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(57) [Abstract]
[Problem] To achieve a transistor capable of
enhancement [mode] operation.

[Solution Means] In a transistor comprising a 7
channel-forming layer formed above a 8 A B 9
predetermined substrate, and a drain ?_‘ ’qi‘ FL\
electrode layer, source electrode layer, and ~—5

~—4

gate electrode layer formed above this
channel layer, the gate electrode layer is
constituted to include a p-type GaN-based
semiconductor layer and a metal electrode 1
layer formed on this semiconductor layer, and
a depletion layer region is controlled by
controlling the hole carrier density and
thickness of the p-type GAN-based
semiconductor layer.

~—3

~— 2

[Selected Figure] Fig. 4

[Claims]
[Claim 1]

A transistor comprising a channel-forming layer formed above a predetermined
substrate, and a drain electrode layer, source electrode layer, and gate electrode layer formed
above this channel layer,

wherein the gate electrode layer includes a p-type GAN-based semiconductor layer and
a metal electrode layer formed on the semiconductor layer.

[Claim 2]

The transistor of Claim 1, wherein a depletion layer is formed within the channel-
forming layer by the gate electrode layer.
[Claim 3]

The transistor of Claim 2, wherein the depletion layer region is controlled by controlling
the hole carrier density and thickness of the p-type GAN-based semiconductor layer in the gate
electrode layer.

[Claim 4]

The transistor of any one of Claims 1-3, wherein the channel-forming layer comprises at
least two adjacent GaN-based semiconductor layers with different band gaps, and a channel is
formed at the interface between these at least two GAN-based semiconductor layers.

[Claim 5]

The transistor of any one of Claims 1-4, comprising an n-type GAN-based semiconductor
layer between the channel-forming layer and the drain electrode layer, source electrode layer,
and gate electrode layer.

[Claim 6]

Page 3 of 34



4 JP 2007-66979 A 2007.3.15

The transistor of any one of Claims 1-4, wherein the transistor functions as an
enhancement mode transistor.
[Claim 7]

The transistor of Claim 5, wherein the transistor functions as an enhancement mode
transistor.
[Claim 8]

The transistor of Claim 6, wherein the hole carrier density in the p-type GAN-based
semiconductor layer in the gate electrode layer is 1 x 10'® units/cm3 to 1 x 10*° units/cm?3, and
its thickness is 1 nm to 500 nm.

[Claim 9]

The transistor of Claim 7, wherein the hole carrier density in the p-type GAN-based
semiconductor layer in the gate electrode layer is 1 x 10 units/cm?3 to 1 x 10%° units/cm3, and
its thickness is 1 nm to 500 nm.

[Claim 10]

The transistor of Claim 7 or 9, wherein the electron carrier density in the n-type GAN-
based semiconductor layer is 1 x 10 units/cm3 to 1 x 10 units/cm3, and its thickness is 1 nm
to 200 nm.

[Claim 11]

The transistor of any one of Claims 6-10, whereby when the gate voltage in the gate
electrode layer is 0V, the leakage current with a voltage of 20V applied between the drain
electrode layer and the source electrode layer is 100 nA or below.

[Claim 12]

The transistor of any one of Claims 4-11, wherein the substrate includes at least one
type of substrate selected from a group made up of sapphire, SiC, Si, AIN, GaN, and ZrB;
substrates.

[Claim 13]

The transistor of any one of Claims 1-3, whereby the gate electrode layer comprises a
first gate electrode layer and a second gate electrode layer, and the channel-forming layer is
positioned between the first and second gate electrode layers.

[Claim 14]

The transistor of Claim 13, comprising an n-type GAN-based semiconductor layer placed
adjacent to the channel-forming layer.
[Claim 15]

The transistor of Claim 13, wherein the transistor functions as an enhancement mode
transistor.
[Claim 16]

The transistor of Claim 14, wherein the transistor functions as an enhancement mode
transistor.
[Claim 17]

The transistor of Claim 15, wherein the hole carrier density in the p-type GAN-based
semiconductor layer in the gate electrode layer is 1 x 10 units/cm3 to 1 x 102 units/cm3, its
thickness is 10 nm to 5 um, and its width is 0.1 um to 20 pum.

