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1
TUNNEL FIELD EFFECT TRASNSISTOR

TECHNICAL FIELD

The present invention relates to a tunnel-field-effect tran-
sistor having a tunnel-field-effect-transistor (TFET) struc-
ture and a high-electron-mobility-transistor (HEMT) struc-
ture.

BACKGROUND ART

Semiconductor microprocessors and large scale inte-
grated circuits are manufactured by integrating elements
such as a metal-oxide-semiconductor (MOS) field effect
transistor (FET) on a semiconductor substrate. Complemen-
tary MOSFETs (CMOS) are generally basic elements
(switch elements) of such integrated circuits. As the material
for semiconductor substrates, silicon which is a group IV
semiconductor is mainly used. The integration density and
performance of semiconductor microprocessors and large
scale integrated circuits can be improved by reducing the
size of transistors making up a CMOS. One of problems
accompanied by reduction of the size of the CMOS is an
increase of power consumption. An increase in the number
of CMOSs that can be mounted on one microchip and an
increase of leakage current caused by a short channel effect
are main factors of the increase of power consumption.
Among them, the increase of leakage current leads to an
increase of a supply voltage. In view of this, it is necessary
to suppress the leakage current and reduce the driving
voltage for each CMOS.

As an index of a switching performance of a CMOS, a
subthreshold coefficient (mV/decade) is used. The sub-
threshold coefficient corresponds to a minimum drive volt-
age to turn the MOSFET into an ON state. The switch
characteristic of the conventional MOSFET is based on a
diffusion phenomenon of electrons and holes (carriers).
Therefore, with the conventional MOSFET, the theoretical
minimum value of the subthreshold coefficient is 60 mV/de-
cade, and it is not possible to realize a switching perfor-
mance with a subthreshold coefficient smaller than that
value.

A tunnel-field-effect transistor (TFET) is reported as a
switch element that operates at a smaller subthreshold
coeflicient beyond the above-mentioned physical theoretical
limitation. Since the tunnel-field-effect transistor does not
cause the short channel effect and can realize a high
ON/OFF ratio with a low voltage, the tunnel-field-effect
transistor is considered to be a promising next-generation
switch element. In recent years, a tunnel-field-effect tran-
sistor using a group III-V compound semiconductor
nanowire is reported (see, for example, see Non-PTL 1).

Non-PTL 1 discloses a tunnel-field-effect transistor
including a p-type silicon (111) substrate, an InAs nanowire
disposed on the (111) surface of the silicon substrate per-
pendicular to the substrate surface, a source electrode con-
nected with the silicon substrate, a drain electrode connected
with the InAs nanowire, and a gate electrode disposed at a
position where the interface between the silicon substrate
and the InAs nanowire can be affected. It is reported that this
tunnel-field-effect transistor can be operated with a small
subthreshold coefficient (60 mV/decade or smaller).
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CITATION LIST

Non-PTL

Non-PTL 1

Tomioka, K., Yoshimura, M. and Fukui, T., “Sub 60 mV/de-
cade Switch Using an InAs Nanowire-Si Heterojunction
and Turn-on Voltage Shift with a Pulsed Doping Tech-
nique”, Nano Lett., Vol. 13, pp. 5822-5826.

SUMMARY OF INVENTION
Technical Problem

However, conventional tunnel-field-effect transistors are
disadvantageous in that the current value is significantly
small in comparison with MOSFETs since tunnel transport
is utilized.

An object of the present invention is to provide a tunnel-
field-effect transistor that can be operated with a small
subthreshold coefficient (60 mV/decade or smaller) and can
achieve a current value greater than conventional tunnel-
field-effect transistors.

Solution to Problem

The present inventor found that the above-mentioned
problems can be solved by combining a tunnel-field-effect-
transistor (TFET) structure and a high-electron-mobility-
transistor (HEMT) structure so as to simultaneously gener-
ate tunneling and two-dimensional electron gas with one
gate electrode, and the present inventor has completed the
present invention through further studies.

Specifically, the present invention relates to the following
tunnel-field-effect transistor and switch element.

[1] A tunnel-field-effect transistor including: a channel; a
source electrode directly or indirectly connected with one
end of the channel; a drain electrode directly or indirectly
connected with another end of the channel; and a gate
electrode configured to operate such that an electric field
acts on the channel to cause tunneling at a junction of the
channel on the source electrode side while generating two-
dimensional electron gas at the channel.

[2] The tunnel-field-effect transistor according to [1]
including: a substrate including a (111) surface and made of
a group IV semiconductor doped to be a first conductivity
type; an insulating film covering the (111) surface of the
substrate and including an opening; a core-multishell
nanowire made of a group III-V compound semiconductor,
the core-multishell nanowire being disposed on the (111)
surface of the substrate exposed in the opening and on the
insulating film at a peripheral portion of the opening; one of
the source electrode and the drain electrode connected with
the substrate; the other of the source electrode and the drain
electrode connected with the core-multishell nanowire; a
gate insulating film disposed on a side surface of the
core-multishell nanowire; and the gate electrode disposed on
the gate insulating film and configured to operate such that
an electric field acts on at least a part of the core-multishell
nanowire. The core-multishell nanowire includes: a center
nanowire made of a group III-V compound semiconductor,
the center nanowire including a first region connected with
the (111) surface of the substrate exposed in the opening, and
a second region connected with the first region and doped to
be a second conductivity type different from the first con-
ductivity type, the center nanowire being the channel, a
barrier layer made of a group I1I-V compound semiconduc-
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tor having a band gap greater than a band gap of the group
1II-V compound semiconductor of the center nanowire, the
barrier layer covering a side surface of the center nanowire,
a modulation dope layer made of a group III-V compound
semiconductor of the second conductivity type having a
band gap greater than the band gap of the group III-V
compound semiconductor of the center nanowire and
smaller than the band gap of the group III-V compound
semiconductor of the barrier layer, the modulation dope
layer covering the barrier layer, and a cap layer made of a
group III-V compound semiconductor having a band gap
equal to or greater than the group III-V compound semi-
conductor of the center nanowire, the cap layer covering the
modulation dope layer, the first region is an intrinsic semi-
conductor, or is doped to be the second conductivity type
such that an impurity concentration of the first region is
lower than an impurity concentration of the second region;
the barrier layer is an intrinsic semiconductor, or is doped to
be the second conductivity type such that an impurity
concentration of the barrier layer is lower than an impurity
concentration of the modulation dope layer; the cap layer is
an intrinsic semiconductor, or is doped to be the second
conductivity type such that an impurity concentration of the
cap layer is lower than the impurity concentration of the
modulation dope layer; the other of the source electrode and
the drain electrode is connected with the second region of
the center nanowire; and the gate electrode operates such
that an electric field acts on a junction interface between the
(111) surface of the substrate and the center nanowire and
the first region of the center nanowire to cause tunneling at
the junction interface while generating the two-dimensional
electron gas at the first region.

[3] In the tunnel-field-effect transistor according to [2],
the core-multishell nanowire further includes a first spacer
layer disposed between the barrier layer and the modulation
dope layer, and made of a group III-V compound semicon-
ductor having a composition identical to a composition of
the group I1I-V compound semiconductor of the modulation
dope layer, and a second spacer layer disposed between the
modulation dope layer and the cap layer, and made of a
group III-V compound semiconductor having a composition
identical to the composition of the group III-V compound
semiconductor of the modulation dope layer and to the
composition of the group I1I-V compound semiconductor of
the first spacer layer; and a band gap of the first spacer layer
and a band gap of the second spacer layer are greater than
the band gap of the group I11-V compound semiconductor of
the center nanowire and smaller than the band gap of the
group III-V compound semiconductor of the barrier layer.

[4] In the tunnel-field-effect transistor according to [2] or
[3], the impurity concentration of the modulation dope layer
falls within a range of 10'7 to 10*' cm™.

[5] A switch element includes the tunnel-field-effect tran-
sistor according to any one of [1] to [4].

