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(57) ABSTRACT 

A tunneling field effect transistor according to an embodi-
ment of the present invention includes: a first semiconductor 
layer having a first conductive type; a second semiconductor 
layer having a second conductive type and realizing a 
heterojunction with respect to the first semiconductor layer 
in a first region; a gate insulating layer over the second 
semiconductor layer in the first region; a gate electrode layer 
over the gate insulating layer; a first electrode layer electri-
cally connected to the first semiconductor layer; a second 
electrode layer electrically connected to the second semi-

(Continued) 

f 10

500 

Ii 10 
1oo-

L12O 

Cl 900 C2 
Al A2 



US 11,227,953 B2 
Page 2 

conductor layer; and a first insulating layer interposed 

between the first semiconductor layer and the second semi-

conductor layer in a second region adjacent to the first region 

toward the second electrode layer. 
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TUNNELING FIELD EFFECT TRANSISTOR 

TECHNICAL FIELD 

The present invention relates to tunneling field effect 
transistors. 

BACKGROUND ART 

Toward low power consumption of electronic devices, 
low-voltage operation of MOS field effect transistors (MOS-
FETs) configuring large-scale integrated circuits has been 
strongly desired. In recent years, a tunneling field effect 
transistor (which may be hereinafter referred to as "TFET") 
using the quantum tunneling phenomenon as a new opera-
tion principle has attracted attention. By using the quantum 
tunneling phenomenon, operation not following temperature 
and electron statistical distributions, that is, steep ON/OFF 
operation with a small sweep voltage width, is enabled. 
Various structures of the tunneling field effect transistor have 
been studied, for example, as disclosed in patent literatures 
ito 9. 

CITATION LIST 

Patent Literature 

Patent Literature i: Japanese Patent Application Laid-
Open No. 20i4-2297i3 

Patent Literature 2: International Publication No. 20i7-
08692i 

Patent Literature 3: Japanese Patent Application Laid-
Open (Translation of PCT Application) No. 20i8-5ii936 

Patent Literature 4: Japanese Patent Application Laid-
Open No. 20i8-i4359 

Patent Literature 5: Japanese Patent Application Laid-
Open No. 20i3-i8729i 

Patent Literature 6: U.S. Patent Application Publication 
No. 20i60043234 

Patent Literature 7: U.S. Patent Application Publication 
No. 20i20032227 

Patent Literature 8: U.S. Patent Application Publication 
No. 20i60204224 

Patent Literature 9: U.S. Patent Application Publication 
No. 20i80204953 

SUMMARY OF INVENTION 

Technical Problem 

Since the current value in an ON state is subjected to the 
quantum tunneling phenomenon, a sufficiently large value 
has not been acquired. Thus, for practical use of TFETs, both 
of high ON current and steep ON/OFF operation have been 
desired. 

One object of the present invention is to realize a TFET 
with both of high ON current and steep ON/OFF operation. 

Solution to Problem 

According to one embodiment of the present invention, 
provided is a tunneling field effect transistor including a first 
semiconductor layer having a first conductive type, a second 
semiconductor layer having a second conductive type and 
realizing a heterojunction with respect to the first semicon-
ductor layer in a first region, a gate insulating layer over the 
second semiconductor layer in the first region, a gate dcc-

2 
trode layer over the gate insulating layer, a first electrode 
layer electrically connected to the first semiconductor layer, 
a second electrode layer electrically connected to the second 
semiconductor layer, and a first insulating layer interposed 

5 between the first semiconductor layer and the second semi-
conductor layer in a second region adjacent to the first region 
toward the second electrode layer. 

The first semiconductor layer and the second semicon-
ductor layer may be a material having an energy band 

10 structure forming a type-Il band structure by the heterojunc-
tion. 

The second semiconductor layer may be a material in 
which energy of a conduction band minimum is present in 

15 
a band gap of the first semiconductor layer. 

A band gap of the second semiconductor layer may be 
larger than that of the first semiconductor layer. 

The first semiconductor layer may be a p-type semicon-
ductor, and the second semiconductor layer may be an

20 n-type semiconductor. 
The first semiconductor layer may be a group IV semi-

conductor, and the second semiconductor layer may be a 
group Il-VI semiconductor. 

The first semiconductor layer may be a group IV semi-
25 conductor, and the second semiconductor layer may include 

a metal oxide. 
The first semiconductor layer may include Si. 
The first semiconductor layer may include Si and Ge. 
The first semiconductor layer may be an n-type semicon-

30 ductor, and the second semiconductor layer may be a p-type 
semiconductor. 

The second semiconductor layer may have permittivity 
smaller than permittivity of the first semiconductor layer. 

The gate insulating layer and the gate electrode layer may 
be arranged so as to be expanded from the first region to the 
second region. 

The second region may be adjacent to the first region also 
toward the first electrode layer. 

40 The second region may surround the first region. 
A junction insulating layer including the first semicon-

ductor layer as a component may be arranged between the 
first semiconductor layer and the second semiconductor 
layer in a portion where the heterojunction is realized. 

45 The first semiconductor layer may be a p-type semicon-
ductor, the second semiconductor layer may be an n-type 
semiconductor, and the junction insulating layer may 
include an oxide of the first semiconductor layer. 

The first semiconductor layer may be an n-type semicon-
50 ductor, the second semiconductor layer may be a p-type 

semiconductor, and the junction insulating layer may 
include an oxide of the second semiconductor layer. 

Also, according to one embodiment of the present inven-
tion, provided is a tunneling field effect transistor including 
a first semiconductor layer having a first conductive type, a 
second semiconductor layer having a second conductive 
type and realizing a heterojunction with respect to the first 
semiconductor layer in a first region, a gate insulating layer 

60 over the second semiconductor layer in the first region, a 
gate electrode layer over the gate insulating layer, a first 
electrode layer electrically connected to the first semicon-
ductor layer, and a second electrode layer electrically con-
nected to the second semiconductor layer, wherein when 

65 viewed perpendicularly to a plane of the heterojunction, a 
region where the first semiconductor layer and the second 
semiconductor layer overlap is wider than the first region. 
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An electronic device including a plurality of the tunneling 
field effect transistors according to any of the above and a 
conductor for supplying a signal to the tunneling field effect 
transistors may be provided. 

The plurality of the tunneling field effect transistors may 
include at least an N-ch tunneling field effect transistor and 
a P-ch tunneling field effect transistor, and the electronic 
device may further include a conductor which connects the 
N-ch tunneling field effect transistor and the P-ch tunneling 
field effect transistor. 

Advantageous Effects of Invention 

According to one embodiment of the present invention, a 
TFET with both of high ON current and steep ON/OFF 
operation can be realized. 

BRIEF DESCRIPTION OF DRAWINGS 

FIG. 1 is a sectional view depicting the structure of a 
TFET in a first embodiment of the present invention. 

FIG. 2 is a top view depicting the structure of the TFET 
in the first embodiment of the present invention. 

FIG. 3 is a diagram describing a method of manufacturing 
the TFET in the first embodiment of the present invention. 

FIG. 4 is a diagram describing the method of manufac-
turing TFET in the first embodiment of the present inven-
tion. 

FIG. S is a diagram describing the method of manufac-
turing TFET in the first embodiment of the present inven-
tion. 

FIG. 6 is a diagram describing the method of manufac-
turing TFET in the first embodiment of the present inven-
tion. 

FIG. 7 is a diagram describing the method of manufac-
turing TFET in the first embodiment of the present inven-
tion. 

FIG. 8 is a diagram describing the method of manufac-
turing TFET in the first embodiment of the present inven-
tion. 

FIG. 9 is a diagram describing the method of manufac-
turing TFET in the first embodiment of the present inven-
tion. 

FIG. 10 is a sectional view depicting the structure of a 
TFET in a second embodiment of the present invention. 

FIG. 11 is a sectional view depicting the structure of a 
TFET in a third embodiment of the present invention. 

FIG. 12 is a diagram describing a method of manufac-
turing the TFET in the third embodiment of the present 
invention. 

FIG. 13 is a diagram describing the method of manufac-
turing the TFET in the third embodiment of the present 
invention. 

FIG. 14 is a diagram describing the method of manufac-
turing the TFET in the third embodiment of the present 
invention. 

FIG. 15 is a diagram describing the method of manufac-
turing the TFET in the third embodiment of the present 
invention. 

FIG. 16 is a diagram describing the method of manufac-
turing the TFET in the third embodiment of the present 
invention. 

FIG. 17 is a sectional view depicting the structure of a 
TFET in a fourth embodiment of the present invention. 

FIG. 18 is a diagram describing a method of manufac-
turing the TFET in the fourth embodiment of the present 
invention. 

4 
FIG. 19 is a diagram describing the method of manufac-

turing the TFET in the fourth embodiment of the present 
invention. 

FIG. 20 is a diagram describing the method of manufac-
5 turing the TFET in the fourth embodiment of the present 

invention. 
FIG. 21 is a diagram describing the method of manufac-

turing the TFET in the fourth embodiment of the present 
invention. 

10 FIG. 22 is a diagram describing the method of manufac-
turing the TFET in the fourth embodiment of the present 
invention. 

FIG. 23 is a diagram describing the method of manufac-

15 
turing the TFET in the fourth embodiment of the present 
invention. 

FIG. 24 is a diagram describing the method of manufac-
turing the TFET in the fourth embodiment of the present 
invention. 

20 FIG. 25 is a sectional view depicting the structure of a 
TFET in a fifth embodiment of the present invention. 

FIG. 26 is a sectional view depicting the structure of a 
TFET in a sixth embodiment of the present invention. 

FIG. 27 is a sectional view depicting the structure of an
25 electronic device in a seventh embodiment of the present 

invention. 
FIG. 28 is a sectional view depicting the structure of an

electronic device in an eighth embodiment of the present 
invention. 

30 FIG. 29 is a sectional view depicting the structure of a 
TFET in a ninth embodiment of the present invention. 

FIG. 30 is a sectional view depicting the structure of a 
TFET in a tenth embodiment of the present invention. 

FIG. 31 is a sectional view depicting the structure of a 
35 TFET in an eleventh embodiment of the present invention. 

FIG. 32 is a top view depicting a first example of the 
structure of a TFET in a twelfth embodiment of the present 
invention. 

FIG. 33 is a top view depicting a second example of the 
40 structure of the TFET in the twelfth embodiment of the 

present invention. 
FIG. 34 is a top view depicting the structure of a TFET in 

a thirteenth embodiment of the present invention. 
FIG. 35 is a top view depicting the structure of a TFET in 

45 a fourteenth embodiment of the present invention. 
FIG. 36 is a sectional view depicting the structure of the 

TFET in the fourteenth embodiment of the present inven-
tion. 

FIG. 37 is a top view depicting the structure of a TFET in 
50 a fifteenth embodiment of the present invention. 

FIG. 38 is a sectional view depicting the structure of the 
TFET in the fifteenth embodiment of the present invention. 

FIG. 39 is a top view depicting the structure of a TFET in 
a sixteenth embodiment of the present invention. 

55 FIG. 40 is a sectional view depicting the structure of the 
TFET in the sixteenth embodiment of the present invention. 

FIG. 41 is a top view depicting the structure of a TFET in 
a seventeenth embodiment of the present invention. 

FIG. 42 is a horizonal sectional view depicting the struc-
60 ture of the TFET in the seventeenth embodiment of the 

present invention. 
FIGS. 43A, 43B, 43C, 43D, and 43E depict vertical 

sectional views depicting the structure of the TFET in the 
seventeenth embodiment of the present invention. 

65 FIG. 44 is a diagram describing a method of manufac-
turing the TFET in the seventeenth embodiment of the 
present invention. 
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FIG. 45 is a diagram describing the method of manufac-
turing the TFET in the seventeenth embodiment of the 
present invention. 

FIG. 46 is a diagram describing the method of manufac-
turing the TFET in the seventeenth embodiment of the 
present invention. 

FIG. 47 is a diagram describing the method of manufac-
turing the TFET in the seventeenth embodiment of the 
present invention. 

FIG. 48 is a diagram describing the method of manufac-
turing the TFET in the seventeenth embodiment of the 
present invention. 

FIG. 49 is a top view depicting the structure of a TFET in 
an eighteenth embodiment of the present invention. 

FIG. 50 is a horizontal sectional view depicting the 
structure of the TFET in the eighteenth embodiment of the 
present invention. 

FIGS. S1A, SiB, SiC, S1D, and S1E depict vertical 
sectional views depicting the structure of the TFET in the 
eighteenth embodiment of the present invention. 

FIG. 52A depicts a device structure conceptional diagram, 
and energy band diagrams in FIG. 52B an OFF state and 
FIG. 52C an ON state of an oxide semiconductor group IV 
semiconductor stacked tunneling field effect transistor. 

FIG. 53 depicts a summary of material candidates. A 
band-to-band tunnel occurs from the valence band of a 
p-type group IV semiconductor to the conduction band of an 
n-type oxide semiconductor. In parentheses, a relative per-
mittivity of each material is indicated. 

FIG. 54A depicts an energy band structure of SiGe and 
FIG. 54B depicts reduced effective masses of a band-to-band 
tunnel. 

FIG. 55 depicts Ge concentration dependency of WKB 
tunneling probability in an n-ZnO/p-SiGe tunnel junction. 

FIG. 56 depicts a schematic diagram of a three-dimen-
sional device structure used in a TCAD simulation and main 
parameters. 

FIG. 57A depicts a two-dimensional image view of a 
band-to-band tunnel from the p-Ge source to the n-ZnO 
channel surface, and FIG. 57B depicts an energy band 
diagram in an n-ZnO/p-Ge tunnel junction and FIG. 57C 
depicts an energy band diagram in an n-Ge/p-Ge tunnel 
junction. 

FIG. 58 depicts IdVg characteristics of an n-ZnO/p-Ge 
TFET acquired by a simulation. 

FIGS. 59A and 59B depict Id-Vd characteristics of the 
n-ZnO/p-Ge TFET acquired by a simulation, in which FIG. 
59A is in linear notation and FIG. 59B is in logarithmic 
notation. 

FIG. 60A depicts influences by the film thickness of an 
oxide semiconductor and FIG. 60B depicts influences by its 
EOT (equivalent oxide thickness) on VBTBT of an n-OS 
(oxide semiconductor)p-Ge TFET. 

FIG. 61A depicts influences by the film thickness of the 
oxide semiconductor and FIG. 61B its EOT on an ON 
current of the n-OS/p-Ge TFET. 

FIG. 62 depicts a relation between an ON current and an 
E 0 position of the oxide semiconductor in TFETs having 
Si, SiGe, and Ge sources. 