[Claim 18]
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The transistor of Claim 16, wherein the hole carrier density in the p-type GAN-based
semiconductor layer in the gate electrode layer is 1 x 10 units/cm?3 to 1 x 10%° units/cm3, its
thickness is 10 nm to 5 um, and its width is 0.1 um to 20 pum.

[Claim 18]

The transistor of Claim 16, wherein the hole carrier density in the p-type GAN-based
semiconductor layer in the gate electrode layer is 1 x 10 units/cm3 to 1 x 102 units/cm3, its
thickness is 10 nm to 5 um, and its width is 0.1 um to 20 pum.

[Claim 19]

The transistor of Claims 16 or 18, wherein the electron carrier density of the n-type GaN-
based semiconductor layer is between 1 x 10'* units/cm? and 1 x 10%° units/cm3, and its
thickness is between 1 nm and 200 nm.

[Claim 20]

The transistor according to any one of Claims 15 to 19, whereby at a gate voltage of OV
in the gate electrode layer, leakage current is <100 nA when a voltage of 20V is applied between
the drain electrode layer and the source electrode layer.

[Claim 21]

The transistor according to any one of claims 15 to 20, wherein the substrate includes at
least one substrate selected from a group consisting of sapphire substrate, SiC substrate, Si
substrate, AIN substrate, GaN substrate, and ZrB, substrate.

[Claim 22]

A method for controlling the depletion layer in the channel-forming layer of a transistor
comprising a channel-forming layer formed above a predetermined substrate, and a drain
electrode layer, a source electrode layer, and gate electrode layer formed above this channel
layer;

whereby the gate electrode layer is constituted to include a p-type GaN-based
semiconductor layer and a metal electrode layer formed on this semiconductor layer, and the
depletion layer region is controlled by controlling the hole carrier density and thickness of the p-
type GaN-based semiconductor layer.

[Claim 23]

The method for controlling a depletion layer in a transistor of Claim 22, whereby an n-
type GaN-based semiconductor layer is provided between the channel-forming layer and the
drain electrode layer, source electrode layer, and gate electrode layer, and the depletion layer
region is controlled by controlling the electron carrier density and thickness of the n-type GaN-
based semiconductor layer.

[Claim 24]

The method for controlling the depletion layer in a transistor of Claim 22, whereby the
gate electrode layer is made up of a first gate electrode layer and a second gate electrode layer,
the channel-forming layer is positioned between the first gate electrode layer and the second
gate electrode layer, an n-type GaN-based semiconductor layer is provided adjacent to the
channel-forming layer, and the depletion layer region is controlled by controlling the carrier
density and thickness in the n-type GaN semiconductor layer.

[Claim 25]
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The method for controlling the depletion layer in a transistor according to any one of
Claims 22 to 24, whereby the transistor is made to function as an enhancement mode transistor.

[Detailed Description of the Invention]
[Technical Field]
[0001]
The present invention pertains to GaN-based semiconductor (AIN, InN and their mixed
crystals) transistors, which are expected to be applied in the field of power electronics.

[Background Art]
[0002]

In recent years, demand has been growing in many fields for power semiconductor
devices with lower loss and higher speeds, and for semiconductor devices usable in high
temperature and other harsh environments, and research directed at the development of
devices focused on Si, SiC, GaAs, InP, and GaN-based semiconductor materials (AIN, InN, and
their mixed crystals) is being energetically advanced. Si-based semiconductor materials with
efficiencies of 90% or above have been achieved at frequencies in the 100 kHz band, and are
now in practical use. However, Si-based semiconductor materials are approaching their limits
for further energy savings and higher speeds in the future.

[0003]

At the same time, it has been theoretically shown that the use of wide band gap
semiconductors such as SiC-based semiconductor materials and GaN-based semiconductor
materials in place of Si is effective for improving device performance. Transistors [using] SiC-
based semiconductor materials have already been demonstrated by several research
institutions. In a representative transistor using SiC-based semiconductor material, for example,
a buffer layer is epitaxially grown on a semi-insulating SiC substrate, followed by growth of p-
type conductive layers and n-type layers for source and drain electrodes. The portion where the
gate electrode is formed is then etched down to the p-type conductive layer, and the surface is
oxidized to form a gate oxide film so as to form source, drain, and gate electrodes. If the
interface level between the oxide film and the p-type conducting layer is small, a positive
potential applied to the gate electrode produces an inversion layer in which electrons are
accumulated near the interface, and [the device] operates as a semiconductor transistor (e.g.,
FED Journal Vol. 11 (2000), p. 85).