Advantageous Effects of Invention

With the present invention, it is possible to provide a
tunnel-field-effect transistor and a switch element that can be
operated with a small subthreshold coefficient (60 mV/de-
cade or smaller) and can achieve a large current value. With
the tunnel-field-effect transistor according to the embodi-
ment of the present invention, the integration density and the
performance of a semiconductor microprocessor and a high
density integrated circuit can be improved while suppressing
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the power consumption amount of the semiconductor micro-
processor and the high integrated circuit.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 illustrates an example of an equivalent circuit of a
tunnel-field-effect transistor according to an embodiment of
the present invention;

FIG. 2 is a schematic cross-sectional view illustrating a
configuration of the tunnel-field-effect transistor according
to the embodiment of the present invention;

FIG. 3A is an enlarged sectional view of a core-multishell
nanowire of the tunnel-field-effect transistor illustrated in
FIG. 2;

FIG. 3B is an enlarged sectional view of a modification of
the core-multishell nanowire;

FIG. 4 is a schematic view of a band structure of the
tunnel-field-effect transistor illustrated in FIG. 2;

FIG. 5 is a schematic view of the band structure of the
tunnel-field-effect transistor illustrated in FIG. 2;

FIGS. 6A to 6C are schematic cross-sectional views
illustrating an example of a method of manufacturing the
tunnel-field-effect transistor illustrated in FIG. 2;

FIGS. 7A and 7B are schematic cross-sectional views
illustrating an example of a method of manufacturing the
tunnel-field-effect transistor illustrated in FIG. 2;

FIG. 8 is a classification table of a surface reconstruction
structure (a phenomenon in which the atomic arrangement
of surface atoms changes) of a silicon surface in the case
where the substrate temperature is raised and the case where
the substrate temperature is reduced from a high tempera-
ture;

FIG. 9A is a schematic view illustrating a (111) surface;

FIG. 9B is a schematic view illustrating a (111)1x1
surface;

FIG. 10 is a scanning electron microscope photograph of
a silicon substrate in which core-multishell nanowires for a
TFET-1 are periodically arranged;

FIG. 11 illustrates a band structure of an HEMT structure
included in a TFET-1;

FIG. 12 is a graph illustrating a relationship between a
drain current and a subthreshold coefficient in a TFET-1 and
a TFET-2;

FIG. 13A is a graph illustrating a relationship between a
gate voltage and a drain current in a TFET-1;

FIG. 13B is a graph illustrating a relationship between a
drain voltage and a drain current in a TFET-1;

FIG. 14A is a graph illustrating a relationship between a
gate voltage and a drain current in a TFET-2; and

FIG. 14B is a graph illustrating a relationship between a
drain voltage and a drain current in a TFET-2.

DESCRIPTION OF EMBODIMENTS

1. Tunnel-Field-Effect Transistor

The tunnel-field-effect transistor according to an embodi-
ment of the present invention (TFET) includes: a channel, a
source electrode directly or indirectly connected with one
end of the channel, a drain electrode directly or indirectly
connected with another end of the channel, and a gate
electrode that operates such that an electric field acts on the
channel. The gate electrode operates such that an electric
field acts on the channel to cause tunneling at a junction of
the channel on the source electrode side while generating
two-dimensional electron gas at the channel. As a feature
thereof, the tunnel-field-effect transistor according to the
embodiment of the present invention has both a tunnel-field-
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effect-transistor (TFET) structure and a high-electron-mo-
bility transistor (HEMT). FIG. 1 illustrates an example of
the equivalent circuit of the tunnel-field-effect transistor
according to the embodiment of the present invention. A
tunnel-field-effect transistor including a substrate made of a
group IV semiconductor and a core-multishell nanowire
made of a group III-V compound semiconductor is
described below as an example of the tunnel-field-effect
transistor according to the embodiment of the present inven-
tion.

FIG. 2 is a schematic cross-sectional view illustrating a
configuration of tunnel-field-effect transistor 100 according
to the embodiment of the present invention. As illustrated in
FIG. 2, tunnel-field-effect transistor 100 according to the
present embodiment includes substrate 110, insulating film
120, core-multishell nanowire 130, source electrode 140,
drain electrode 150, gate insulating film 160, gate electrode
170 and isolation protective film 180. In tunnel-field-effect
transistor 100 according to the present embodiment, when a
voltage is applied to gate electrode 170, tunneling occurs at
the junction interface between the (111) surface of substrate
110 and center nanowire 131 of core-multishell nanowire
130, and two-dimensional electron gas is generated at an
outer periphery portion of center nanowire 131. The com-
ponents are described below.

Substrate 110 is made of a group IV semiconductor such
as silicon and germanium, and includes a (111) surface.
Substrate 110 is doped to be a first conductivity type
(n-doped or p-doped). For example, the substrate is an
n-type silicon (111) substrate or a p-type silicon (111)
substrate.

Insulating film 120 covers the (111) surface of substrate
110, and includes one or more openings. Insulating film 120
functions as a mask pattern at the time of growing center
nanowire 131 from the (111) surface of substrate 110. The
material of insulating film 120 is not limited as long as the
material can inhibit the growth of the center nanowire and as
the material is an insulator. Examples of the material of
insulating film 120 include silicon oxide (SiO,), silicon
nitride (SiN), aluminum oxide (Al,0O;) and the like. Insu-
lating film 120 may be formed of a single layer, or two
layers. The film thickness of insulating film 120 is not
limited as long as an appropriate insulating performance is
obtained. For example, insulating film 120 is a silicon oxide
film having a film thickness of 20 nm.

The opening of insulating film 120 extends therethrough
to the (111) surface of substrate 110, and the (111) surface
of substrate 110 is exposed in the opening. The opening
defines the growth position, thickness and shape of center
nanowire 131 at the time of manufacturing tunnel-field-
effect transistor 100 according to the present embodiment.
The shape of the opening is not limited and can be arbitrarily
determined. Examples of the shape of the opening include
triangular, rectangular, hexagonal and circular. It suffices
that the diameter of the circumcircle of the opening is
approximately 2 to 500 nm. In the case where two or more
openings are provided, it suffices that the center-to-center
distance of the openings is several tens of nanometers to
several micrometers.

Core-multishell nanowire 130 is a structure having a
core-multishell structure made of a group III-V compound
semiconductor, and has a diameter of 7.6 nm to 1 um and a
length of 100 nm to 100 pm. Core-multishell nanowire 130
is disposed on the (111) surface of substrate 110 exposed in
the opening of insulating film 120 and on a part of insulating
film 120 around the (111) surface of substrate 110 exposed
in the opening such that the major axis of core-multishell

10

25

30

35

40

45

50

6

nanowire 130 is perpendicular to the (111) surface of the
substrate. To be more specific, center nanowire 131 of
core-multishell nanowire 130 is disposed on the (111) sur-
face of substrate 110 exposed in the opening of insulating
film 120, and barrier layer 134, modulation dope layer 135
and cap layer 136 that cover the side surface of center
nanowire 131 are disposed on a part of insulating film 120
around the opening. By forming center nanowire 131 on the
(111) surface of substrate 110, center nanowire 131 can be
disposed perpendicularly to the (111) surface.

FIG. 3A is an enlarged sectional view of core-multishell
nanowire 130. As illustrated in FIG. 3A, core-multishell
nanowire 130 includes center nanowire 131, barrier layer
134 that covers the side surface (which extends in the axial
direction and does not intersect the center line) of center
nanowire 131, modulation dope layer 135 that covers barrier
layer 134, and cap layer 136 that covers modulation dope
layer 135. All cover layers (barrier layer 134, modulation
dope layer 135 and cap layer 136) cover the side surface of
center nanowire 131, but do not cover two end surfaces
(which intersect the center line extending in the axial
direction) of center nanowire 131. The film thickness of the
entirety of the cover layers is not limited, and it suffices that
the film thickness of the entirety of the cover layers is
approximately 2.8 to 250 nm.

Center nanowire 131 is made of a group III-V compound
semiconductor, and is extended upward from the (111)
surface of substrate 110 through the opening of insulating
film 120. The group II-V compound semiconductor of
center nanowire 131 may be any of a binary compound
semiconductor, a ternary compound semiconductor, or qua-
ternary or greater compound semiconductors. Examples of
the binary compound semiconductor include InAs, InP,
GaAs, GaN, InSb, GaSb and AlSb. Examples of the ternary
compound semiconductor include AlGaAs, InGaAs, InGaN,
AlGaN, GaNAs, InAsSb, GaAsSb, InGaSb and AllnSb.
Examples of the quaternary compound semiconductor
include InGaAIN, AllnGaP, InGaAsP, GalnAsN, InGaAlSb,
InGaAsSb and AllnGaPSb. It suffices that the thickness (the
diameter of the circumcircle in the cross-section orthogonal
to the axial direction) of center nanowire 131 is approxi-
mately 2 to 500 nm. In addition, it suffices that the length of
center nanowire 131 is approximately 100 nm to 100 pm.
For example, center nanowire 131 is an In,,Ga,;As
nanowire having a thickness of 30 nm or 70 nm.