FIG. 63A depicts a relation between a minimum SS 
(sub-threshold swing) value and the E0  position of the 
oxide semiconductor in the TFETs having Si, SiGe, and Ge 
sources and FIG. 63B depicts a relation between an average 
SS value and the above-described position. As the minimum 
SS value, a value acquired near a current value of 1 pA4tm 

6 
is used. As the average SS value, a value when a Vg sweep 
width of 0.3 V from the current value of 1 pA4tm is assumed 
is used. 

FIG. 64 depicts IdVg characteristics when various impu-
5 rity concentrations (N,) in Ge are assumed. The impurity 

concentration (Nd) in the oxide semiconductor is set as 
5x10'8 cm 3. 

FIG. 65A depicts a relation between an ON current and 
the impurity concentration (N,) in Ge and FIG. 65B depicts 

10 
a relation between an ON/OFF current ratio and impurity 
concentration (N,) in Ge when various impurity concentra-
tions (Nd) in the oxide semiconductor are assumed. 

FIG. 66 depicts influences given by an interface state to 

15 
deterioration in IdVg characteristics. An interface trap den-
sity (Dit) uniformly distributed is assumed. 

FIG. 67 is a process flow of fabricating n-ZnO/p-(Si or 
Ge) TFET devices. A ZnO film without addition of impu-
rities is formed by pulse laser deposition (PLD), and EOT of 

20 the gate insulating film is 5.8 nm. To experimentally veriFy 
TFET operation, a top-gate thin-film transistor (TFT) is also 
fabricated on the same chip. 

FIG. 68 depicts an image of cross-sectional transmission 
electron microscopy (XTEM) of an n-ZnO/p-Si TFET. For-

25 mation of a columnar polycrystal ZnO and a 5i02 interface 
layer having a film thickness of approximately 1.5 nm in 
ZnO/Si are also observed. 

FIG. 69 depicts an image of atomic force microscopy 
(AFM) of a ZnO/Si surface, depicting results after 0 2

30 annealing at 400° C. 
FIG. 70A depicts X-ray photoelectron spectra of 5i2p and 

Zn3p, FIG. 70B depicts X-ray photoelectron spectra at a 
valence band edge, and, furthermore, FIG. 70C depicts 
energy band structure of an acquired n-ZnO/5i02 interface 

35 layer/p-Si stacked structure. 
FIG. 71 depicts Id-Vd characteristics of devices illustrat-

ing first ZnO/Si TFET operation demonstration. Sectional 
views of device structures are depicted in the drawing. 

FIG. 72 depicts 55'd  characteristics of the TFET. A 
40 minimum SS value realized 71 mV/dec. By way of com-

parison, the results of a ZnO TFT are also depicted. 
FIG. 73 depicts Id-Vd characteristics of the ZnO/Si TFET. 

The vertical axis is in linear notation. 
FIG. 74 depicts changes in IdVg characteristics depend-

45 ing on the impurity concentration in the Si source. It can be 
found that an impurity concentration of approximately iO' 
cm 3 is optimum for both of high ON current and ON/OFF 
current ratio. 

FIG. 75 depicts Id-Vd characteristics of the ZnO/Si TFET. 
50 The impurity concentration in Si is 2x102° cm 3, and the 

vertical axis is in logarithmic notation. Characteristics sug-
gesting negative differential resistance (NDR) can be 
observed. 

FIG. 76 depicts dependency of the ON current and a 
55 tunnel junction area in the ZnO/Si TFET. 

FIG. 77 depicts 55'd  characteristics of the ZnO/Si TFET 
acquired from various measurement conditions. 

FIG. 78 depicts a comparison in IdVg characteristics 
between ZnO/Si and ZnO/Ge TFETs. 

60 FIGS. 79A, 79B, 79C, and 79D depict IdVg characteris-
tics of ZnO thin-film transistors (TFTs) fabricated by pro-
cessing various postprocesses. Note that they are not TFETs. 
FIG. 79A depicts a sample that has not processed any 
postprocess, FIG. 79B depicts a sample that has processed 

65 only post 02 annealing (POA), FIG. 79C depicts a sample 
that has processed only post plasma oxidation (PPO), and 
FIG. 79D depicts a sample that has processed both PPO and 
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POA. The IdVg characteristics in top-gate operation is poor, 
and importance ofAl2O3/ZnO interface control is suggested. 

FIG. 80 depicts gate stack control (I): Influences of PPO 
on the IdVg characteristics of the TFET. PPO is processed 
when A120 3 of 1 nm is deposited. 

FIG. 81 depicts gate stack control (II): Influences of POA 
and PNA on the IdVg characteristics of the TFET at 3500 C. 
The results of a sample that has also processed PPO in 
advance are depicted. 

FIG. 82 is a schematic diagram of operation in unitary 
construction of NchlPch TFETs. 

FIG. 83 is a schematic diagram of operation in an Nch 
TFET and a Pch TFET. 

FIGS. 84A and 84B are diagrams depicting IdVg char-
acteristics and Id-Vd characteristics of the Nch TFET. 

FIGS. 85A and 85B are diagrams depicting IdVg char-
acteristics and Id-Vd characteristics of the Pch TFET. 

FIG. 86 is a diagram depicting temperature dependency of 
the IdVg characteristics of the Nch TFET. 

FIGS. 87A, 87B, and 87C are diagrams depicting tem-
perature dependencies of various characteristic values of the 
Nch TFET. 

FIG. 88 depicts diagrams in which a surface state and a 
sectional state of ZnO and those of ZnSnO are compared. 

FIGS. 89A, 89B, and 89C depict diagrams in which 
various characteristics of ZnO and ZnSnO are compared. 

DESCRIPTION OF EMBODIMENTS 

In the following, embodiments of the present invention 
are described with reference to the drawings. Note that each 
embodiment described below is one example and the present 
invention should not be construed as being limited to these 
embodiments. That is, by mutually combining a plurality of 
embodiments described below or applying known technol-
ogy to each embodiment for modification, the embodiments 
can be implemented in various modes. 

In the drawings which will be referred to in the present 
embodiments, portions having the same portion or a similar 
function are provided with the same reference character or 
a similar reference character (reference character merely 
added with A, B, or the like after a numeral), and description 
of these may be omitted. Also, the dimensional ratio of the 
drawings may be different from the actual ratio for conve-
nience of description, or the structure may be partially 
omitted from the drawings. In the drawings attached to 
Specification, for convenience of ease of depiction and 
understanding, scaling, vertical and horizontal dimensional 
ratios, and so forth may be changed as appropriate for 
exaggeration, or the structure may be partially omitted from 
the drawings. Furthermore, in the following description, 
when a position relation between structures is defined, 
"above" or "below" is not limited to indicate that one 
structure is arranged directly above or directly below the 
other structure but may also include the case in which still 
another structure is involved between the structures. 

First, various embodiments of a tunneling field effect 
transistor (TFET) are described. Simulation results and 
demonstration results regarding the operation of the TFETs 
are collectively described after description of each embodi-
ment. 

First Embodiment 

[1. Structure of Tunneling Field Effect Transistor] 
The structure of a TFET according to a first embodiment 

of the present invention is described by using FIGS. 1 and 

8 
2. In the first embodiment, an Nch TFET is described. That 
is, an ON state (conduction between the source and the 
drain) is set in a direction in which the voltage of the gate 
is high with respect to the source, and an OFF state (non-

5 conduction between the source and the drain) is set in a 
direction in which it is low. 

FIG. 1 is a sectional view depicting the structure of the 
TFET in the first embodiment of the present invention. FIG. 
2 is a top view depicting the structure of the TFET in the first 

10 embodiment of the present invention. FIG. 1 corresponds to 
a sectional view along a cutting line C1-C2 in FIG. 2. A 
TFET 10 is a field effect transistor using a tunnel junction, 
and includes a p-type group IV semiconductor layer 110, an
n-type oxide semiconductor layer 200, a gate insulating 

15 layer 300, a gate electrode layer 400, an isolation insulating 
layer 500, a source electrode layer 710, and a drain electrode 
layer 720. A tunnel junction is formed by a portion where the 
p-type group IV semiconductor layer 110 and the n-type 
oxide semiconductor layer 200 make a heterojunction (het-

20 erojunction part 900). The heterojunction part 900 is realized 
in a region Al (first region). Note that in the heteroj unction 
part 900, it is not limited to the case in which the p-type 
group IV semiconductor layer 110 and the n-type oxide 
semiconductor layer 200 make contact with each other and 

25 an exceptionally thin insulting layer may be present to the 
extent that the tunnel junction is kept. For example, even if 
an oxide or nitride of the p-type group IV semiconductor 
layer 110 having a thickness on the order of 1 nm is present, 
the p-type group IV semiconductor layer 110 and the n-type 

30 oxide semiconductor layer 200 are regarded as forming the 
heterojunction part 900 in effect. 

The p-type group IV semiconductor layer 110 is a semi-
conductor layer formed in a part of a semiconductor sub-
strate 100 and isolated for each transistor by being sur-

35 rounded by an n-type group IV semiconductor layer 120. In 
this example, the p-type group IV semiconductor layer 110 
contains Si (silicon) as a main component, and has a p-type 
conductive type by addition of impurities. The semiconduc-
tor substrate 100 is a Si substrate. The n-type group IV 

40 semiconductor layer 120 contains Si as a main component, 
and has an n-type conductive type by addition of impurities. 
Note that the p-type group IV semiconductor layer 110 may 
have another group IV semiconductor as a main component, 
such as p-type Ge (germanium) or p-type SiGe (silicon 

45 germanium). 
In this example, the n-type oxide semiconductor layer 200 

contains ZnO (zinc oxide) as a main component, and has an
n-type conductive type by at least one of addition of impu-
rities and defect introduction. The thickness of the n-type 

50 oxide semiconductor layer 200 is preferably equal to or 
larger than 5 nm and equal to or smaller than 15 nm, and is 
10 nm in this example. The n-type oxide semiconductor 
layer 200 may be an oxide of at least one of Zn (zinc), In 
(indium), Sn (tin), Ga (gallium), and Ti (titanium) or a metal 

55 oxide semiconductor formed of a material acquired by 
combining any of these, and may have another oxide semi-
conductor as a main component, for example, such as In2O3
(indium oxide) or InGaZnO (indium gallium zinc oxide). 
Note in the following description that an oxide semiconduc-

60 tor may be described as "OS" or "n-OS" indicating that it is 
of an n-type. 

As described above, the p-type group IV semiconductor 
layer 110 and the n-type oxide semiconductor layer 200 
form the heterojunction part 900 in the region Al and are 

65 isolated by the isolation insulating layer 500 in the other 
portions. That is, as depicted in FIG. 2, when viewed 
perpendicularly with respect to the plane of the heterojunc-
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tion part 900, a region A3 where the p-type group IV 
semiconductor layer 110 and the n-type oxide semiconduc-
tor layer 200 overlap is wider than the region Al. In this 
example, an entire edge part of the region A3 is arranged 
outside the edge part of the region Al. 

The isolation insulating layer 500 (first insulating layer) 
contains, in this example, SiO2 (silicon oxide) as a main 
component. The isolation insulating layer 500 is not limited 
to SiO2 as long as the material has insulation, and may be, 
for example, Si3N4 (silicon nitride) or another metal oxide. 
The thickness of the isolation insulating layer 500 is pref-
erably equal to or larger than 10 nm and equal to or smaller 
than 20 nm, and is 15 nm in this example. In a region A2 
(second region) other than the region Al of the heterojunc-
tion part 900, the isolation insulating layer 500 isolates the 
p-type group IV semiconductor layer 110 and the n-type 
oxide semiconductor layer 200. In a portion corresponding 
to the region Al of the isolation insulating layer 500, a 
junction opening 550 is formed. This forms the heterojunc-
tion part 900 surrounded by the isolation insulating layer 
500. A side surface of the junction opening 550 is tilted in 
this example. 

Here, the region A3 corresponds to a region with the 
region Al and the region A2 added together. The region A2 
includes at least a region adjacent to the region Al toward 
the drain electrode layer 720. In the example depicted in 
FIGS. 1 and 2, the region A2 surrounds the region Al. That 
is, in this example, the region A2 also includes a region 
adjacent to the region Al toward the source electrode layer 
710. 

Of the region A2, with the presence of the isolation 
insulating layer 500 in the region adjacent to the region Al 
(heterojunction part 900) toward the drain electrode layer 
720, it is possible to suppress depletion of the n-type oxide 
semiconductor layer 200 from the heterojunction part 900 to 
the drain electrode layer 720 by the influences of the p-type 
group IV semiconductor layer 110. With depletion sup-
pressed, it is possible to suppress an increase in resistance of 
the n-type oxide semiconductor layer 200. Also, with this 
structure adopted, as will be described further below, it is 
possible to avoid electric field concentration on the outer 
edge of the p-type group IV semiconductor layer 110 or the 
n-type oxide semiconductor layer 200. Thus, steep ON/OFF 
operation (small SS value) can be realized. 

The gate insulating layer 300 contains, in this example, 
A120 3 (aluminum oxide) as a main component. The thick-
ness of the gate insulating layer 300 is preferably equal to or 
larger than 1 nm and equal to or smaller than 15 nm, and is 
10 nm in this example. The gate insulating layer 300 may be 
formed of another insulating material with high permittivity, 
for example, H102 (hafnium oxide), ZrO2 (zirconium oxide), 
La2O3 (lanthanum oxide), or Y20 3 (yttrium oxide), and a 
material made of a combination of these may be used. Also, 
the gate insulating layer 300 may be formed of a so-called 
insulating material not called having high permittivity, such 
as 5i02. 

The gate insulating layer 300 covers the n-type oxide 
semiconductor layer 200 at least in the region Al, and is 
interposed between the gate electrode layer 400 and the 
n-type oxide semiconductor layer 200. While the outer edge 
of the n-type oxide semiconductor layer 200 and the outer 
edge of the gate insulating layer 300 match each other in this 
example, they may not necessarily match each other. 

The gate electrode layer 400 contains, in this example, 
TiN (titanium nitride) as a main component. The gate 
electrode layer 400 may be another conductor such as Al 
(aluminum), W (tungsten), Ta (tantalum), Ti (titanium), Co 

10 
(cobalt), Mo (molybdenum), TaN (tantalum nitride), or WN 
(tungsten nitride). For adjustment of a threshold (Vth), in 
relation to the n-type oxide semiconductor layer 200, a 
conductor having an appropriate work function is desirably 

5 used. Note that the resistance of the electrode layer may be 
decreased as a whole by further stacking a conductor with 
low resistance such as Al on the gate electrode layer 400. 

