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(54) [Title of Invention] Field Effect Transistor

(57) Abstract

Problem: To control threshold voltage and reduce channel resistance in a field effect transistor.
Solution Means: A field effect transistor comprising a gate electrode and a heterojunction to
undoped Ing2GagsN/undoped Alp.2Gao.sN/undoped GaN. Inp2GaosN has a large piezoelectric
effect, so a large stress strain is applied to this hetero-grown layer, generating a large
piezoelectric field. This allows the Alp2Gao.sN and GaN conduction band to be raised, thereby
raising the channel level. This enables a normally-off type [transistor] with which channel
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resistance can be greatly reduced by forming a field generating layer under only the gate
electrode.

Selected Figure: Fig. 1
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Claims
Claim 1

A field effect transistor, whereby in a field effect transistor having a gate electrode, a
source electrode, a drain electrode, and a first semiconductor layer in which a channel is
formed,

a field generating layer for raising the minimum energy of the channel is disposed
between the gate electrode and the first semiconductor layer.

Claim 2
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The field effect transistor according to Claim 1, having a second semiconductor layer
heterojunctioned to the first semiconductor layer, which is interposed between the field
generating layer and the first semiconductor layer.

Claim 3

The field effect transistor according to Claim 2, wherein the field-generating layer is a
layer for raising the minimum channel energy level by raising the minimum energy level of the
conduction band of the second semiconductor layer, [thereby] raising the conduction band of
the first semiconductor layer, which is heterojunctioned to the second semiconductor layer.

Claim 4
The field effect transistor according to any one of Claims 1 to 3, wherein the field-
generating layer is a layer for generating an electric field by piezoelectric polarization.

Claim 5

The field effect transistor according to any one of Claims 1 to 4, wherein the field-
generating layer is heterojunctioned to a lower layer, and the thickness of the field-generating
layer is set to a value smaller than the critical film thickness at which strain is not relieved.

Claim 6
The field effect transistor according to any one of Claims 1 to 5, having an insulating film
formed between the gate electrode and the field generating layer.

Claim 7
The field effect transistor according to any one of Claims 1 to 6, wherein the first
semiconductor layer comprises a group Il nitride semiconductor.

Claim 8
The field effect transistor according to Claim 7, wherein the second semiconductor layer
comprises a group lll nitride semiconductor heterojunctioned to the first semiconductor layer.

Claim9
The field effect transistor according to Claim 8, wherein the first semiconductor layer
comprises GaN and the second semiconductor layer comprises GaxiAlix1N (0<x1<1).

Claim 10
The field effect transistor according to any one of Claims 1 to 9, wherein the field
generating layer comprises Inx,Gay2Al1x2-2N (0<x2<1, 0<y2<1).

Claim 11
The field effect transistor according to any one of Claims 1 to 9, wherein the field

generating layer comprises Inx3Gaix3N (0<x3<1).

Claim 12
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The field effect transistor according to Claims 10 or 11, wherein the thickness of the
field generating layer is 0.25 to 100 nm.

Claim 13
The field effect transistor according to any one of Claims 1 to 12, wherein the field
generating layer is formed only under the gate electrode.

Claim 14

The field effect transistor according to any one of Claims 1 to 12, wherein the field-
generating layer is uniformly formed under the source electrode, the drain electrode, and the
gate electrode.

Claim 15
The field effect transistor according to any one of claims 2 to 14, wherein the field
generating layer is p-conductive, and the second semiconductor layer is n-conductive.

Claim 16
The field effect transistor according to any one of Claims 2 to 14, wherein the field
generating layer is p-conductive and the second semiconductor layer is undoped.

Claim 17
The field effect transistor according to any one of Claims 1 to 16, wherein the field effect
transistor is a normally-off type of transistor.

Detailed Description of the Invention
Technical Field
0001

The present invention pertains to a field effect transistor with a controllable gate
threshold voltage and reduced channel parasitic resistance. More particularly, it pertains to a
structure for effectively creating a normally-off type field effect transistor.

Background Art
0002

In recent years, field effect transistors using group-lll nitride semiconductors have been
actively researched due to their capability of wide bandgap, high voltage resistance, high
operating temperature, high frequency operation, high output power, and high voltage signal
input.

0003

One example of a field effect transistor using a group Il nitride semiconductor is a high-
mobility transistor in which an undoped GaN layer is used as a channel layer, AlGaN is used as a
barrier layer, and a gate electrode, source electrode, and drain electrode are formed on that
barrier layer. In this heterojunction field effect transistor using a group Il nitride semiconductor,
the spontaneous polarization and the distortion caused by the heterojunction generate
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piezoelectric polarization, thereby achieving a high two-dimensional electron concentration at
the hetero interface.

0004

Therefore when no voltage is applied to the gate electrode, this transistor often operates
as a normally-on transistor due to the high concentration of electrons in the channel. However
because normally-on transistors require a negative power supply for operation, and [their]
circuits cannot be interrupted in the event of a power failure or other abnormal condition,
expectations are high for the development of normally-off transistors.

0005

In GaAs semiconductor-based HEMTs, normally-off transistors are constituted by a gate-
recessed structure, in which the barrier layer directly below the gate electrode is thinner, and
the barrier layers below the source and drain electrodes are thicker.

