage
of the nanowire. Such a first region can be formed by
intermittently doping the first conductivity type dopant
described later, for example. For the above-mentioned rea-
son, the concentration of the first conductivity type dopant
in the first region is preferably 1x10"* to 1x10'7 cm™>.

One or more kinds of the first conductivity type dopant
may be used. Examples of the first conductivity type dopant
for setting the first region to p-type include Zn, Cd, Hg, Te
and C. Examples of the first conductivity type dopant for
setting the first region to n-type include C, Si, Ge, Sn, O, S,
Se and Po.

From the viewpoint of appropriately adjusting the con-
ductivity type of the first region, the first conductivity type
dopant is preferably a dopant for setting the group III-V
compound semiconductor to a conductivity type opposite to
the conductivity type of the group III-V compound semi-
conductor in which the first conductivity type dopant is not
doped. That is, a first conductivity type dopant of p-type is
preferable for a group III-V compound semiconductor of
n-type, and a first conductivity type dopant of n-type is
preferable for a group III-V compound semiconductor of
p-type. Here, the “group I1I-V compound semiconductor in
which the first conductivity type dopant is not doped”
includes a group III-V compound semiconductor which
becomes a specific conductivity type when an unintended
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dopant is doped (mixed). Such a first conductivity type
dopant can be determined by forming the first region without
doping the first conductivity type dopant, and measuring the
conductivity type of the first region, for example.

The second region is of a conductivity type of one of
n-type and p-type, which is opposite to the first conductivity
type. The conductivity type of the second region is also
referred to as “second conductivity type.” The second region
of the second conductivity type can be formed by doping the
second conductivity type dopant. One or more kinds of the
second conductivity type dopant may be used. The second
conductivity type dopant is selected from among the dopants
exemplified as the examples of the first conductivity type
dopant.

The source electrode is connected to the source region of
the TFET of the present invention and the drain electrode is
connected to the drain region of the TFET of the present
invention. Examples of the source electrode and the drain
electrode include a Ti/Au alloy film, a Ti/Al/Ti/Au alloy
film, a Ge/Au/Ni/Au alloy film and the like.

The positions of the source electrode and the drain
electrode differ depending on the structure of the TFET of
the present invention. For example, in the case where the
group IV semiconductor substrate functions as a source
region, the first region (in connection with the (111) surface
of the group IV semiconductor substrate) of the group 11I-V
compound semiconductor nanowire functions as a channel
region, and the second region (region other than the first
region) of the group II-V compound semiconductor
nanowire functions as a drain region, the source electrode is
connected with the group IV semiconductor substrate, and
the drain electrode is connected with the second region of
the group III-V compound semiconductor nanowire.

In the case where the group IV semiconductor substrate
functions as a drain region, the first region (in connection
with the (111) surface of the group IV semiconductor
substrate) of the group III-V compound semiconductor
nanowire functions as a channel region, and the second
region (region other than the first region) of the group I1I-V
compound semiconductor nanowire functions as a source
region, the source electrode is connected with the second
region of the group III-V compound semiconductor
nanowire, and the drain electrode is connected with the
group IV semiconductor substrate.

The gate electrode can apply an electric field to the
junction interface. Normally, a gate dielectric film is
arranged in the channel region (group IV semiconductor
substrate and/or group III-V compound semiconductor
nanowire) and the gate electrode is arranged on the gate
dielectric film.

As long as the effect of the present invention can be
obtained, the TFET of the present invention may further
include components other than the above-described compo-
nents. For example, the TFET of the present invention may
further include an insulation protective film. The insulation
protective film is arranged such that its thickness direction is
aligned with the longitudinal axial direction of the group
III-V compound semiconductor nanowire. The insulation
protective film may be arranged on the entire group IV
semiconductor substrate, or on a part of the group IV
semiconductor substrate. From the viewpoint of protecting
the group III-V compound semiconductor nanowire, the gate
dielectric film and the gate electrode, it is preferable that the
insulation protective film have a thickness enough to cover
at least a part of the first region and the second region of the
group III-V compound semiconductor nanowire. From a
view point of sufficiently obtaining electrical insulation
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property and performing formation with a solution having a
low viscosity which does not bend the nanowire, it is
preferable that the insulation protective film be a BCB
(benzocyclobutene) layer.

In the TFET of the present invention, the junction inter-
face preferably has neither dislocation nor defect, but may
have small dislocation or defect. To be more specific, the
period of misfit dislocation at the junction interface needs
only to be longer than the period of misfit dislocation
calculated from lattice mismatch between the group IV
semiconductor and the group III-V compound semiconduc-
tor. Furthermore, the density of threading dislocation at the
junction interface needs only to fall within a range of 0 to
10*° dislocations/cm?®. By manufacturing the TFET of the
present invention using the method of manufacturing a
TFET according to the present invention, which will be
described later, it is possible to manufacture the TFET of the
present invention having the junction interface basically
including neither dislocation nor defect.

In the TFET of the present invention, the junction inter-
face functions as a tunnel layer. As described in the embodi-
ment later, in the TFET of the present invention, a positive
or negative bias is applied to the gate electrode and thus the
carrier in the source region (the group IV semiconductor
substrate or the group II-V compound semiconductor
nanowire) moves into the channel region (the group III-V
compound semiconductor nanowire or the group IV semi-
conductor substrate) (ON state is established) through a
tunnel phenomenon. This operation corresponds to a switch
operation of an n-type or p-type MOSFET of a CMOS
switch (FIG. 5A and FIG. 5B).

The TFET of the present invention can operate at a
subthreshold of 60 mV/digit or smaller by using a potential
produced at the junction interface between the group IV
semiconductor substrate and the group III-V compound
semiconductor nanowire (see Examples). Power consump-
tion of the semiconductor device can be reduced by using the
TFET of the present invention as a switch element. As a
result, power saving and reduction of environmental load
can be achieved.

In addition, in the TFET of the present invention, by
appropriately adjusting the conductivity type of the first
region of the group III-V compound semiconductor
nanowire, the threshold voltage is shifted to the positive side
or the negative side. In this manner, by appropriately adjust-
ing the conductivity type of the first region, the polarity and
the value of the voltage (gate voltage) to be supplied
required for the ON state can be arbitrarily controlled (FIG.
D.

2. Manufacturing Method of TFET of the Present
Invention

A manufacturing method of the TFET of the present
invention includes a nanowire growth step, a gate electrode
formation step, a step of forming a source electrode and a
drain electrode.

The “nanowire growth step” is a step of growing a group
1I1-V compound semiconductor nanowire on a (111) surface
of the first conductivity type of the group IV semiconductor
substrate. The “gate electrode formation step” is a step of
forming a gate electrode for generating the electric field for
controlling the flow of a carrier between the source electrode
and the drain electrode. The gate electrode is arranged in
such a manner as to act at the interface of the group IV
semiconductor substrate and the group III-V compound
semiconductor nanowire. The “step of forming a source
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electrode and a drain electrode” is a step of forming one of
the source electrode and the drain electrode on the group IV
semiconductor substrate and forming the other of the source
electrode and the drain electrode on the group III-V com-
pound semiconductor nanowire in such a manner as not to
contact with the group III-V compound semiconductor
nanowire.