The gate electrode layer 400 covers the gate insulating 
layer 300. The gate electrode layer 400 is arranged in this 

10 example not only in the region Al but also to be extended 
to the outside of the region Al. That is, in this example, the 
gate insulating layer 300 and the gate electrode layer 400 are 
arranged so as to close the junction opening 550. Note that 
the edge part of the gate electrode layer 400 and the edge 

15 part of the heterojunction part 900 may match each other. 
The source electrode layer 710 (first electrode layer) 

contains, in this example, Ni (nickel) as a main component. 
The source electrode layer 710 may be another conductor 
such as Al, W, Ta, Ti, Co, Mo, TiN, TaN, or WN. The source 

20 electrode layer 710 is electrically connected via an opening 
570 formed in the isolation insulating layer 500 to the p-type 
group IV semiconductor layer 110. Note that the resistance 
of the electrode layer may be decreased as a whole by further 
stacking a conductor with low resistance such as Al on the 

25 source electrode layer 710. 
The drain electrode layer 720 (second electrode layer) 

contains, in this example, Al as a main component. The drain 
electrode layer 720 may be another conductor such as W, Ta, 
Ti, Co, Mo, TiN, TaN, or WN. The drain electrode layer 720 

30 is electrically connected via an opening 370 formed in the 
gate insulating layer 300 to the n-type oxide semiconductor 
layer 200. In this example, the source electrode layer 710 
and the drain electrode layer 720 are arranged oppositely via 
the heterojunction part 900. 

35 [2. Heterojunction] 
Next, the heterojunction part 900 is described. The quan-

tum tunneling phenomenon, which is the TFET operation 
principle, is a process in which, as depicted in FIGS. 52A, 
52B, and 52C described further below, electrons in the 

40 valence band of the p-type group IV semiconductor layer 
110 make transition to a level in the conduction band of the 
n-type oxide semiconductor layer 200. On the tunneling 
probability, the height of the energy barrier sensed by 
electrons and the tunneling distance have an influence 

45 exponentially. Therefore, it is desired to select a material and 
a structure which decrease both of these. In addition, to 
realize an ideal energy band structure (energy band align-
ment), the composition of elements and the impurity con-
centration (distribution) near the junction interface are 

50 required to be controlled precisely. 
By the heterojunction between the p-type group IV semi-

conductor layer 110 and the n-type oxide semiconductor 
layer 200, an energy band structure forming a type-Il band 
structure is realized. This energy band structure is exem-

55 plarily depicted in FIGS. 52A, 52B, and 52C described 
further below. Also, energy bands of various materials are 
exemplarily depicted in FIG. 53 described further below. 

To realize the type-Il band structure, the n-type oxide 
semiconductor layer 200 is a material in which energy E 0

60 of the conduction band minimum is present in the band gap 
of the p-type group IV semiconductor layer 110. That is, 
E 0 is present between energy E1of  the conduction band 
minimum and energy E_1 of the valence band maximum of 
the p-type group IV semiconductor layer 110. Also, E 1 is 

65 present between E0  and energy E0  of the valence band 
maximum of the n-type oxide semiconductor layer 200. 
Materials satisfying these conditions are selected as the 
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materials of the p-type group IV semiconductor layer 110 
and the n-type oxide semiconductor layer 200. Here, mate-
rials with a difference between E_1 and E0  being small 
are selected, thereby allowing the height of the energy 
barrier to be decreased. Here, SiGe may be used in the 
p-type group IV semiconductor layer 110 to change the 
composition ratio between Si and Ge. With this, as will be 
depicted in FIGS. 54A and 54B described further below, the 
energy band relation in accordance with the type of the 
n-type oxide semiconductor layer 200 can also be freely 
adjusted. 

Each material may be selected so that the magnitude of 
the band gap of the n-type oxide semiconductor layer 200 is 
larger than the magnitude of the band gap of the p-type 
group IV semiconductor layer 110. With this relation, leak-
age current in an OFF state can be decreased. 

Since the heterojunction part 900 forms a tunnel junction 
as a plane, the tunneling phenomenon can be induced on the 
entire junction plane. Thus, the current value can be 
increased. Also, with this structure, the tunneling distance 
can be controlled by the thickness of the n-type oxide 
semiconductor layer 200. When the n-type oxide semicon-
ductor layer 200 is made thinner, the tunneling distance can 
be decreased, but the resistance of a route from the junction 
plane to the drain electrode layer 720 is increased. Thus, an 
appropriate thickness is set in relation to the film resistivity. 

Furthermore, the outer edge of a portion of the hetero-
junction part 900 contributing as a tunnel junction (a portion 
of the heterojunction part 900 covered by the gate electrode 
layer 400 via the gate insulating layer 300) is arranged so as 
to match neither the outer edge of the p-type group IV 
semiconductor layer 110 nor the outer edge of the n-type 
oxide semiconductor layer 200, thereby allowing suppres-
sion of the tunneling phenomenon at the outer edge of the 
p-type group IV semiconductor layer 110 or the outer edge 
of the n-type oxide semiconductor layer 200. This allows the 
tunneling phenomenon to be induced more uniformly, and 
steeper ON/OFF operation can also be realized. Note that 
while the heterojunction part 900 and the portion contrib-
uting as a tunnel junction (the portion of the heterojunction 
part 900 covered by the gate electrode layer 400 via the gate 
insulating layer 300) form the same region in the first 
embodiment, they may not form the same region as in 
structures exemplarily depicted in FIG. 32 and FIG. 33 
described further below. 

Each material may be selected so that the permittivity of 
the n-type oxide semiconductor layer 200 is smaller than the 
permittivity of the p-type group IV semiconductor layer 110. 
For example, as depicted in FIG. 53, while the permittivity 
of Si is 11.2 and the permittivity of Ge is 16.2, the permit-
tivity of ZnO is 8.8. From the principle in which the electric 
flux density (permittivityxelectric field) is constant, the 
energy band of a film with a smaller permittivity is modu-
lated with higher priority. Thus, by using a material with a 
relatively low permittivity as the semiconductor layer on a 
gate electrode layer 400 side (n-type oxide semiconductor 
layer 200), the tunneling distance can be decreased to be 
made closer to the film thickness of the n-type oxide 
semiconductor layer 200 (refer to FIG. 52C and FIGS. 57A, 
57B, and 57C described further below). 

Generally, SiGe and Ge have a strong tendency to have a 
p-type conductive type due to a point defect. On the other 
hand, oxide semiconductors have a strong tendency of 
having an n-type conductive type due to a point defect. Thus, 
by forming a p-n tunnel junction by using the properties 
unique to the material even without addition of impurity 
elements, the material interface and the carrier conduction 

12 
interface match each other in a self-alignment manner and, 
due to exceptional steepness, an ideal energy band structure 
can be realized. As indicated by demonstration results 
described further below (from FIG. 67 to FIG. 81), by 

5 combining p-type Si or p-type Ge as the p-type group IV 
semiconductor layer 110 and ZnO without impurity addi-
tion, operation characteristics suggesting the quantum tun-
neling effect can be acquired. 

[3. Tunneling Field Effect Transistor Manufacturing 
10 Method] 

A method of manufacturing the TFET 10 is described by 
using FIG. 3 to FIG. 9. 

FIG. 3 to FIG. 9 are drawings describing a method of 
manufacturing the TFET in the first embodiment of the 

15 present invention. First, in the semiconductor substrate 100 
including the n-type group IV semiconductor layer 120, 
impurity ions providing a p-type conductive type (for 
example, B ions) are injected to form the p-type group IV 
semiconductor layer 110 (FIG. 3). Here, the impurity con-

20 centration (N) is 1018 cm 3 to 1020 cm 3, and is set as 
appropriate in accordance with the impurity concentration 
(Nd) of the n-type oxide semiconductor layer 200. 

Next, the isolation insulating layer 500 is formed so as to 
cover a surface of the semiconductor substrate 100 where 

25 the p-type group IV semiconductor layer 110 is formed 
(FIG. 4). In this example, SiO2 of 15 nm is deposited as the 
isolation insulating layer 500. 

Next, of the isolation insulating layer 500, a portion 
corresponding to the region Al where the heterojunction 

30 part 900 is to be formed is removed to form the junction 
opening 550 (FIG. 5). In this example, the junction opening 
550 is formed by using photolithography technology. With 
the junction opening 550 formed by chemical etching (wet 
etching), side surfaces having tilts are formed. By plasma 

35 etching, the junction opening 550 may have side surface 
nearly perpendicular to the substrate. The dimension of one 
side of the junction opening 550 is set on the order of 5 nm 
to 500 nm, preferably 10 nm to 200 nm. 

Next, the n-type oxide semiconductor layer 200 and then 
40 the gate insulating layer 300 are sequentially deposited so as 

to cover the isolation insulating layer 500 and the p-type 
group IV semiconductor layer 110 exposed by the junction 
opening 550 (FIG. 6). In this example, as the n-type oxide 
semiconductor layer 200, ZnO of 10 nm is deposited by 

45 physical vapor deposition (PVD) such as sputtering. ZnO 
may be deposited by chemical vapor deposition (CVD) or 
atomic layer deposition (ALD). Here, the impurity concen-
tration (Nd) of the n-type oxide semiconductor layer 200 is 
1018 cm 3 to 1020 cm 3, and is set as appropriate in accor-

50 dance with the impurity concentration (N,) of the p-type 
group IV semiconductor layer 110. For this, there are a case 
of adding impurities and a case of using a point defect 
(oxygen hole and interstitial zinc) in ZnO directly as a defect 
levels for generating an electron. For defect amount control, 

55 heat treatment is used. 
Also, in this example, A120 3 of 1 nm is deposited by ALD 

as the gate insulating layer 300. After the gate insulating 
layer 300 is deposited, the defect density of an interface 
between the gate insulating layer 300 and the n-type oxide 

60 semiconductor layer 200 may be reduced by an oxygen 
plasma treatment. In this case, after the oxygen plasma 
process, an insulating film of 9 nm is further deposited to 
suppress leakage current. This insulating film is of A120 3
formerly formed, but may be formed of another insulating 

65 material with high permittivity. After the gate insulating 
layer 300 is deposited, heat treatment may be performed to 
enhance film quality of the gate insulating layer 300 and the 
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n-type oxide semiconductor layer 200. Note that this treat-
ment may be performed after process into a predetermined 
pattern, which will be described below. 

Next, the n-type oxide semiconductor layer 200 and the 
gate insulating layer 300 are formed into a predetermined 
pattern (FIG. 7). In this example, by using photolithography 
technology, the n-type oxide semiconductor layer 200 and 
the gate insulating layer 300 are processed by chemical 
etching (wet etching) or plasma etching. In this example, the 
n-type oxide semiconductor layer 200 and the gate insulat-
ing layer 300 are processed to have the same pattern, but 
may be processed to have different patterns. 

Next, the gate electrode layer 400 is formed on the gate 
insulating layer 300 (FIG. 8). In this example, the gate 
electrode layer 400 is deposited so as to cover the gate 
insulating layer 300 and the isolation insulating layer 500 
and by using photolithography technology, is processed into 
a predetermined pattern by plasma etching or the like. While 
TiN as the gate electrode layer 400 is deposited by sputtering 
in this example, it may be deposited by another method such 
as atomic layer deposition (ALD). 

Next, the opening 570 is formed in the isolation insulating 
layer 500 to expose a part of the p-type group IV semicon-
ductor layer 110, and the source electrode layer 710 is 
formed so as to be electrically connected to this exposed 
portion (FIG. 9). First, by using photolithography technol-
ogy, the opening 570 is formed by chemical etching or the 
like. Then, the source electrode layer 710 is deposited so as 
to cover at least the exposed portion of the p-type group IV 
semiconductor layer 110 and, by using photolithography 
technology, is processed into a predetermined pattern by 
plasma etching or the like. In this example, as the source 
electrode layer 710, Ni is deposited by sputtering. 

Next, the opening 370 is formed in the gate insulating 
layer 300, a part of the n-type oxide semiconductor layer 200 
is exposed, and the drain electrode layer 720 is formed so as 
to be electrically connected to this exposed portion (FIG. 1). 
This forms the TFET 10 depicted in FIG. 1. First, by using 
photolithography technology, the opening 370 is formed by 
chemical etching or the like. 

Then, the drain electrode layer 720 is deposited so as to 
cover at least the exposed portion of the n-type oxide 
semiconductor layer 200 and, by using photolithography 
technology, is processed into a predetermined pattern by 
plasma etching or the like. In this example, as the drain 
electrode layer 720, Al is formed by sputtering. Note that 
when the drain electrode layer 720 is formed, Al, which is 
the material of the drain electrode layer 720, may be left as 
being in a form of being further deposited on at least one of 
the source electrode layer 710 and the gate electrode layer 
400. 

Note that this manufacturing method is one example and 
another method capable of manufacturing a desired structure 
may be applied. For example, the drain electrode layer 720 
may be formed before the source electrode layer 710 is 
formed. The above is description of the method of manu-
facturing the TFET 10. 

Second Embodiment 

In the first embodiment, the Nch TFET 10 is described. In 
a second embodiment, a structure realizing a Pch TFET 10A 
is described. That is, an ON state (conduction between the 
source and the drain) is set in a direction in which the voltage 
of the gate is low with respect to the source, and an OFF state 
(non-conduction between the source and the drain) is set in 
a direction in which it is high. 

14 
Of the first semiconductor layer of the first conductive 

type and the second semiconductor layer of the second 
conductive type realizing the heterojunction part 900, a side 
closer to the gate electrode layer 400 is defined as the second 

5 semiconductor layer. When an ON state is set, the gate 
voltage is controlled so that, irrespective of whether it is of 
Nch or Pch, the n-type semiconductor layer has a potential 
higher than that of the p-type semiconductor layer (refer to 
FIG. 83 described further below). In this case, if the TFET 

10 is of Nch, the first conductive type is a p type and the second 
conductive type is an n type. On the other hand, if the TFET 
is of Pch, the first conductive type is an n type and the 
second conductive type is a p type. In this manner, if the 
TFET is of Pch, conversely to the Nch TFET, the semicon-

15 ductor layer closer to the gate electrode layer 400 is set as 
a p-type semiconductor. 

FIG. 10 is a sectional view depicting the structure of the 
TFET in the second embodiment of the present invention. In 
the example of the Pch TFET 10A depicted in FIG. 10, of a 

20 p-type group IV semiconductor layer 110A and an n-type 
oxide semiconductor layer 200A forming the heterojunction 
part 900, the p-type group IV semiconductor layer 110A is 
arranged on a side closer to the gate electrode layer 400. 
Thus, the n-type oxide semiconductor layer 200A arranged 

25 on a side away from the gate electrode layer 400 is formed 
on an insulating substrate 1000 and isolated for each TFET. 
Therefore, the Pch TFET (second embodiment) has a struc-
ture in which the position relation between the p-type group 
IV semiconductor layer 110 and the n-type oxide semicon-

30 ductor layer 200 in the Nch TFET 10 (first embodiment) is 
interchanged. 

Also, in this structure, an isolation insulating layer 500 is 
arranged for isolating the p-type group IV semiconductor 
layer 110A and the n-type oxide semiconductor layer 200A 

35 at least in the region A2. This allows suppression of an
increase in resistance of the p-type group IV semiconductor 
layer 110A from the heterojunction part 900 to the drain 
electrode layer 720 due to depletion. 