Center nanowire 131 includes first region 132 that is
connected with the (111) surface of substrate 110 and is
configured to function as a channel, and second region 133
that is connected with first region 132 and is doped to be a
second conductivity type (p-doped or n-doped) that is dif-
ferent from the conductivity type (first conductivity type) of
substrate 110. First region 132 is an intrinsic semiconductor,
or is doped to be the second conductivity type (p-doped or
n-doped) such that the impurity concentration thereof is
lower than the impurity concentration of second region 133.
Preferably, first region 132 is an intrinsic semiconductor. For
example, in the case where substrate 110 is a p-type silicon
(111) substrate, first region 132 is made of an undoped
In, ,Ga, ;As nanowire, and second region 133 is made of an
n-doped In, ,Ga, ;As nanowire. In addition, in the case
where substrate 110 is an n-type silicon (111) substrate, first
region 132 is made of an undoped In, ,Ga, ;As nanowire,
and second region 133 is made of a p-doped In, ,Ga, ;As
nanowire. Second region 133 is connected with drain elec-
trode 150. Basically, first region 132 of center nanowire 131
and the (111) surface of substrate 110 form a dislocation-free
and defect-free junction interface.
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Barrier layer 134 covers the side surface of center
nanowire 131. Barrier layer 134 has a function of setting the
threshold of the high-electron-mobility transistor (HEMT)
to positive (a function of forming two-dimensional electron
gas in center nanowire 131 when a positive gate voltage is
applied to gate electrode 170). Barrier layer 134 is in contact
with insulating film 120, and not in contact with substrate
110. Barrier layer 134 is made of a group III-V compound
semiconductor having a band gap greater than that of the
group III-V compound semiconductor of center nanowire
131, and that of the group III-V compound semiconductor of
modulation dope layer 135. In addition, the group III-V
compound semiconductor of barrier layer 134 is an intrinsic
semiconductor, or is doped to be the second conductivity
type (p-doped or n-doped) such that the impurity concen-
tration thereof is lower than the impurity concentration of
modulation dope layer 135. Preferably, barrier layer 134 is
an intrinsic semiconductor. The group III-V compound
semiconductor of barrier layer 134 is not limited as long as
the above-mentioned conditions are satisfied. Examples of
the group III-V compound semiconductor of barrier layer
134 are identical to the above-mentioned examples of the
group III-V compound semiconductor of center nanowire
131. The film thickness of barrier layer 134 is not limited,
and for example, it suffices that the film thickness of barrier
layer 134 is approximately 0.5 to 10 nm. For example, in the
case where center nanowire 131 is an InGaAs nanowire,
barrier layer 134 is an undoped InP layer having a film
thickness of 8 nm.

Modulation dope layer 135 covers barrier layer 134.
Modulation dope layer 135 is in contact with insulating film
120, and not in contact with substrate 110. Modulation dope
layer 135 is made of a group III-V compound semiconductor
having a band gap greater than that of the group III-V
compound semiconductor of center nanowire 131, and
smaller than that of the group III-V compound semiconduc-
tor of barrier layer 134. Examples of the group III-V
compound semiconductor of modulation dope layer 135 are
identical to the above-mentioned examples of the group
1II-V compound semiconductor of center nanowire 131. The
group III-V compound semiconductor of modulation dope
layer 135 is doped to be the second conductivity type.
Preferably, the impurity concentration of modulation dope
layer 135 falls within a range of 10*7 to 10*° cm™>. The film
thickness of modulation dope layer 135 is not limited, and
it suffices that the film thickness of modulation dope layer
135 is approximately 0.3 to 10 nm. For example, in the case
where center nanowire 131 is an InGaAs nanowire and
barrier layer 134 is an InP layer, modulation dope layer 135
is an Si-doped InAlAs layer having a film thickness of 5 nm.

Cap layer 136 covers modulation dope layer 135. Cap
layer 136 has a function of inactivating the surface of
core-multishell nanowire 130 and a function of forming a
favorable junction interface together with gate insulating
film 160. Cap layer 136 is in contact with insulating film
120, and not in contact with substrate 110. Cap layer 136 is
made of a group III-V compound semiconductor having a
band gap greater than that of the group III-V compound
semiconductor of center nanowire 131. In addition, the
group III-V compound semiconductor of cap layer 136 is an
intrinsic semiconductor, or is doped to be the second con-
ductivity type (p-doped or n-doped) such that the impurity
concentration thereof is lower than the impurity concentra-
tion of modulation dope layer 135. Preferably, cap layer 136
is an intrinsic semiconductor. The group III-V compound
semiconductor of cap layer 136 is not limited as long as the
above-mentioned conditions are satisfied. For example, the
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group III-V compound semiconductor of cap layer 136 may
be identical to the group I1I-V compound semiconductor of
center nanowire 131.

Examples of the group I1I-V compound semiconductor of
cap layer 136 are identical to the examples of the group I1I-V
compound semiconductor of center nanowire 131. The film
thickness of cap layer 136 is not limited, and it suffices that
the film thickness of cap layer 136 is approximately 1 to 10
nm. For example, in the case where center nanowire 131 is
an InGaAs nanowire, cap layer 136 is an undoped InGaAs
layer having a film thickness of 7 nm.

FIG. 3B is an enlarged sectional view of a modification of
core-multishell nanowire 130. As illustrated in FIG. 3B,
core-multishell nanowire 130 further includes first spacer
layer 137 disposed between barrier layer 134 and modula-
tion dope layer 135, and second spacer layer 138 disposed
between modulation dope layer 135 and cap layer 136. Both
first spacer layer 137 and second spacer layer 138 are in
contact with insulating film 120, and neither of them is in
contact with substrate 110. In addition, each of first spacer
layer 137 and second spacer layer 138 is made of a group
1I1-V compound semiconductor of a composition identical to
that of the group III-V compound semiconductor of modu-
lation dope layer 135. The group III-V compound semicon-
ductor of first spacer layer 137 has a band gap greater than
that of the group III-V compound semiconductor of center
nanowire 131 and smaller than that of the group III-V
compound semiconductor of barrier layer 134. It suffices
that the film thickness of first spacer layer 137 and second
spacer layer 138 is approximately 1 to 10 nm, for example.
For example, each of first spacer layer 137 and second
spacer layer 138 is an undoped InAlAs layer having a film
thickness of 10 nm in the case where center nanowire 131 is
an InGaAs nanowire, barrier layer 134 is an InP layer, and
modulation dope layer 135 is an InAlAs layer.

Source electrode 140 is connected with the source region
of tunnel-field-effect transistor 100, and drain electrode 150
is connected with the drain region of tunnel-field-effect
transistor 100. For example, in the case where substrate 110,
first region 132 of center nanowire 131, and second region
133 of center nanowire 131 function as the source region,
the channel, and the drain region, respectively, source elec-
trode 140 and drain electrode 150 are connected with
substrate 110 and second region 133 of center nanowire 131,
respectively as illustrated in FIG. 2. On the other hand, in the
case where second region 133 of center nanowire 131, first
region 132 of center nanowire 131, and substrate 110
function as the source region, the channel, and the drain
region, respectively, source electrode 140 and drain elec-
trode 150 are connected with second region 133 of center
nanowire 131 and substrate 110, respectively. The type of
the electrode connected with substrate 110 is not limited, but
preferably is a metal film, an alloy film, a metal multilayer
film, or a silicide metal film that can make ohmic contact
with substrate 110. Examples of the metal multilayer film
that can make ohmic contact with substrate 110 include a
Ti/Au multilayer film and an Ni/Au multilayer film.
Examples of the silicide metal film that can make ohmic
contact with substrate 110 include an NiSi film and a TiSi
film. The type of the electrode connected with second region
133 of center nanowire 131 is not limited, but preferably is
a metal film, an alloy film or a metal multilayer film that can
make ohmic contact with second region 133. Examples of
the metal film that can make ohmic contact with second
region 133 include Mo. Examples of the multilayer metal
film that can make ohmic contact with second region 133
include a Ti/Au multilayer film, an Ni/Ge/Au multilayer
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film, a Ge/Auw/Ni/Au multilayer film, a Ti/Pt/ Au multilayer
film and a Ti/Pd/Au multilayer film. In the present embodi-
ment, source electrode 140 is a Ti/Au multilayer film formed
on substrate 110, and drain electrode 150 is a Ge/Au/Ni/Au
multilayer film or a Ti/Au multilayer film disposed on
core-multishell nanowire 130 and isolation protective film
180.

Gate insulating film 160 covers the side surface (all
surfaces except for both end surfaces) of core-multishell
nanowire 130. The material of gate insulating film 160 is not
limited as long as it is an insulator, but preferably is a
dielectric having a high dielectric constant. Examples of the
material of gate insulating film 160 include silicon oxide
(Si0,), aluminum oxide (Al,O;), hafnium aluminate (HfA-
10,), zirconium oxide (ZrO,) and lanthanum oxide (La,O;).
For example, gate insulating film 160 is a hafnium aluminate
film having a film thickness of 14 nm.

Gate electrode 170 is disposed on gate insulating film 160
so as to cover the periphery of first region 132 of core-
multishell nanowire 130. In the present embodiment, gate
electrode 170 is disposed on gate insulating film 160. Gate
electrode 170 operates such that an electric field acts on the
channel (first region 132 of center nanowire 131) to simul-
taneously generate tunneling and two-dimensional electron
gas. To be more specific, gate electrode 170 operates such
that an electric field acts on the junction interface between
the (111) surface of substrate 110 and center nanowire 131,
and first region 132 of center nanowire 131. Gate electrode
170 operates such that an electric field acts on the junction
interface between substrate 110 and center nanowire 131 to
thereby cause tunneling at the junction interface. Simulta-
neously, gate electrode 170 operates such that an electric
field acts on first region 132 of center nanowire 131 to
thereby generate two-dimensional electron gas at an outer
periphery portion of center nanowire 131. Preferably,
regarding the positional relationship between the upper end
of gate electrode 170 and the boundary between first region
132 and second region 133 of center nanowire 131, the
upper end of gate electrode 170 is located at a position (a
position on substrate 110 side) lower than the boundary
between first region 132 and second region 133 as illustrated
in the schematic view of FIG. 2, but the present invention is
not limited to this.