The steps other than the nanowire growth step can be
performed based on conventional techniques in accordance
with the method disclosed in PTL 1 for example.

In a manufacturing method of the TFET of the present
invention, a preprocessing step of the group IV semicon-
ductor substrate can be performed prior to the “nanowire
growth step” as necessary. Examples of such a preprocessing
step include a step of forming an insulating film having an
opening.

Examples of the group IV semiconductor substrate having
(111) surface on which to form the insulating film include an
n-type silicon (111) substrate, a p-type silicon (111) sub-
strate, and a silicon (100) substrate whose (111) surface is
wholly or partly exposed by anisotropic etching on the
surface. The silicon oxide film as an insulating film can be
formed by thermal oxidization of a silicon substrate or by a
commonly used method for forming a thin film such as a
sputtering method, for example. The thickness of the insu-
lating film is not limited, and may be about 20 nm, for
example.

The opening of the insulating film can be formed using a
fine patterning technique such as electron beam lithography,
photolithography, nanoimprint lithography or the like. The
shape of the opening can be arbitrarily determined, and
examples of the shape of the opening include a triangular
shape, a quadrangular shape, a hexagonal shape and a
circular shape. The diameter of the opening may be, for
example, about 2 to 100 nm. When the diameter of the
opening is excessively large, multiple dislocations or defects
may be formed at the junction interface. When a plurality of
openings are periodically arrayed on one group IV semi-
conductor substrate, the interval of openings is about 10 nm
to several micro meters.

In addition, examples of the preprocessing step include a
high-temperature heat treatment. The high-temperature heat
treatment is a treatment for removing a natural oxide film
formed on the (111) surface of the group IV semiconductor
substrate. The natural oxide film inhibits the growth of the
group I1I-V compound semiconductor nanowire. The natural
oxide film is removed by performing the high-temperature
heat treatment on the group IV semiconductor substrate
provided with the opening. When the natural oxide film is
removed, the surface ((111) surface in the opening) of the
group IV semiconductor substrate is exposed. The high-
temperature heat treatment can be performed under a con-
dition of approximately 900° C. in an atmosphere of inert
gas such as nitrogen gas and argon gas, and hydrogen gas.

In addition, examples of the preprocessing step include a
low-temperature heat treatment. The low-temperature heat
treatment is a treatment for reducing the temperature of the
group IV semiconductor substrate after the high-temperature
heat treatment to a temperature of growth of the group I1I-V
compound semiconductor nanowire or below, for example,
to about 400° C. to set the (111) surface of the group IV
semiconductor substrate to a (111) 1x1 surface.

While the (111) surface after the high-temperature heat
treatment is typically configured in a 1x1 structure, the (111)
surface may possibly be converted to the (111) 2x1 surface
during cooling down in some cases. However, by reducing
the temperature of the group IV semiconductor substrate to

10

15

20

25

30

35

40

45

50

55

60

65

10
about 400° C., the (111) 2x1 surface can be again converted
to the (111) 1x1 surface. It is to be noted that the “(111) 2x1
surface” refers to a surface where the minimum unit of an
atomic array is 2-atom distancex1-atom distance. The “(111)
1x1 surface” refers to a surface where the minimum unit of
an atomic array is 1-atom distancex1-atom distance.

The low-temperature heat treatment may be performed at
approximately 350 to 450° C. (for example, approximately
400° C.). The low-temperature heat treatment is preferably
performed under an atmosphere of inert gas such as hydro-
gen gas, nitrogen gas, argon gas, and helium gas.

Further, in the manufacturing method of the TFET of the
present invention, a preparation step of growing the
nanowire can be performed during the “nanowire growth
step” as necessary. Examples of such a preparation step
include a step of converting the (111) surface to a (111) A
surface or to a (111) B surface. The “(111) A surface” refers
to a surface where a group III element is disposed on the
surface. In addition, the “(111) B surface” refers to a surface
where a group V element is disposed on the surface. The
(111) A surface or the (111) B surface of the group III-V
compound semiconductor has a structure in which a (111)
2x2 surface, that is, the minimum unit, is configured at a
period of 2-atom distancex2-atom distance. Thus, when a
group III element or a group V element is arranged in a
minimum unit smaller than the 2-atom distancex2-atom
distance on the surface of the group IV semiconductor
substrate, the group III-V compound semiconductor can
easily grow on the surface.

The step of converting the (111) surface to the (111) A
surface or the (111) B surface can be performed by supply-
ing a group III raw material or a group V raw material to the
(111) surface of the IV semiconductor substrate. The step of
converting the (111) surface to the (111) A surface or the
(111) B surface may be performed after the step of convert-
ing the surface of the group IV semiconductor substrate to
the (111) 1x1 surface or may be performed simultaneously
with the step of converting it to the (111) 1x1 surface. For
example, the (111) 1x1 surface can be converted to the (111)
A surface or the (111) B surface by converting the (111) 2x1
surface of the group IV semiconductor substrate to the (111)
1x1 surface by the low-temperature heat treatment, and by
supplying a group Il raw material or a group V raw material
to the surface of the IV semiconductor substrate (FIG. 4A
and FIG. 4B).

Preferably, the group III raw material is a gas containing
boron, aluminum, gallium, indium or titanium (may also be
an organic metal compound). The group III raw material is
an organic alkyl metal compound such as trimethyl indium.
Preferably, the group V raw material is a gas containing
nitrogen, phosphor, arsenic, antimony or bismuth (may also
be an organic metal compound). The group V raw material
is, for example, hydrogenated arsenic (arsine; AsH;). Pref-
erably, the group III raw material or group V raw material is
supplied at 400 to 500° C.

In addition, examples of the preparation step include an
alternate raw material supply modulation method. The
“alternate raw material supply modulation method” is a
method of alternately supplying a source gas containing a
group III element and a source gas containing a group V
element to the group IV semiconductor substrate, and form-
ing a thin film of a group III-V compound semiconductor on
the (111) A surface or the (111) B surface exposed through
the opening of the insulating film. The alternate raw material
supply modulation method can be performed at a tempera-
ture necessary to grow the group 1I1I-V compound semicon-
ductor nanowire, and preferably, the method is performed at
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a temperature lower than the temperature necessary to grow
the group III-V compound semiconductor nanowire. For
example, the alternate raw material supply modulation
method may be performed at a temperature of growth of the
group III-V compound semiconductor nanowire, or may be
performed at approximately 400° C., or, may be performed
while raising the temperature from 400° C.