Note in this example that since the p-type group IV 
40 semiconductor layer 110A is arranged on the gate electrode 

layer 400 side, the permittivity of the p-type group IV 
semiconductor layer 110A is preferably set lower than the 
permittivity of the n-type oxide semiconductor layer 200A. 
For example, as the n-type oxide semiconductor layer 200A, 

45 TiO having a permittivity higher than that of Si or Ge may 
be used. 

Third Embodiment 

50 In a third embodiment, an example is described in which 
the gate insulating layer 300 and the gate electrode layer 400 
in the first embodiment are changed from an n-type oxide 
semiconductor layer 200 side to a p-type group IV semi-
conductor layer 110 side to realize a Pch TFET lOB. 

55 FIG. 11 is a sectional view depicting the structure of the 
TFET in the third embodiment of the present invention. In 
the example depicted in FIG. 11, a Pch TFET lOB is formed 
by using a Si substrate having conductivity (n type or p 
type), a buried oxide film (5i02) provided on the Si sub-

60 strate, and a p-type Si thin film provided on the buried oxide 
film. Here, a gate electrode layer 400B is formed from the 
Si substrate, a gate insulating layer 300B is formed from the 
buried oxide film, and a p-type group IV semiconductor 
layer 110B is formed from the p-type Si thin film. Therefore, 

65 when another group IV semiconductor such as p-type Ge or 
p-type SiGe is used as the p-type group IV semiconductor 
layer 110B, it is only required to use a Ge thin film or a SiGe 
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thin film for the thin film provided on the buried oxide film. 
The same goes for the other embodiments. 

To operation with Pch, the p-type group IV semiconductor 
layer 110B arranged on a gate electrode layer 400B side is 
required to be made thin. In this example, the film thickness 
of the p-type group IV semiconductor layer 110B is 10 nm. 
As a result, the region A2 is provided at least between the 
drain electrode layer 720 connected to the p-type group IV 
semiconductor layer 110B and the heterojunction part 900. 
On the other hand, since the n-type oxide semiconductor 
layer 200 is a semiconductor positioned oppositely to the 
gate electrode layer 400B, and thus may be thicker than the 
n-type oxide semiconductor layer 200 in the first embodi-
ment. 

The drain electrode layer 720 is electrically connected via 
the opening 570 formed in the isolation insulating layer 500 
to the p-type group IV semiconductor layer 110B. The 
source electrode layer 710 is electrically connected to the 
n-type oxide semiconductor layer 200. Note that an insulat-
ing layer may be formed on the surface of the n-type oxide 
semiconductor layer 200 and the source electrode layer 710 
and the n-type oxide semiconductor layer 200 may be 
connected via an opening formed in that insulating layer. A 
gate extraction electrode layer 740 penetrates through the 
isolation insulating layer 500 and the gate insulating layer 
300B to be electrically connected to the gate electrode layer 
400B. 

FIG. 12 to FIG. 16 are drawings describing a method of 
manufacturing the TFET in the third embodiment of the 
present invention. A semiconductor substrate 100B is pre-
pared (FIG. 12). The semiconductor substrate 100B includes 
a Si substrate 420B to serve as the gate electrode layer 400B, 
a buried oxide film (5i02) provided on the Si substrate to 
serve as the gate insulating layer 300B, and a p-type Si thin 
film provided on the buried oxide film to serve as the p-type 
group IV semiconductor layer 110B. 

First, the p-type group IV semiconductor layer 110B is 
isolated for each TFET (FIG. 13). By using photolithogra-
phy technology, the p-type group IV semiconductor layer 
110B is processed into a predetermined pattern by plasma 
etching or the like. Next, the isolation insulating layer 500 
is deposited and the junction opening 550 is formed (FIG. 
14). Then, the n-type oxide semiconductor layer 200, the 
source electrode layer 710, and the drain electrode layer 720 
are formed (FIG. 15). 

The Si substrate 420B is made thinner and is further 
processed into a predetermined pattern, thereby forming the 
gate electrode layer 400B (FIG. 16). Then, an opening is 
formed in the isolation insulating layer 500 and the gate 
insulating layer 300B and the gate extraction electrode layer 
740 electrically connected to the gate electrode layer 400B 
is formed (FIG. 11). The gate extraction electrode layer 740 
is only required to be made of any material having conduc-
tivity, which may be, for example, the same material as that 
of the source electrode layer 710 or the drain electrode layer 
720. 

Fourth Embodiment 

In a fourth embodiment, described is an example of a Pch 
TFET 1OC having a gate electrode layer 400C formed by a 
method different from that of the Pch TFET lOB in the third 
embodiment. 

FIG. 17 is a sectional view depicting the structure of the 
TFET in the fourth embodiment of the present invention. 
The TFET 1OC depicted in FIG. 17 is different in structure 
from the TFET lOB in the third embodiment depicted in 

16 
FIG. 11 in that a p-type group IV semiconductor layer hOC, 
a gate insulating layer 300C, a gate electrode layer 400C, 
and a planarization insulating layer 600 are included. In this 
example, the gate insulating layer 300C and the gate dcc-

5 trode layer 400C can be formed of materials similar to those 
of the gate insulating layer 300 and the gate electrode layer 
400 in the first embodiment. Also, in this example, the 
planarization insulating layer 600 is made of 5i02 and is 
arranged so as to form the same plane as that of the gate 

10 electrode layer 400C. In this TFET 1OC, normally, a surface 
on which the planarization insulating layer 600 and the gate 
electrode layer 400 are formed is laminated onto another 
structure 2000. 

15 
FIG. 18 to FIG. 24 are drawings describing a method of 

manufacturing the TFET in the fourth embodiment of the 
present invention. First, a semiconductor substrate 100C is 
prepared (FIG. 18). The semiconductor substrate 100C 
includes a Si substrate 120C, a buried oxide film 130C 

20 provided on the Si substrate 120C, and a p-type Si thin film 
provided on the buried oxide film 130C to serve as a p-type 
group IV semiconductor layer hOC. 

First, the p-type group IV semiconductor layer hOC is 
isolated for each TFET (FIG. 19). By using photolithogra-

25 phy technology, the p-type group IV semiconductor layer 
hOC is processed into a predetermined pattern by plasma 
etching or the like. Next, the gate insulating layer 300C is 
deposited (FIG. 20). Next, the gate electrode layer 400C is 
formed, and the planarization insulating layer 600 is formed 

30 in a region where the gate electrode layer 400C is not 
arranged (FIG. 21). As for the planarization insulating layer 
600, after the gate electrode layer 400C is formed, it is only 
required that an insulating material such as, for example, 
5i02, is deposited and planarized by CMP (chemical 

35 mechanical polishing) or the like. 
In this manner, planarization is performed on the whole by 

using the planarization insulating layer 600 on a gate elec-
trode layer 400C side, thereby making it easy to realize a 
structure with the TFET 1OC laminated onto another struc-

40 ture, as will be described in FIG. 27 described further below. 
After lamination onto the other structure 2000, the buried 

oxide film 130C is removed, thereby isolating the Si sub-
strate 120C from the p-type group IV semiconductor layer 
hOC (FIG. 22). Next, the isolation insulating layer 500 is 

45 deposited on a surface side of the p-type group IV semi-
conductor layer hOC facing the buried oxide film 130C and 
the junction opening 550 is formed (FIG. 23). Then, the 
n-type oxide semiconductor layer 200, the source electrode 
layer 710, and the drain electrode layer 720 are formed (FIG. 

50 24). Then, an opening is formed in the isolation insulating 
layer 500 and the gate insulating layer 300C and the gate 
extraction electrode layer 740 electrically connected to the 
gate electrode layer 400C is formed (FIG. 17). 

55 Fifth Embodiment 

As a fifth embodiment, described is a TFET 1OD imple-
mented as a single structure by combining the Pch TFET 
lOB in the third embodiment or the Pch TFET 1OC in the 

60 fourth embodiment with the Nch TFET 10 in the first 
embodiment. 

FIG. 25 is a sectional view depicting the structure of the 
TFET in the fifth embodiment of the present invention. 
According to the TFET hOD depicted in FIG. 25, on a p-type 

65 group IV semiconductor layer hOC side of the heterojunc-
tion part 900, a Pch TFET structure is realized by the 
structure depicted in FIG. 17. On the other hand, on an



US 11,227,953 B2 
17 

n-type oxide semiconductor layer 200 side of the hetero-
junction part 900, an Nch TFET structure is realized by the 
structure depicted in FIG. 1. 

By this structure, the TFET 1OD controls the potential of 
each of a p-side electrode layer 712 as a source, an n-side 
electrode layer 721 as a drain, and the gate electrode layer 
400, and can thereby be used as an Nch transistor. On the 
other hand, the TFET 1OD controls the potential of each of 
the p-side electrode layer 712 as a drain, the n-side electrode 
layer 721 as a source, and the gate electrode layer 400C, and 
can thereby be used as a Pch transistor. 

In this structure, it is required to use a thin film on the 
order of 10 nm for both of the p-type group IV semicon-
ductor layer hOC and the n-type oxide semiconductor layer 
200C. Thus, the region A2 preferably includes both of a 
region A2p toward a p-side electrode layer 712 with respect 
to the region Al and a region A2n toward an n-side electrode 
layer 721 with respect to the region Al. 

Sixth Embodiment 

In a sixth embodiment, a TFET hOE is described in which 
for the TFET 10 in the first embodiment, the p-type group IV 
semiconductor layer 110 is isolated for each TFET. 

FIG. 26 is a sectional view depicting the structure of the 
TFET in the sixth embodiment of the present invention. The 
TFET hOE depicted in FIG. 26 is different in structure from 
the TFET 10 in the first embodiment depicted in FIG. 1 in 
that a p-type group IV semiconductor layer hh0E is used. 
The p-type group IV semiconductor layer hh0E is processed 
so as to isolate a p-type semiconductor layer arranged on a 
buried oxide film h30E for each TFET. The buried oxide film 
h30E is arranged on a Si substrate h20E. Note that the Si 
substrate h20E may be an insulating substrate such as glass. 
This TFET hOE can be manufactured by using a substrate 
such as SOI (Si on Insulator). 

Note that as a method of isolating the p-type group IV 
semiconductor layer 110 for each TFET, it is possible to 
apply any of various methods generally adopted as a method 
of isolating a P+region in a P-type MOSFET. Here, STI 
(Shallow Trench Isolation) technology may be used. 

Seventh Embodiment 

In a seventh embodiment, an electronic device 1 including 
an inverter with the Pch TFET hOC in the fourth embodi-
ment and the Nch TFT hOE in the sixth embodiment 
combined together is described. In this example, an example 
is described in which the TFET hOC and the TFET hOE are 
arranged on different layers. 

FIG. 27 is a sectional view depicting the structure of the 
electronic device in the seventh embodiment of the present 
invention. In the example depicted in FIG. 27, in the 
electronic device 1, a structure in which one inverter is 
assumed is extracted, and an Nch transistor part hTn, a Pch 
transistor part hTp, and a wire part hTw are depicted. 

In the Nch transistor part hTn, the Nch TFET hOE is 
arranged, which is covered by a lower interlayer insulating 
layer 610. In the lower interlayer insulating layer 610, wires 
connected to the TFET hOE are arranged. In this example, 
the Nch transistor part hTn has its upper surface formed as 
being planarized. 

In the Pch transistor part hTp, the Pch TFET hOC is 
arranged, which is covered, together with the wire part hTw, 
by an upper interlayer insulating layer 620. As depicted in 
FIG. 25, the Pch transistor part hTp has its lower surface 

18 
formed as being planarized and connected to the upper 
surface of the Nch transistor part hTn. 

A gate electrode layer 400E of the TFET hOE and the gate 
electrode layer 400C of the TFET hOC are electrically 

5 connected together, and are further connected to a gate input 
wire 810. A drain electrode layer 720E of the TFET hOE and 
a drain electrode layer 720C of the TFET hOC are connected 
via a drain output wire 830. A source electrode layer 7h0E 
of the TFET hOE is connected to a low power supply line 

10 860. A source electrode layer 7h0C of the TFET hOC is 
connected to a high power supply line 880. In this manner, 
conductors connecting the TFET hOE and the TFET hOC are 
arranged at least in the wire part hTw. 

15 
A low potential side of a power supply is connected to the 

low power supply line 860, and a high potential side of the 
power supply is connected to the high power supply line 
880. Also, to the gate input wire 810, for example, an output 
signal from an inverter on the previous stage is input as a 

20 digital signal. To the drain output wire 830, an inverted 
signal of the signal input to the gate input wire 810 is output 
by an inverter configured of the TFET hOE and the TFET 
hOC. Note that the gate input wire 810 can be said as a 
terminal to which a digital signal is supplied if the inverter 

25 is at an initial stage. 

Eighth Embodiment 

In an eighth embodiment, an electronic device hA includ-
30 ing an inverter with the Pch TFET lOB in the third embodi-

ment and the Nch TFET hOE in the sixth embodiment 
combined together is described. In this example, an example 
is described in which the TFET lOB and the TFET hOE are 
arranged so as to mutual realize a partial structure in the 
same layer. Note that, as with the seventh embodiment, the 
TFET hOC in the fourth embodiment may be applied as a 
Pch TFET. 

FIG. 28 is a sectional view depicting the structure of the 

40 electronic device in the eighth embodiment of the present 
invention. In the example depicted in FIG. 28, in the 
electronic device hA, a structure in which one inverter is 
assumed is extracted, and an Nch transistor part hATn and 
a Pch transistor part hATp are depicted. 

s The Nch TFET hOE is arranged in the Nch transistor part 
hATn and the Pch TFET lOB is arranged in the Pch transistor 
part hATp, and each is covered by an interlayer insulating 
layer 630. 

The gate electrode layer 400E of the TFET hOE and the 
50 gate electrode layer 400B of the TFET lOB are connected 

via the gate input wire 810. The drain electrode layer 720E 
of the TFET hOE and a drain electrode layer 720B of the 
TFET lOB are connected via the drain output wire 830. The 
source electrode layer 710E of the TFET hOE is connected 
to the low power supply line 860. A source electrode layer 
710B of the TFET lOB is connected to the high power 
supply line 880. In this manner, the TFET hOE and the TFET 
lOB are connected together by conductors. 

60 
A low potential side of a power supply is connected to the 

low power supply line 860, and a high potential side of the 
power supply is connected to the high power supply line 
880. Also, to the gate input wire 810, for example, an output 
signal from an inverter on the previous stage is input as a 

65 digital signal. To the drain output wire 830, an inverted 
signal of the signal input to the gate input wire 810 is output 
by an inverter configured of the TFET hOE and the TFET 
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lOB. Note that the gate input wire 810 can be said as a 
terminal to which a digital signal is supplied if the inverter 
is at an initial stage. 