The type of gate electrode 170 is not limited as long as it
has conductivity, and is, for example, a metal film, a metal
multilayer film, a metal compound film or other conductive
films. Examples of the metal of the metal film include W, Ti,
Pt, Au and Mo. Examples of the metal multilayer film
include a Ti/Au multilayer film. Examples of the metal
compound film include a tantalum nitride (TaN) film and a
tungsten nitride (WN) film. In the present embodiment, gate
electrode 170 is a Ti/Au multilayer film formed on gate
insulating film 160.

Isolation protective film 180 is a film made of insulating
resin that covers core-multishell nanowire 130, gate insu-
lating film 160 and gate electrode 170.

Preferably, in tunnel-field-effect transistor 100 according
to the present embodiment, the junction interface between
the (111) surface of substrate 110 made of a group IV
semiconductor and center nanowire 131 made of a group
III-V compound semiconductor is dislocation-free and
defect-free, but may include a few dislocations or defects. To
be more specific, it suffices that the cycle of the misfit
dislocation at the junction interface is longer than the cycle
of the misfit dislocation calculated from the lattice mismatch
between the group IV semiconductor of substrate 110 and
the group III-V compound semiconductor of center
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nanowire 131. In addition, it suffices that the density of the
threading dislocation at the junction interface falls within a
range of 0 to 10'° dislocations/cm®. By forming center
nanowire 131 by the manufacturing method described later,
it is possible to manufacture tunnel-field-effect transistor
100 of the present embodiment including the junction inter-
face that is basically dislocation-free and defect-free.

In tunnel-field-effect transistor 100 according to the pres-
ent embodiment, the junction interface between the (111)
surface of substrate 110 made of a group IV semiconductor
and center nanowire 131 made of a group III-V compound
semiconductor functions as a tunnel layer. For example, in
the case where substrate 110 functions as the source region,
when a positive voltage is applied to gate electrode 170, the
carrier in the source region (substrate 110) moves into the
channel region (first region 132 of center nanowire 131) by
tunneling (ON state is established). On the other hand, in the
case where second region 133 of center nanowire 131
functions as the source region, the carrier in the channel
region (the first region of the center nanowire) moves into
the drain region (substrate 110) by tunneling (ON state is
established). This operation corresponds to a switch opera-
tion of an n-type or p-type MOSFET of a CMOS switch.
Since the height of an energy barrier of the junction interface
varies depending on the type of the group III-V compound
semiconductor of center nanowire 131, a supply voltage
necessary for an ON state can be arbitrarily controlled by
changing the type of the group III-V compound semicon-
ductor.

In addition, in tunnel-field-effect transistor 100 according
to the present embodiment, when a positive voltage is
applied to gate electrode 170, two-dimensional electron gas
having a high mobility is generated at the outer periphery
portion of the channel region (first region 132 of center
nanowire 131), and the carrier in the source region (substrate
110 or second region 133 of center nanowire 131) moves to
the drain region (second region 133 of center nanowire 131
or substrate 110) through the two-dimensional electron gas
in the channel region (first region 132 of center nanowire
131) (ON state is established). That is, tunnel-field-effect
transistor 100 according to the present embodiment operates
not only as a tunnel-field-effect transistor (TFET) but also as
a high-electron-mobility transistor (HEMT). Accordingly,
tunnel-field-effect transistor 100 of the present embodiment
can achieve a current value greater than that of a conven-
tional tunnel-field-effect transistor.

FIG. 4 is a schematic view of a band structure of tunnel-
field-effect transistor 100 in the case where substrate 110 is
a p-type silicon (111) substrate and second region 133 of
center nanowire 131 is n-doped. FIG. 5 is a schematic view
of a band structure of tunnel-field-effect transistor 100 in the
case where substrate 110 is an n-type silicon (111) substrate
and second region 133 of center nanowire 131 is p-doped.
As illustrated in these drawings, in tunnel-field-effect tran-
sistor 100 according to the present embodiment, when a
positive voltage is applied to gate electrode 170, the carrier
in substrate 110 moves into center nanowire 131 by tunnel-
ing, and the carrier moved into in center nanowire 131
moves at a high speed in the two-dimensional electron gas
(ON state is established). As described above, tunnel-field-
effect transistor 100 according to the present embodiment
simultaneously achieves switching by the two-dimensional
electron gas and tunnel transport, and thus can achieve both
a small subthreshold coeficient (60 mV/decade or smaller)
and increase of the current value (see Example).

By using tunnel-field-effect transistor 100 according to
the present embodiment as a switch element, the power
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consumption of semiconductor device can be reduced. As a
result, both power saving and reduction of environmental
load can be achieved.

2. Method of Manufacturing Tunnel-Field-Effect Transistor

Next, a method of manufacturing tunnel-field-effect tran-
sistor 100 according to the present embodiment is described.
FIGS. 6A to 6C and FIGS. 7A and 7B are schematic
cross-sectional views illustrating an example of the method
of manufacturing tunnel-field-effect transistor 100 according
to the present embodiment. As illustrated in the drawings,
tunnel-field-effect transistor 100 according to the present
embodiment is manufactured through: a first step (1) of
preparing substrate 110 (FIG. 6A), a second step (2) of
forming core-multishell nanowire 130 (FIGS. 6B and 6C), a
third step (3) of forming gate electrode 170 (FIG. 7A), and
a fourth step (4) of forming source electrode 140 and drain
electrode 150 (FIG. 7B), for example. Each step is described
below.

(1) Preparation of Substrate

In the first step, substrate 110 covered with insulating film
120 having an opening is prepared (FIG. 6A). The type of
substrate 110 is not limited as long as substrate 110 is a
substrate made of a group IV semiconductor having a (111)
surface. Substrate 110 is doped to be a first conductivity type
(n-doped or p-doped). For example, substrate 110 is an
n-type silicon (111) substrate or a p-type silicon (111)
substrate. In the case where substrate 110 is a substrate
including no (111) surface (silicon (100) substrate or the
like), the (111) surface is exposed by anisotropic etching and
the like.

The material of insulating film 120 is not limited as long
as it is an inorganic insulating material. Examples of the
inorganic insulating material include silicon oxide, silicon
nitride or the like. The thickness of insulating film 120 for
covering the (111) surface is not limited, and it suffices that
the thickness of insulating film 120 for covering the (111)
surface is approximately 20 nm, for example. The silicon
oxide film is formed by, for example, thermally oxidizing the
silicon substrate. Naturally, insulating film 120 may be
formed by a common thin film formation method such as
sputtering.

One or more openings for growing center nanowire 131
are formed in insulating film 120. The opening can be
formed using a fine patterning technique such as electron
beam lithography, photolithography, nanoimprint lithogra-
phy or the like. The (111) surface of substrate 110 is exposed
to the outside through the opening. The shape of the opening
is not limited and can be arbitrarily determined. Examples of
the shape of the opening include triangular, rectangular,
hexagonal and circular. It suffices that the diameter of the
circumcircle of the opening is approximately 2 to 100 nm,
for example. In the case where the size of the opening is
excessively large, many dislocations or defects might be
formed at the junction interface between the (111) surface of
substrate 110 and center nanowire 131. When a plurality of
openings are periodically arrayed on one substrate 110, it
suffices that the interval of openings is approximately 10
nanometers to several micrometers.

Normally, a natural oxide film is formed on the surface of
substrate 110. Since this natural oxide film inhibits the
growth of center nanowire 131, it is preferable to remove the
natural oxide film. Therefore, it is preferable that, after
providing the opening on insulating film 120 covering the
(111) surface of substrate 110, the natural oxide film formed
on the (111) surface exposed inside the opening be removed
by applying a high-temperature heat treatment thereto. It
suffices that the high-temperature heat treatment is per-
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formed under a condition of approximately 900° C. in an
atmosphere of inert gas such as hydrogen gas, nitrogen gas
or argon gas. By performing the high-temperature heat
treatment in the above-mentioned manner, the natural oxide
film covering the (111) surface exposed through the opening
is removed and oxygen atoms are removed from the crystal
structure at the interface between the group IV semiconduc-
tor and the natural oxide film. At locations where oxygen
atoms are removed, group III atoms or group V atoms are
adsorbed instead of oxygen atoms (which will be described
later).