To be more specific, when the (111) A surface is formed
on the group IV semiconductor substrate, the raw material
gas containing the group III element is supplied first and
then the raw material gas containing the group V element is
supplied. Furthermore, the raw material gas containing the
group III element and the raw material gas containing the
group V element are alternately and repeatedly supplied.
When the (111) B surface is formed on the group IV
semiconductor substrate, the raw material gas containing the
group V element is supplied first and then the raw material
gas containing the group III element is supplied. Further-
more, the raw material gas containing the group V element
and the raw material gas containing the group 11l element are
alternately and repeatedly supplied.

The supply time for the raw material gas containing the
group V element and the supply time for the raw material gas
containing the group III element may be about several
seconds respectively. Furthermore, it is preferable to provide
an interval of several seconds between the supply of the raw
material gas containing the group V element and the supply
of'the raw material gas containing the group III element. The
raw material gas containing the group V element and the raw
material gas containing the group III element may be
alternately supplied until the thin film of the group III-V
compound semiconductor has a desired thickness. The thin
film of the III-V compound semiconductor is formed by
repeatedly supplying the gas several times.

The alternate raw material supply modulation method also
has a compensation effect of again forming the (111) A
surface or the (111) B surface even when there is a portion
that could not be converted at the time of conversion of the
(111) 1x1 surface of the group IV semiconductor substrate
to the (111) A surface or the (111) B surface. This is because
the group IV element and group III element or group V
element are bonded together by the alternate raw material
supply modulation method.

The thin film of the III-V compound semiconductor
formed by the alternate raw material supply modulation
method can prevent dissociation of the group III element or
the group IV element adsorbed to the substrate due to heat
when the substrate temperature is raised to grow the semi-
conductor nanowire after the alternate raw material supply
modulation method is performed.

The nanowire growth step includes a step (first region
formation step) of intermittently doping either one or both of
the first conductivity type dopant and the second conduc-
tivity type dopant while supplying the group III raw material
and the group V raw material on the (111) surface to form
the first region having a pseudo intrinsic property; and a step
(second region formation step) of supplying the group III
raw material and the group V raw material to the first region
formed on the (111) surface, and doping the second con-
ductivity type dopant as necessary to form the second region
of the second conductivity type of the other of n-type and
p-type such that the second region is continuous from the
first region. The “group III-V compound semiconductor
nanowire” may include, in addition to the first region and the
second region, a portion originating from the raw material of
the nanowire which is formed by the above-described
nanowire growth preparation step, for example.
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In each of the first region formation step and the second
region formation step, the growth of the group III-V com-
pound semiconductor nanowire is performed by a method of
supplying the group III raw material and the group V raw
material onto the (111) surface. For example, the growth of
the group III-V compound semiconductor nanowire is per-
formed by a metal-organic chemical vapor phase epitaxy
method (hereinafter also referred to as “MOVPE method”)
or a molecular beam epitaxy method (hereinafter also
referred to as “MBE method”). Preferably, the group I1I-V
compound semiconductor nanowire is grown by the
MOVPE method.

The semiconductor nanowire can be formed according to
the MOVPE method using a normal MOVPE apparatus.
That is, a raw material gas containing the group III element
and a raw material gas containing the group V element may
be provided at a predetermined temperature and under a
condition of a reduced pressure. When, for example, an InAs
nanowire is formed, a gas containing hydrogenated arsenic
(AsH;) and a gas containing trimethyl indium may be
provided at approximately 540° C. Furthermore, when a
GaAs nanowire is formed, gases containing hydrogenated
arsenic and trimethyl gallium may be provided at approxi-
mately 750° C. When forming an InGaAs nanowire, gases
containing hydrogenated arsenic, trimethylindium, and trim-
ethylgallium may be provided at about 670° C.

In the first region formation step, the group III raw
material and the group V raw material are supplied to the
above-described (111) surface of the group IV semiconduc-
tor substrate. When the thin film is formed by the alternate
raw material supply modulation method, the group III raw
material and the group V raw material are supplied to the
thin film. Typically, the amount of supplying the group III
raw material and the group V raw material is fixed. In the
first region formation step, the amount of supplying one of
the raw materials may be continuously or intermittently
changed, or the both raw materials may be intermittently
supplied as necessary.

In the first region formation step, along with the supply of
the group III raw material and the group V raw material, the
first conductivity type dopant or the second conductivity
type dopant or both is intermittently doped to form the first
region. The first region thus formed has a pseudo intrinsic
property. The “pseudo intrinsic property” is the conductivity
type of the first region that is determined in accordance with
the concentration of the first conductivity type dopant and
the second conductivity type dopant in the first region. The
pseudo intrinsic property is a conductivity type which is
adjusted such that a part of or all of the original conductivity
type of the semiconductor is electrically cancelled. The
pseudo intrinsic property is obtained by doping the second
conductivity type dopant or the first conductivity type dop-
ant into a semiconductor forming the first region, which is
the first conductivity type or the second conductivity type
even in a non-doped state, for example. The pseudo intrinsic
property may be n-type, p-type, or i-type.

It is to be noted that the “i-type” in the pseudo intrinsic
property refers to a state where the concentration of the
n-type dopant and the concentration of the p-type dopant in
the first region are each 1x10'° cm™ or smaller, and the
resistance value of the first region is 0.1 Q-cm or greater, for
example. The resistance value can be obtained by four-probe
voltage-current characteristics, gradient of the current in a
nonlinear region of the transistor characteristics, and the
like, for example.

The first region may contain the second conductivity type
dopant. For example, when the group III raw material or the



US 9,634,114 B2

13

group V raw material contains a minute amount of organic
catalyst, the carbon atoms resulting from the organic catalyst
are doped into the first region. The carbon atoms act as an
n-type dopant in the group III-V compound semiconductor
nanowire.

In this case, from a viewpoint of setting the first region
that has the second conductivity type in a non-doped state to
the first conductivity type and shifting the gate voltage (for
example, shifting from negative to positive), the doping
amount of the first conductivity type dopant in the first
region formation step is preferably an amount which sets the
concentration of the first conductivity type dopant in the first
region to a value equal to or greater than 1x10* cm™ and
smaller than the concentration of the second conductivity
type dopant, more preferably an amount which sets the
concentration of the first conductivity type dopant in the first
region to 1x10'* to 1x10'7 cm™>. In addition, in the first
region formation step, the period of time for doping the first
conductivity type dopant per doping is preferably 0.1 to 5
seconds, and the interval of the first conductivity type dopant
is preferably 1 to 29.5 seconds from the viewpoint of
shifting the gate voltage in an appropriate amount.

In the second region formation step, it is preferable to
form the second region of the second conductivity type by
doping the second conductivity type dopant while supplying
the group III raw material and the group V raw material,
from the viewpoint of forming the second region of a
suitable second conductivity type. Doping of the second
conductivity type dopant in the second region formation step
may be omitted depending on the conductivity type of the
group III-V compound semiconductor nanowire that is
formed by supply of the group I1I raw material and the group
V raw material.