[0004]

With SiC-based semiconductor materials, however, the problem arises that oxide films
with few interface states cannot easily be formed. There is also the problem of crystal defects
such as micropipes in SiC substrates, and many issues remain to be solved for future practical
use. SiC-based semiconductor materials also have material problems which in principle make
high speeds difficult to achieve, such as the inability to use heterojunctions.

[0005]

In the development of semiconductor transistors capable of high-speed operation,
research has primarily been focused on GaAs-, InP-, SiGe-, and GaN-based semiconductor
materials. High-speed transistors have already been developed primarily from GaAs, InP, and
SiGe semiconductor materials, and GaAs transistors are already in practical use in mobile
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phones and other communications applications. However semiconductor materials such as
GaAs, InP, and SiGe have a narrow band gap, which causes their efficiency to decrease when
output power is increased. Another problem is that under high-temperature environments,
electrons in the valence band can be excited by heat to the conduction band, causing a failure
to operate as a transistor.

[0006]

With the advance of electronics technology, transistors usable in harsh conditions for
high output, high speed, and at high temperatures are sought; the optimal semiconductor
material for these applications is GaN-based semiconductor, which is a wide band gap
semiconductor with relatively high mobility, capable of heterojunctions. Applications has been
actively researched for this semiconductor [material] in short wavelength light emitting devices
typified by blue light emitting semiconductors, however in recent years, because of its wide
band gap semiconductor characteristics and its availability for use with two-dimensional
electron gas highly concentrated by piezoelectric fields and the like, it has been actively studied
for applications such as mobile phone base stations, and high performance transistors with a
mutual conductance of 525 mS/mm have been reported (e.g., Applied Physics, Vol. 73 (2004), p.
358).

[0007]
[Patent Document 1] FED Journal Vol.11 (2000) p.85
[Patent Document 2] Applied Physics, Vol.73 (2004) p.358

[Disclosure of the Invention]
[Problem to be Solved]
[0008]

Transistors using GaN-based semiconductor materials have been reported to operate at
high speeds, high power, and high temperatures, but significant problems remain. A
characteristic of GaN-based semiconductor materials is that group Il nitride semiconductors are
c-axis oriented, therefore a high sheet carrier density can be obtained using a piezoelectric field
when a heterojunction is used. This high sheet carrier density is considered advantageous for
high power transistors.

[0009]

The structure of a typical transistor using a GaN-based semiconductor is shown in Fig. 1.
Using an organometallic compound vapor deposition method or the like, crystal growth is
applied on a sapphire substrate 101 to grow a low-temperature AIN buffer layer 102 at
approximately 500°C and an undoped semi-insulating GaN layer 103 at approximately 1000°C to
approximately 2 um in length. An undoped AlGaN spacer layer 104 is then grown to 2 nm and
an n-type AlGaN layer 105 with a free electron density of 1 x 108 cm™ obtained by adding Si is
grown to 8 nm, on top of this a gate electrode 106, drain electrode 107, and source electrode
108 are formed.

[0010]

Next, Fig. 2 shows typical characteristics of the GaN-based semiconductor transistor
shown in Fig. 1. As shown in Fig. 2, the transistor operates as a depletion mode [transistor], in
which drain current flows when the gate voltage is at OV and drain current stops flowing when a
certain amount of voltage is added to the gate voltage.
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[0011]

Next, Fig. 3 shows a band diagram immediately under gate electrode 106 in the Fig. 1
GaN-based semiconductor transistor. In conduction band 301 in Fig. 3 there is a location at the
interface between undoped semi-insulating GaN layer 304 and AlGaN spacer layer 305 which is
lower than the pseudo-Fermi level 302 of the electrons; this layer acts as the channel layer.
Therefore when a voltage is applied between the drain and source electrodes, drain current
flows even when the gate voltage is 0V, and the GaN-based semiconductor transistor functions
in depletion mode, as described above.

[0012]

Transistors using GaN-based materials are theoretically capable of operating as high-
power amplifiers with output power exceeding several hundred watts at around 100 GHz, and
are being directed at applications such as base stations for mobile phones. When used for
power electronics, however, the fact that drain current flows when no gate voltage is applied
indicates a constant power loss, resulting in a large power loss. In the power electronics field,
enhancement mode transistors are in particular demand. As noted above, however, GaN-based
semiconductor transistors function in depletion mode, so they have been considered unsuitable
for use in power electronics from the power loss standpoint.