However, this group Il nitride semiconductor is extremely chemically stable, therefore it
is not easy to etch it without damaging the semiconductor layer. Thus in Patent Document 1
below, the threshold voltage at which the channel conducts is adjusted by setting the thickness
of the barrier layer according to the work function of the gate electrode.

0006

Also, Patent Document 2 below discloses an HEMT comprising a gate electrode, a barrier
layer of undoped AlGaN, an electron transit layer of undoped InGaN, and a p-type GaN layer. In
this HEMT the p-type GaN layer raises the conduction band of the electron transit layer
composed of undoped InGaN, greatly reducing electron concentration in the electron transit
layer when no gate voltage is applied, thereby achieving a normally-off type [transistor].

0007
Patent Document 1: Unexamined Patent Application 2005-86171
Patent Document 2: Unexamined Patent Application 2005-142250

Disclosure of the Invention
Problems the Invention Seeks to Solve
0008

In the HEMT of Patent Document 1, however, the problem arises that when trying to
achieve a normally-off [transistor], the thickness of the barrier layer under the source and drain
electrodes becomes thinner, causing channel parasitic resistance grows and increased on-
resistance. This leads to the problem of poor power efficiency.

0009

In the HEMT of Patent Document 2, acceptors in the lower layer, which junctions with
the undoped InGaN that forms the channel, are doped. This creates the problem that high
mobility cannot be achieved because acceptors diffuse into InGaN and undoped InGaN is grown
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on top of the impurity-doped layer so the crystallinity of that layer drops, the channel is
junctions with an impurity-doped layer, and the like.

0010

The present invention was undertaken to resolve the above problems, and has the
object of reducing channel parasitic resistance.

Another object of the invention is to make the gate threshold voltage controllable.

Yet another object of the invention is to achieve an easily manufactured, high
performance, normally-off type of field effect transistor.

Another object of the invention is to achieve a field effect transistor with high mutual
conductance.

Still another object of the invention is to increase maximum gate voltage.

However it is sufficient for any of the inventions to achieve one or more of the above
objects, and [the above] should not be construed [to mean] that individual inventions herein
achieve all of the objects.

Means for Resolving Problems
0011

The following means are effective for solving the above problems.

l.e., the first invention is a field effect transistor, whereby in a field effect transistor
having a gate electrode, a source electrode, a drain electrode, and a first semiconductor layer in
which a channel is formed,

a field generating layer for raising the minimum energy of the channel is disposed
between the gate electrode and the first semiconductor layer.

0012

Here a field effect transistor is construed in its broadest meaning as a device that
controls channel resistance between source and drain electrodes by a voltage applied to a gate
electrode. Examples include high mobility transistors (HEMTs), Schottky gate field effect
transistors (MESFETs), insulated gate field effect transistors (MISFETs, MOSFETs), and
heterojunction field effect transistors (HFETs), but the invention may be applied to other
variants of field effect transistors so long as they use the field effect transistor principle of
controlling a channel with an electric field.

0013

The channel can be either an n-channel or a p-channel. l.e., the channel carriers can be
either electrons or holes. Electrons as channel carriers are advantageous as devices due to high
carrier mobility. However p-channels require raising the carrier (hole) energy in the field
generating layer, and the use of a high electron affinity for the barrier layer. When group
nitride semiconductors are used, the N plane is preferably used as the crystal plane. However,
all or some of the regions may, for example, be doped with impurities to adjust the channel
carrier energy, or adjust the amount of strain, or for various other purposes. If the field
generating layer is between the gate electrode and the first semiconductor layer, other layer([s]
may be interposed therebetween, or the field generating layer and first semiconductor layer
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may be directly joined. The first semiconductor layer may be formed as a single layer or multiple
layers.

0014

A characteristic of the present invention is that a field generating layer is disposed on a
field effect transistor. This field-generating layer can be, for example, a material with a
piezoelectric field effect that generates a piezoelectric field in response to stress strain applied
to a crystal by hetero-growth, or a material with high spontaneous polarization. If the field
generating layer is grown using the same equipment as the epitaxial growth equipment used to
grow semiconductor layer[s] including a first semiconductor layer below said layer, it is
preferable that it be formed by semiconductor epitaxial growth.

0015

As described below, it is preferable to use a group Il nitride semiconductor containing
high piezoelectric field effect In as an essential element for the field generating layer when the
lower semiconductor layer is a group Il nitride semiconductor. In a Schottky gate transistor a
gate electrode is generally formed over the field generating layer, and in an insulated gate
transistor, an insulating film such as an oxide film or nitride film is formed. After epitaxial growth
is completed, [the device] can be removed from the reaction chamber and a dielectric
deposited on the semiconductor layer by sputtering or other method. A perovskite ferroelectric
such as BaTiOs, or KH2PO4, (NH4)2504, Rochelle salt, Cd2Nb207, PbNb2Os, LiNbO3, KTaNbOs,
LiTaNb, LiTaOs, etc. may be used as ferroelectrics with high spontaneous polarization or with a
large piezoelectric effect.

0016

When these dielectrics are used as field generating layers, they can also be used as
insulating films for field effect transistors.