Through the above-mentioned procedure, it is possible to
form the group III-V compound semiconductor nanowire
including the first region and the second region on the (111)
surface of the group IV semiconductor substrate such that
the longitudinal axis thereof is perpendicular to the (111)
surface. When the group II-V compound semiconductor
nanowire is formed in this manner, the junction interface
basically has neither dislocation nor defect.

In the gate electrode formation step, the gate electrode is
formed. For example, the gate electrode may be formed by
a method using a photolithography method. In such a
method, for example, using a photolithography method, a
region other than a portion on which an electrode is to be
formed is masked with a resist film, metal such as gold,
platinum, titanium, chromium, aluminum, palladium, and
molybdenum or semiconductor such as polysilicon is depos-
ited and the resist film is removed (liftoft). In addition, after
the deposition of titanium, gold may be further deposited
and stacked to form an electrode of a two-layer structure.

As described above, preferably, the gate eclectrode is
arranged on a gate dielectric film. In this case, the gate
electrode is formed on the gate dielectric film. The method
of forming the gate dielectric film is not limited. For
example, a film made of silicon oxide (SiO,), aluminum
oxide (Al,O;), hafnium oxide (HfO,) or zirconium oxide
(ZrO,) may be formed by an atomic layer deposition (ALD)
method or the like.

In the step of forming a source electrode and a drain
electrode, the source electrode and the drain electrode are
formed. The source electrode and the drain electrode can be
formed by a photolithography method as with the gate
electrode.

Of the source electrode, the drain electrode and the gate
electrode, formation of the source electrode or the drain
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electrode in the second region of the group I1I-V compound
semiconductor nanowire is performed after the nanowire
growth step. However, the timing of formation of electrodes
other than the source electrode or the drain electrode in the
second region is not limited as long as the electrode can be
arranged at a desired position in accordance with the con-
figuration of the TFET.

The TFET of the present invention can be manufactured
through the above-mentioned procedure.

According to the above-mentioned method of manufac-
turing a TFET, a TFET having a desired characteristics can
be manufactured by appropriately selecting the kind of the
dopant of the first region, and by intermittently doping the
dopant.

Hereinafter, an embodiment of a tunnel field effect tran-
sistor (TFET) of the present invention will be described in
detail with reference to the accompanying drawings.

FIG. 1 is a sectional view illustrating a configuration of a
TFET of the embodiment. As illustrated in FIG. 1, TFET 100
of'the embodiment includes highly p-doped silicon substrate
110, insulating film 120, group III-V compound semicon-
ductor nanowire 130, gate dielectric film 140, insulating
protective film 150, source electrode 160, drain electrode
170 and gate electrode 180.

Silicon substrate 110 is a highly p-doped silicon (111)
substrate.

Insulating film 120 is an insulating film that covers a
surface ((111) surface) of the two surfaces of p-type silicon
substrate 110 on which at least group III-V compound
semiconductor nanowire 130 is arranged. Insulating film
120 is a silicon oxide (SiO,) film having a film thickness of
20 nm, for example. The (111) surface of p-type silicon
substrate 110 is in direct contact with group III-V compound
semiconductor nanowire 130 and forms a junction interface.
Insulating film 120 is not present at the interface.

Group [1I-V compound semiconductor nanowire 130 is a
nanowire made of a group III-V compound semiconductor
having a diameter of 20 nm and a length of 300 nm, for
example. Group III-V compound semiconductor nanowire
130 includes first region 132 in which a p-type dopant is
doped, and highly n-doped second region 134. Group I1I-V
compound semiconductor nanowire 130 is arranged on the
(111) surface of p-type silicon substrate 110 such that a
longitudinal axis thereof'is substantially perpendicular to the
(111) surface. First region 132 (pseudo intrinsic semicon-
ductor) is located closer to the p-type silicon substrate 110
side (p-type semiconductor) than second region 134 (n-type
semiconductor). The junction interface (for example, the
(111) surface at the junction part) of first region 132 and
p-type silicon substrate 110 basically has neither dislocation
nor defect. Group III-V compound semiconductor nanowire
130 has a shape of a hexagonal prism as illustrated in FIG.
2A and FIG. 2B.

Gate dielectric film 140 is an insulating film that covers a
surface of insulating film 120 and a side surface of group
II-V compound semiconductor nanowire 130 (a side sur-
face of first region 132 and a part of a side surface of second
region 134). Gate dielectric film 140 is a high dielectric film
such as a hafnium aluminate (HfAIOx) film.

Insulation protective film 150 is a film made of insulating
resin such as BCB that covers group III-V compound
semiconductor nanowire 130, gate dielectric film 140 and
gate electrode 180.

Source electrode 160 is arranged on a rear surface (the
surface opposite to the surface on which group III-V com-
pound semiconductor nanowire 130 is arranged) of p-type
silicon substrate 110, and is connected with p-type silicon
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substrate 110 (p-type semiconductor). P-type silicon sub-
strate 110 and source electrode 160 are in direct contact with
each other so as to form an interface, and insulating film 120
is not present at the interface. Source electrode 160 is a
Ti/Au alloy film formed on the rear surface of p-type silicon
substrate 110, for example. Of the two surfaces of p-type
silicon substrate 110, source electrode 160 may be arranged
on the surface on which group III-V compound semicon-
ductor nanowire 130 is arranged.

Drain electrode 170 is arranged on group I1I-V compound
semiconductor nanowire 130 and insulating protective film
150 and is connected to second region 134 (n-type semi-
conductor) of group III-V compound semiconductor
nanowire 130. Drain electrode 170 is, for example, a Ti/Au
alloy film, a Ti/Al/Ti/Au alloy film, or a Ge/Au/Ni/Au alloy
film arranged on group III-V compound semiconductor
nanowire 130 and insulating protective film 150.

Gate electrode 180 is arranged on gate dielectric film 140
in such a manner as to cover the perimeter of first region
132. Gate electrode 180 is, for example, a W film or a Ti/Au
alloy film formed on gate dielectric film 140.

FIG. 3A to FIG. 3F schematically illustrate an exemplary
manufacturing method of TFET 100. FIG. 4A to FIG. 4C
illustrate exemplary steps of producing group III-V com-
pound semiconductor nanowire 130. Hereinafter, the manu-
facturing method of TFET 100 is described with reference to
FIGS. 3A to 4C.

First, p-type silicon substrate 110 is prepared. Insulating
film 120 made of silicon oxide (SiO,) having a film thick-
ness of 20 nm is formed on a surface of p-type silicon
substrate 110 by a thermal oxidation method. Opening 122
is formed in insulating film 120. Opening 122 has a diameter
of 20 nm, for example. Opening 122 is formed by a
photolithography method or the like. It is to be noted that
source electrode 160 may be arranged on a rear surface of
p-type silicon substrate 110 in advance.