[0013]

On this point, it has been reported in recent years that by using high barrier Schottky
electrodes and by adopting thin film carrier channels, the depletion layer can be extended into
the channel layer, enabling enhancement mode operation (e.g., Japanese Journal of Applied
Physics, Vol. 43 (2004, p. 2255)), and the possibility of application to power electronics has been
shown. There are multiple problems, however, such as the stability of Schottky electrodes made
of GaN-based semiconductor materials, the scarcity of electrode materials with a high Schottky
barrier, and process difficulties with enhancement operation unless the channel layer is made as
a thin film and the channel layer is precisely controlled in units of a few nm; there is also an
inability to operate at high currents because the channel layer cannot structurally be made into
a thick film.

[0014]

The present invention was undertaken in light of these problems, and is intended to
solve the problems of Schottky electrode instability, fluctuation of barrier height, and high
current operation and high output power, and to achieve a transistor capable of enhancement
mode operation.

[Means for Solving the Problem]
[0015]

To achieve the above objects, the present invention pertains to a transistor comprising:

a channel-forming layer formed above a predetermined substrate, and a drain electrode
layer, source electrode layer, and gate electrode layer formed over this channel layer;

wherein the gate electrode layer includes a p-type GaN-based semiconductor layer and a
metal electrode layer formed on this semiconductor layer.
[0016]

The invention also pertains to a method for controlling the depletion layer in a transistor,
whereby:
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in the method for controlling the depletion layer in the channel-forming layer of a
transistor comprising a channel-forming layer formed above a predetermined substrate and a
drain electrode layer, source electrode layer, and gate electrode layer formed above this channel
layer,

the gate electrode layer is constituted to include a p-type GaN-based semiconductor
layer and a metal electrode layer formed on the semiconductor layer, and the depletion layer
region is controlled by controlling the hole carrier density and thickness of the p-type GaN-
based semiconductor layer.

[0017]

In contrast to the conventional GaN-based semiconductor transistor shown in Fig. 1, the
present invention has a two-layer gate electrode layer structure consisting of a p-type GaN-
based semiconductor layer and a metal electrode layer. The p-type GaN-based semiconductor
layer can therefore be used to form a depletion layer within the channel-forming layer of the
transistor, and the size of the depletion layer can be freely controlled by controlling the hole
carrier density and thickness thereof.

[0018]

Thus by appropriately controlling the hole carrier density and thickness, etc. in the p-
type GaN-based semiconductor layer, current can be stopped from flowing by the existence of
the depletion layer when the gate voltage at the gate electrode layer is at OV, even if a voltage is
applied between the drain electrode layer and the source electrode layer. As a result,
enhancement mode transistors, previously considered impossible with GaN-based
semiconductor transistors, can now be offered.

[0019]

The present invention also can provide the above enhancement type transistor by the
extremely simple action of merely including a p-type semiconductor layer within the gate
electrode layer, without use of the above-described conventional Schottky electrode, or
complex operations such as making the channel layer into a thin film.

[0020]

Note that the term "GaN-based semiconductor" in the present invention means that AIN
and/or InN may be included in addition to GaN, which as a general formula can be expressed as
GaxAlylnzN (x+y+z=1, x, y, z20). However GaN is basically the main body (main component).

[Best Mode for Practicing the Invention]
[0021]

Other features and advantages of the invention are described in detail below, based on
the best mode for practicing the invention.
[0022]

(Embodiment 1)

Fig. 4 shows an example of a GaN-based semiconductor transistor in cross section. GaN-
based semiconductor transistor 10 shown in Fig. 4 comprises an AIN buffer layer 2, an undoped
semi-insulating GaN layer 3, an undoped AlGaN spacer layer 4, and an n-type AlGaN layer 5,
sequentially formed on a sapphire substrate 1.

