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(57) Abstract

Problem: To provide a high-mobility transistor (HEMT) to which a high voltage can be applied,
comprising a GaN-based compound semiconductor.

Solution Means: A stacked structure 1A, comprised by stacking an i-type semiconductor layer 3
and an n-type semiconductor layer 4 in that order, is formed on a semi-insulating substrate 1;
each semiconductor layer comprises a GaN-based compound semiconductor; a gate electrode G
is loaded on n-type semiconductor layer 4 via a p-type semiconductor layer 5 comprising GaN-
based compound semiconductor, and a source electrode S and drain electrode D are each
respectively loaded directly on n-type semiconductor layer 4; p-type semiconductor layer 5 has
a single-layer structure comprising a p-type GaN layer or p-type InGaN layer, or a double-layer
structure comprising a p-type InGaN layer stacked on a p-type GaN layer.
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Claims
Claim 1

A high mobility transistor in which a stacked structure, comprised by stacking an i-type
semiconductor layer and an n-type semiconductor layer in that order, is formed on a semi-
insulating substrate; each semiconductor layer comprises a GaN-based compound
semiconductor; a gate electrode is loaded onto the n-type semiconductor layer via a p-type
semiconductor layer comprising a GaN-based compound semiconductor, and a source electrode
and drain electrode are each respectively loaded directly onto the n-type semiconductor layer.

Claim 2

The high mobility transistor of Claim 1, wherein the p-type semiconductor layer has a
single-layer structure comprising either a p-type GaN layer or p-type InGaN layer, or a double-
layer structure comprising a p-type InGaN layer stacked on a p-type GaN layer.

Detailed Description of the Invention
[0001]
Technical Field of the Invention

The present invention pertains to high mobility transistors (HEMTs) comprising a GaN-
based compound semiconductor, and more particularly to novel HEMTs structures operable
under the application of high voltages.

[0002]
Conventional Art

Use of HEMT is anticipated, for example, as a material for high-power microwave
devices; at present these are normally manufactured using GaAs-based compound
semiconductors. In one known structure, for example, an i-type GaAs layer and n-type GaAlxAs1.
« layer are sequentially deposited on a semi-insulating substrate, a source electrode and drain
electrode are loaded onto that n-type GaAlxAsix layer; as a further example, a gate electrode is
loaded via a p-type GaAs layer.

[0003]

In HEMTs with this structure, an energy band diagram at x = 0.25 shows that the hetero-
barrier (AEc) at the heterojunction interface between an n-type GaAlp.25Aso.75 layer and an i-type
GaAs layer is approximately 0.26 eV, and at thermal equilibrium a 2-dimensional electron gas
layer is formed at said junction interface. By then applying a reverse bias voltage of a
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predetermined value between the source and drain electrodes and a forward bias voltage
between the source and gate electrodes, electrons are supplied from the n-type GaAlAsi« layer
to the i-type GaAs layer located below it, and the supplied electrons form a two-dimensional
electron gas layer at the junction interface; electrons trapped within that gas layer then flow at
high speed to the drain electrode to achieve HEMT operation. In such circumstances, the
stronger the electric field strength immediately under the gate voltage is, the higher the
electron trapping effect in the gas layer by 2D electrons will be, thereby facilitating high-speed
operation.

[0004]

With GaAs-based HEMTs, however, the discontinuity band at the heterojunction
interface is about 0.26 eV (when x = 0.25), and its breakdown field value is about 3 x 10° V/cm,
making it difficult to achieve high-speed operation by applying a high voltage to the gate
electrode to create a high electrical field directly underneath it. To address this problem,
research with prototype HEMTs using GaN-based compound semiconductors has recently been
undertaken.

[0005]

This is because the hetero-barrier (AEc) at the heterojunction interface between GaN
and GaAlxN1. is about 0.67 eV, which is approximately 2.6 times higher than a GaAs system, and
its breakdown electric field value is 2 x 108 VV/cm, which is an order of magnitude higher than
the GaAs system, so the 2-D electron trapping effect in the electron gas layer can be increased
and, theoretically, electron concentration can be made approximately 10 times higher than in a
GaAs system.

[0006]

As an example, the following types of GaN-based HEMTs are manufactured using
MOCVD. First, an AIN buffer layer is deposited on a semi-insulating sapphire substrate. An i-type
GaN layer is then deposited on the AIN buffer layer using trimethyl gallium as the Ga source and
ammonia as the N source, and an n-type AlGaN layer is deposited on the i-type GaN layer using
trimethyl aluminum as the Al source. After then performing conventional photolithography and
etching on the n-type AlGaN layer, a gate electrode, source electrode, and drain electrode are
loaded at predetermined locations.