P-type silicon substrate 110 is subjected to a high-tem-
perature heat treatment in which the substrate is kept at a
temperature of 900° C. for a certain period. The high-
temperature heat treatment is performed under a condition of
approximately 900° C. in an atmosphere of inert gas as
shown in zone A of FIG. 4A, for example. In FIG. 4A, the
broken line indicates the temperature of the substrate. In the
embodiment, continuously, the temperature of p-type silicon
substrate 100 is kept at approximately 400° C. as described
above, a group III element or a group V element is supplied
to the (111) surface in order to convert the (111) surface to
a (111) A surface or a (111) B surface (see zone B of FIG.
4A). For example, for the purpose of converting the (111)
surface to the (111) B surface, AsH; gas that is a source gas
containing a group V element is supplied to the (111) surface
while keeping the temperature of the substrate at 400° C.,
subsequent to the high-temperature heat treatment as illus-
trated in FIG. 4A. In FIG. 4A, the laterally extended bars
indicate the kinds of source gases and the timings for
supplying thereof.

Next, as shown in FIG. 3A, group III-V compound
semiconductor nanowire 130 is grown from the (111) sur-
face of p-type silicon substrate 110 exposed through opening
122 by an MOVPE method. At this time, it is preferable to
form a thin film of a group I1I-V compound semiconductor
on the (111) surface of p-type silicon substrate 110 by an
alternate raw material supply modulation method before
growing group III-V compound semiconductor nanowire
130.

The alternate raw material supply modulation method is
performed in zone C of FIG. 4A. In the alternate raw
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material supply modulation method, the temperature of the
substrate is gradually raised toward the temperature of
growth of group III-V compound semiconductor nanowire
130. In addition, in the alternate raw material supply modu-
lation method, source gas containing a group III element and
source gas containing a group V element as the base material
of group III-V compound semiconductor nanowire 130,
which are TMIn (trimethyl indium) gas and AsH; gas, are
alternately supplied as illustrated in FIG. 4B in the embodi-
ment.

For example, the supply time for each source gas is two
seconds, and the interval of the supply of each source gas is
one second. During the interval, hydrogen gas is supplied to
the (111) surface. In the alternate raw material supply
modulation method, as indicated with the arrow in FIG. 4B,
a combination of single supply of each of TMIn gas and
AsH; gas and supply of hydrogen gas subsequent to the
supply of each of TMIn gas and AsH; gas as one cycle is
repeated multiple times (for example 30 times).

Next, first region 132 of group I1I-V compound semicon-
ductor nanowire 130 is grown. First region 132 is grown in
zone D of in FIG. 4A. During the growth of first region 132,
the temperature of the substrate is kept at a certain tempera-
ture (for example 540° C.). During the growth of first region
132, DEZn (diethyl zinc) gas is intermittently supplied to
dope Zn as the p-type dopant to first region 132 while
continuously supplying AsH; gas and TMIn gas as the base
material as illustrated in FIG. 4C.

For example, the DEZn gas is supplied for X seconds
while the AsH, gas and the TMIn gas are being supplied for
30 seconds. That is, the DEZn gas is supplied for X seconds
at an interval of (30-X) seconds. As long as the compensa-
tion doping effect can be obtained in first region 132, the
supply time X of the DEZn gas may be appropriately set, and
for example, may be set to 0.5 to 5 seconds. The supply time
X may be fixed or changed in zone D. During the growth of
first region 132, the DEZn gas is supplied one time with one
interval in one cycle as indicated with the arrow in FIG. 4C,
the cycle is repeated multiple times (for example 30 times).

Next, second region 134 of group III-V compound semi-
conductor nanowire 130 is grown. Second region 134 is
grown in zone E of FIG. 4A. Also during the growth of
second region 134, the temperature of the substrate is kept
at a certain temperature (for example 540° C.). During the
growth of second region 134, together with AsH; gas and
TMIn gas as the base material, SiH, gas is continuously
supplied to dope Si as the n-type dopant to second region
134 as illustrated in FIG. 4A in the embodiment.

After first region 132 and second region 134 are formed,
a surface of insulating film 120 and a surface of group I1I-V
compound semiconductor nanowire 130 are covered with
gate dielectric film 140, and then gate dielectric film 140 is
covered with gate electrode 180 as illustrated in FIG. 3B.
Gate dielectric film 140 is formed by an ALD method, for
example. Gate electrode 180 is formed by a sputtering
method, for example.

Next, as illustrated in FIG. 3C, insulation protective film
150 is formed on a surface of p-type silicon substrate 110.
Insulation protective film 150 is formed by a spin coating
method, for example.

Next, as illustrated in FIG. 3D, each of insulation pro-
tective film 150, gate electrode 180 and gate dielectric film
140 is partially removed to expose a tip (an end portion of
second region 134) of group I11-V compound semiconductor
nanowire 130 and gate dielectric film 140. Such partial
removal is performed by a reactive ion etching (reactive ion
etching).
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Next, as illustrated in FIG. 3E, after insulation protective
film 150 is formed, the tip of group III-V compound
semiconductor nanowire 130 is again exposed. Thereafter,
as illustrated in FIG. 3F, drain electrode 170 is formed on the
surface of insulation protective film 150, and source elec-
trode 160 is formed on a rear surface of p-type silicon
substrate 110. Drain electrode 170 and source electrode 160
are formed by a vacuum deposition, for example.

In TFET 100, the bonded surface of first region 132 of
group I1I-V compound semiconductor nanowire 130 and the
(111) surface of silicon substrate 110 functions as a tunnel
layer. As shown in FIG. 5A, in TFET 100, carriers in p-type
silicon substrate 110 move into group III-V compound
semiconductor nanowire 130 (ON state is established)
through a tunnel phenomenon when a positive bias is
applied to gate electrode 180. This operation corresponds to
a switch operation of an n-type MOSFET of a CMOS
switch.

In addition, TFET 100 includes highly p-doped silicon
substrate 110, p-doped first region 132, and n-doped second
region 134. Thus, the gate voltage can be shifted to the
positive side in comparison with a TFET having a non-
doped first region as described later in Examples.

In addition, since the threshold voltage is shifted to the
positive side or the negative side by appropriately adjusting
the conductivity type of the first region in the group III-V
compound semiconductor nanowire, the supply voltage
required for an ON state can be arbitrarily controlled by
changing the kind of the group II-V compound semicon-
ductor.

Furthermore, since insulating protective film 150 covers
the periphery of group III-V compound semiconductor
nanowire 130, a plurality of TFETs 100 can be integrated.

