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DESCRIPTION

FIELD-EFFECT TRANSISTOR, SEMICONDUCTOR DEVICE, A
METHOD FOR MANUFACTURING THEM, AND A METHOD OF
SEMICONDUCTOR CRYSTAL GROWTH J

FIELD OF THE INVENTION

The present invention relates to structure of a
field-effect transistor (e.g.: various kinds of .FET and
HEMT) which can be manufactured through crystal growfh of
a Group III nitride compound semiconductor and a method
for manufacturiﬁg the field-effect transistor.

The preéent invention also felates to structure of
a field-effect transistor (e.g.: various kinds of FET and
HEMT) which can be manufactured through crystal growth'of
a Group III nitride compound semiconductor and a method
for manufacturing the field-effect transistor.

Further, the present invention relates to a method
for érystal growing a semiconductor with high insulation
and-a semiconductor device comprising the semiconductor.

The present invention is useful for manufacturing a

device such as a field-effect transistor.

DISCLOSURE OF THE PRESENT INVENTION

Generally, as structure of a field-effect transistor
which?xﬁlbenmnufacturedthroughcrystalgrowthofzaGroup
IIT nitride compound semiconductor and a method for
manufacturing it, a conventional technique disclosed iﬁ

apatent document 1, forexample, hasbeenwell-knownwidely.
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In the conventional inventions, hydrogen (H;) gas is
often used as a carrier gas which carries material gas in
a process of crystalAgrowing a semiconductor layer.

The reasons are as follows.

(Reason 1) Using hydrogen gas enables to provide a

.semiconductor layer formed through crystal growth with

excellent crystallinity comparatively easier than using
6ther carrier gas. That 1s advantageous .to sheet
resistance of the device, varying device characteristic,
and yield of the device. |
(Reason?2) Byemployinghydrogengas, it becomes easier
to dimprove flatness of an interface between each
semiconductor layer such as a buffer layer and a barrier
layer or to improve rapidity of compoéing variation around
the interface compared with a device which employs other

carrier gas. That enables toobtainandmaintainexcellent

“mobility of carriers which shift comparatively easier, and

that is advantageous to miniaturize and to improve
performance of the device.
[Patent Document 1] Japanese Laid-open patent

application 2003-45899

FIG. 12'illustrates a sectional view of a conventional
field-effect transistor 10. The field-effect transistor
10 is a semiconductor device which is manufactured by
depositing Group III-nitride compound éemiconductors in

sequence through crystal growth, and has about 0.3um in

’thickness of AIN buffer layer 2 formed on about 500um in

thickness of silicon carbide (SiC) crystal growth substrate
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About 2um in thickness of undoped GaN semiconductor
layer 3 is formed on the buffer laYer 2, and about 35nm
in thickness of undoped Alj.25Gag.7sN semiconductor layer
4 is formed thereon. Signs 5, 6, and 7 represent a source
electrode, a gate electrode, and a drain electrode,
iespectively;

Because the' semiconductor layer - 3 and  the
semiconductor layer 4 have different semiconductor crystal
components with each othexr, crystal growth conditioné for
providing optimumcrystal qualitiesaredifferent with each
dther. Especially, 'growth conditions such as crystal
growthtemperatureandpmessure(thatis,partialpressure
or total pressure of each gas) are important. For example,
in a process of crystal growing an AlGaN, crystal growth
temperature for optimum crystal qualify'generally’becomes
larger as aluminum composition ratio becomes larger.

Accordingly, with respect to the above-described
semiconductor layer 3, for ekample, the optimum crystal
growth temperature is about 1050°C, and with respect to
the semiconductor layef 4, the bptimum-crystal growth
temperature is about 1150°q, which is higher than that of
the semiconductor layer 3 by 100°C.

Generally, crystal growth pressure (total pressure)
of the AlGaN semiconductor layer 4 was smaller than that
of the GaN semiconductor layer 3 in order to equalize Al
comﬁosition ratio in the semiconductor layer 4.

-As other conventional field-effect transistor, the

following patent documents 2-5 show other concrete
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examples.

[Patent document 2] Japanese Laid-open. patent
application 2002-57158

[Patent document 3] Japanese TLaid-open patent
application 2003-45899

[Patent document 4] Japanese Laid-open patent
application 2002-16087

[Patent document 5] Japanese Laid-open patent

application 2003-277196

Further, as a conventional field-effect transistor,
for example, a semiconductor device such as HEMT which uses
a undoped GaN layer as a channel layér has been known. Such
conventional device, however, comprises an undesirable
conductive layer which is formed around the interface
existing’aboveaanucleus‘forming'layer (that ié,a.lattice
constant difference relaxing layer). ~ When such a
conductive layer is‘fofmed in a device, break down field
strength of the device may be deteriorated, which is not
desirable.