The (111) surface subjected to the high-temperature heat
treatment has a 1x1 structure. However, if the temperature of
substrate 110 is lowered as it is, an irregular atomic arrange-
ment on the surface of substrate 110 results as shown in the
classification table (compound semiconductor growth tem-
perature range) of FIG. 8. However, when the temperature is
further lowered to approximately 400° C., the surface of
substrate 110 is recovered to the 1x1 structure. In view of
this, in the manufacturing method of the present embodi-
ment, the temperature of substrate 110 is lowered to a low
temperature (approximately 400° C.) after the high-tempera-
ture heat treatment. Here, the “low temperature” is a tem-
perature lower than a temperature required for growing
center nanowire 131. By lowering the temperature of sub-
strate 110 in this manner, it is possible to convert the
(111)2x1 surface of substrate 110 to a (111)1x1 surface. The
“(111)2x1 surface” is a surface where the minimum unit of
the atomic arrangement is 2-atom distancex1-atom distance
as shown in FIG. 9A. On the other hand, the “(111)1x1
surface” is a surface where the minimum unit of the atomic
arrangement is 1-atom distancex1-atom distance as shown
in FIG. 9B.

As will be described later, the (111)1x1 surface of sub-
strate 110 is converted to a (111)A surface or a (111)B
surface by group III elements or group V elements. Here,
“(111)A surface” is a structure in which group V atoms are
attached to group IV atoms in the outermost surface, or a
structure in which group IV atoms in the outermost surface
are substituted by group III atoms. In addition, “(111)B
surface” is a structure in which group III atoms are attached
to group IV atoms in the outermost surface, or a structure in
which group IV atoms in the outermost surface are substi-
tuted by group V atoms.

By converting the (111)1x1 surface of substrate 110 to a
(111)A surface or a (111)B surface, the growth of the group
III-V compound semiconductor from the surface can be
facilitated. 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 cycle of 2-atom distancex2-atom distance. In
view of this, when group III elements or group V elements
are 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 semi-
conductor can easily grow on the surface.

On the other hand, it is reported that a stable structure of
the (111) surface that can be easily generated by applying
heat treatment to a silicon substrate is a (111)7x7 surface
(Surf. Sci. Vol. 164, (1985), p. 367-392). Conversion of a
(111)7x7 surface to a (111)A surface or a (111)B surface
results in an arrangement cycle whose minimum unit is
7-atom distancex7-atom distance. This minimum unit is
greater than the minimum unit of the arrangement cycle of
a crystal structure of a group III-V compound semiconduc-
tor. Consequently, a group I1I-V compound semiconductor is
not easily grown on the surface.
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It suffices that a low-temperature heat treatment for con-
verting the (111)2x1 surface of substrate 110 to the (111)1x1
surface is performed at a temperature of approximately 350
to 450° C. (e.g., approximately 400° C.). Preferably, the
low-temperature heat treatment is performed in an atmo-
sphere of inert gas such as hydrogen gas, nitrogen gas, argon
gas, and helium gas.

The (111)2x1 surface of substrate 110 is converted to a
(111)1x1 surface by the low-temperature heat treatment, and
is converted to a (111)A surface or a (111)B surface by
supplying a group III raw material or a group V raw material
to the surface of substrate 110. Preferably, the group III raw
material is a gas containing boron, aluminum, gallium,
indium or titanium (or, an organic metal compound may also
be adopted). The group III raw material is an organic alkyl
metal compound such as trimethylindium. Preferably, the
group V raw material is a gas containing nitrogen, phosphor,
arsenic, antimony or bismuth (or, an organic metal com-
pound may also be adopted). The group V raw material is,
for example, hydrogenated arsenic (arsine; AsH;). Prefer-
ably, the group III raw material or the group V raw material
is supplied at 400 to 500° C.

The step of converting the surface of substrate 110 to a
(111)A surface or a (111)B surface may be performed after
the step of converting the surface of substrate 110 to a
(111)1x1 surface or may be performed simultaneously with
the step of converting it to a (111)1x1 surface. That is, the
surface of substrate 110 may be converted to a (111)A
surface or a (111)B surface by supplying the group III raw
material or the group V raw material while converting the
(111) surface of substrate 110 to a (111)1x1 surface through
a low-temperature heat treatment at approximately 400° C.

As described above, oxygen atoms are removed from the
(111) surface when the natural oxide film is removed by
applying heat treatment to substrate 110 at a high tempera-
ture (e.g., 900° C.). When a (111)1x1 surface is obtained in
the state where oxygen atoms are removed, a portion where
the bonding between group IV elements is cut off is formed.
As shown in FIG. 8, the (111) surface after a high-tempera-
ture heat treatment is has a 1x1 structure and when the
temperature is lowered in this state, an atomic arrangement
including various irregular cycles is formed on the surface.
When the temperature is further lowered to approximately
400° C., the (111) surface is recovered to the 1x1 structure.
The recovered 1x1 structure is thermodynamically unstable,
and when group III elements or group V elements are
supplied in this state, the group III elements or the group V
elements form a (111)A surface or a (111)B surface in such
a manner that the group III atoms or the group V atoms are
adsorbed to the surface so as to replace the group IV atoms
(e.g., silicon atoms) on the outermost surface. Thus, the
(111)A surface or the (111)B surface is relatively easily
obtained.

(2) Production of Core-Multishell Nanowire

In the second step, core-multishell nanowire 130 is
formed (FIGS. 6B and 6C). To be more specific, center
nanowire 131 is grown from the (111) surface of substrate
110 exposed in the opening of insulating film 120 (FIG. 6B),
and then a plurality of cover layers are formed on the side
surface of center nanowire 131 (FIG. 6C). At this time, it is
preferable to form a thin film of a group III-V compound
semiconductor on the (111) surface of substrate 110 by an
alternate-raw material supply modulation method before
growing center nanowire 131.

(Alternate-Raw Material Supply Modulation Method)

A raw-material gas containing group III elements and a
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nately supplied to substrate 110 (hereinafter referred to as
“alternate-raw material supply modulation method”) and a
thin film of the group III-V compound semiconductor is
formed on the (111)A surface or the (111)B surface exposed
inside the opening of insulating film 120. Preferably, the thin
film is formed by the alternate-raw material supply modu-
lation method at a temperature lower than a temperature
required for growing center nanowire 131. For example, it
suffices that formation of the thin film by the alternate-raw
material supply modulation method is performed at approxi-
mately 400° C., or is performed while raising the tempera-
ture from 400° C.

To be more specific, in the case where the (111)A surface
is formed on substrate 110, the raw-material gas containing
the group III elements is supplied first and then the raw-
material gas containing the group V elements is supplied.
Further, the raw-material gas containing the group III ele-
ments and the raw-material gas containing the group V
elements are alternately and repeatedly supplied. On the
other hand, in the case where the (111)B surface is formed
on substrate 110, the raw-material gas containing the group
V elements is supplied first and then the raw-material gas
containing the group III elements is supplied. Further, the
raw-material gas containing the group V elements and the
raw-material gas containing the group III elements are
alternately and repeatedly supplied.

It suffices that each of the supply time for the raw-material
gas containing the group V elements and the supply time for
the raw-material gas containing the group III elements is
several seconds. In addition, it is preferable to provide an
interval of several seconds between the supply of the raw-
material gas containing the group V elements and the supply
of the raw-material gas containing the group I1I elements. It
suffices that the raw-material gas containing the group V
elements and the raw-material gas containing the group III
elements are alternately supplied until the thin film of the
group 1II-V compound semiconductor has a desired thick-
ness. The thin film of the group III-V compound semicon-
ductor is formed by repeating the supply of the gas several
times.

This alternate-raw material supply modulation method
also provides a compensation effect of re-forming the
(111)A surface or the (111)B surface even when there is a
portion that is failed to be converted at the time of conver-
sion of the (111)1x1 surface of substrate 110 to a (111)A
surface or a (111)B surface. This is because the group IV
elements and group III elements or group V elements are
bonded together by the alternate-raw material supply modu-
lation method.

Thereafter, the substrate temperature is raised to grow
center nanowire 131, and the thin film of the group III-V
compound semiconductor formed using the alternate-raw
material supply modulation method prevents dissociation of
the group III elements and/or group IV elements adsorbed to
the substrate.

(Formation of Center Nanowire)

After forming the thin film of the group III-V compound
semiconductor, center nanowire 131 made of a group I1I-V
compound semiconductor is grown from the (111) surface of
substrate 110 through the opening of insulating film 120
(FIG. 6B). Center nanowire 131 is grown by, for example,
a metal-organic chemical vapor phase epitaxy method (here-
inafter also referred to as “MOVPE method”), a molecular-
beam epitaxy method (hereinafter also referred to as “MBE
method”) and the like. Preferably, center nanowire 131 is
grown by a MOVPE method. It is to be noted that, in regions
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other than the opening of insulating film 120, the growth of
center nanowire 131 is inhibited by insulating film 120.