While a highly p-doped silicon substrate is used as silicon
substrate 110 in TFET 100, the TFET of the present inven-
tion may be produced using a highly n-doped silicon (111)
substrate. In this case, an n-type dopant is intermittently
doped to first region 132, and a p-type dopant is continu-
ously doped to second region 134. In the TFET thus pro-
duced, the bonded surface of the first region of the group
III-V compound semiconductor nanowire and the (111)
surface of the n-type silicon substrate functions as a tunnel
layer.

As shown in FIG. 5B, in the TFET, carriers in the n-type
silicon substrate move into the group I1I-V compound semi-
conductor nanowire (ON state is established) through a
tunnel phenomenon when a negative bias is applied to the
gate electrode. This operation corresponds to a switch opera-
tion of a p-type MOSFET of a CMOS switch. In addition,
the above-mentioned TFET can shift a gate voltage to the
negative side in comparison with a TFET having a non-
doped first region.

According to the embodiment, a TFET and a switch
element which can operate with a small subthreshold (60
mV/digit or smaller) can be provided. In addition, according
to the embodiment, it is possible to readily manufacture a
TFET and a switch element which operate with a more
shifted rising voltage on the positive side in the case where
a current value increases with a positive gate voltage, and
can operate with a more shifted rising voltage on the
negative side in the case where a current value increases
with a negative gate voltage.

EXAMPLE

Hereinafter, the present invention will be described in
detail with reference to Examples, but the present invention
is not limited to Examples.
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First, a conventional TFET (TFET-A) was produced by
the method described below.

Comparative Example 1
Production of TFET-A

1) Preparation of Substrate

A p-type silicon (111) substrate (carrier concentration:
7x10"® cm™) was subjected to thermal oxidation processing
and a silicon oxide film having a film thickness of 20 nm was
formed on the surface thereof. Openings are periodically
formed in the silicon oxide film by electron beam lithogra-
phy and wet chemical etching and the surface of the silicon
substrate was exposed therethrough. The shape of the open-
ing was hexagonal and the equivalent circle diameter of the
opening was 100 nm.

2) Production of InAs Nanowire

The substrate in which the openings were formed was set
on a sub-atmospheric transverse MOVPE apparatus
(HR2339; TAIYO NIPPON SANSO CORPORATION).
The internal temperature of the MOVPE apparatus was
raised to 925° C., and kept for five minutes to thereby
remove a natural oxide film formed on the opening surface
of' the silicon substrate. Next, the internal temperature of the
apparatus was lowered from 925° C. to 400° C. Hydroge-
nated arsenic was supplied together with a hydrogen gas
(carrier gas). The partial pressure of hydrogenated arsenic
was 1.3x107* atm.

Next, a thin film of InAs was formed at the opening of the
silicon substrate by the alternate raw material supply modu-
lation method. To be more specific, a combination of 2-sec-
ond supply of trimethyl indium, 1-second interval using a
hydrogen gas, 2-second supply of hydrogenated arsenic and
1-second interval using a hydrogen gas as one cycle was
repeated 20 times over two minutes. The partial pressure of
trimethyl indium was 9.6x10~7 atm and the partial pressure
of hydrogenated arsenic was 2.5x10~* atm.

Next, after raising the inner temperature of the apparatus,
the InAs nanowire was grown until a length of 800 nm by
an MOVPE method. To be more specific, the inner tempera-
ture of the apparatus was raised from 400° C. to 540° C., and
trimethyl indium and hydrogenated arsenic were supplied
together with a hydrogen gas and an InAs nanowire (first
region; carrier concentration: 2x10'7 cm™>) was grown until
a length of 500 nm Next, trimethyl indium hydrogenated
arsenic and monosilane were supplied together with the
hydrogen gas, and an n-type InAs nanowire having a length
of 300 nm (second region; carrier concentration: 2x10*°
cm™) was grown. The partial pressure of trimethyl indium
was 4.9x1077 atm, the partial pressure of hydrogenated
arsenic was 1.3x107™* atm and the partial pressure of mono-
silane was 7x107"° atm.

3) Production of TFET

A gate dielectric film was formed on the silicon substrate
and the side surface of the InAs nanowire, and a gate
electrode was further formed thereon. To be more specific,
an Hf, (Al,,O film (gate dielectric film) having a film
thickness of 20 nm was formed by an ALD method. There-
after, a W film (gate electrode) having a film thickness of
100 nm was formed by a high frequency sputtering method.

Next, an insulating resin (BCB resin) film was formed on
the dielectric film on the silicon substrate and the InAs
nanowire on the silicon substrate was embedded in the
insulating resin. Next, part of the top side of the insulating
resin was removed by reactive ion etching and the tip of the
InAs nanowire was exposed.
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Next, a multilayer film of Ti (20 nm)/Au (100 nm) having
a film thickness of 120 nm was formed as a drain electrode
on the surface where the InAs nanowire was exposed.
Furthermore, a multilayer film of Ti (20 nm)/Au (30 nm)
having a film thickness of 50 nm was formed as a source
electrode on the silicon substrate. In this manner, the
TFET-A was produced.

Next, TFETs (TFET-B and TFET-C) according to the
present invention were produced.

Example 1
Production of TFET-B

TFET-B was produced as with TFET-A except that diethyl
zinc was intermittently supplied along with successive sup-
ply of trimethyl indium and hydrogenated arsenic during the
growth of the first region. During supply of diethyl zinc, a
combination of 1-second supply and 29-second interval as
one cycle was repeated 30 times. The partial pressure of
diethyl zinc was 3x1077 atm. The concentration of dopant
(Zn) in the first region of TFET-B was 3x10" cm™>. It is to
be noted that the concentration was obtained by producing
the InAs nanowire in a non-doped state on an n-type silicon
substrate, producing a vertical FET structure, and calculat-
ing the concentration from the threshold voltage of the
nanowire.

Example 2
Production of TFET-C

TFET-C was produced as with TFET-B except that a
combination of 2-second supply and 28-second interval was
used as one cycle of supply of diethyl zinc. The concentra-
tion of the dopant (Zn) in the first region of TFET-C was
6x10"° cm™.

FIG. 6A is a scanning electron microscope photograph of
the InAs nanowire of TFET-A, and FIG. 6B is a scanning
electron microscope photograph of the InAs nanowire of
TFET-B. As shown in FIGS. 6A and 6B, the nanowires were
grown in a direction perpendicular to the (111) surface of the
silicon substrate.

Relationships of the drain current in response to applica-
tion of gate voltage in TFET-A, TFET-B and TFET-C
produced by the above-mentioned steps were determined
Results of the measurements are illustrated in FIG. 7.

In FIG. 7, curve A indicates electrical characteristics of
TFET-A. As is obvious from curve A, the subthreshold
characteristic of TFET-A was 21 mV/digit. The subthreshold
lower than 60 mV/digit proves that TFET-A is a tunnel FET.
It should be noted that the rising voltage of TFET-A was
-04 V.