Ninth Embodiment 

A TFET 1OF in a ninth embodiment is described. 
FIG. 29 is a sectional view depicting the structure of the 

TFET in the ninth embodiment of the present invention. In 
the TFET 10 in the first embodiment, the drain electrode 
layer 720 is arranged oppositely to the source electrode layer 
710 with respect to the heterojunction part 900. In the TFET 
1OF in the ninth embodiment, as depicted in FIG. 29, the 
drain electrode layer 720 is arranged on the same side as the 
source electrode layer 710 with respect to the heterojunction 
part 900. In this case, a route from the heterojunction part 
900 to the source electrode layer 710 and a route from the 
heterojunction part 900 to the drain electrode layer 720 both 
pass the common region A2. 

Tenth Embodiment 

In the heterojunction part 900, as described above, an 
exceptionally thin insulating layer may be arranged between 
the p-type group IV semiconductor layer 110 and the n-type 
oxide semiconductor layer 200. In a tenth embodiment, 
described is a TFET lOG in which such an insulating layer 
as above is present. 

FIG. 30 is a sectional view depicting the structure of the 
TFET in the tenth embodiment of the present invention. In 
the TFET lOG, a junction insulating layer 115 on the order 
of 1 nm is arranged on the heterojunction part 900. In this 
example, the junction insulating layer 115 is an insulating 
material containing the p-type group IV semiconductor layer 
110 as a component and, for example, is an oxide film or 
nitride film of this component. By the influence of oxygen 
components included in the n-type oxide semiconductor 
layer 200, an oxide film of the p-type group IV semicon-
ductor layer 110 may be formed as the junction insulating 
layer 115. 

Eleventh Embodiment> 

While the side surfaces of the junction opening 550 have 
tilts in the first embodiment, they may not have tilts. In an 
eleventh embodiment, described is a TFET 10H formed with 
a junction opening SSOH having side surfaces perpendicular 
to the heterojunction part 900. 

FIG. 31 is a sectional view depicting the structure of the 
TFET in the eleventh embodiment of the present invention. 
As depicted in FIG. 31, the junction opening SSOH with side 
surface perpendicular to the heterojunction part 900 is 
formed in an isolation insulating layer SOOH. In this case, an 
n-type oxide semiconductor layer 200H, a gate insulating 
layer 300H, and a gate electrode layer 400H are formed so 
that the side surfaces of the junction opening SSOH are 
covered without any step disconnections. 

Twelfth Embodiment 

In the first embodiment, as depicted in FIG. 2, the gate 
electrode layer 400 covers the entire heterojunction part 900, 
thereby placing the heterojunction part 900 and the tunnel 
junction part in the same region. In a twelfth embodiment, 
an example is described in which a tunnel junction is 
realized in a part of the heterojunction part 900. 

20 
FIG. 32 is a top view depicting a first example of the 

structure of a TFET in the twelfth embodiment of the present 
invention. A TFET 10J1 depicted in FIG. 32 is different from 
the TFET 10 in the first embodiment in that the TFET has a 

5 gate electrode layer 400J which covers only a part of the 
heterojunction part 900. In this example, while a gate 
electrode layer 400J in a structure similar to that in the first 
embodiment is formed on a source electrode layer 710 side 
and a drain electrode layer 720 side of the heterojunction 

10 part 900, the outer edge of the gate electrode layer 400J in 
a direction perpendicular to a direction connecting the 
source electrode layer 710 and the drain electrode layer 720 
is at a position overlapping the heterojunction part 900. 

15 
FIG. 33 is a top view depicting a second example of the 

structure of the TFET in the twelfth embodiment of the 
present invention. A TFET 10J2 depicted in FIG. 33 is 
different from the TFET 10J1 depicted in FIG. 32 in that the 
heteroj unction part 900 is in a range further smaller than that 

20 ofthejunction opening 550. In this example, while ann-type 
oxide semiconductor layer 200J and a gate insulating layer 
300J are formed in a structure similar to that of the first 
embodiment on the source electrode layer 710 side and the 
drain electrode layer 720 side of the heterojunction part 900, 

25 the outer edge of the n-type oxide semiconductor layer 200J 
in a direction perpendicular to a direction connecting the 
source electrode layer 710 and the drain electrode layer 720 
is at a position overlapping the heterojunction part 900. That 
is, in this direction, the outer edge of the n-type oxide 

30 semiconductor layer 200J is present between an open end of 
the junction opening 550 and the outer edge of the gate 
electrode layer 400J. Note that while the outer edge of the 
n-type oxide semiconductor layer 200J and that of the gate 
insulating layer 300J match in the drawing, the outer edge of 
the gate insulating layer 300J may be present further outside. 

In both of the TFET 10J1 and the TFET 10J2, the 
tunneling phenomenon occurs not in the entire heterojunc-
tion part 900 but in a region where the heterojunction part 

40 900 and the gate electrode layer 400J overlap each other. 
Also, in this structure, the occurrence of the tunneling 
phenomenon at the outer edge of the p-type group IV 
semiconductor layer 110 or the outer edge of the n-type 
oxide semiconductor layer 200 can be suppressed. Even if 

45 the tunneling phenomenon occurs on an outer edge portion, 
the influences on the characteristics are negligible if the 
length of the heterojunction part 900 in a direction perpen-
dicular to the length in a direction connecting the source 
electrode layer 710 and the drain electrode layer 720 is 

50 sufficiently long. 

Thirteenth Embodiment 

While the heterojunction part 900 has a rectangular shape 
55 in the first embodiment, it may have a shape other than a 

rectangular shape. In a thirteenth embodiment, described is 
a TFET 10K including a circular heterojunction part 900K. 
Note that the outer edge of the heterojunction part 900 may 
be formed by only a straight line as in a rectangle, by a 

60 curve, or may be formed as including a straight line and a 
curve. 

FIG. 34 is a top view depicting the structure of the TFET 
in the thirteenth embodiment of the present invention. In the 
TFET 10K depicted in FIG. 34, a circular junction opening 

65 550K is formed in the isolation insulating layer 500. As a 
result, a circular heterojunction part 900K is formed. In this 
manner, with the heterojunction part 900K having a curved 
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outer edge as a circle, an angular portion can be removed 
from a region where the tunneling phenomenon occurs. 

Fourteenth Embodiment 

While one heterojunction part 900 is arranged in one 
TFET 10 in the first embodiment, a plurality of heterojunc-
tion parts 900 may be arranged. In a fourteenth embodiment, 
a TFET 10L including two heterojunction parts 900L1 and 
900L2 is described. 

FIG. 35 is a top view depicting the structure of the TFET 
in the fourteenth embodiment of the present invention. FIG. 
36 is a sectional view depicting the structure of the TFET in 
the fourteenth embodiment of the present invention. FIG. 36 
corresponds to a sectional view along a cutting line D1-D2 
in FIG. 35. Note that a sectional view along a cutting line 
C1-C2 is similar to that in FIG. 1. As depicted in FIG. 35, 
two junction openings 550L1 and 550L2 are formed in the 
TFET 1OL for the isolation insulating layer 500. In these 
portions, the heterojunction parts 900L1 and 900L2 are 
arranged. 

In this example, the two heterojunction parts 900L1 and 
900L2 are arranged as being aligned in a direction perpen-
dicular to a direction connecting the source electrode layer 
710 and the drain electrode layer 720. In principle, the ON 
current is the same if the area with the two heterojunction 
parts 900L1 and 900L2 converged is equal to the area of one 
heterojunction part 900 as in the first embodiment. However, 
depending on the film condition of the p-type group IV 
semiconductor layer 110 and the n-type oxide semiconduc-
tor layer 200, 
the shorter a shortest distance from the center of gravity of 
the heterojunction part to the edge of the heterojunction part 
is, the higher the ON current becomes even with the same 
area. 

Note that the two heterojunction parts 900L1 and 900L2 
may be arranged as being aligned in a direction connecting 
the source electrode layer 710 and the drain electrode layer 
720 or may be arranged obliquely to this direction. Also, the 
two heterojunction parts 900L1 and 900L2 may have the 
same area or different areas, and may have the same shape 
or different shapes. 

Fifteenth Embodiment 

In the fourteenth embodiment, the two heterojunction 
parts 900L1 and 900L2 are arranged between the source 
electrode layer 710 and the drain electrode layer 720. In a 
fifteenth embodiment, described is a TFET 1OM having the 
drain electrode layer 720 arranged between two heterojunc-
tion parts 900M1 and 900M2. 

FIG. 37 is a top view depicting the structure of the TFET 
in the fifteenth embodiment of the present invention. FIG. 38 
is a sectional view depicting the structure of the TFET in the 
fifteenth embodiment of the present invention. FIG. 38 
corresponds to a sectional view along a cutting line E1-E2 
in FIG. 37. As depicted in FIG. 37 and FIG. 38, in the TFET 
1OM, two junction openings 550M1 and 550M2 are formed 
for the isolation insulating layer 500. In this portion, the 
heterojunction parts 900M1 and 900M2 are arranged. 

The drain electrode layer 720 is arranged between the 
heterojunction part 900M1 and the heterojunction part 
900M2. Gate electrode layers 400M1 and 400M2 are 
arranged so as to correspond to the heterojunction parts 
900M1 and 900M2, respectively, and are electrically con-
nected via a wire 470 arranged above the drain electrode 
layer 720. Note that the gate electrode layer 400M1 and the 

22 
gate electrode layer 400M2 may be directly connected by 
bypassing the drain electrode layer 720 on a plane. 

While the source electrode layer 710 is arranged only on 
a gate electrode layer 400M1 side with respect to the drain 

5 electrode layer 720, it may be arranged also on a gate 
electrode layer 400M2 side with respect to the drain elec-
trode layer 720. This structure is preferable when the resis-
tance of the p-type group IV semiconductor layer 110 is high 
and close to that of the n-type oxide semiconductor layer 

10 200. With this, two source electrode layers and two hetero-
junction parts may be arranged so as to have linear symme-
try by centering on the drain electrode layer 720, thereby 
being equivalent as much as possible in both heterojunction 

15 
parts. 

Sixteenth Embodiment 

In a sixteenth embodiment, a TFET iON having a het-

20 erojunction part 900N arranged so as to surround a drain 
electrode layer 720N is described. 

FIG. 39 is a top view depicting the structure of the TFET 
in the sixteenth embodiment of the present invention. FIG. 
40 is a sectional view depicting the structure of the TFET in 

25 the sixteenth embodiment of the present invention. FIG. 40 
corresponds to a sectional view along a cutting line F1-F2 in 
FIG. 39. As depicted in FIG. 39, in the TFET iON, an
annular junction opening SSON is formed for the isolation 
insulating layer 500. In this portion, an annular heterojunc-

30 tion part 900N is arranged. A gate electrode layer 400N is 
also annularly formed. 

At a center portion surrounded by the annularly-arranged 
heterojunction part 900N and gate electrode layer 400N, a 
drain electrode layer 720N is arranged via an opening 370N 

35 formed in the gate insulating layer 300. Note that the relation 
between the drain electrode layer 720N and the source 
electrode layer 710 may be switched to cause the source 
electrode layer 710 to be surrounded by the heterojunction 
part 900N. 

40 A region where the source electrode layer 710 and the 
p-type group IV semiconductor layer 110 are connected 
(corresponding to the opening 570) may be annularly 
arranged so as to surround the outside of the heterojunction 
part 900N. This structure is suitable when the resistance of 

45 the p-type group IV semiconductor layer 110 is high and 
close to that of the n-type oxide semiconductor layer 200. 
With this, two source electrode layers and two heterojunc-
tion parts may be arranged so as to have point symmetry 
(rotational symmetry) by centering on the drain electrode 

50 layer 720, thereby being equivalent with respect to any 
direction from the drain electrode layer 720N. 

Seventeenth Embodiment 

55 In a seventeenth embodiment, an Nch TFET lOP to which 
the shape of a fin-shaped transistor is applied is described. 

FIG. 41 is a top view depicting the structure of the TFET 
in the seventeenth embodiment of the present invention. 
FIG. 42 is a horizonal sectional view depicting the structure 

60 of the TFET in the seventeenth embodiment of the present 
invention. FIGS. 43A, 43B, 43C, 43D, and 43E depict 
vertical sectional views depicting the structure of the TFET 
in the seventeenth embodiment of the present invention. 
FIGS. 43A, 43B, 43C, 43D, and 43E correspond to sectional 

65 views along a cutting line Gai-Ga2, a cutting line Gbi-Gb2, 
a cutting line Gci-Gc2, a cutting line Gdi-Gd2, and a 
cutting line Gei-Ge2 in FIG. 41. FIG. 42 depicts a horizon-
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tal section of the TFET lop at a half of the height of a p-type 
group IV semiconductor layer llOP formed in a fin shape. 

The p-type group IV semiconductor layer llOP is formed 
to extend vertically on the substrate surface. A portion to 
which a source electrode layer 7lOP is connected is formed 
in a shape with a width wider than the other portions, but 
may not necessarily have this shape. An isolation insulating 
layer SOOP is arranged so as to cover the p-type group IV 
semiconductor layer 11OP. In a part (region Al) of the 
isolation insulating layer SOOP, a junction opening SSOP is 
formed, and part of both surfaces of the p-type group IV 
semiconductor layer 11OP is exposed. Further outside, an 
n-type oxide semiconductor layer 200P is arranged. Thus, a 
heterojunction with the n-type oxide semiconductor layer 
200P is realized on both surfaces of the p-type group IV 
semiconductor layer 11OP so as to correspond to the position 
of the junction opening SSOP. Therefore, a heterojunction 
part 900P is arranged on both surfaces of the p-type group 
IV semiconductor layer 11OP. 

Further outside of the n-type oxide semiconductor layer 
200P, a gate insulating layer 300P is arranged. Further 
outside, a gate electrode layer 400P is arranged. In a 
sectional structure of the region Al depicted in FIG. 42 
(sectional structure along the cutting line Gcl-Gc2), an 
isolation insulating layer SOOP1 is arranged at an apex part 
of the p-type group IV semiconductor layer 11OP. 

Therefore, when viewed perpendicularly with respect to 
the plane of the heterojunction part 900P, the heterojunction 
part 900P is a region surrounded by the isolation insulating 
layers SOOP and SOOP1. Note that the isolation insulating 
layer SOOP1 may not be present. If the isolation insulating 
layer SOOP1 is not present, in a manufacturing method 
described further below, the processes in FIGS. 45 and 46 
are not required. 

The source electrode layer 710P is electrically connected 
at the apex part of the p-type group IV semiconductor layer 
11OP. Note that the source electrode layer 710P may be 
electrically connected in a region other than the fin-shaped 
portion in the p-type group IV semiconductor layer 11OP. 