Center nanowire 131 can be formed by a MOVPE method
using a normal MOVPE apparatus. That is, it suffices that a
raw-material gas containing the group III elements and a
raw-material gas containing the group V elements are pro-
vided at a predetermined temperature and under a reduced
pressure condition. For example, when an InAs nanowire is
formed, it suffices that a gas containing arsenic hydride and
trimethylindium is provided at approximately 540° C. In
addition, when a GaAs nanowire is formed, it suffices that a
gas containing hydrogenated arsenic and trimethylgallium is
provided at approximately 750° C. When forming an
InGaAs nanowire, it suffices that a gas containing hydroge-
nated arsenic, trimethylgallium and trimethylindium is pro-
vided at approximately 670° C.

Through the above procedure, center nanowire 131 made
of'a group I11-V compound semiconductor can be formed on
the (111) surface of the group IV semiconductor substrate
such that the longitudinal axis thereof is perpendicular to the
(111) surface. Basically, the junction interface between the
(111) surface of substrate 110 and center nanowire 131
formed in the above-mentioned manner are dislocation-free
and defect-free.

At least second region 133 of the formed center nanowire
131 is doped to be the second conductivity type (p-doped or
n-doped) different from the type of substrate 110. For
example, center nanowire 131 can be doped with a p-type
dopant or an n-type dopant by supplying a doping gas or a
doping organic metal while forming the group III-V com-
pound semiconductor nanowire by an MOVPE method. In
the case of p-dope, the type of the doping gas and the doping
organic metal is not limited as long as C, Zn or Te is
contained therein, whereas in the case of n-dope, the type of
the doping gas and the doping organic metal is not limited
as long as C, Si, Ge, Sn, O, S, Se or Te is contained therein.
For example, the p-type group III-V compound semicon-
ductor nanowire that serves as second region 133 can be
formed by simultaneously supplying a gas containing group
VI atoms or the organic metal material and the material of
center nanowire 131 after first region 132 of center nanowire
131 is formed. Likewise, the n-type group III-V compound
semiconductor nanowire that serves as second region 133
can be formed by simultaneously supplying a gas containing
group IV atoms or the organic metal material and the
material of center nanowire 131 after first region 132 of
center nanowire 131 is formed by a MOVPE method.
Alternatively, second region 133 can be set to p-type by
implanting ions of group VI atoms to the portion that serves
as second region 133 of center nanowire 131. Likewise,
second region 133 can be set to n-type by implanting ions of
group IV atoms by ion implantation to the portion that serves
as second region 133 of center nanowire 131.

In tunnel-field-effect transistor 100 according to the pres-
ent embodiment, the turn-on voltage in the tunnel-field-
effect-transistor (TFET) structure and the threshold voltage
in the high-electron-mobility-transistor (HEMT) structure
are required to be equal to each other. In view of this, the
impurity concentration of first region 132 of center nanowire
131 is controlled to adjust the turn-on voltage in the TFET
structure to a value equal to the threshold voltage in the
HEMT structure. For example, the turn-on voltage in the
TFET structure can be shifted by intermittently doping
(pulse doping) a dopant of the first conductivity type while
forming first region 132 of center nanowire 131 (WO2015/
022777). In this case, the concentration of the dopant of the
first conductivity type in first region 132 is lower than the
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concentration of the dopant of the second conductivity type
in first region 132. The turn-on voltage in the TFET structure
can be adjusted by controlling the impurity concentration of
first region 132 by pulse doping in the above-mentioned
manner.

(Formation of Cover Layer)

After center nanowire 131 is formed, the cover layers are
formed on the side surface of center nanowire 131 (FIG.
6C). To be more specific, barrier layer 134 is formed on the
side surface of center nanowire 131, and then modulation
dope layer 135 and cap layer 136 (or, first spacer layer 137,
modulation dope layer 135, second spacer layer 138 and cap
layer 136) in this order are stacked on barrier layer 134. The
cover layers are formed by, for example, a metal-organic
chemical vapor phase epitaxy method (hereinafter also
referred to as “MOVPE method”), a molecular-beam epi-
taxy method (hereinafter also referred to as “MBE method”)
and the like. Preferably, the method of forming the cover
layers is identical to the method of manufacturing center
nanowire 131 in view of reducing the operation processes.

To form the cover layers on the side surface of center
nanowire 131, it is preferable to facilitate the growth in the
radial direction than the longitudinal direction of center
nanowire 131. The growth in the radial direction can be
facilitated by reducing the temperature of substrate 110 by
approximately 50 to 200° C. from the temperature at which
center nanowire 131 has been grown. In this manner, the
growth speed on the side surface of center nanowire 131
becomes greater than the growth speed in the longitudinal
direction of center nanowire 131, and the lateral growth for
forming the cover layers on the side surface of center
nanowire 131 can be achieved. The vertical growth may not
be completely inhibited. In the case where the cover layers
have been formed so as to cover the upper end surface of
center nanowire 131, it suffices to expose the end surfaces of
center nanowire 131 and the cover layers by mechanical
polishing and the like.

Barrier layer 134, (first spacer layer 137), modulation
dope layer 135, (second spacer layer 138) and cap layer 136
can be sequentially formed by changing the types of the
supply raw-material gases in the formation process of the
cover layers. For example, the cover layers of a structure
(see FIG. 3A) in which InP (barrier layer 134), d-doping
InAlAs (modulation dope layer 135) and InGaAs (cap layer
136) in this order are stacked in the radial direction from
center nanowire 131 made of InGaAs can be formed by:
growing InP (barrier layer 134) at 580° C. by supplying
trimethylindium gas and tert-butylphosphine gas; then
growing InAlAs (modulation dope layer 135) at 580° C. by
supplying trimethylindium gas, trimethylaluminum gas,
arsenic hydride gas and monosilane gas; and then growing
InGaAs (cap layer 136) at 580° C. by supplying trimethyl-
indium gas, trimethylgallium gas and arsenic hydride gas. In
addition, the cover layers of a structure (see FIG. 3B) in
which InP (barrier layer 134), InAlAs (first spacer layer
137), 8-doping InAlAs (modulation dope layer 135), InAlAs
(second spacer layer 138), and InGaAs (cap layer 136) in
this order are stacked in the radial direction from center
nanowire 131 made of InGaAs can be formed by: growing
InP (barrier layer 134) at 580° C. by supplying trimethyl-
indium gas and tert-butylphosphine gas; then growing InA-
1As (first spacer layer 137) at 580° C. by supplying trim-
ethylindium gas, trimethylaluminum gas and arsenic hydride
gas; then growing InAlAs (modulation dope layer 135) at
580° C. by supplying trimethylindium gas, trimethylalumi-
num gas, arsenic hydride gas and monosilane gas; then
growing InAlAs (second spacer layer 138) at 580° C. by
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supplying trimethylindium gas, trimethylaluminum gas and
arsenic hydride gas; and then growing InGaAs (cap layer
136) at 580° C. by supplying trimethylindium gas, trimeth-
ylgallium gas and arsenic hydride gas.

Modulation dope layer 135 is doped to be the second
conductivity type (n-doped or p-doped). Barrier layer 134
and cap layer 136 may be or may not be doped to be the
second conductivity type (p-doped or n-doped). First spacer
layer 137 and second spacer layer 138 may be or may not be
doped to be the first conductivity type (n-doped or p-doped)
or the second conductivity type (p-doped or n-doped). The
cover layer of n-type can be formed by simultaneously
supplying an organic metal material and the material of the
cover layer or a gas containing group IV atoms by a MOVPE
method. Likewise, the cover layer of p-type can be formed
by simultaneously supplying an organic metal material and
the material of the cover layer or a gas containing group VI
atoms. In the case of n-dope, the types of the doping gas and
the doping organic metal is not limited as long as C, Si, Ge,
Sn, O, S, Se or Te is contained, whereas in the case of
p-dope, the types of the doping gas and the doping organic
metal is not limited as long as C, Zn or Te is contained. The
concentration of the carrier is not limited, and it suffices that
the concentration of the carrier is approximately 1x10'° to
5%10%° cm™.

(3) Formation of Gate Electrode

In the third step, gate electrode 170 is formed (FIG. 7A).
To be more specific, gate insulating film 160 is formed on
the side surface of center nanowire 131, and gate electrode
170 is formed on gate insulating film 160. The method of
forming gate insulating film 160 is not limited. For example,
it suffices that a film made of silicon oxide (Si0,), aluminum
oxide (Al,O;), hafnium oxide (HfO,), zirconium oxide
(ZrO,) or lanthanum oxide (La,O;) is formed by an ALD
method and the like. Also, the method of forming gate
electrode 160 is not limited. For example, it suffices that the
electrode is formed by: masking a region other than a portion
in which to form an electrode with a resist film by a
photolithography method; then vapor-depositing a metal
such as gold, platinum, titanium, chromium, aluminum,
palladium, molybdenum or a semiconductor such as poly-
silicon; and then removing the resist film (liftoff). In addi-
tion, after the deposition of titanium, gold may be further
deposited and stacked to form an electrode of a two-layer
structure. Isolation protective film 180 that protects core-
multishell nanowire 130, gate insulating film 160 and gate
electrode 170 may be formed after gate electrode 170 is
formed. Isolation protective film 180 is a film made of an
insulating resin, for example.