[0023]
The metal organic compound vapor deposition (MOCVD) method may be used to form
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the AIN buffer layer 2 through the n-type AlGaN layer 5. In this example, AIN buffer layer 2 was
formed at a low temperature of approximately 500°C, and undoped semi-insulating GaN layer 3
through n-type AlGaN layer 5 were formed at approximately 1000°C. In this example, the
thickness of AIN buffer layer 2 is 0.02 um, the thickness of undoped semi-insulating GaN layer 3
is 2 um, the thickness of undoped AlGaN spacer layer 4 is 2 nm, and the thickness of n-type
AlGaN layer 5 is 8 nm. The n-type AlGaN layer contains Si as a dopant at a concentration of 2 x
10%8/cm3.

[0024]

As described in detail below, the undoped semi-insulating GaN layer 3 and undoped
AlGaN spacer layer 4 function in this example as channel-forming layers.

[0025]

Next, GaN-based semiconductor transistor 10 has a gate electrode layer 7, drain
electrode layer 8, and source electrode layer 9 on the n-type AlGaN layer 5. A gate electrode
layer 7 according to the invention consists of a p-type GaN layer 7A and a Ni/Au electrode layer
7B. Drain electrode layer 8 and source electrode layer 9 comprise Ti/Al electrode layers. The
thickness of and hole carrier density in the p-type GaN layer 7A can be set appropriately
according to purpose, but in this example, Mg is contained at a concentration of 3 x 10'%/cm?3
and the hole carrier density is 1 x 10'8/cm?3; the thickness thereof is 20 nm.

[0026]

From gate electrode layer 7 to source electrode layer 9, a multilayer film structure in
which AIN buffer layer 2 to p-type GaN layer 7A are formed is heat treated at approximately
700°C for 5 minutes in a nitrogen atmosphere on sapphire substrate 1; a metal electrode layer
7B consisting of Ni/Au is then formed using photolithographic technology, and a Ni mask is
deposited over that. The p-type GaN layer 7A is then completely etched in the thickness
direction to expose the n-type AlGaN layer 5 using, for example, chlorine plasma in a reactive
ion etching system. Drain electrode 8 and source electrode 9 consisting of Ti/Al are then formed
on the exposed surface using photolithography technology.

[0027]

Fig. 5 shows a band diagram immediately below gate electrode layer 7 for the GaN-
based semiconductor transistor 10 shown in Fig. 4 with no gate voltage applied (gate voltage
0V) in gate electrode layer 7. Focusing on the conduction band 11 in Fig. 5, there is energetically
no point lower than the pseudo-Fermi level 12 of the electrons. Therefore in this state no
current flows even if a voltage is applied between drain electrode layer 8 and source electrode
layer 9.

[0028]

Fig. 6 shows a band diagram immediately below gate electrode layer 7 of the GaN-based
semiconductor transistor 10 shown in Fig. 4 with a gate voltage of 2V applied to gate electrode
layer 7. By thus applying a gate voltage of 2V to gate electrode layer 7, a location with lower
energy than the pseudo-Fermi level 22 of electrons is created at the interface between the
undoped semi-insulating GaN layer 3 and the undoped AlGaN spacer layer 4, which have
respectively different band gaps; this then acts as a channel. Thus by applying a predetermined
voltage between drain electrode 8 and source electrode 9, carriers flow through the channels so
that a current can be sourced.

[0029]
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Therefore in the GaN-based semiconductor transistor 10 shown in this example, no
current flows when no gate voltage is applied to gate electrode layer 7; current flows only when
a gate voltage is applied to gate electrode layer 7, enabling [the transistor] to function in the
enhancement mode rather than the conventional depletion mode. This is believed to result
from the fact that the gate electrode layer 7 includes a p-type GaN layer, which forms a
depletion layer with sufficient spread within the channel-forming layer made up of undoped
semi-insulating GaN layer 3 and undoped AlGaN spacer layer 4, so that the band structure
bends as shown in Figs. 5 and 6.

[0030]

Fig. 7 is a characteristic diagram of the GaN-based semiconductor transistor 10 shown in
Fig. 4. In this case the gate voltage applied to gate electrode layer 7 is varied in a range of O to
2.4V. As is clear from Fig. 7, at a gate voltage of OV, almost no drain current flows when a voltage
is applied between drain electrode 8 and source electrode 9, but when the gate voltage is
sequentially increased from 0.6V to 2.4V, it is apparent that by applying a voltage between drain
electrode 8 and source electrode 9, drain current will flow in proportion to the magnitude of
the gate voltage. It may also be seen from the Fig. 7 characteristic diagram that the GaN-based
semiconductor transistor 10 shown in Fig. 4 functions in enhancement mode.