If an insulating film and a field generating layer are used, a strain may also be applied
from the insulating film to the field generating layer.

In sum, the field generating layer should be capable of increasing the minimum energy
at which carriers can be conducted in the semiconductor layer joined to the field generating
layer, thereby increasing the minimum energy of channel carriers in the first semiconductor
layer.

0017

The second invention is the field effect transistor according to Claim 1, having a second
semiconductor layer heterojunctioned to the first semiconductor layer, interposed between a
field generating layer and a first semiconductor layer.

In the present invention, the channel is formed on the interface of the first
semiconductor layer to the second semiconductor layer.

0018

The third invention is the field effect transistor according to Claim 2, wherein the field-
generating layer is a layer for raising the minimum channel energy level by raising the minimum
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energy level of the conduction band of the second semiconductor layer, [thereby] raising the
conduction band of the first semiconductor layer, which is heterojunctioned to the second
semiconductor layer.

The present invention is characterized by the formation of a field generating layer on top
of a second semiconductor layer. The first semiconductor layer conduction band is raised along
with the rise of the second semiconductor layer conduction band. In this case, a field generating
layer that receives strain from the second semiconductor layer and generates a field by the
piezoelectric field effect, or a layer that generates a field through spontaneous polarization may
be used.

0019

The fourth invention is field effect transistor according to any one of Claims 1 to 3,
wherein the field-generating layer is a layer for generating an electric field by piezoelectric
polarization.

When a field generating layer is formed by hetero-growth on top of a second
semiconductor layer, the field generating layer can generate an electric field by piezoelectric
polarization caused by stress strain received from the second semiconductor layer.

0020

The fifth invention is the field effect transistor according to any one of Claims 1 to 4,
wherein the field-generating layer is heterojunctioned to a lower layer, and the thickness of the
field-generating layer is set to a value smaller than the critical film thickness at which strain is
not relieved.

As the thickness of a layer grown heterogeneously without lattice matching to the lower
layer increases, strain relaxes due to dislocations etc. Therefore the thickness of the field-
generating layer must be thinner than the thickness at which strain does not relax.

0021

The sixth invention is the field effect transistor according to any one of Claims 1 to 5,
having an insulating film formed between a gate electrode and a field generating layer.

The present invention may also be applied to MISFETs and MOSFETs. Oxide films such as
silicon oxide, or nitride films such as silicon nitride, etc. may be used for the insulating film.

0022

The seventh invention is the field effect transistor according to any one of Claims 1 to 6,
wherein the first semiconductor layer comprises a group Il nitride semiconductor.

The eighth invention is the field effect transistor according to Claim 7, wherein the
second semiconductor layer comprises a group Il nitride semiconductor heterojunctioned to
the first semiconductor layer.

Here, group lll nitride semiconductors are compound semiconductors of group Ill
elements and nitrogen, or may also be compounds containing group V elements such as As, P,
and Sb in addition to nitrogen. Group Il elements or group VI elements, etc. may also be
included as compounds or as impurities. Below, group Il nitride semiconductors are used in this
broad meaning.
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0023

The ninth invention is the field effect transistor according to Claim 8, wherein the first
semiconductor layer comprises GaN and the second semiconductor layer comprises GaxiAl1x1N
(0<x1<1).

0024

From the standpoint of seeking to reduce channel resistance and improve operating
speed, it is preferable for the first semiconductor layer to be undoped with impurities. The
second semiconductor layer may be undoped or, if the channel is n-type, doped to n-type. If the
channel is p-type, it may be doped to p-type. A channel may be formed at the interface
between GaN and GaxiAl1x1N. A p channel, however, requires a field generating layer in which
the carrier (hole) energy is raised and the electron affinity is high. It is also preferable to use the
N plane as the crystalline plane.

0025

The tenth invention is the field effect transistor according to any one of Claims 1 to 9,
wherein the field generating layer comprises Inx.Gay2Al1x0-42N (0<x2<1, 0<y2<1).

A large electric field can be generated by using a group Il nitride semiconductor
containing In as the field generating layer. By making the lattice constant of the lower layer of
the field generating layer smaller than that of the field generating layer, a tensile strain in the
direction of the film thickness (compressive strain in the planar direction) can be imparted to
this field generating layer. The Ga plane is the primary plane of the field generating layer. These
conditions are easily achieved by using GaxiAl1x1N as the lower layer. When doing so, the
direction of polarization of the field generating layer is from AlGaN toward the gate electrode.
This causes a negative charge to be induced at the InGaN/AlIGaN interface, which causes the
direction of the electric field generated by the field generating layer to be oriented from the
gate electrode toward the first semiconductor layer; i.e., the gate electrode can be given a
positive potential with respect to the first semiconductor layer. This enables the energy level of
the conduction band in the lower semiconductor layer, to which the field generating layer is
joined, to be raised, thereby increasing the energy level of the first semiconductor layer
channel. If the channel is a p-channel, the energy of the holes in the channel can be increased
(lowering the energy level of the valence band). The composition ratio of In in the field
generating layer is preferably 0.01 to 0.3, and more preferably 0.1 to 0.2. The composition ratio
of Al is preferably 0 to 0.3, and more preferably 0 to 0.2.