A drain electrode layer 720P is electrically connected to 
the n-type oxide semiconductor layer 200P of a portion 
covering an apex part of the isolation insulating layer SOOP. 
Note that the drain electrode layer 720P and the n-type oxide 
semiconductor layer 200P may be electrically connected in 
a portion other than the portion covering the apex part of the 
isolation insulating layer SOOP. 

Next, a method of manufacturing the TFET lOP is 
described. 

FIG. 44 to FIG. 48 are drawings describing a method of 
manufacturing the TFET in the seventeenth embodiment of 
the present invention. These drawings correspond to a 
sectional structure of the region Al depicted in FIG. 42 
(sectional structure along the cutting line Gcl-Gc2). First, 
the p-type group IV semiconductor layer 11OP is processed 
into a fin shape (FIG. 44). Next, the isolation insulating layer 
SOOP is deposited, and the isolation insulating layer SOOP is 
removed so that the apex part of the p-type group IV 
semiconductor layer 11OP is exposed in the region Al except 
a source-drain side and its surroundings (FIG. 45). 

Next, the isolation insulating layer SOOP1 is formed of a 
thermal oxide film at the exposed apex part of the p-type 
group IV semiconductor layer 11OP (FIG. 46). Next, the 
isolation insulating layer SOOP is removed so that part of 
both surfaces in the fin-shaped portion of the p-type group 
IV semiconductor layer 11OP (region which will serve as the 
heterojunction part 900P) is exposed (FIG. 47). Here, the 
surfaces of the p-type group IV semiconductor layer 11OP 

24 
other than the fin-shaped portion are processed so that the 
isolation insulating layer SOOP remains. In this example, the 
isolation insulating layer SOOP is once removed even in the 
portions other than the fins-shaped portion and the isolation 

5 insulating layer SOOP is again deposited on only required 
portions. 

Next, the n-type oxide semiconductor layer 200P and the 
gate insulating layer 300P are sequentially formed (FIG. 48). 
Then, the gate electrode layer 400P is formed (FIGS. 43A, 

10 43B, 43C, 43D, and 43E). Then, the source electrode layer 
710P is formed so as to be electrically connected to the 
p-type group IV semiconductor layer 11OP, and the drain 
electrode layer 720P is formed so as to be electrically 

15 
connected to the n-type oxide semiconductor layer 200P. 

Eighteenth Embodiment 

In an eighteenth embodiment, a Pch TFET 1OQ to which 

20 the shape of a fin-shaped transistor is applied is described. 
FIG. 49 is a top view depicting the structure of the TFET 

in the eighteenth embodiment of the present invention. FIG. 
50 is a horizontal sectional view depicting the structure of 
the TFET in the eighteenth embodiment of the present 

25 invention. FIGS. S1A, S1B, S1C, S1D, and S1E depict 
vertical sectional views depicting the structure of the TFET 
in the eighteenth embodiment of the present invention. 
FIGS. S1A, S1B, S1C, S1D, and S1E correspond to sectional 
views along a cutting line Hal-Ha2, a cutting line Hbl-Hb2, 

30 a cutting line Hcl-Hc2, a cutting line Hdl-Hd2, and a 
cutting line Hel-He2 in FIG. 49. FIG. 50 depicts a horizon-
tal section of the TFET 1OQ at a half of the height of a p-type 
group IV semiconductor layer 11OQ formed in a fin shape. 

The p-type group IV semiconductor layer 11OQ is formed 
35 to extend vertically on the substrate surface. A portion to 

which a source electrode layer 710Q is connected is formed 
in a shape with a width wider than the other portions. That 
is, because the TFET 1OQ is of Pch, the portion correspond-
ing to the region Al is required to be thinner than the case 

40 of the Nch TFET lop. An isolation insulating layer SOOQ is 
arranged so as to cover the p-type group IV semiconductor 
layer 11OQ. In a part (region Al) of the isolation insulating 
layer SOOQ, a junction opening SSOQ is formed, and part of 
both surfaces of the p-type group IV semiconductor layer 

45 11OQ is exposed. The structure described so far is similar to 
that of the TFET lOP in the seventeenth embodiment. 

Further outside, an n-type oxide semiconductor layer 
200Q is arranged on only one side of the p-type group IV 
semiconductor layer 11OQ. Thus, a heterojunction with the 

50 n-type oxide semiconductor layer 200Q is realized only on 
one side of the p-type group IV semiconductor layer 11OQ 
so as to correspond to the position of the junction opening 
SSOQ. Therefore, a heterojunction part 900Q is arranged on 
one surface of the p-type group IV semiconductor layer 

ss 11OQ. 
Further outside of the n-type oxide semiconductor layer 

200Q, a gate insulating layer 300Q is arranged. Further 
outside a gate electrode layer 400Q is arranged. The gate 
insulating layer 300Q is arranged with respect to at least the 

60 p-type group IV semiconductor layer 11OQ so as to close a 
junction opening SSOQ on a side opposite to the side where 
the n-type oxide semiconductor layer 200Q is arranged, and 
makes contact with the p-type group IV semiconductor layer 
11OQ. The gate electrode layer 400Q is arranged with 

65 respect to the p-type group IV semiconductor layer 11OQ on 
a side opposite to the side where the n-type oxide semicon-
ductor layer 200Q is arranged. That is, in the region Al, the 
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gate insulating layer 300Q is interposed between the gate 
electrode layer 400Q and the p-type group IV semiconductor 
layer 11OQ. 

In a sectional structure (sectional structure along the 
cutting line Hc1-Hc2) of the regionAl depicted in FIG. SiC, 
an isolation insulating layer SOOQ1 is arranged at an apex 
part of the p-type group IV semiconductor layer 11OQ. 
Therefore, when viewed perpendicularly with respect to the 
plane of the heterojunction part 900Q, the heterojunction 
part 900Q is a region surrounded by the isolation insulating 
layers SOOQ and SOOQ1. 

The source electrode layer 710Q is electrically connected 
at the apex part of the p-type group IV semiconductor layer 
11OQ. Note that the source electrode layer 710Q may be 
electrically connected in a region other than the fin-shaped 
portion in the p-type group IV semiconductor layer 11OQ. 

A drain electrode layer 720Q is electrically connected to 
the n-type oxide semiconductor layer 200Q of a portion 
covering an apex part of the isolation insulating layer SOOQ. 
Note that the drain electrode layer 720Q and the n-type 
oxide semiconductor layer 200Q may be electrically con-
nected in a portion other than the portion covering the apex 
part of the isolation insulating layer SOOQ. 

In the above, various embodiments of the tunneling field 
effect transistor have been described. 

Simulation Results and Demonstration Experiments 

As a combination of new material systems realizing a 
Type-Il energy band structure, a novel stacked tunneling 
field effect transistor (TFET) with an oxide semiconductor 
and a group IV semiconductor combined together is pro-
posed. By using a TCAD simulation, a potential as a steep 
switching (Steep-slope) transistor was examined. Further-
more, operation demonstrations of TFETs having an n-ZnO/ 
p-Si tunnel junction or an n-ZnO/p-Ge tunnel junction, and 
a ZnO channel structure without a material junction from a 
tunnel junction to the drain electrode were performed for the 
first time. By appropriate control of impurity concentration 
and gate stack structure control, an ON/OFF current ratio 
exceeding 108 at maximum in the TFETs and a minimum SS 
value up to 71 mV/dec. were achieved. 

[1. Introduction] 
A stacked tunneling field effect transistor (TFET) having 

a tunnel in a direction perpendicular to the gate has an ideal 
structure which can achieve a sub-threshold swing (SS 
value) that is ultimately small and is as close to zero as can 
be. This is because the density of state (DOS) in the source 
and the channel can be efficiently and uniformly controlled 
with the gate voltage over the entire tunnel junction. 

In addition, in the stacked TFET, a large ON current can 
also be expected to be realized, due to the large tunnel 
junction area and the short tunneling distance. The tunneling 
distance can be controlled by the thickness of the upper 
channel. 

However, examples realizing this concept are extremely 
limited. For example, when a single material is used, a large 
band gap inhibits an increase in ON current. In the case of 
a heterojunction using a Ill-V material, the material may 
have a small band gap, and the ON/OFF current ratio is 
decreased. 

To overcome these intrinsic difficulties, this study newly 
proposes a novel tunnel junction with an oxide semiconduc-
tor and a group IV semiconductor such as Si, Ge, or SiGe 
jointed together (FIGS. 52A, 52B, and 52C). 

FIG. 52A depicts a device structure conceptional diagram, 
and FIG. 52B an energy band diagrams in an OFF state and 

26 
FIG. 52C that in an ON state in an oxide semiconductor 
group IV semiconductor stacked tunneling field effect tran-
sistor. In this combination of materials, a Type-Il energy 
band structure with a small effective energy barrier height 

5 (E ,=E 0 E_1 , which is defined by an energy difference 
between the conduction band edge of the oxide semicon-
ductor and the valence band edge of the group IV semicon-
ductor) is realized. This is effective in increasing the ON 
current. Also, since the material band gap itself is large, a 

10 decrease in OFF current can also be simultaneously 
achieved. 

In addition, Ebff can be continuously controlled by con-
trolling the combination and composition of materials (FIG. 
53). 

15 FIG. 53 depicts a summary of material candidates. A 
band-to-band tunnel occurs from the valence band of the 
p-type group IV semiconductor to the conduction band of 
the n-type oxide semiconductor. In parentheses, a relative 
permittivity of each material is indicated. Actually, the 

20 conduction band edge of an oxide semiconductor such as 
ZnO, In2O3, and 5n02 is low and the valence band edge of 
Si and Ge is high. In addition, oxide semiconductors have a 
strong tendency to exhibit n-type conduction. Thus, a por-
tion from the tunnel junction to the drain can be formed 

25 without a material junction, and current leakage, which 
tends to be induced by electric field concentration of the 
drain edge, can be suppressed. 

Thus, in this study, advantages of the proposed stacked 
TFET using the oxide semiconductorgroup IV semiconduc-

30 tor are first clarified by using a TCAD simulation, indicating 
guidelines for device designing. 

[2. Oxide Semiconductor/SiGe Stacked TFET] 
First, influences of Ebff of the type-Il energy band 

structure on tunnel characteristics were investigated. By 
35 using the oxide semiconductorgroup IV semiconductor, Eb

r can be continuously adjusted. Here, the E1 position in 
the case of a SiGe source and the effective mass of light 
holes were found by linear interpolation with the values of 
Si and Ge (FIGS. 54A and 54B). 

40 FIG. 54A depicts an energy band structure of SiGe and 
FIG. 54B depicts reduced effective masses of a band-to-band 
tunnel. FIG. 55 depicts Ge concentration dependency of 
WKB tunneling probability in an n-ZnO/p-SiGe tunnel 
junction. FIG. 55 is a drawing in which tunneling probability 

45 (T, ) using the WKB approximation is depicted by chang-
ing E0  and setting the horizontal axis as the Ge compo-
sition in the SiGe source. Here, for simplification, it is 
assumed that only the energy band of the oxide semicon-
ductor is modulated by a gate voltage Vg

50 A schematic view of an energy band structure is depicted 
in FIG. 52C. The E0  position is lowered by the oxide 
semiconductor or the E1 position in the group IV semi-
conductor is raised, thereby decreasing Eb f. From this, it 
can be found that T fi is exponentially increasing. Here, 

55 since ZnO is a direct-transition semiconductor, tunneling 
from p-Si or Ge to n-ZnO corresponds to a direct transition 
process at the F point, and therefore changes of momentum 
are not taken into consideration. 

From the above, after an oxide semiconductor suitable for 
60 the electronic device is selected, the Ge composition is 

changed by using SiGe technology, thereby allowing the 
energy band structure to be optimally adjusted. As a result, 
the TFET performance can be expected to be enhanced. 

[3. Structure Optimization Using TCAD Simulation] 
65 FIG. 56 depicts a schematic diagram of a three-dimen-

sional device structure used in a TCAD simulation and main 
parameters. By using a device structure depicted in FIG. 56, 
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a Sentaurus TCAD simulation was performed on the stacked 
TFET using the oxide semiconductorgroup IV semiconduc-
tor. Sentaurus is a name of software. As for physical prop-
erties of the oxide semiconductor, values of ZnO were used, 
except the E0  position. 

FIG. 57A depicts a two-dimensional image view of a 
band-to-band tunnel from the p-Ge source to the n-ZnO 
channel surface, and FIG. 57B depicts an energy band 
diagram in an n-ZnO/p-Ge tunnel junction and FIG. 57C 
depicts an energy band diagram in an n-Ge/p-Ge tunnel 
junction. As depicted in a two-dimensional image of the 
tunneling phenomenon of FIG. 57A, it can be found that, by 
applying Vg, a uniform tunnel is generated from a portion 
near the p-Ge surface toward the uppermost surface of the 
oxide semiconductor, that is, an interface between the 
High-k insulating film and the oxide semiconductor. This 
realizes ON/OFF switching having an SS value that is as 
close to zero as can be (FIG. 58). 

In addition, in the case of an n-OS/p-Ge hetero tunnel 
junction, compared with the case of an n-Ge/p-Ge homo 
junction, the ON current is increased over two orders of 
magnitude. Here, it should be noted that an increase in ON 
current has been already realized in a state in which the 
E 0 position of the oxide semiconductor is not much low. 
One factor for this is that the permittivity (c) of the oxide 
semiconductor is small compared with that of Ge (FIG. 
57B). In this relative relation, the energy band of the oxide 
semiconductor is modulated with higher priority than Ge. 
Thus, an almost ideal energy band structure as depicted in 
FIG. 52C, with the tunneling distance suppressed to be short, 
is realized. Actually, most of oxide semiconductors have a 
smaller value than Si and Ge (FIG. 53). 

FIG. 58 depicts IdVg characteristics of an n-ZnO/p-Ge 
TFET acquired by a simulation. With this effect, as depicted 
in the IdVg characteristics of FIG. 58, FET operation can be 
expected at a power supply voltage (Vdd) equal to or lower 
than 0.3 V. On the other hand, since the electrical conduc-
tivity of the oxide semiconductor is high, it is required to 
note that VBTBT (minimum Vg at which a band-to-band 
tunnel occurs) is shifted due to the influences of the drain 
voltage. 

FIGS. 59A and 59B depict Id-Vd characteristics of the 
n-ZnO/p-Ge TFET acquired by a simulation, in which FIG. 
59A is in linear notation and FIG. 59B is in logarithmic 
notation. Here, when Vdd of 0.3 V operation is assumed, the 
ON current is expected to be approximately 70 pAljim and 
the OFF current is expected to be up to 1 pA4tm. This holds 
great promise as a low-power-operation device or a low-
standby-power device of the 3 nm-node generation (FIG. 
59A). Also, in an Id-Vd graph with the logarithmic axis (FIG. 
59B), negative differential resistance (NDR) is observed in 
a negative Vd region. This is a feature of the electronic 
device operating by the quantum tunneling effect. 