[0031]

Note specifically that the leakage current at a gate voltage of OV can be reduced down to
100 nA or below.

[0032]

As noted above, causing the GaN-based semiconductor transistor 10 shown in Fig. 4 to
function in enhancement mode requires that an optimal depletion layer be formable by the p-
type GaN layer 7A which comprises gate electrode layer 7 in the above-described channel-
forming layer. In the specific example above, the thickness of the p-type GaN layer 7A is 20 nm
and the hole carrier density is 1 x 10'8/cm?3, but these thicknesses and hole carrier densities
should be set appropriately according to the specific material composition and constitution of
the GaN-based semiconductor transistor.

[0033]

In a GaN-based semiconductor transistor with the material composition and constitution
shown in Fig. 4, an enhancement mode transistor can be achieved by setting the thickness of
the p-type GaN layer 7A to between 1 nm and 500 nm and the hole carrier density to between 1
x 10 units/cm? and 1 x 10%° units/cm3.

[0034]

An n-type AlGaN layer 5 is not necessarily required, and may be omitted so long as the
purpose of the invention is achieved. Similarly, an undoped AlGaN spacer layer does not have to
be provided, but if provided should have a thickness of <200 nm.

[0035]

The presence of n-type AlGaN layer 5 also affects the formation of the depletion layer by
the p-type GaN layer 7A described above, so its thickness and electron carrier density must be
determined with consideration for the entire GaN-based semiconductor transistor 10, including
the p-type GaN layer 7A. Specifically, when GaN-based semiconductor transistor 10 is to
function in enhancement mode, the conditions above for the p-type GaN layer 7A may be
considered, for example, to set the electron carrier density to 1 x 10** units/cm3to 1 x 10*°
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units/cm3 and the thickness to between 1 nm and 200 nm.
[0036]

In the GaN-based semiconductor transistor 10 of this example, there is no need to use a
Schottky electrode or to make the channel layer into a thin film as in conventional transistors.
The undoped AlGaN spacer layer 4 and n-type AlGaN layer 5, which are the channel-forming
layers, can thus be [made] as thick films, simplifying high-current operation and the like.

[0037]
(Embodiment 2)

Fig. 8 is a cross-section of another example of a GaN-based semiconductor transistor.
The GaN-based semiconductor transistor 30 shown in Fig. 8 has an AIN buffer layer 32 and a
first n-type GaN layer 33 formed sequentially on a sapphire substrate 31. AIN buffer layer 32 and
n-type GaN layer 33 can be formed by metal organic compound vapor deposition (MOCVD). In
this example, AIN buffer layer 32 is formed at a low temperature of approximately 500°C, and n-
type GaN layer 33 is formed at approximately 1000°C. Note that the thickness of AIN buffer
layer 2 was set to 0.02 um, and the thickness of n-type GaN layer 33 was set to 3 um. Also, Si as
a dopant was included in n-type GaN layer 33 at a concentration of 5 x 10'8/cm3. H,-diluted SiH4
was used as the raw material for the Si dopant.

[0038]

In addition, GaN-based semiconductor transistor 30 has a ridge-shaped undoped GaN
layer 34 and a second n-type GaN layer 35 on n-type GaN layer 33. These layers can be formed
in the same way as n-type GaN layer 33. In this example, second n-type GaN layer 35, similar to
first n-type GaN layer 33, is also made to contain Si at a concentration of 5 x 10'8/cm3. The
thickness of undoped GaN layer 34 was set to 0.5 um, and the thickness of the second n-type
GaN layer 35 was set to 1 um. Note that undoped GaN layer 34 serves as a channel-forming
layer .

[0039]

Furthermore, GaN-based semiconductor transistor 30 has a first gate electrode layer 38-
1 and a second gate electrode layer 38-2 sandwiching the undoped GaN layer 34 from both
sides, a drain electrode layer 37 on second n-type GaN layer 35, and a source electrode layer 39
on the right side of second gate electrode layer 38-2. According to the invention, first gate
electrode layer 38-1 and second gate electrode layer 38-2 respectively comprise p-type GaN
layers 38-1A and 38-2A, and Ni/Au electrode layers 38-1B and 38-2B. Drain electrode layer 37
and source electrode layer 39 comprise Ti/Al electrode layers.