0026

The eleventh invention is the field effect transistor according to any one of Claims 1 to 9,
wherein the field generating layer comprises InxsGaixsN (0<x3<1).

The In composition ratio is preferably 0.01 to 0.3, and more preferably 0.1 to 0.2.

In particular, according for example to the Journal of the Japan Society of Applied
Physics, Vol. 70, No. 05, 2001 pp513-522, by using this material for the field generating layer,
piezoelectric polarization fields of 5 MV/cm and 1.5 MV/cm can be generated using In
composition ratios of 0.3 and 0.1, respectively. This means voltages of 5V and 1.5V,
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respectively, with a field generating layer thickness of 10 nm, meaning that the conduction band
of the underlying semiconductor can be raised by 5 eV and 1.5 eV, respectively. l.e., conduction
bands can be respectively raised by 0.5 eV and 0.15 eV per 1 nm thickness of the field
generating layer.

The composition ratio of In and the thickness of the field generating layer should be
suitably designed to raise the conduction band of the lower semiconductor layer by a desired
value. If Al is contained in the field-generating layer, the piezoelectric polarization field
diminishes because the direction of polarization is reversed. However, since Ing3Gao.7N
generates a piezoelectric voltage of 5 V at a thickness of 10 nm, this voltage can be adjusted
downward using the composition ratio of Al.

0027

The twelfth invention is the field effect transistor according to Claims 10 or 11, wherein
the thickness of the field generating layer is 0.25 to 100 nm.

For Inx2Gay2Al1x0-y2N (0<x2<1, 0<y2<1) or Inx3Gaix3N (0<x3<1), the critical film thickness
for strain relaxation depends on x2 and y2, but is 0.25 to 100 nm. Therefore the thickness of the
field generating layer is preferably 100 nm or less. The lower limit of the film thickness is only
the thickness that generates the desired piezoelectric voltage value, and can be as low as one
atomic layer. When a field generating layer is formed only under a gate electrode, the thinner
the layer, the more preferable from a processing standpoint. If an AlGaN semiconductor is used
as the lower layer, this layer functions as an etching stopper for the field generating layer, so
AlGaN is preferable for the lower layer on this point as well. Another major feature of the
present invention is that channel conduction can be controlled by an extremely thin field
generating layer. A more preferable range for the field generating layer is 0.25 to 50 nm, and
even more preferably 0.25 to 10 nm.

0028

The thirteenth invention is the field effect transistor according to any one of Claims 1 to
12, wherein the field generating layer is formed only under the gate electrode.

For a field generating layer of Inx2Gay2Al12-y2N (0<x2<1, 0y2<1) or Inx3GaixaN (0<x3<1),
and especially for the latter, channel carrier energy can be controlled with an extremely thin
layer. It is therefore extremely easy to form [the layer] only under the field generating layer gate
electrode by etching. If a ferroelectric material is used for the field generating layer, the field
generating layer can be easily produced under only the gate electrode by etching and lift-off
methods. Field generating layers under only gate electrodes can be formed on both normally-off
and normally-on type of transistors.

0029

The fourteenth invention is the field effect transistor according to any one of Claims 1 to
12, wherein the field-generating layer is uniformly formed under the source electrode, the drain
electrode, and the gate electrode.

This may also be applied to both normally-off and normally-on type of transistors.

0030

10
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The fifteenth invention is the field effect transistor according to any one of Claims 2 to
14, wherein the field generating layer is p-conductive, and the second semiconductor layer is n-
conductive.

0031

The sixteenth invention is the field effect transistor according to any one of Claims 2 to
14, wherein the field generating layer is p-conductive and the second semiconductor layer is
undoped.

0032

The seventeenth invention is the field effect transistor according to any one of Claims 1
to 16, wherein the field effect transistor is a normally-off type of transistor.

With this invention, a particularly great advantage is obtained by using a normally-off
type of field effect transistor.

Effect of the Invention
0033

The effects obtained by the above means of the present invention are as follows.

The present invention can increase the minimum energy at which carriers can conduct in
the first semiconductor layer where a channel is formed by a field generating layer. l.e., channel
carrier concentration can be controlled with no voltage applied to the gate electrode. In other
words, the gate threshold voltage Vet can be controlled when on or off. This enables a
normally-off type field effect transistor with a threshold voltage Vet set to a desired value.
Conversely, the gate-off threshold voltage Vet can also be set to a desired value in a normally-
off type field effect transistor.

0034

In the fourth invention the field generating layer generates an electric field by
piezoelectric polarization, so that stress strain can be internalized by hetero-growth, and the
layer easily formed.

0035

In the fifth invention, channel carrier energy can be easily controlled by forming the field
generating layer to be thinner than the thickness at which stress internalized by hetero-growth
is not relieved.

0036

In the tenth, eleventh, and twelfth inventions, the field generating layer is a group llI
nitride semiconductor that requires In, and is therefore able to generate a large electric field.
This enables control of gate threshold voltage Vet using the thickness of the field generating
layer. Also, because the thickness of the field generating layer can be extremely thin, mutual
conductance can be increased and etching and other processing facilitated. With group Il
nitride semiconductors, especially, creation of gate recess structures is hindered by the difficulty
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of etching, however the formation of field-generating layers under only gate electrodes is made
easier by the present invention.