FIG. 60A depicts influences by the film thickness of the 
oxide semiconductor and FIG. 60B depicts influences by its 
EOT on VBTBT of an n-OS/p-Ge TFET. FIG. 61A depicts 
influences by the film thickness of the oxide semiconductor 
and FIG. 61B its EOT on an ON current of the n-OS/p-Ge 
TFET. As one structure parameter of the stacked TFET, 
influences of the thickness (d0 ) of the oxide semiconductor 
and its EOT were investigated. VfiTfi- that is, a voltage at 
which a band-to-band tunnel is started to occur, is deter-
mined by the E0  position on the uppermost surface of the 
oxide semiconductor. Since the E0  position on the surface 
of the oxide is directly controlled by Vg, a change in VBTBT
by d0 is small. By contrast, the influences of EOT is large 
(FIGS. 60A and 60B). On the other hand, d0 strongly 

28 
influences the tunneling probability. As d0 increases, the 
ON current (current value when Vg is VBTBT+O.3 V) expo-
nentially decreases (FIGS. 61A and 61B). 

As described first, the most advantageous point of the 
5 oxide semiconductorgroup IV semiconductor heterojunction 

proposed in the present study is that can be freely 
adjusted by the energy position relation between E0  of the 
oxide semiconductor and E1 of the group IV semiconduc-
tor. Thus, changes in ON current when the source materials 

10 (Si, SiGe, and Ge) are combined with various oxide semi-
conductors with different E0  positions were systemati-
cally investigated (FIG. 62). 

FIG. 62 depicts a relation between an ON current and an
E 0 position of the oxide semiconductor in TFETs having 

15 Si, SiGe, and Ge sources. For example, the ON current 
dramatically increases only by slightly changing the 
position by using Si0 7Ge03 that have been already used in 
Si technology. On the other hand, as described above, large 
permittivity of Ge or SiGe with high Ge composition is 

20 effective in keeping the tunneling distance short, and is also 
effective in decreasing the SS value. 

For example, an average SS value over the entire opera-
tion range when the minimum SS value near VBTBT is as 
close to zero as can be and 0.3 V operation is assumed can 

25 be expected to have a value below 60 mV/dec. (FIGS. 63A 
and 63B). 

FIG. 63A depicts a relation between a minimum SS value 
and the E0  position of the oxide semiconductor in the 
TFETs having Si, SiGe, and Ge sources and FIG. 63B 

30 depicts a relation between an average SS value and the 
above-described position. As the minimum SS value, a value 
acquired near a current value of 1 pA4tm is indicated in the 
drawing. As the average SS value, a value when a Vg sweep 
width of 0.3 V from the current value of 1 pA4tm is assumed 

35 is used. 
Next, influences of impurity concentration in the source 

or channel are discussed. 
FIG. 64 depicts IdVg characteristics when various impu-

rity concentrations (N,) in Ge are assumed. The impurity 
40 concentration (Nd) in the oxide semiconductor is set as 

5x10'8 cm 3. FIG. 65A depicts a relation between an ON 
current and the impurity concentration (N,) in Ge and FIG. 
65B depicts a relation between an ON/OFF current ratio and 
impurity concentration (N) in Ge when various impurity 

45 concentrations (Nd) in the oxide semiconductor are 
assumed. The impurity concentration in each region influ-
ences a curve of a band near the tunnel junction (FIG. 64). 
It can be found that, for a combination of the impurity 
concentration (Nd) in the channel and the impurity concen-

50 tration (N,) in the source, an optimum value is present for 
realizing high ON current and a large ON/OFF current ratio 
(FIGS. 65A and 65B). 

When the impurity concentration is low, the depletion 
layer extends further. Thus, the tunneling distance increases, 

55 and the ON current decreases. By contrast, when Nd or N, 
is very high, channel-source overlapping of density of states 
cannot be solved by the gate bias, a sufficiently small OFF 
current cannot be realized. 

Also, influences of an interface trap density (Dit) of the 
60 interface of a high-kloxide semiconductor were investigated, 

and it can be found that the present device has an excep-
tionally high tolerance for Dit. 

FIG. 66 depicts influences given by the interface state to 
deterioration in IdVg characteristics. An interface trap den-

65 sity (Dit) equally distributed is assumed. The reason for this 
can be thought that energy band modulation in a Vg opera-
tion range required for changes in ON/OFF current is 
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extremely low and the charge trap amount to the interface 
state is extremely small (FIG. 66). 

From the above-described TCAD simulation results, it 
has become evident that by the stacked TFET having the 
type-Il energy band structure using the oxide semiconduc- 5 

torgroup IV semiconductor proposed in this study, ideal 
characteristics can be acquired, such as high ON current (up 
to 70 pJAim), small OFF current (<1 pA4tm), a small 
average SS value (up to 40 mV/dec.), and so forth in a small 
operating voltage Vdd of 0.3 V. 10 

[4. Demonstration of ZnO(Si, Ge) TFET] 
FIG. 67 is a process flow of fabricating n-ZnO/p-(Si or 

Ge) TFET devices. A ZnO film without addition of impu-
rities is formed by pulse laser deposition (PLD), and EOT of 
the gate insulating film is 5.8 nm. To experimentally verify 15 

TFET operation, a top-gate thin-film transistor (TFT) is also 
fabricated on the same chip. By following the procedure 
depicted in FIG. 67 and using pulse laser deposition (PLD), 
a non-doped ZnO layer was deposited to fabricate an n-ZnO/ 
p-(Si or Ge) TFET. Here, it is known that interstitial Zn in 20 

ZnO and a point defect such as an oxygen hole act as a donor 
of an n-type semiconductor. The carrier density of a film 
actually deposited was assumed on the order of 1018 cm3. 

After ZnO is subjected to patterning, an A120 3 gate 
insulating film was formed by atomic layer deposition 25 

(ALD). In midstream, to improve A120 3/ZnO interface 
characteristics, Post Plasma Oxidation (PPO) or Post 0 2/N2
Annealing (POAIPNA) were performed. Lastly, a TiN gate, 
a Ni source contact, and an Al drain contact were formed, 
and PMA at 300° C. was performed. 30 

FIG. 68 depicts an image of cross-sectional transmission 
electron microscopy (XTEM) of an n-ZnO/p-Si TFET. For-
mation of a columnar polycrystal ZnO and a SiO2 interface 
layer having a film thickness of approximately 1.5 nm in 
ZnO/Si are also observed. FIG. 69 depicts an image of 35 

atomic force microscopy (AFM) of a ZnO/Si surface, depict-
ing results after 02 annealing at 400° C. FIG. 70A depicts 
X-ray photoelectron spectra of Si2p and Zn3p, FIG. 70B 
depicts X-ray photoelectron spectra at a valence band edge, 
and, furthermore, FIG. 70C depicts energy band structure of 40 

an acquired n-ZnO/SiO2 interface layer/p-Si stacked struc-
ture. 

From the high-resolution cross-sectional TEM image of 
FIG. 68, it can be found that a relatively flat stacked 
structure of ZnO and A120 3 films is formed. On the other 45 

hand, an unintended 5i02 interface layer having a film 
thickness of approximately 1.5 nm is formed on an ZnO/Si 
interface. Furthermore, the ZnO film forms a columnar 
polycrystal structure. The crystal particle diameter is 
approximately 20 nm, which is farther smaller compared 50 

with the tunnel junction area. Surface roughness due to 
formation of the polycrystal structure is observed also on an 
AFM surface of ZnO/Si (FIG. 69). Also, the 5i02 interface 
layer on the ZnO/Si interface can be confrmed also from 
XPS analysis (FIGS. 70A, 70B, and 70C). 55 

When the energy band structure with ZnO being in an 
electrically non-contact state is evaluated, large band bend-
ing which crosses 5i02 has possibly occurred, the E 0
position of ZnO is positioned at lower energy than the E_1
position of Si. This can be thought due to fixed charge or the 60 

interface dipole in the film, and can become a factor for a 
threshold shift of the TFET to a negative direction, which 
will be described further below. 

FIG. 71 depicts Id-Vd characteristics of devices illustrat-
ing first ZnO/Si TFET operation demonstration. Sectional 65 

views of device structures are depicted in the drawing. FIG. 
72 depicts 55'd  characteristics of the TFET. A minimum SS 

value achieved 71 mV/dec. By way of comparison, the 
results of a ZnO TFT are also depicted. FIG. 73 depicts Id-Vd
characteristics of the ZnO/Si TFET. The vertical axis is in 
linear notation. 

As depicted in FIG. 71, ZnO/Si TFET operation demon-
strations have succeeded for the first time. Compared with 
the characteristics of a ZnO thin-film transistor (TFT) simul-
taneously fabricated in the same substrate, the threshold of 
the TFET is shifted to a positive Vg direction, and the 'd 

value is also low. These results both suggest that the current 
of the TFET is restricted also in the ZnO/Si tunnel. While the 

'd value itself is low, the OFF current is also extremely low, 
thereby achieving an exceptionally large ON/OFF current 
ratio. When the SS value is evaluated as depicted in FIG. 72, 
the SS value of the TFET is small compared with that of the 
TFT, achieving a minimum value of 71 mV/dec. at room 
temperature. In Id-Vd depicted in FIG. 73, favorable current 
cutoff is observed. 

On the other hand, the ON current at this point in time is 
small compared with a value predicted in a TCAD simula-
tion, and it can be thought that tunneling probability is 
restricted by the 5i02 interface layer of the ZnO/Si interface. 

FIG. 74 depicts changes in IdVg characteristics depend-
ing on the impurity concentration in the Si source. It can be 
found that an impurity concentration of approximately iO' 
cm 3 is optimum for both of high ON current and ON/OFF 
current ratio. FIG. 75 depicts Id-Vd characteristics of the 
ZnO/Si TFET. The impurity concentration in Si is 2x102°
cm 3, and the vertical axis is in logarithmic notation. Char-
acteristics suggesting negative differential resistance (NDR) 
can be observed. 

It can be found that influences of the impurity concen-
tration (N,) in the Si source given to the ON current is 
exceptionally large (FIG. 74). The ON current increases as 
the impurity concentration (N,) in the Si source increases. 
This is because the tunneling distance of the ZnO/Si inter-
face decreases as the impurity concentration (N,) increases. 
However, in a situation in which the impurity concentration 
(N,) exceeds 1020 cm 3, overlapping of densities of states is 
exceptionally strong, and sufficient OFF state cannot be 
realized. However, in the Id-Vd characteristics of a device 
with an impurity concentration (Na) of 1020 cm 3, current 
characteristics indicating NDR in a low Vg (off-like) region 
was observed (FIG. 75). Any of these results supports that 
the fabricated device performs TFET operation as intended. 

FIG. 76 depicts dependency of the ON current and a 
tunnel junction area in the ZnO/Si TFET. A relation between 
the ON current and the tunnel junction area is studied, and 
it can be found that the ON current increases substantially in 
proportion to the area. Here, a threshold (Vth) was found 
from an intercept of the IdVg characteristics on the linear 
axis, and the ON current was set as 'd  when Vg=Vth+1 V 
(FIG. 76). Here, the results of devices with various ZnO/Si 
tunnel junction lengths and widths are depicted in the 
drawing. Also, as depicted in FIG. 71, a ZnO TFT on 5i02
of device isolation is regarded as parasitic resistance. There-
fore, the results of FIG. 76 also suggest that the ON current 
of the present device is surely controlled by a tunnel 
junction. 

FIG. 77 depicts 55'd  characteristics of the ZnO/Si TFET 
acquired from various measurement conditions. Depicted in 
FIG. 77 are the results of measuring at various measurement 
speeds and Vg voltage steps. Since no conspicuous differ-
ence is found in each condition, it can be found that the SS 
value is accurately evaluated. On the other hand, the SS 
value-Id characteristics greatly fluctuate, and the reason is 
estimated that since ZnO forms a polycrystal, the E0 



US 11,227,953 B2 
31 

position fluctuates in the plane. Thus, by improving crys-
tallinity of the ZnO film, a further improvement of the 55 
value can be expected. 

Furthermore, in this study, operation demonstration of a 
device using the Ge source has also succeeded (FIG. 78). 

FIG. 78 depicts a comparison in IdVg characteristics 
between ZnO/Si and ZnO/Ge TFETs. When the ZnO/Ge 
TFET and the ZnO/Si TFET were compared, higher ON 
current was acquired in the ZnO/Ge TFET, although the Ge 
source has lower impurity concentration (N,) compared with 
Si. This can be thought as an effect by a decrease in and 
a decrease in tunnel effective mass due to the use of Ge. 

In particular, a large ON/OFF current ratio has been 
measured also in the ZnO/Ge TFET, and a value exceeding 
the maximum value of 108 among those reported so far has 
been realized. These results indicate how promising the 
proposed oxide semiconductorgroup IV semiconductor 
stacked TFET is. 

Lastly, importance of A120 3/ZnO gate stack engineering 
is discussed based on the characteristics of the ZnO thin-film 
transistor (TFT) and TFET. 

FIGS. 79A, 79B, 79C, and 79D depict Id Vg characteris-
tics of ZnO thin-film transistors (TFTs) fabricated by pro-
cessing various postprocesses. Note that they are not TFETs. 
FIG. 79A depicts a sample that has not processed any 
postprocess, FIG. 79B depicts a sample that has processed 
only post 02 annealing (POA), FIG. 79C depicts a sample 
that has processed only post plasma oxidation (PPO), and 
FIG. 79D depicts a sample that has processed both PPO and 
POA. The IdVg characteristics in top-gate operation is poor, 
and importance ofAl2O3/ZnO interface control is suggested. 

As depicted in FIGS. 79A, 79B, 79C, and 79D, when the 
TFT is operated by back gate, ON/OFF switching can be 
made even when special process is not performed. However, 
in the case of top gate, ON/OFF switching cannot be made. 
From this, it can be suggested that A120 3/ZnO interface 
characteristics are not favorable. In a TFT sample subjected 
to appropriate process, ON/OFF switching is realized even 
in top gate operation, and it is estimated that the SS value is 
up to 130 mV/dec. and the interface state density (Dit) is up 
to lxl0'3 cm 2 eV'. 

Next, the case of a TFET is discussed in detail. 
FIG. 80 depicts gate stack control (I): Influences of PPO 

on the IdVg characteristics of the TFET. FIG. 81 depicts 
gate stack control (II): Influences of POA and PNA on the 

characteristics of the TFET at 350° C. The results of 
a sample that has also processed PPO in advance are 
depicted. 

PPO is processed when A120 3 of 1 nm is deposited. Post 
plasma oxidation (PPO) is a process necessary for current 
cutoff, which can be thought to decrease the interface trap 
density (Dit) near E0  (FIG. 80). However, the value of the 
ON current is exceptionally low, and it can be thought that 
the Fermi level is subjected to pinning at a deep energy 
position away from the conduction band. 