(4) Formation of Source FElectrode and Drain Electrode

In the fourth step, source electrode 140 and drain elec-
trode 150 are formed (FIG. 7B). The method of forming
source electrode 140 and drain electrode 150 is not limited.
For example, it suffices to form source electrode 140 and
drain electrode 150 by a photolithography method, as with
gate electrode 170.

Through the above-mentioned procedure, tunnel-field-
effect transistor 100 according to the present embodiment
can be manufactured.

With the method of manufacturing tunnel-field-effect
transistor 100 according to the present embodiment, it is
possible to form a high-quality crystal structure device
without being influenced by metal contamination since
core-multishell nanowire 130 is formed without using a
metal catalyst. In addition, with the method of manufactur-
ing tunnel-field-effect transistor 100 according to the present
embodiment, it is possible to manufacture a tunnel-field-
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effect transistor having a desired characteristic without using
any precise doping technique by appropriately selecting the
type of the group IV semiconductor and group III-V com-
pound semiconductor. Further, with the method of manu-
facturing tunnel-field-effect transistor 100 according to the
present embodiment, when center nanowire 131 made of a
mixed crystal semiconductor such as InGaAs is formed,
only changing the In composition causes band discontinui-
ties at the junction interface to demonstrate opposite char-
acteristics. Therefore, by using the characteristics, tunnel-
field-effect transistor 100 that demonstrates different switch
characteristics can be manufactured by growing center
nanowire 131 made of a group III-V compound semicon-
ductor only once.

While the field effect transistor including the substrate
made of a group IV semiconductor and the core-multishell
nanowire made of a group III-V compound semiconductor
has been described as an example of the tunnel-field-effect
transistor according to the embodiment of the present inven-
tion, the tunnel-field-effect transistor according to the
embodiment of the present invention is not limited to this.
As described above, the tunnel-field-effect transistor accord-
ing to the embodiment of the present invention may have a
structure of a FinFET, an HEMT having a surrounding gate
structure, and the like as long as the tunnel-field-effect
transistor has both the tunnel-field-effect-transistor (TFET)
structure and the high-electron-mobility-transistor (HEMT)
structure. The tunnel-field-effect transistor according to the
embodiment of the present invention can be used in place of
commercially available HEMTs such as an HEMT for
communication, an AlGaN/GaN power HEMT for vehicle,
and the like, for example.

EXAMPLES

The present invention is described in detail below with
Examples. The present invention is not limited to Examples.
1. Production of Tunnel-Field-Effect Transistor According to
the Present Invention
(1) Production of TFET-1 (Example)

A p-type silicon (111) substrate (carrier concentration:
7x10'® cm™) was subjected to a thermal oxidation treatment
and a silicon oxide film having a film thickness of 20 nm was
formed on the surface. Openings are periodically formed in
the silicon oxide film by electron lithography and wet
chemical etching, and the surface of the silicon substrate was
exposed. The shape of the opening was set to a hexagonal
shape, and the size of the opening (the diameter of the
circumcircle) was set to 30 nm.

The substrate provided with the openings was set in a
sub-atmospheric transverse MOVPE apparatus (HR2339;
TAIYO NIPPON SANSO CORPORATION). The tempera-
ture of the silicon substrate 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 temperature of silicon substrate was lowered to 400° C.
from 925° C. Arsenic hydride was supplied together with
hydrogen gas (carrier gas). The partial pressure of arsenic
hydride was set at 1.3x10™* atm.

Next, a thin film of InGaAs was formed at the opening of
the silicon substrate by an alternate-raw material supply
modulation method. To be more specific, a cycle including
two-second supply of trimethylindium and trimethylgal-
lium, two-second interval using hydrogen gas, one-second
supply of hydrogenated arsenic and two-second interval
using hydrogen gas was repeated 20 times in two minutes.
The partial pressure of trimethylindium was set to 4.7x1077



US 10,381,489 B2

19

atm, the partial pressure of trimethylgallium was set to
5.7x1077 atm, and the partial pressure of arsenic hydride was
set to 1.3x107* atm.

Next, after raising the temperature of the silicon substrate,
an In, ,Ga, ;As nanowire (center nanowire) having a thick-
ness (the diameter of the circumcircle) of 30 nm and a length
of 1.2 um was grown by a MOVPE method. To be more
specific, after the temperature of the silicon substrate was
raised to 670° C. from 400° C., trimethylindium, trimeth-
ylgallium and arsenic hydride were supplied together with
hydrogen gas, and an In, ,Ga, ;As nanowire (first region)
having a length of 100 nm was grown. At this time, diethyl
zinc was intermittently supplied along with continuous
supply of trimethylindium, trimethylgallium and arsenic
hydride. In the supply of diethyl zinc, a cycle including
one-second supply of diethyl zinc and 29-second interval is
repeated 30 times. The partial pressure of trimethylindium
was set to 4.7x1077 atm, the partial pressure of trimethyl-
gallium was set to 5.7x1077 atm, the partial pressure of
arsenic hydride was set to 1.3x10™* atm, and the partial
pressure of diethyl zinc was set to 3.0x1077 atm. The
concentration of the dopant (Zn) in the first region was
1x10' cm™. Subsequently, trimethylindium, trimethylgal-
lium, arsenic hydride and monosilane were supplied
together with hydrogen gas, and an In, ,Ga, ;As nanowire
(second region) of n-type having a length of 1.1 um was
grown. The partial pressure of trimethylindium was set to
4.9x1077 atm, the partial pressure of trimethylgallium was
set to 5.7x1077 atm, the partial pressure of arsenic hydride
was set to 1.3x10™* atm, and the partial pressure of mono-
silane was set to 7x107® atm. The concentration of the
dopant (Si) in the second region was 5x10'® cm™>.

Next, an InP layer (barrier layer), an In, ;Al, sAs layer
(first spacer layer), a d-doping InAlAs layer (modulation
dope layer), an In, sAl, sAs layer (second spacer layer), and
an In, ,Ga, ;As layer (cap layer) were formed in this order
at the periphery (mainly, the side surface) of the
In, ,Ga, ;As nanowire (center nanowire) (see FIG. 3B). To
be more specific, the temperature of the silicon substrate was
set to 580° C., trimethylindium gas and tert-butylphosphine
gas were supplied together with hydrogen gas, and an InP
layer (barrier layer) having a film thickness of 5 nm was
formed on the side surface of the In, - Ga, ;As nanowire
(center nanowire). Next, trimethylindium gas, trimethylalu-
minum gas and arsenic hydride gas were supplied together
with hydrogen gas, and an In, ;Al, As layer (first spacer
layer) having a film thickness of 2.5 nm was formed on the
InP layer (barrier layer). Next, trimethylindium gas, trim-
ethylaluminum gas, arsenic hydride gas and monosilane gas
were supplied together with hydrogen gas, and an 8-doping
InAlAs layer (modulation dope layer) having a film thick-
ness of 5 nm was formed on the In, ;Al; ;As layer (first
spacer layer). Next, trimethylindium gas, trimethylalumi-
num gas and arsenic hydride gas were supplied together with
hydrogen gas, and an In, sAl, sAs layer (second spacer
layer) having a film thickness of 2.5 nm was formed on the
d-doping InAlAs layer (modulation dope layer). Finally,
trimethylindium gas, trimethylgallium gas and arsenic
hydride gas were supplied together with hydrogen gas, and
an In, ,Ga, ;As layer (cap layer) having a film thickness of
5 nm was formed on the In, Al sAs layer (second spacer
layer). The partial pressure of trimethylindium was set to
3.6x107° atm, the partial pressure of tert-butylphosphine
was set to 1.2x107* atm, the partial pressure of trimethyl-
aluminum was set to 7.5x1077 atm, the partial pressure of
arsenic hydride was set to 1.3x1077 atm, the partial pressure
of monosilane was set to 1.2x1077 atm, and the partial
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pressure of trimethylgallium was set to 8.2x1077 atm. The
carrier concentration of the d-doping InAlAs layer (modu-
lation dope layer) was set to 1x10'° cm™.

Through the above-mentioned steps, a core-multishell
nanowire having a thickness (the diameter of the circum-
circle) of 70 nm and a length of 1.2 um was formed on the
surface of the silicon substrate. FIG. 10 is a scanning
electron microscope photograph (perspective image) of the
silicon substrate in which core-multishell nanowires are
arranged periodically. As illustrated in FIG. 10, the major
axis of the core-multishell nanowire was perpendicular to
the surface of the silicon substrate.

A gate insulating film was formed on the side surface of
the core-multishell nanowire, and further a gate electrode
was formed thereon. To be more specific, an Hf, jAl, ,O
film (gate insulating film) having a film thickness of 14 nm
was formed by an ALD method. Thereafter, by a radio
frequency sputtering method, a W film (gate electrode)
having a film thickness of 100 nm was formed at a portion
of the core-multishell nanowire on the silicon substrate side.
The length of the gate electrode was 150 nm in the longi-
tudinal axial direction of the core-multishell nanowire.