In FIG. 7, curve B indicates electrical characteristics of
TFET-B, and shows characteristics of the tunnel FET under
a condition of 1-second Zn-pulse doping and 29-second
interval. In addition, curve C indicates electrical character-
istics of TFET-C, and shows characteristics of the tunnel
FET under a condition of 2-second Zn-pulse doping and
28-second interval. As is obvious from curve B, the rising
voltage of TFET-B was 0.3 V, and the subthreshold of
TFET-B was 30 mV/digit. In addition, as is obvious from
curve C, the rising voltage of TFET-C was 0.6 V, and the
subthreshold of TFET-C was 30 mV/digit.

From the above-mentioned results, it was confirmed that
the rising voltage is shifted to the positive side in compari-
son with TFET-A in which Zn was not doped in the first
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region, that a steep subthreshold which is a feature of the
tunnel FET can be maintained, and that the rising voltage
can be adjusted by the supply time of dopant in the pulse
doping in each of TFET-B and TFET-C having the first
region in which Zn is doped.

It can be said that the reason of the negative rising voltage
in TFET-A is the presence of dopant in source gas. That is,
when a non-doped InAs nanowire is produced, carbon atoms
originating from organic metal is added to the first region
and the second region at a concentration of about 10'° to
107 ¢cm™. This acts as the n-type dopant.

In contrast, in TFET-B and TFET-C, Zn atoms which act
as a p-type dopant of the I1I-V semiconductor were added by
a pulse doping method. That is, during the growth of a
non-doped layer, a cycle of a combination of 1 or 2-second
supply and 29 or 28-second interval was repeated at a partial
pressure of about 3x10~7 atm. When Zn atoms are succes-
sively added in an amount same as the above-mentioned
amount, the concentration of the Zn atoms in the nanowire
is 1x10'® cm™.

However, by supplying Zn atoms by a pulse doping
method, a Zn concentration of 10"° to 10*® cm™ is achieved
in a structure of a nanometer scale. By such doping of a
proper p-type dopant, it is possible to obtain a compensation
effect (compensation doping effect) for carbon atoms as a
dopant which acts as an n-type dopant. With such a com-
pensation effect, the non-doped InAs nanowire becomes
further electrically neutral. Thus, for example, a nano struc-
ture (pseudo intrinsic layer) having an electrical property
comparable to that of an intrinsic layer can be produced.

In addition, TFETs were produced by methods described
below.

Comparative Example 2

Production of TFET-D

The natural oxide film was removed from the p-type
silicon (111) substrate as with Comparative example 1. Then
the inner temperature of a sub-atmospheric transverse
MOVPE apparatus was lowered from 925° C. to 670° C.,
and hydrogenated arsenic was supplied together with hydro-
gen gas (carrier gas) (zone B of FIG. 8A). The partial
pressure of hydrogenated arsenic was 1.3x10™* atm.

Next, an InGaAs thin film was formed at the opening of
the silicon substrate by the alternate raw material supply
modulation method (zone C of FIG. 8A). To be more
specific, an InGaAs thin film was formed at the opening as
with TFET-A except that a mixed gas of trimethyl indium
and trimethyl gallium was supplied in place of trimethyl
indium. The partial pressure of trimethyl indium was 9.7x
1077 atm, the partial pressure of trimethyl gallium was
5.7x1077 atm, and the partial pressure of hydrogenated
arsenic was 6.0x107* atm.

Next, an InGaAs nanowire was grown until a length of
800 nm by a MOVPE method as with TFET-A except that
the mixed gas was used in place of trimethyl indium while
the inner temperature of the apparatus was kept at 670° C.
The length of the first region was 500 nm, and the carrier
density during the formation of the first region was 6x10"°
cm™. In addition, the length of the second region was 300
nm, and the carrier density during the formation of the
second region was 1x10'® cm™. The partial pressure of
trimethyl indium was 9.7x1077 atm, the partial pressure of
trimethyl gallium was 5.7x1077 atm, the partial pressure of
hydrogenated arsenic was 6.0x10™* atm, and the partial
pressure of monosilane was 6.0x107% atm.
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Next, as with TFET-A, a gate dielectric film, a gate
electrode, an insulation resin (BCB resin) film, a drain
electrode and a source electrode were formed, and thus
TFET-D was produced. In TFET-D, the conductivity type of
the first region was n—-type (n negative type), and the
conductivity type of the second region was n+-type (n

positive type).
Example 3

Production of TFET-E

FIG. 8A schematically illustrates a temperature of a
silicon substrate and supply of a source gas in manufacturing
of'a TFET in Examples 3 and 4, and FIG. 8B schematically
illustrates pulse doping for supplying a source gas in zone D
of FIG. 8A.

TFET-E was produced as with TFET-D except that diethyl
zinc was intermittently supplied (zone D of FIG. 8A and
FIG. 8B) along with successive supply of the mixed gas and
hydrogenated arsenic during growth of the first region.
Diethyl zinc was supplied in a cycle same as that of TFET-B.
That is, a combination of 1-second supply of diethyl zinc
and 29-second interval as one cycle was repeated 30 times.
The partial pressure of diethyl zinc was 5x1077 atm. The
concentration of the dopant (Zn) in the first region of
TFET-E was 2x10"° cm™. In TFET-E, the conductivity type
of'the first region was i-type, and the conductivity type of the
second region was n+-type.

Example 4

Production of TFET-F

TFET-F was produced as with TFET-E except that a
combination of 2-second supply and 28-second interval was
used as one cycle of supply of diethyl zinc. The concentra-
tion of dopant (Zn) in the first region of TFET-F was 2x10*°
cm™>. In TFET-F, the conductivity type of the first region
was i-type, and the conductivity type of the second region
was n+-type.

Relationships of the drain current in response to applica-
tion of gate voltage in TFET-D, TFET-E and TFET-F were
determined. Results of the measurements are illustrated in
FIG. 9. In FIG. 9, curve D indicates the electrical charac-
teristics of TFET-D, curve E indicates the electrical charac-
teristics of TFET-E, and curve F indicates the electrical
characteristics of TFET-F, respectively.

As is obvious from curve D, the subthreshold character-
istic of TFET-D (subthreshold) was 380 mV/digit, and the
rising voltage of TFET-D was -1.0 V. In contrast, as is
obvious from curve E, the subthreshold of TFET-E was 58
mV/digit, and the rising voltage of TFET-E was -0.05 V. In
addition, as is obvious from curve F, the subthreshold of
TFET-F was 55 mV/digit, and the rising voltage of TFET-F
was +0.2 V.

As with Examples 1 and 2, from the above-mentioned
results, it can be said that the rising voltage is shifted to the
positive side in comparison with TFET-D in which Zn was
not doped in the first region, and that a steep subthreshold
which is a feature of the tunnel FET can be ensured in each
of TFET-E and TFET-F having the first region in which Zn
is doped. In addition, it can be said that the rising voltage can
be adjusted by the supply time of dopant in pulse doping.
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The disclosure of the specification, drawings, and abstract
in Japanese Patent Application No. 2013-168048 filed on
Aug. 13, 2013 is incorporated herein by reference in its
entirety.