[0040]

The thickness and hole carrier density of p-type GaN layers 38-1A and 38-2A can be set
appropriately according to purpose, but in this example Mg is included at a concentration of 3 x
10%%/cm3, the hole carrier density is 1 x 10*¥/cm?33, and thickness is 1.2 pm.

[0041]

Undoped GaN layer 34, second n-type GaN layer 35, gate electrode layers 38-1 and 38-2,
drain electrode layer 37, and source electrode layer 39 are formed as follows. First, using SiO? or
the like, a stripe-shaped (e.g., 2 um wide) mask is formed by photolithography, and a reactive
ion etching system using Cl; gas is used to etch down to the first n-type GaN layer 33, except for
the under-portion of the mask. Then, after appropriate semiconductor substrate treatment such
as aqua regia, sulfuric acid, organic cleaning, etc., p-type GaN layers 38-1A and 38-2A are again

Page 12 of 34



13 JP 2007-66979 A 2007.3.15

formed by the organometallic compound vapor phase growth method. Next, the mask is etched
away with hydrofluoric acid or the like, and after heat treatment for 5 minutes at 700°Cin a
nitrogen atmosphere, a portion of p-type GaN layers 38-1A and 38-2A is removed by
photolithography and reactive ion etching equipment to expose the first n-type GaN layer 33.
Metal electrode layers 38-1B and 38-2B in gate electrode layers 38-1 and 38-2 are then formed,
as are a drain electrode layer 38 and source electrode layer 39.

[0042]

Fig. 9 is a characteristic diagram of the GaN-based semiconductor transistor 30 shown in
Fig. 8. In the GaN-based semiconductor transistor 30 shown in this example, a depletion layer is
formed in the undoped GaN layer 34, which is the channel-forming layer, by the p-type GaN
layers 38-1A and 38-2A in first gate electrode layer 38-1 and second gate electrode layer 38-2.
[0043]

Therefore when the gate voltage applied to the first gate electrode layer 38-1 and
second gate electrode layer 38-2 is OV, no drain current flows within undoped GaN layer 34,
even if a voltage is applied between drain electrode layer 37 and source electrode layer 39.
However the depletion layer region changes when a predetermined gate voltage is applied to
first gate electrode layer 38-1 and second gate electrode layer 38-2, therefore a drain current
corresponding to the magnitude of the drain voltage will flow in undoped GaN layer 34 when a
voltage is applied between drain electrode layer 37 and source electrode layer 39. As a result,
GaN-based semiconductor transistor 30 in this example functions in enhancement mode.
[0044]

Specifically, the leakage current at a gate voltage of OV can be reduced down to 100 nA
or below.

[0045]

As mentioned above, in order for the GaN-based semiconductor transistor 30 shown in
Fig. 8 to function in enhancement mode, the p-type GaN layers 38-1A and 38-2A constituting
gate electrode layers 38-1 and 38-2 should enable the formation of an optimal depletion layer in
the undoped GaN layer 34, which is the above-described channel-forming layer. In the specific
examples above, the thickness of p-type GaN layers 38-1A and 38-2A is set to 1.2 um and the
hole carrier density is set to 1 x 10'8/cm3, however these thicknesses and hole carrier densities
should be set appropriately according to the specific material composition and constitution of
the GaN-based semiconductor transistor.

[0046]

In the GaN-based semiconductor transistor with the material composition and
configuration shown in Fig. 8, an enhancement mode transistor can be achieved by setting the
thickness of p-type GaN layers 38-1A and 38-2A to between 10 nm and 5 um and the hole
carrier density to between 1 x 10® units/cm3 and 1 x 10%° units/cm3. This this can also be
achieved by setting the width between 0.1 um and 20 um.

[0047]

Note that a second n-type GaN layer 35 is not necessarily required; it may be omitted so
long as the purpose of the invention is achieved.
[0048]

The presence of n-type GaN layer 35 also affects the formation of the depletion layer by
the p-type GaN layers 38-1A and 38-2A described above, so the thickness and electron carrier
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density, etc., thereof must be determined with consideration for the entire GaN semiconductor
transistor 30, including p-type GaN layers 38-1A and 38. Specifically, when causing the GaN-
based semiconductor transistor 30 to function in enhancement mode, the above conditions
pertaining to p-type GaN layers 38-1A and 38-2A may be considered, for example, so as to
enable the electron carrier density to be set from 1 x 104 units/cm3 to 1 x 10*° units/cm3 and
the thickness to be set from 1 nm to 200 nm.