0037

In the thirteenth invention, the field generating layer is formed only under gate
electrodes to obtain a normally-off type field effect transistor with a low channel parasitic
resistance and therefore low on-resistance. When applied to a normally-on type of transistor, a
transistor with even lower channel parasitic resistance can be made. l.e., a transistor with high
power efficiency can be made.

0038

In the fourteenth invention, the field generating layer is formed uniformly under the
source, gate, and drain electrodes, therefore gate threshold voltage Vsih can be easily controlled
by controlling the composition ratio and thickness of the field generating layer in the field effect
transistor.

Although channel parasitic resistance increases, gate threshold voltage Veth can be easily
controlled such that a normally-off type of transistor can be constituted. In a normally-off type
of transistor, the thicknesses of each layer should be designed so that with the gate threshold
voltage Vein high and the channel carrier energy raised, electron concentration is higher in the
n-channel and hole concentration is higher in the p-channel. This allows a normally-on
transistor with low channel parasitic resistance to be constituted.

0039

In the fifteenth invention, the field generating layer is the p-conductive-type, the second
semiconductor layer is the n-conductive type, and a pn junction is formed under a gate
electrode, such that the maximum gate voltage Vemax, Which is the gate voltage at which gate
current starts to flow, can be increased. Normally a Schottky barrier is about 1eV, but in this
configuration the Schottky barrier potential difference, the pn junction barrier potential
difference, and the field generating layer potential difference can be added to obtain the value
of the maximum gate voltage Vemax. When p-InisGaixsN (0<x3<1) is used for the field generating
layer, the pn junction barrier potential can be 2 to 3 eV, so the maximum gate voltage Vemax can
be increased by 2 to 3 V more than when no pn junction is used. Maximum gate voltage Vemax
can thus be increased by 2 to 3 V compared to having no pn junction, thereby achieving high
input levels and a wide dynamic range.

0040

In the invention of Claim 16, the field generating layer is p-conductive and the second
semiconductor layer is undoped. As in Claim 15, maximum gate voltage Vemax can be increased
by the barrier potential between the field generating layer and the second semiconductor layer,
as compared to the case in which the field generating layer is undoped.

0041
In the seventeenth invention, a normally-off field effect transistor can be achieved even
using a group lll nitride semiconductor, enabling the operation of amplifiers and switching

12
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devices under high temperature environments, high level inputs, high output, high voltage
withstand, 100 GHz band response speed, and the like.

Best Mode for Practicing the Invention
0042

The following explanation is for an n-channel device with electron carriers, but also
applies conceptually to a hole carrier. We explain below the principle of the present invention.
Fig. 1 is a heterojunction conducting band diagram. For ease of understanding, the slope of the
conducting band is schematically shown as a straight line. An undoped Ino2Gao.sN/undoped
Alo2GaopsN/undoped GaN heterojunction is shown as an example. Ing2GaosN is simply denoted
below as InGaN and Alp2Gao.sN as AlGaN, where InGaN is the field generating layer, AlGaN is the
second semiconductor layer, and GaN is the first semiconductor layer. Since the lattice constant
of InGaN is larger than that of AlGaN, InGaN is subject to more compressive stress on the
growth plane and more tensile stress perpendicular to the growth plane than AlGaN. As a
result, with the Ga surface as the growth plane, the spontaneous polarization and piezoelectric
polarization of InGaN face in opposite directions, and the piezoelectric polarization is far larger.
Therefore, InGaN polarizes in the direction from InGaN toward the gate electrode. A negative
charge is thus induced at the InGaN/AlGaN interface. AlGaN receives tensile stress in the growth
plane from InGaN and GaN, and receives compressive stress in the direction perpendicular to
the growth plane. In AlGaN and GaN, the spontaneous and piezoelectric polarizations face in
the same direction, and while the amount of spontaneous polarization is slightly larger, it is far
smaller than the piezoelectric polarization of InGaN. As a result, a positive charge is induced at
the AlGaN/GaN interface. To summarize the above results, the charge induced at the interface,
in order starting from the surface, is a series of + - + -. The direction of the electric field is thus
as shown in the figure.

0043

Due to the above distribution of polarization in each layer, a positive charge is placed on
the interface between the gate electrode and InGaN, the interface between InGaN and AlGaN is
charged with a negative charge, and the interface between AlGaN and GaN is charged with a
positive charge. InGaN and AlGaN have the highest charge density at their interface because
their directions of polarization are opposite. The direction of electric field E in each layer is thus
as shown in Fig. 1(a). Therefore considering the heterojunction barrier caused by the difference
in band gaps between AlGaN and InGaN and the large piezoelectric field in InGaN, the
conduction band is as shown in Fig. 1(a). Additionally, taking into account the Schottky barrier,
the conduction band is expressed as shown in Fig. 1(b). In the figure, BV indicates the amount of
the Schottky barrier between the gate electrode and InGaN. The dotted line in Fig. 1(b) shows
the conduction band when AlGaN is directly bonded to the gate electrode.