INDUSTRIAL APPLICABILITY

The TFET of the present invention is useful as a switch
element formed on a semiconductor microprocessor or a
large scale integrated circuit, for example. In particular, a
gate voltage can be shifted to the positive side in the case of
an n-channel transistor in which a current flows with a
positive gate voltage, and a gate voltage can be shifted to the
negative side in the case of a p-channel transistor in which
a current flows with a negative gate voltage. Thus, the
amount of the drain current when the gate voltage is zero can
be further reduced. Consequently, the leakage power in a
standby state can be further reduced, which is advantageous
in terms of power saving, for example.

REFERENCE SIGNS LIST

100 TFET

110 p-type silicon substrate
120 Insulating film

122 Opening

130 Group III-V compound semiconductor nanowire
132 First region

134 Second region

140 Gate dielectric film

150 Insulation protective film
160 Source electrode

170 Drain electrode

180 Gate electrode

The invention claimed is:
1. A method of manufacturing a tunnel field effect tran-
sistor comprising:
growing a group III-V compound semiconductor
nanowire on a (111) surface of a portion of a first
conductivity type of a group IV semiconductor sub-
strate, the first conductivity type being one of n-type
and p-type;
forming a gate electrode configured to apply an electric
field for controlling flow of a carrier between a source
electrode and a drain electrode to an interface between
the group IV semiconductor substrate and the group
1II-V compound semiconductor nanowire;
forming one of the source electrode and the drain elec-
trode on the group IV semiconductor substrate such
that the one of the source electrode and the drain
electrode is not in contact with the group III-V com-
pound semiconductor nanowire; and
forming the other of the source electrode and the drain
electrode on the group I1I-V compound semiconductor
nanowire, wherein:
the growing further includes:
forming a first region by intermittently doping either
one or both of a first conductivity type dopant for
setting the group III-V compound semiconductor to
the first conductivity type and a second conductivity
type dopant for setting the group III-V compound
semiconductor to a second conductivity type on the
(111) surface while supplying a group III raw mate-
rial and a group V raw material, the second conduc-
tivity type being the other of the n-type and the
p-type, and
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forming a second region of the second conductivity
type by further supplying the group V raw material
and the group III raw material to the first region
formed on the (111) surface, the second region being
continuous from the first region.

2. The method according to claim 1, wherein:

the first region contains the second conductivity type

dopant; and,

in the forming of the first region, the first conductivity

type dopant is intermittently supplied to the (111)
surface such that a concentration of the first conduc-
tivity type dopant in the first region is 1x10'* to 1x10*7
cm™,

3. The method according to claim 1, wherein, in the
forming of the first region, the first conductivity type dopant
is doped for 0.1 to 5 seconds per doping at an interval of 1.0
to 29.5 seconds.

4. The method according to claim 1, wherein, in the
forming of the second region, the second region of the
second conductivity type is formed by doping the second
conductivity type dopant to the first region formed on the
(111) surface while supplying the group V raw material and
the group III raw material.

5. A method of manufacturing a group III-V compound
semiconductor nanowire by growing a group III-V com-
pound semiconductor nanowire on a (111) surface of a
portion of a first conductivity type of a group IV semicon-
ductor substrate, the first conductivity type being one of
n-type and p-type, wherein the method comprises:

forming a first region by intermittently doping either one

or both of a first conductivity type dopant for setting the
group III-V compound semiconductor to the first con-
ductivity type and a second conductivity type dopant
for setting the group I1I-V compound semiconductor to
a second conductivity type on the (111) surface while
supplying a group III raw material and a group V raw
material, the second conductivity type being the other
of the n-type and the p-type, and

forming a second region of the second conductivity type

by further supplying the group V raw material and the
group III raw material to the first region formed on the
(111) surface, the second region being continuous from
the first region.

6. The method according to claim 5, wherein:

the first region contains the second conductivity type

dopant; and,

in the forming of the first region, the first conductivity

type dopant is intermittently supplied to the (111)
surface such that a concentration of the first conduc-
tivity type dopant in the first region is 1x10'* to 1x10'7
cm™>.

7. The method according to claim 5, wherein, in the
forming of the first region, the first conductivity type dopant
is doped for 0.1 to 5 seconds per doping at an interval of 1.0
to 29.5 seconds.

8. The method according to claim 5, wherein, in the
forming of the second region, the second region of the
second conductivity type is formed by doping the second
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conductivity type dopant to the first region formed on the
(111) surface while supplying the group V raw material and
the group III raw material.
9. A method of manufacturing a tunnel field effect tran-
sistor comprising:
growing a group III-V compound semiconductor
nanowire by the method of manufacturing a group
1I1-V compound semiconductor nanowire according to
claim 8 on a (111) surface of a portion of a first
conductivity type of a group IV semiconductor sub-
strate, the first conductivity type being one of n-type
and p-type;
forming a gate electrode configured to apply an electric
field for controlling flow of a carrier between a source
electrode and a drain electrode to an interface between
the group IV semiconductor substrate and the group
1II-V compound semiconductor nanowire;

forming one of the source electrode and the drain elec-
trode on the group IV semiconductor substrate such
that the one of the source electrode and the drain
electrode is not in contact with the group III-V com-
pound semiconductor nanowire; and

forming the other of the source electrode and the drain

electrode on the group I1I-V compound semiconductor
nanowire, wherein:

the growing further includes:

forming a first region by intermittently doping either
one or both of a first conductivity type dopant for
setting the group III-V compound semiconductor to
the first conductivity type and a second conductivity
type dopant for setting the group III-V compound
semiconductor to a second conductivity type on the
(111) surface while supplying a group III raw mate-
rial and a group V raw material, the second conduc-
tivity type being the other of the n-type and the
p-type, and

forming a second region of the second conductivity
type by further supplying the group V raw material
and the group III raw material to the first region
formed on the (111) surface, the second region being
continuous from the first region.

10. The method according to claim 9, wherein:

the first region contains the second conductivity type

dopant; and,

in the forming of the first region, the first conductivity

type dopant is intermittently supplied to the (111)
surface such that a concentration of the first conduc-
tivity type dopant in the first region is 1x10'* to 1x10'7
cm™.

11. The method according to claim 9, wherein, in the
forming of the first region, the first conductivity type dopant
is doped for 0.1 to 5 seconds per doping at an interval of 1.0
to 29.5 seconds.

12. The method according to claim 9, wherein, in the
forming of the second region, the second region of the
second conductivity type is formed by doping the second
conductivity type dopant to the first region formed on the
(111) surface while supplying the group V raw material and
the group III raw material.
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