Next, an insulating resin (BCB resin) film was formed on
the silicon substrate and the core-multishell nanowire on the
silicon substrate and the like were embedded in the insulat-
ing resin. Next, a part of the top side of the insulating resin
was removed by reactive ion etching, and the distal end of
the In, ,Ga, ;As nanowire (center nanowire) was exposed.

Next, on the surface where the In,.Ga,;As nanowire
(center nanowire) was exposed, a Ti (20 nm)/Pd (20 nm)/Au
(100 nm) multilayer film having a film thickness of 120 nm
was formed as a drain electrode. In addition, a Ti (20 nm)/Au
(30 nm) multilayer film having a film thickness of 50 nm
was formed as a source electrode on the silicon substrate.

Through the above-mentioned procedure, a TFET-1 was
produced as the tunnel-field-effect transistor according to the
embodiment of the present invention (see FIGS. 2 and 3B).
FIG. 11 illustrates a band of an HEMT structure included in
the tunnel-field-effect transistor (V ;=0.50 V).

(2) Production of TFET-2 (Comparative Example)

A TFET-2 as a tunnel-field-effect transistor for compari-
son was produced through a procedure that is identical to
that of the TFET-1 except in that the cover layers such as a
modulation dope layer were not formed on the side surface
of the In, ,Ga, ;As nanowire (center nanowire). The thick-
ness (the diameter of the circumcircle) of the In, ,Ga, ;As
nanowire (center nanowire) was 30 nm.

Through the above-mentioned procedure, two tunnel-
field-effect transistors, the TFET-1 and the TFET-2, were
produced. The TFET-1 has both a tunnel-field-effect-tran-
sistor (TFET) structure and a high-electron-mobility-tran-
sistor (HEMT) structure. On the other hand, the TFET-2 has
the tunnel-field-effect-transistor (TFET) structure, but does
not have the high-electron-mobility transistor (HEMT).

3. Evaluations on Electrical Characteristics

The electrical characteristics of the two tunnel-field-effect
transistors produced by the above-mentioned steps were
measured.

FIG. 12 is a graph illustrating a relationship between the
drain current (I,) and the subthreshold coefficient in the
TFET-1 (Example) and the TFET-2 (comparative example).
As can be seen in the graph, the subthreshold coefficient of
the TFET-1 of the Example was 60 mV/decade or smaller
(40 mV/decade). It can be said from this result that the
tunnel-field-effect transistor according to the embodiment of
the present invention can operate with a small subthreshold
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coefficient smaller than the theoretical minimum value of 60
mV/decade of the subthreshold coefficient of the MOSFET.

FIG. 13 A is a graph illustrating a relationship between the
gate voltage (V) and the drain current (I,5) in the TFET-1
(Example) (V,=0.05, 0.10, 0.25, 0.50, 1.00 V). FIG. 13B
is a graph illustrating a relationship between the drain
voltage (V) and the drain current (I,5) in the TFET-1
(Example) (V=-0.40 to 0.70 V in a unit of 0.05 V). FIG.
14A is a graph illustrating a relationship between the gate
voltage (V) and the drain current (I,5) in the TFET-2
(comparative example) (V ,=0.05, 0.10, 0.25, 0.50, 1.00 V).
FIG. 14B is a graph illustrating a relationship between the
drain voltage (V) and the drain current (I,5) in the TFET-2
(comparative example) (V;=-0.8 to 1.20 V in a unit of 0.10
V).

As illustrated in FIGS. 14A and 14B, in the TFET-2 of the
comparative example that does not have the high-electron-
mobility-transistor (HEMT) structure, the ON current was
approximately 4 nA/um when the drain voltage (V) is 0.5
V. On the other hand, as illustrated in FIGS. 13A and 13B,
in the TFET-1 of the Example that has the high-electron-
mobility-transistor (HEMT) structure, the ON current was
approximately 3.5 pA/um (875 times) when the drain volt-
age (V) is 0.5 V. It can be said from these results that the
current value of the tunnel-field-effect transistor according
to the embodiment of the present invention is large.

This application is entitled to and claims the benefit of
Japanese Patent Application No. 2015-193196 filed on Sep.
30, 2015, the disclosure each of which including the speci-
fication, drawings and abstract is incorporated herein by
reference in its entirety.

INDUSTRIAL APPLICABILITY

The field effect transistor of the present invention is useful
as a switch element formed on a semiconductor micropro-
cessor and a large scale integrated circuit, for example.

REFERENCE SIGNS LIST

100 Tunnel-field-effect transistor
110 Substrate

120 Insulating film

130 Core-multishell nanowire
131 Center nanowire

132 First region

133 Second region

134 Barrier layer

135 Modulation dope layer
136 Cap layer

137 First spacer layer

138 Second spacer layer

140 Source electrode

150 Drain electrode

160 Gate insulating film

170 Gate electrode

180 Isolation protective film

The invention claimed is:

1. A tunnel-field-effect transistor comprising:

a substrate

a core-multishell nanowire including a channel connected
with the substrate, the channel being disposed in a
center of the core-multishell nanowire;

one of a source electrode and a drain electrode connected
with the substrate;

the other of the source electrode and the drain electrode
connected with the core-multishell nanowire;
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a gate insulating film disposed on a side surface of the
core-multishell nanowire;

and

a gate electrode disposed on the gate insulating film so as
to surround the core-multishell nanowire, the date
electrode being configured to operate such that an
electric field acts on at least a art of the core-multishell
nanowire to cause tunneling at a junction interface
between the substrate and the channel while generating
two-dimensional electron gas at the channel.

2. The tunnel-field-effect transistor according to claim 1,

wherein:

the substrate includes a (111) surface and group IV
semiconductor doped to be a first conductivity type, the

(111) surface being covered by an insulating film

including an opening;

the core-multishell nanowire includes a group I1I-V com-
pound semiconductor, the core-multishell nanowire
being disposed on the (111) surface of the substrate

exposed in the opening and on the insulating film at a

peripheral portion of the opening;

the core-multishell nanowire includes:

a center nanowire including, a group III-V compound
semiconductor, the center nanowire including a first
region connected with the (111) surface of the sub-
strate exposed in the opening, and a second region
connected with the first region and doped to be a
second conductivity type different from the first
conductivity type, the center nanowire being the
channel,

a barrier layer including a group III-V compound
semiconductor having a band gap greater than a band
gap of the group III-V compound semiconductor of
the center nanowire, the barrier layer covering a side
surface of the center nanowire,

a modulation dope layer including a group III-V com-
pound semiconductor of the second conductivity
type having a band gap greater than the band gap of
the group III-V compound semiconductor of the
center nanowire and smaller than the band gap of the
group III-V compound semiconductor of the barrier
layer, the modulation dope layer covering the barrier
layer, and

a cap layer including a group III-V compound semi-
conductor having a band gap equal to or greater than
the group III-V compound semiconductor of the
center nanowire, the cap layer covering the modu-
lation dope layer;

the first region is an intrinsic semiconductor, or is doped
to be the second conductivity type such that an impurity
concentration of the first region is lower than an
impurity concentration of the second region;

the barrier layer is an intrinsic semiconductor, or is doped
to be the second conductivity type such that an impurity
concentration of the barrier layer is lower than an
impurity concentration of the modulation dope layer;

the cap layer is an intrinsic semiconductor, or is doped to
be the second conductivity type such that an impurity
concentration of the cap layer is lower than the impu-
rity concentration of the modulation dope layer;

the other of the source electrode and the drain electrode is
connected with the second region of the center
nanowire; and

the gate electrode operates such that an electric field acts
on a junction interface between the (111) surface of the
substrate and the center nanowire and the first region of
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the center nanowire to cause tunneling at the junction

interface while generating the two-dimensional elec-

tron gas at the first region.

3. The tunnel-field-effect transistor according to claim 2,
wherein:

the core-multishell nanowire further includes:

a first spacer layer disposed between the barrier layer
and the modulation dope layer, wherein the first
spacer layer includes a group I1I-V compound semi-
conductor having a composition identical to a com-
position of the group I1I-V compound semiconductor
of the modulation dope layer, and

a second spacer layer disposed between the modulation
dope layer and the cap layer, wherein the second
spacer later includes a group III-V compound semi-
conductor having a composition identical to the
composition of the group I1I-V compound semicon-
ductor of the modulation dope layer and to the
composition of the group I1I-V compound semicon-
ductor of the first spacer layer; and

a band gap of the first spacer layer and a band gap of the

second spacer layer are greater than the band gap of the

group III-V compound semiconductor of the center
nanowire and smaller than the band gap of the group

1I-V compound semiconductor of the barrier layer.

4. The tunnel-field-effect transistor according to claim 2,
wherein the impurity concentration of the modulation dope
layer falls within a range of 107 to 10** cm™>.

5. A switch element comprising the tunnel-field-effect
transistor according to claim 1.

#* #* #* #* #*
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