0044

Assuming AEC is the size of the heterojunction barrier between InGaN and AlGaN, the
Schottky barrier height of AlGaN relative to the gate electrode is BV + AEC + AV, and the
conduction bands of AlIGaN and GaN will increase by approximately the edge-to-edge potential
difference AV caused by the InGaN layer piezoelectric field compared to the case when there is
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no InGaN layer. The energy level of the channel Ch formed at the interface between the GaN
and AlGaN layers thus increases by AV. The value of AV can be changed using the amount of the
InGaN layer piezoelectric field E and the layer thickness d. l.e., the energy level of channel Ch
can be increased by AV compared to having no InGaN field generating layer. Electric field E can
be controlled by the composition ratio of In. This allows the gate threshold voltage Veth to be
varied.

0045

The effect of this field generating layer is as follows. This explanation covers an n-
channel with electrons as carriers, but the same concepts can be applied to the p-channel case.
First, assume that no field generating layer is provided and no voltage is applied to the gate
electrode, and that the thickness of each layer is designed so that the energy level of channel
Ch is sufficiently low and close to the Fermi level, as shown by the dotted line in Fig. 1(b). Next,
by providing a field generating layer only below the gate electrode, the thickness and In
composition ratio of the field generating layer that yields AV are designed so that channel Ch
energy is positioned sufficiently higher than the Fermi level with no voltage applied to the gate
electrode. By this constitution, a sufficient concentration of electrons can, with no voltage
applied to the gate ,be assured in regions other than below the gate electrode electrode, and a
normally-off type field effect transistor with sufficiently low channel parasitic resistance can be
formed.

0046

To make a normally-on transistor, the AlGaN layer is made thicker, as shown in Fig. 2. The
field generating layer is designed so that even with an InGaN layer present, with no gate voltage
applied so that the gate electrode turns off at a desired gate off threshold voltage Veth, the
channel Ch energy level is sufficiently lowered relative to the Fermi level (solid line in Fig. 2). In a
transistor with a field generating layer formed only below the gate electrode, the band diagram
around the gate electrode is shown by the dashed line in Fig. 2. l.e., the channel Ch electron
concentration in that portion is even larger than the electron concentration at the channel
below the gate electrode, by the AV amount of reduction in channel Ch electron energy. The
transistor thus becomes a normally-on transistor with extremely low parasitic resistance. Also,
the electric field generating layer enables the gate-off threshold voltage Vein to be freely
designed.

0047

In a normally-on transistor, the field generating layer may also be uniformly formed
under the source electrode and gate electrode, between the gate electrode and source
electrode, and between the gate electrode and drain electrode. l.e., a field generating layer can
be disposed, and a second semiconductor layer thickened by an amount corresponding to the
amount of rise in the conducting band AV. As a result, with no voltage applied to the gate
electrode, channel electron concentrations can be made the same under the gate electrode and
around the gate electrode, and given a high value. Thus in this instance as well, a normally-on
transistor with low parasitic resistance is obtained. The field generating layer also enables the
gate off threshold voltage Vetn to be freely designed.

14
Page 14 of 36



0048

For a Schottky gate field effect transistor (MESFET), the band diagram is as shown in Fig.
3. Fig. 3(a) shows a gate electrode/n-GaN/i-GaN structure FET. Fig. 3(b) shows a FET with a gate
electrode/InGaN/n-GaN/i-GaN structure. The InGaN is the field generating layer and the n-GaN
and i-GaN layers are the first semiconductor layers. The portion of the n-GaN layer excluding the
depletion layer region is the channel. With no field generating layer, the conduction band of the
n-GaN layer is sufficiently close to the Fermi level, and indicates that electron concentration in
the channel is sufficiently high with no voltage applied to the gate electrode. In contrast, as
shown by the solid line in Fig. 3(b), the n-GaN thickness can be thickened by placement of an
InGaN field generating layer, which increases the channel energy level by the potential
difference AV caused by the InGaN layer piezoelectric field. Meanwhile the band diagram for
the channel around the gate electrode is as shown by the dashed line in Fig. 3(b). Thus a
normally-off type field effect transistor with low channel parasitic resistance can be made by
providing such an InGaN layer only below gate electrodes.

0049

Normally-on MESFETs can be constructed in the same way as the above HEMTs. l.e., the
n-GaN layer is made thick, and with an InGaN field generating layer present, the channel energy
level is brought sufficiently close to the Fermi level, and electron concentration is high. A
normally-on MESFET with low channel parasitic resistance can thus be constituted.

0050

In this configuration, if an InGaN field generating layer is formed only under the gate
electrode, the energy level of the channel in the area around the gate electrode will be lower
than the level under the gate electrode by the potential difference AV of the field generating
layer. This enables channel resistance to be sufficiently reduced.

0051

Exactly the same can be said for MOS- and MIS-type FETs. Since there is only an
insulating film between the gate electrode and field generating layer, the band diagram is the
same as in Figs. 1, 2, and 3 above. Therefore, [the invention] is also applicable to this type of
FET.