Iﬁ order to solve that; problem, a fiéld-effect
transistor shown in the patent document 6 listed below has
been invented. The field—efféct transistor‘comprises a
buffer layer which is formed on a nucleus forming layer
by doping a IIB Group impurity such as Zn, the buffer layer
being a.semicohductor layer with high resistivity which
hardly scatters impurities into a channelAlayer. IThat
enables the field-effect transistor to isolate devices

electrically and to improve break down field strength.
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As the semiconductor layer with high resisfivity
employed in a power HFET, for example, an undoped GalN layer
shown in the non-patent document 1 listed below has been
well-known. The undoped GaN layer is deposited at crystal
growth temperature of 1050°C to have a thickness of 2um,

and it has been reported that the GaN layer may have a sheet

resistivity of more than 100MQ/cm® (resistivity: 2 x

10%Qcm) .

[Patent document 6] Japanese Laid-open patent
application 2002-57158

[Non-patent document 1] Seikoh YOSHIDA, “AlGaN/GaN

Power FET” Furukawa Electric Review, No. 109, January, 2002

DISCLOSURE OF THE PRESENT INVENTION
PROBLEMS TO BE SOLVED

Byemploying hydrogen (Hz) gas as carrier gas, however,

surface of the uppermost semiconductor layer may hardly

.be formed flat or smooth, which generates the following

problems.

(Problem 1) When undulations of roughness of the
surface of fhe semiconductor layer become relatively too
large toward the size of the electrode to be connected,

it becomes difficult to form the electrode on that rugged

surface. As a result, miniaturization of the electrode

is prevented and the device can hardly be formed smaller.
(Problem 2) Even when the electrode is formed at the
predetermined position, electric characteristics such as

connection strength and ohmic characteristic cannot become
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sufficiently stable. It becomes diffiqult to maintain
yield of the device, and, as a result, industrial maés
production of the objective field-effect transistors can
hardly be provided.

Reasons why the surface on the semiconductor layer.
becomes rough as described above may be because of etching
freatment using hydrogen (H;) gas. Accordingly, in order
to overcome this problem, other element such as nitrogen
(N,) can be employed as carrier gas to form a buffer layer
through crystal growth, which results in improving the
roughness on the surface of the semiconductor layer. By
employing this process, however, both of the desired
electric characteristics such és mobility and sheet
resistivityaccordingtx>theabove—describedreasonsl_and

2 can hérdly be obtained at the same time.

When crystal growth condition which emphasizes
crystal quality of each semiconductor layer (3 and 4) shown
in FIG. 12 is employed, high crystal quality in each
semiconductor layer can be maintained. By employing such
crystal growth condition, however, deposition condition
afound.interfaces of those two semiconductor layers (3 and
4) tends to be turbulent. In short, the interface between
those two layers becomes rough. That may be because atoms
whichonceconstructtheuppersﬁrfameofthesemiconductor
layer3aresublimedaccordingtovariationofcrystalgrowth
condition between those two~layers. |

Such deterioration of crystalihity tends to occur

owing to etching by carrier gas. That may be'easily
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understood by the following documents.
(1) Japanese Laid~open patent application H11-068159
(2) Japanese Lald-open patent application H9-139543
(3) Japanese Laid-open patent application H8-88432

Such roughness of interface tends todecreasemobility

of carriers confined on the channel which construct

gquasi-two-dimensional electric gas and decrease electric
current. As a result, device characteristic 1is

deteriorated.

Further, when a semiconductor layer  is doped with
impurity of high conductivity, it is not always easy to
deposit an undoped layer with édequately low impurity
concentration after forming the high impurity ddped
semiconductor . That is because impurities are left in
the crystal growth furnace or impurities defuse in each
of the deposited semiconductor layer.

Whénsuchimpuritiesarendxedintothesemiconductor
layeratwhichachannelistobeformed,itbecomesdiffiéult
to form a channel having high mobility. That is because
impurities in the/semiconductor layer for forming the
channel scatter carriers which are moving.

On the contrary, in order to manufacture a
semiconductor device with high break down field strength,
aboutlOOMQ/cm2ofsheetresistivitymayruﬂ:besﬁfficient.
Accordingly, conventional technique as shown in the
non-patent document 1 can hardly crystal grow a
semiconductor having insulation which is high enough to

meet higher performance required these days. Moreover,



10

15

20

25

WO 2005/122234 PCT/JP2005/011006

the non-patent document 1 never suggests to overcome that

problem.

The present invention has been accomplished in order
to overcome the aforementioned drawbacks. Thus, an object
of the present invention is to produce a field-effect
transistor which has excellent sheet resistivity,
certainty of forming fine electrode and high mobility of
carrier and is optimum to high performance and minimization

of the device.

Another object of the present invention is to produce
a field-effect transistor which improves mobility of
carriers passing through a channel, to thereby improve

device characteristic.