On the other hand, the ON current increases by post 
0 2/N2 annealing (POAIPNA). Since there is no big differ-
ence between POA and PNA, by the effect of heat treatment 
in the process, a decrease in energy-deep interface trap 
density (Dit) and an increase in mobility due to an improve-
ment in ZnO ciystallinity are suggested (FIG. 81). And, by 
optimization of POA time, both of an effective increase in 
ON current and adjustment of the threshold (Vth) were 
achieved. 

Based on the above-described results, by further estab-
lishment of gate stack technology, removal of the interface 
layer formed on the interface of the ZnO group IV semi-

32 
conductor, and an improvement in uniformity of the ZnO 
film, a dramatic improvement in TFET performance as 
predicted by device simulations is expected. 

[5. Conclusion] 
5 As for the stacked TFET having the type-Il energy band 

structure with the oxide semiconductor and the group IV 
semiconductor jointed together, a device structure based on 
a new concept has been proposed. 

By the TCAD simulation, high potential of the proposed 
10 device has been indicated, such as high ON current (>70 

tA4tm), the minimum SS value that is as close to zero as can 
be, the average SS value of up to 40 mV/dec. when 0.3 V 
operation is assumed. Also, this new proposal has been 
experimentally demonstrated also in the TFET fabricated by 

15 using an n-ZnO/p-(Si or Ge) tunnel junction. 
In room-temperature operation, steep ON/OFF switching 

and exceptionally low OFF current have been realized, and 
the highest ON/OFF current ratio exceeding 108 and the 
minimum SS value of 71 mV/dec. at any time in the past 

20 have been achieved. 
Also, influences of source concentration, an increase in 

ON current by the ZnO/Ge tunnel junction, importance of 
gate stack structure control, and so forth have been experi-
mentally indicated. 

25 

Comparison Between Nch-TFET and Pch-TFET 

Next, the Nch TFET and the Pch TFET are compared for 
description. 

30 FIG. 82 is a schematic diagram of operation in unitary 
construction of NchlPch TFETs. Depicted in FIG. 82 is a 
schematic diagram of operation at each channel of a TFET 
operable as Nch and Pch, as the TFET 1OD in the fifth 
embodiment depicted in FIG. 25. When an ON state is set to 

35 control the gate voltage, the band of the n-type oxide 
semiconductor layer is mainly bent at Nch. By contrast, at 
Pch, the band of the p-type group IV semiconductor layer is 
mainly bent. 

FIG. 83 is a schematic diagram of operation in an Nch 
40 TFET and a Pch TFET. In FIG. 83, bending of the Nch TFET 

and the Pch TFET is depicted. Bending of the band at each 
channel is basically identical to that in the example depicted 
in FIG. 82. 

FIGS. 84A and 84B are diagrams depicting IdVg char-
45 acteristics and Id-Vd characteristics of the Nch TFET. FIGS. 

85A and 85B are diagrams depicting IdVg characteristics 
and Id-Vd characteristics of the Pch TFET. These character-
istics are simulation results based on the following condi-
tions. Ge was used as a p-type group IV semiconductor 

50 layer, and ZnO was used as an n-type oxide semiconductor 
layer (electron affinity is 4.2 eV). The impurity concentra-
tion in each layer was set at 3x 1018 cm 3. EOT is set at 1 nm. 
The p-type group IV semiconductor layer was set at 10 nm 
for Nch and 5 nm for Pch, and the n-type oxide semicon-

55 ductor layer was set at 5 nm for Nch and 10 nm for Pch. 
According to these results, both Nch and Pch TFETs can 
acquire characteristics withstanding practical use. 

Temperature Dependency of Characteristics of Nch 
60 TFET 

Next, described is temperature dependency of character-
istics of the Nch TFET using Si as a p-type group IV 
semiconductor layer and using ZnO as an n-type oxide 

65 semiconductor layer. 
FIG. 86 is a diagram depicting temperature dependency of 

the IdVg characteristics of the Nch TFET. FIGS. 87A, 87B, 
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and 87C are diagrams depicting temperature dependencies 
of various characteristic values of the Nch TFET. According 
to these characteristics, temperature dependency is excep-
tionally small. This is a performance unique to tunneling 
field effect transistors. Also, by the influences of a large 
energy gap in the n-type oxide semiconductor layer, an 
exceptionally small OFF current (<1 pAItm) was acquired 
even at a high temperature such as 2000 C. 

Material Comparison (ZnO, ZnSnO) of n-Type 
Oxide Semiconductor Layer 

In the Nch TFET, a comparison was made between the 
case when ZnO is used for the n-type oxide semiconductor 
layer and the case when ZnSnO (here, ZnISn=1.5) is used 
therefor. Note that the p-type group IV semiconductor layer 
is Si. 

FIG. 88 depicts diagrams in which a surface state and a 
sectional state of ZnO and those of ZnSnO are compared. 
Upper diagrams of FIG. 88 each depict anAFM image of the 
surface of each n-type oxide semiconductor layer, and lower 
diagrams each depict a sectional TEM image thereof. As 
depicted in FIG. 88, surface roughness is exceptionally 
small in the case of ZnSnO, compared with ZnO. 

FIGS. 89A, 89B, and 89C depict diagrams in which 
various characteristics of ZnO and ZnSnO are compared. In 
the case of ZnSnO, high ON current was realized, compared 
with ZnO, and an improvement in average SS value was also 
observed. Also, it was found that, in the case of ZnSnO, the 
threshold moves to a value near 0 compared with ZnO, 
and characteristics effective for EOT scaling can be 
acquired. 

Application Example of TFET 

According to the above-described simulation results, they 
have performance comparable to the performance index 
prediction of low-power-consumption devices indicated by 
the International Technology Roadmap for Semiconductors 
(ITRS). While operation at approximately 0.7 V is assumed 
in the ITRS, the results of this time indicate a great improve-
ment, and realization at low voltage is expected, compared 
with the existing quantum tunneling MOSFETs. From this, 
the present invention is thought to have an exceptionally 
high value of use directly linked to low-power-consumption 
semiconductor device industries. In addition, in spite of 
materials of various types, no high-temperature, high-cost 
process such as epitaxial growth has to be used. Thus, this 
can be directly linked to application and development to 
displays, flexible devices, wearable devices, and so forth 
rapidly developing in recent years. 

As application examples, integration with energy harvest-
ing, integration with battery-less mobile terminals and 
memory can be thought, for example. 

In recent studies, terminals have been thought which use 
electric power generated by environment (light, heat (in-
cluding human temperature)) as it is and do not require a 
battery. In particular, health-care and health monitors and so 
forth are required to be always operated, although the 
amount of information is not so large. Thus, the advantage 
of a device not using a battery is enormous. In most energy 
harvesting, it is difficult to ensure voltage, and many cells 
are connected in series to generate voltage required for 
operation of transistors and so forth. Since the general 
MOSFET operation voltage>0.7 V becomes operation volt-
age<0.3 V by this application, its advantage is enormous. 

34 
In a memory circuit, many devices for storing information 

(memory devices) and many switches (transistors) for circuit 
switching are both incorporated. Development of memory 
devices in recent years have also been remarkable, and many 

5 memory devices capable of writing and reading information 
at low voltage have been reported. For these, an example of 
driving at voltage on the order of 0.3 V has been reported 
recently. However, even when a single memory device can 
operate at 0.3 V if a MOSFET incorporated in the circuit 

10 requires 0.7 V the voltage for driving the entire circuit is 
equal to or larger than 0.7 V. By contrast, in the TFET here, 
operation at 0.3 V can be made. Thus, circuit designing by 
utilizing the advantage of the memory device can be con-
ducted. 

15 

Modification Examples 

While the embodiments of the present invention have 
been described, each of the embodiments described above 

20 can be applied as being mutually combined or replaced. 
Also, in each of the embodiments described above, modi-
fications can be made as follows for implementation. In the 
following modification examples, examples applied to the 
first embodiment are described, but are applied to the other 

25 embodiments. 
(1) The p-type group IV semiconductor layer 110 may not 

be a group IV semiconductor but may be a p-type semicon-
ductor having an energy band structure capable of realizing 
the above-described tunnel junction. 

30 (2) The n-type oxide semiconductor layer 200 may be an
n-type semiconductor, other than an oxide semiconductor, 
having an energy band structure capable of realizing the 
above-described tunnel junction, and may be, for example, 
a group Il-VI semiconductor in which the band gap tends to 

35 increase. 
(3) The regionA2 where the isolation insulating layer 500 

is arranged is only required to be at least toward a drain 
electrode layer 720 with respect to the heterojunction part 
900. For example, the isolation insulating layer 500 may not 

40 necessarily be arranged toward a source electrode layer 710 
with respect to the heterojunction part 900. 

(4) When the opening 370 is formed in the gate insulating 
layer 300, if etching selectivity is not ensured between the 
gate insulating layer 300 and the n-type oxide semiconduc-

45 tor layer 200, a metal may be buried in advance in a lower 
part of the n-type oxide semiconductor layer 200. 

REFERENCE SIGNS LIST 

50 10 . . . TFET, 100 . . . semiconductor substrate, 110 . 

p-type group IV semiconductor layer, 115 . . . junction 
insulating layer, 120 . . . n-type group IV semiconductor 
layer, 200 . . . n-type oxide semiconductor layer, 300 . . . gate 
insulating layer, 370 . . . opening, 400 . . . gate electrode 

55 layer, 500 . . . isolation insulating layer, 550 . . . junction 
opening, 570 . . . opening, 600 . . . planarization insulating 
layer, 610 . . . lower interlayer insulating layer, 620. . . upper 
interlayer insulating layer, 630 . . . interlayer insulating 
layer, 710. . . source electrode layer, 712. . . p-side electrode 

60 layer, 720 . . . drain electrode layer, 721 . . . n-side electrode 
layer, 740 . . . gate extraction electrode layer, 810 . . . gate 
input wire, 830 . . . drain output wire, 860 . . . low power 
supply line, 880 . . . high power supply line, 900 . . 

heteroj unction part 

65 The invention claimed is: 
1. A tunneling field effect transistor comprising: 
a first semiconductor layer having a first conductive type; 
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a second semiconductor layer having a second conductive 
type and realizing a heterojunction with respect to the 
first semiconductor layer in a first region; 

a gate insulating layer over the second semiconductor 
layer in the first region; 

a gate electrode layer over the gate insulating layer; 
a first electrode layer electrically connected to the first 

semiconductor layer; 
a second electrode layer electrically connected to the 

second semiconductor layer; and 
a first insulating layer interposed between the first semi-

conductor layer and the second semiconductor layer in 
a second region adjacent to the first region toward the 
second electrode layer. 

2. The tunneling field effect transistor according to claim 
1, wherein the first semiconductor layer and the second 
semiconductor layer are each a material having an energy 
band structure forming a type-Il band structure by the 
heterojunction. 

3. The tunneling field effect transistor according to claim 
2, wherein the second semiconductor layer is a material in 
which an energy of Conduction Band Minimum is present in 
a band gap of the first semiconductor layer. 

4. The tunneling field effect transistor according to claim 
3, wherein a band gap of the second semiconductor layer is 
larger than that of the first semiconductor layer. 

S. The tunneling field effect transistor according to claim 
1, wherein 

the first semiconductor layer is a p-type semiconductor, 
and 

the second semiconductor layer is an n-type semiconduc-
tor. 

6. The tunneling field effect transistor according to claim 
5, wherein 

the first semiconductor layer is a group IV semiconductor, 
and 

the second semiconductor layer is a group Il-VI semicon-
ductor. 

7. The tunneling field effect transistor according to claim 
5, 

wherein the first semiconductor layer is a group IV 
semiconductor, and 

the second semiconductor layer includes a metal oxide. 
8. The tunneling field effect transistor according to claim 

7, 
wherein the first semiconductor layer includes Si. 
9. The tunneling field effect transistor according to claim 

7, wherein 
the first semiconductor layer includes Si and Ge. 
10. The tunneling field effect transistor according to claim 

1, 
wherein the first semiconductor layer is an n-type semi-

conductor, and 
the second semiconductor layer is a p-type semiconduc-

tor. 
11. The tunneling field effect transistor according to claim 

1, 
wherein the second semiconductor layer has permittivity 

smaller than permittivity of the first semiconductor 
layer. 

12. The tunneling field effect transistor according to claim 
1, wherein 

36 
the gate insulating layer and the gate electrode layer are 

arranged so as to be expanded from the first region to 
the second region. 

13. The tunneling field effect transistor according to claim 
1, wherein 

the second region is adjacent to the first region also 
toward the first electrode layer. 

14. The tunneling field effect transistor according to claim 
1, wherein 

10 
the second region surrounds the first region. 
15. The tunneling field effect transistor according to claim 

1, wherein 
a junction insulating layer including the first semiconduc-

tor layer as a component is arranged between the first 
semiconductor layer and the second semiconductor 

15 layer in a portion where the heterojunction is realized. 
16. The tunneling field effect transistor according to claim 

15, wherein 
the first semiconductor layer is a p-type semiconductor, 
the second semiconductor layer is an n-type semiconduc-

20 tor, and 
the junction insulating layer includes an oxide of the first 

semiconductor layer. 
17. The tunneling field effect transistor according to claim 

15, wherein 
25 the first semiconductor layer is an n-type semiconductor, 

the second semiconductor layer is a p-type semiconduc-
tor, and 

the junction insulating layer includes an oxide of the 
second semiconductor layer. 

30 18. An electronic device comprising: 
a plurality of the tunneling field effect transistors accord-

ing to claim 1, and 
a conductor for supplying a signal to the tunneling field 

effect transistors. 
19. The electronic device according to claim 18, wherein 
the plurality of the tunneling field effect transistors 

include at least an N-channel tunneling field effect 
transistor and a P-channel tunneling field effect tran-
sistor, and 

40 the electronic device further includes a conductor which 
connects the N-channel tunneling field effect transistor 
and the P-channel tunneling field effect transistor. 

20. A tunneling field effect transistor comprising: 
a first semiconductor layer having a first conductive type; 
a second semiconductor layer having a second conductive 

type and realizing a heterojunction with respect to the 
first semiconductor layer in a first region; 

a gate insulating layer over the second semiconductor 
layer in the first region; 

50 a gate electrode layer over the gate insulating layer; 
a first electrode layer electrically connected to the first 

semiconductor layer; and 
a second electrode layer electrically connected to the 

second semiconductor layer, wherein 
the first region is a region where the first semiconductor 

layer and the second semiconductor layer form the 
heterojunction and 

when viewed perpendicularly to a plane of the hetero-
junction, a second region where the first semiconductor 

60 layer and the second semiconductor layer overlap is 
wider than the first region. 

* * * * * 
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