0052

Because the present invention uses the above principles, there is no particular limitation
on the semiconductor materials used to construct the transistor. Any desired semiconductor
material such as Si, Si-Ge, GaAs, or InAsP may be used. The object of the invention can be
achieved so long as the field generating layer is grown heterogeneously with a large
piezoelectric effect. Considering the above principles, large polarization is all that is required, so
a dielectric or other material with such properties can be used.

0053
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For p-channel FETs, with respect to the valence band, selection of a material able to
form the band diagram shown in Fig. 4 enables a normally-off type and a normally-on type of
field effect transistor to be obtained with low parasitic resistance.

0054

Next we explain a field effect transistor in which the field-generating layer is a p-type
and the second semiconductor layer to which this field-generating layer is joined is an n-type.

The band diagram for p-InGaN/n-AlGaN/i-GaN is shown as curve A in Fig. 5. Curve B in
Fig. 5 shows the band diagram for p-InGaN with i-InGaN. Curve C in Fig. 5 shows the band
diagram when there is no p-InGaN field generating layer and n-AlGaN is directly bonded to the
gate electrode. l.e., the maximum gate voltage Vemax is determined by the sum of the barrier
potential between p-InGaN and n-AlGaN, the rise in potential E: caused by using a p-type field
generating layer InGaN, the energy rise AV caused by Schottky barrier Bv between the p-InGaN
and the gate electrode, and the strain polarization. Therefore the maximum gate voltage can be
increased by just AV+E: compared to the case with a p-InGaN field generating layer.

0055

The same can be said of p-InGaN/undoped AlGaN/i-GaN as stated above. l.e., the
maximum gate voltage Vemax is determined by the sum of the barrier potential between p-
InGaN and i-AlGaN, the increase in potential E: caused by the junction of p-InGaN with undoped
AlGaN, the Schottky barrier Bv between p-InGaN and the gate electrode, and AV. Therefore the
maximum gate voltage can be increased by AV + E: compared to the case in which there is no i-
InGaN field generating layer.

0056
Below, the present invention is explained using concrete embodiments.

First Embodiment
0057

Fig. 6 shows a cross-sectional view of the HEMT in Example 1. A buffer layer 12 of AIN
with a thickness of approximately 150 nm is formed on a substrate 10 made of sapphire, and a
channel layer 14 made of undoped GaN with a thickness of 2 um is formed on that layer 12.
Channel layer 14 corresponds to the first semiconductor layer of the present invention. A first
barrier layer 16 comprising undoped Alp2Gao sN with a thickness of 5nm and a second barrier
layer 20 comprising Si-doped n-Alp.2Gao.sN with a thickness of 40nm are formed on channel
layer 14. A field generating layer 30 of Mg-doped p-Ing.2GaosN at a thickness of 3 nm is formed
on second barrier layer 20. A 400 nm thick Ni/Au gate electrode 40 is formed on field generating
layer 30, and a 400 nm thick Ti/Al source electrode 41 and 400 nm thick Ti/Al drain electrode 42
are formed on second barrier layer 20. Field generating layer 30 is formed only under gate
electrode 40. Second barrier layer 20 and first barrier layer 16 constitute the second
semiconductor layer.

0058
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The growth of each of the above layers was performed by metalorganic vapor phase
epitaxy (MOVPE). The gases used were a carrier gas (H2 or N2 ), ammonia gas (NHs ),
trimethylgallium (Ga(CHs)3) ("TMG" below), trimethylaluminum (Al(CHs)s3) ("TMA" below),
trimethylindium (In(CHs)s3 ) ("TMI" below), silane (SiHa), and bis-cyclopentadienyl magnesium
(Mg(CsHs)2) ("CpaMg" below).

However, in addition to the metalorganic vapor phase epitaxy (MOVPE) method
described above, molecular beam epitaxy (MBE) and hydride vapor phase epitaxy (HVPE) are
also effective methods for growing these semiconductor crystal layers.

0059

The HEMT shown in Fig. 6 was manufactured as follows. A buffer layer 12 with a
thickness of 30 nm was formed on substrate 10 at 400°C using hydrogen (H:) gas as a carrier gas
at a total pressure of 1000 [hPa] inside the growth furnace. Next, a channel layer 14 with a
thickness of 2 um was grown at a crystal growth temperature of 1100°C by supplying hydrogen
gas at 10 L/min, ammonia at 12 L/min, and TMG at 2 x 10 x 10-4 mol/min. The channel layer 14
was grown to a thickness of 2 um. The thicker this channel layer 14 is, the better the
crystallinity, so the more thick, the more preferred. At a temperature of 1150°C, hydrogen gas
was supplied at 10 L/min, ammonia at 12 L/min, TMG at 2 x 10 mol/min, and TMA at 6 x 10
mol/min over that layer 14, and a first barrier layer 16 consisting of Alp2GaosN was grownto a5
nm thickness. Next, under the same gas conditions, a second barrier layer 20 consisting of n-
Alp2Gao.sN was grown on top of the first barrier layer 16 to a thickness of 40 nm by supplying H»
diluted silane at 1 x 10-7 mol/min. Next, on top of that second barrier layer 20, with the
temperature set to 800°C, Cp2Mg was supplied at 6 x 10”7 mol/min, hydrogen gas at 10 L/min,
ammonia at 12 L/min, TMG at 2 x 10* mol/min, and TMI at 1 x 10”7 mol/min to form a field
generating layer 30 consisting of p-Inp.2Gaop.sN with a thickness of 3 nm. This was then annealed
to a p-type. Next, 40 gate electrodes were formed by photolithography, metal deposition, and
lift-off, and InGaN was etched using this as a mask, leaving a field generating layer only under
the gate electrodes. The above mentioned metals were then deposited to alloy the source
electrode 41 and drain 42 electrode.