[0007]

For GaN-based HEMTs, a two-dimensional electron gas layer is formed at the
heterojunction interface between the i-type GaN and n-type AlGaN layers -- specifically at the
topmost layer of the i-type GaN layer; here electrons move at high speed to achieve HEMT
operation. To accomplish high electron mobility, this i-type GaN layer must be as free as
possible from impurities and crystal defects.

[0008]
Problems the Invention Seeks to Solve
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While it is possible to apply higher voltages to GaN-based HEMTs above as compared to
GaAs-based HEMTs, they cannot be said to have sufficient electron mobility to meet recent
demands for still higher speed operation. The present invention seeks to solve the above
problem([s] regarding conventional GaN-based HEMTs and to provide a new GaN-based HEMT
structure with a high breakdown voltage.

[0009]
Means for Solving the Problems

To achieve the above object, the present invention provides a high mobility transistor in
which a stacked structure, comprised by stacking an i-type semiconductor layer and an n-type
semiconductor layer in that order, is formed on a semi-insulating substrate; each semiconductor
layer comprises a GaN-based compound semiconductor; a gate electrode is formed on the n-
type semiconductor layer via a p-type semiconductor layer comprising GaN-based compound
semiconductor, and a source electrode and drain electrode are each respectively loaded directly
on the n-type semiconductor layer; in particular, [the invention] provides a high mobility
transistor wherein the p-type semiconductor layer has a single-layer structure comprising either
a p-type GaN layer or p-type InGaN layer, or a double-layer structure comprising a p-type InGaN
layer stacked on a p-type GaN layer.

[0010]
Embodiments of the Invention

Below we explain details of the HEMT of the invention based on Fig. 1, which depicts its
basic structure. A stacked structure A -- comprising a buffer layer 2, an i-type semiconductor
layer 3, and an n-type semiconductor layer 4 -- is formed on a semi-insulating substrate 1; a gate
electrode G is loaded on the n-type semiconductor layer 4 via a p-type semiconductor layer 6,
and a source electrode S and a drain electrode D are also respectively loaded on the n-type
semiconductor layer 4.

[0011]

The HEMT is manufactured by depositing semiconductor layers of a predetermined
composition on a semi-insulating substrate 1 by applying known epitaxial growth methods such
as MOCVD and MOMBE to GaN-based compound semiconductors. Semi-insulating substrate 1
would preferably comprise a material that is lattice-matched between each of the
semiconductor layers as they are deposited onto it, but because there is no such GaN-based
material, a substrate made of a conventionally used semi-insulating material such as sapphire or
single crystal Si is acceptable. A GaN layer is also selected as the buffer layer 2.

[0012]

i-type GaN, i-type InGaN, and the like are examples of GaN-based compound
semiconductors constituting i-type semiconductor layer 3. i-type GaN is particularly preferrable.
i-type InxGaixyAlyN (0 < x< 1, 0 <y < 0.2) may also be used for the i-type semiconductor layer 3
so long as the band gap energy is less than or equal to that of the high-purity i-type GaN
described above.
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[0013]

n-type AlGaN, n-type GaN, and the like are examples of GaN-based compound
semiconductors constituting an n-type semiconductor layer 4. Among these, the n-type AlGaN is
favorable. An n-type InyGai-uvAWN (O <u < 1, 0 < v < 0.5) may also be used as the n-type
semiconductor layer so long as the band gap energy is less than or equal to that of the n-type
AlGaN above.

[0014]

Si metal (if deposited by MBE) or di-silane (if deposited by MOCVD) are examples of n-
type dopants used in the deposition of this n-type semiconductor layer 4. Considering that
source electrode S and drain electrode D are directly loaded on this n-type semiconductor layer
4, the dopant concentration is preferably set as low as possible to achieve ohmic contact
between the two. E.g., if the n-type dopant is Si, the concentration would be about 5 x 107 to 5
x 108 cm3.

[0015]

Next, p-type GaN and p-type InGaN are examples of GaN-based compound
semiconductors to constitute p-type semiconductor layer 5. This p-type semiconductor layer 5
may comprise one layer each of p-type GaN and p-type InGaN, but a double layer structure
consisting of a p-type InGaN layer stacked on a p-type GaN layer is preferable. Metal Mg (if
deposited by MBE) or cyclopentadienyl magnesium (if deposited by MOCVD) are examples of a
p-type dopant when depositing this p-type semiconductor layer 5. The p-type dopant
concentration in this case would be about 5 x 107 to 5 x 108 cm3.