[0049]

We have explained the present invention in detail based on the best mode for practicing
the invention with reference to concrete examples, however all variations and changes are
possible so long as they do not depart from the scope of the invention.

[0050]

For example, in Embodiments 1 and 2 above sapphire substrates are used as the
substrate, but other substrates such as SiC, Si, AIN, GaN, and ZrB; may also be used.
[0051]

It is also possible in Embodiments 1 and 2 to include AIN and InN in all of the layers
formed only of GaN. Also, Mg is used as a dopant for p-type semiconductors and Si as a dopant
for n-type semiconductors, but other dopants can of course also be used.

[0052]

Furthermore, in Embodiments 1 and 2, [the transistor] can be made to [operate] in
depletion mode by appropriately controlling the width and thickness of the p-type GaN layer.
[0053]

In Embodiment 1, the n-type AlGaN layer 5 can be undoped or can be formed by ion
implantation or the like, rather than in an actual layer form.

[0054]

In addition, in Embodiment 2, after the sapphire substrate 31 is peeled off by substrate
peeling technology, current can made to flow in the direction of growth, i.e., in the thickness
direction of each layer constituting the transistor by forming a source electrode layer 39 relative
to the peeled surface.

[Brief Description of Figures].

[0055]

Fig. 1: A cross section of a conventional GaN-based semiconductor transistor.

Fig. 2: A characteristic diagram of the GaN-based semiconductor transistor shown in Fig. 1.

Fig. 3: A diagram showing the band structure of the GaN-based semiconductor transistor shown
in Fig. 1.

Fig. 4: A cross section of one example of a GaN-based semiconductor transistor.

Fig. 5: A diagram showing the band structure of the GaN-based semiconductor transistor shown
in Fig. 4 with no gate voltage applied (gate voltage 0V) in the gate electrode layer.

Fig. 6: A diagram showing the band structure of the GaN-based semiconductor transistor shown
in Fig. 4 with a gate voltage of 2V applied in the gate electrode layer.

Fig. 7: A characteristic diagram of the GaN-based semiconductor transistor 10 shown in Fig. 4.
Fig. 8: A cross section of another example of a GaN-based semiconductor transistor.

Fig. 9: A characteristic diagram of the GaN-based semiconductor transistor shown in Fig. 8.
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[Explanation of Reference Numerals].
[0056]

1 Sapphire substrate

2 AIN buffer layer

3 Undoped semi-insulating GaN layer
4 Undoped AlGaN spacer layer

5 n-type AlGaN layer

7 Gate electrode layer

7A p-type GaN layer

7B Metal electrode layer

8 Drain electrode layer

9 Source electrode layer

10 GaN-based semiconductor transistor
11 Conduction band

12 Electron pseudo-Fermi level

13 Valence band

14 Hole pseudo-Fermi level

15 Undoped semi-insulating GaN layer
16 Undoped AlGaN spacer layer

17 n-type AlGaN layer

18 p-type GaN layer

21 Conduction band

22 Electron pseudo-Fermi level

23 Valence band

24 Hole pseudo-Fermi level

25 Undoped semi-insulating GaN layer
26 Undoped AlGaN spacer layer

27 n-type AlGaN layer

28 p-type GaN layer

30 GaN-based semiconductor transistor
31 Sapphire substrate

32 AIN buffer layer

33 First n-type GaN layer

34 Undoped GaN layer

35 Second n-type GaN layer

37 Drain electrode layer

38-1 First gate electrode layer

38-2 Second gate electrode layer
38-1A, 38-2A p-type GaN layers

38-1B, 38-2B Metal electrode layers
39 Source electrode layer

101 Sapphire substrate

102 AIN buffer layer

103 Undoped semi-insulating GaN layer
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104 Undoped AlGaN spacer layer
105 n-type AlGaN layer

106 Gate electrode

107 Drain electrode

108 Source electrode

301 Conduction band

302 Electron pseudo-Fermi level
303 Valence band

304 Undoped semi-insulating GaN layer
305 Undoped AlGaN spacer layer
306 n-type AlGaN layer
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