Second Embodiment
0060

In Fig. 7, the second barrier layer 20 of the first embodiment is made undoped, and is a
second barrier layer 201 comprising i-ALo.2GaosN to form a field-generating layer 301.

Third Embodiment
0061

In Fig. 8, the field-generating layer 30 of the first embodiment is undoped Ing2GaosN to
form a field-generating layer 301.

Fourth Embodiment
0062

In Fig. 9, the second barrier layer 20 of the third embodiment is undoped ALy 2GaosN to
form a second barrier layer 201.

17
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Fifth Embodiment
0063

As shown in Fig. 10, a field-generating layer 302 is obtained by uniformly forming the
field-generating layer 30 in the first embodiment over the second barrier layer 20. By forming
uniformly in this manner, etching of the field generation layer 302 is unnecessary and no
damage is imparted to the semiconductor layer. The first barrier layer 16 in the first
embodiment becomes a first barrier layer 161 comprising i-AIN. However this first barrier layer
161 may also be i-AlGaN ,as in the first embodiment shown in Figure 6.

Sixth Embodiment
0064

As shown in Figure 11, the field generation layer 30 in the second embodiment is
uniformly formed on top of second barrier layer 20 to form a field-generating layer 302. Also,
the first barrier layer 16 in the second embodiment is a first barrier layer 161 made of i-AIN.
However, this first barrier layer 161 may also be i-AlGaN, as in the second embodiment shown
in Figure 7.

Seventh Embodiment
0065

As shown in Figure 12, the field-generating layer 30 in the third embodiment is uniformly
formed on top of second barrier layer 20 to form a field-generating layer 303. Also, the first
barrier layer 16 in the third embodiment becomes first barrier layer 161 comprising i-AlIN.
However this first barrier layer 161 may also be i-AlGaN, as in the third embodiment shown in
Figure 8.

Eighth Embodiment
0066

As shown in Fig. 13, the field-generating layer 30 in the fourth embodiment is uniformly
formed on top of second barrier layer 20 to form a field-generating layer 303. Also, the fourth
embodiment first barrier layer 16 becomes first barrier layer 161 comprising i-AIN. However this
first barrier layer 161 may also be i-AlGaN, as in the fourth embodiment shown in Figure 9.

0067

In the embodiments above, the first barrier layer may be either AlGaN, AIN, or not
present.

The first semiconductor layer may be a dual layer structure of InGaN and GaN, or a dual
layer structure of AlGaN and GaN.

The second semiconductor layer may be a dual layer structure of GaN and AlGaN.

In all of the above examples, in addition to sapphire, silicon carbide (SiC), silicon (Si), pr
GaN, etc. may be used as the substrate material for the field effect transistor of the invention.
Any well-known form can be adopted for formation of ohmic or gate electrodes. For example,
gate electrode may be formed over the field-generating layer by interposing an insulating film.

18
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0068

In all of the above embodiments, the first semiconductor layer, second semiconductor
layer, and the like constituting a field effect transistor may, according to the type and function of
the device, be formed from undoped semiconductor layers, or from semiconductor layers to
which impurities are added. These layers may also be formed from multiple semiconductor
layers of mutually differing compositions.

Industrial Use
0069

With the present invention, gate threshold voltage settings can be made controllable,
and an effective field effect transistor with reduced channel resistance is obtained. Maximum
gate voltage can also be increased, and a transistor with high mutual conductance constituted.
A normally-off type transistor can also be provided.

Brief Description of Figures

Fig. 1: A band diagram showing the principle of the invention

Fig. 2: A band diagram showing the principle of the invention

Fig. 3: A band diagram showing the principle of the invention

Fig. 4: A band diagram showing the principle of the invention

Fig. 5: A band diagram showing the principle of the invention

Fig. 6: A cross-section showing the HEMT layer structure in the first embodiment of the
invention.

Fig. 7: A cross-section showing the layer structure of HEMTs in the second embodiment of the
invention.

Fig. 8: A cross-section showing the HEMT layer structure in the third embodiment of the
invention.

Fig. 9: A cross-section showing the HEMT layer structure in the fourth embodiment of the
invention.

Fig. 10: A cross-section showing the HEMT layer structure in the fifth embodiment of the
invention.

Fig. 11: A cross-section showing the HEMT layer structure in the sixth embodiment of the
invention.

Fig. 12: A cross-section showing the HEMT layer structure in the seventh embodiment of the
invention.

Fig. 13: A cross-section showing the HEMT layer structure in the eighth embodiment of the
invention.

Explanation of Reference Numerals

0071
10...Substrate
14...Channel layer (first semiconductor layer)
16...First barrier layer (second semiconductor layer)
20...Second barrier layer (second semiconductor layer)
40...Field-generating layer
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