[0016]

Finally, Au/Pt, Al, and the like are examples of materials constituting gate electrode G,
while Au, Ti/Al, and the like are [also] examples of materials constituting gate electrode G.
HEMT with this structure has a pn junction structure under the gate electrode G. When a
voltage is applied from gate electrode G, a two-dimensional electron gas layer 3a is formed at
the heterojunction interface between n-type semiconductor layer 4 and i-type semiconductor
layer 3, and more specifically at the topmost portion of i-type semiconductor layer 3, where
electrons supplied from n-type semiconductor layer 4 are trapped and flow at high speed to
drain electrode D, achieving HEMT operation.

[0017]

In this case, operation of the pn junction immediately under the gate electrode G
enables voltage control with a small amount of carrier injection, and the controlled voltage
further enables control of current flowing between channels, such that the 2-dimensional
electron gas layer 3a can be controlled at high voltage, increasing the trapping effect on
electrons in the 2-dimensional electron gas layer 3a and allowing high-speed electron mobility.

[0018]

In particular, if the p-type semiconductor layer 5 has a double layer structure of p-type
GaN and p-type InGaN as described above, this stacked structure functions as a kind of
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guantum well structure, allowing quantum effect-induced tunnel current flow, which is
favorable as it allows gate current to flow easily.

[0019]
Embodiments

An HEMT with the stacked structure shown in Fig. 1 was fabricated by MOMBE as
follows. First, a GaN buffer layer 2 with a thickness of 50 A was deposited on a semi-insulating Si
single-crystal substrate 1 by epitaxial growth at a growth temperature of 640°C, using metallic
Ga (5 x 107 Torr) as the Ga source and dimethyl hydrazine (5 x 10 Torr) as the N source.

[0020]

The N source was then switched over to ammonia (5x107 Torr), the growth temperature
increased to 850°C, and epitaxial growth resulted in the deposit of an i-type GaN layer 3 with a
thickness of 5000A. Deposition conditions were set so that the carrier concentration at this time
was at or below 5 x 10 cm?3,

[0021]

Metal Al (2x1077 Torr) was then supplied, and metal Si (2x10° Torr) was supplied as an n-
type dopant; epitaxial growth was continued at a growth temperature of 850°C to deposit an n-
type AlGaN layer 4 at a thickness of 500A. Deposition conditions were set to achieve a carrier
concentration of 1x10*cm3. The metal Si supply was then cut off, metal Mg (5x10° Torr) was
supplied as a p-type dopant, and the deposition operation continued to deposit a p-type GaN
layer 6 with a thickness of 500 A on the n-type AlGaN layer 4. Deposition conditions were set so
that carrier concentration was 1 x 108 cm3.

[0022]

Dry etching was then performed using a plasma-converted mixture of hydrogen, argon,
and methane as an etchant to etch away the p-type GaN layer except where the gate electrode
was to be loaded and exposing the n-type InGaN layer 4. An SiO; film was then deposited by
plasma CVD to cover the entire surface, and after patterning with photoresist, the area including
the part where the gate electrode was to be loaded was masked, [leaving] the portion where
source and drain electrodes were to be loaded open, and metal Al deposited on the exposed n-
type InGaN layer 4 to load source electrode S and drain electrode D.

[0023]

Lastly, after etching away the masking and opening the SiO; film beneath it, the source
electrode S and drain electrode G locations were masked with SiO> film, Au was deposited in the
opening portions, and gate electrodes G were loaded above the p-type GaN layer 5 to fabricate
the HEMT shown in Fig. 1. With this HEMT, a drain current (Ids) of 60 mA under an applied gate
voltage of 3V and saturation above a drain voltage of 2V were obtained. l.e., a constant value for
this saturation characteristic was maintained even when Vds was raised to 100V, and no loss of
HEMT functionality occurred.

[0024]
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Mobility of this HEMT structure at room temperature was 600 cm?/V - sec, and a good

mobility value of 7500 cm?/V * sec was shown at 77 K.

[0025]
Effect of the Invention

As is clear from the above description, the GaN-based HEMT of the present invention
does not fail even when the gate electrode is increased to V, and is able to operate at higher
speeds than conventional GaN-based HEMTs. This effect is brought about by use of a pn
junction structure between the gate electrode and channel layer, forming a two-dimensional
electron gas layer with excellent electron trapping effect at the junction interface between i-
type and n-type semiconductor layers.

Brief Description of Figures
Fig. 1: A cross section showing the stacked structure of the HEMT of the invention.

1 semi-insulating substrate

2 buffer ["bap"] layer (GaN layer)

3 i-type semiconductor layer (i-type GaN layer)

3a 2D electron gas layer

4 n-type semiconductor layer (n-type InGaN layer)
5 p-type semiconductor layer (p-type GaN layer)

S source electrode

G gate electrode

D drain electrode
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