- Another object of the present invention is to form
an undoped semiconductor layer having excellent
insulation.

Furthér, another object of the present invention is
to realize a semiconductor device having high mobility of
carriers which transmit in a channel and high break down
field strength of the device.

Here, each object listed above may be enough to be
fulfilled individually by at least one of each invention,
and each invention in the present application is not
necessarily secure that there is a solution which solves

all the problems‘at once.
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MEANS TO SOLVE THE PROBLEMS
~ The following means may be useful to overcome the

above-~described drawbacks. |

That is, the first aspect of the present invention
provideseafield—effecttransistorwhichcompriseseabuffer
layer and a barrier layer each of which is made of a Group
III nitride compound semiconductor and has a channel at
the interface side of the buffer layer to the barrier layer,
comprising at least the following two layers (1) and (2)
in total.

(1)Anab:uptinterfaceprovidinglayerwhichcomposes
the lowest semiconductor layer in the barrier layer and
whose composition varies rapidly.at the interface of the
buffer layer

(2) An electrode connection plane providing layer
which constructs the uppermost semiconductor layer in the
barrier layer and whose upper surface is formed flat

Generally, the barrier layer is sometimes referred
to as a carrier supplying layer, and the buffer layer is
sometimes referred to as é base layer. The buffer layer
in the first aspect of the present invention does not mean
a thin-film semiconductor layer (e.g., about 250nm in
thickness of A1N layer) which is formed between an objective
semiconductor layer to be formed through crystal growth

and a crystal growth substrate in order to remove or relax

difference of lattice constants of those layers in the field

of semiconductor crystal growth, but the buffer layer (the
base layer) in the first aspect of the present invention

may also include such an semiconductor layer.
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For example, when a semiconductor growth substrate
made of GaNbulk crystal is applied, noproblemof difference
in lattice constants may exist but the buffer layer (the
base layer) explained in the first aspect is needed. Here,
the crystal growth substrate made of GaN bulk crystal may
function as a buffer layer (base layer) in the first aspect
éf the present invention.

A drain electrode, a source electrode, and a gate
electrode are formed on the uppermost layer of the
semiconductor layer. Here, the gate electrode méy be

formed indirectly through a layer such as an insulation

film. Structure of each electrode may be arbitral, and

a well-known and proper arbitral.structure considering
ohmic characteristic and rectification may be selected and
employed. The field-effect transistor of the present
invention can be any type of field-effect transistor such
as a normally-on type transistor and a normally-off type
transistor by varying condition like thickness of the
barrier layer.

Each condition for forming the optimum structure and
the optimum method for producing the field-effect
transistor of the présent invention is explained
hereinafter.

In order to forma channel at whichmobility of carrier
is large and to optimize ohmic characteristic of the barrier
layeraroundeachohmicelectrode,eﬁergylevelofcarriers
which are vertical to the barrier layer (that is, band gap
of each semiconductor layer) needs to be optimized. And

in order to optimize the energy level, at least parameters
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(1) to (3) as follows are very important.

(1) Thickness of the semiconductor layer

Especially, by optimizing a thickness of each
semiconductor layer constructing the barrier layer, the
barrier layer can be a proper degree of depletion layer
and optimumtunnelingefficiencyofcarrierscanbeobtained
in tunneling effect. Further, by optimizing a thickness
of each semiconductor layer constructing the barrier layer,
gate voltage control toward forming/disappearing the
channel can be appropriately maintained. 1In shorf, by
optimizing a thickness of each semiconductor layer,
electron supply can be improved and controlling an electron
accumulation layer (channel) becémes easier.

(2) Al composition ratio

By optimizing Al composition ratio of each
semiconductor layer, band gap energy and electron affinity
of each semiconductor layer can be optimized. As a result,
excellent channel structure can be obtained.

For example, electron'affinity of the barrier layer
should not be smaller than electron affinity of the buffer‘
layer. Basically, band gap energy of the barrier layer
should be larger than band gap energy of the buffer layer.
Accordingly, in order to form each of the barrier layer
and the buffer layer by using AlyGa;zN (0<x<1), Al

composition ratio x of the barrier layer should be larger

thanAl compositionratioxof thebuffer layer. Preferably

difference of band gap energies of the barrier layer and
the buffer layer may be larger. Al composition ratio of

the barrier layer can be a parameter to optimize ohmic
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characteristic of the barrier layer.

Especially, the semiconductor layer which directly
contacts to an ohmic electrode (a source electrode and a
drain electrode) can maintain excellent ohmic
characteristic by optimizing its Al composition ratio.

(3) Presence or absence of impurity

By controlling presence, absence, or concentration
of dopants (impurities), carrier concentration, insulation,
and ohmic characteristic of each semiconductor can be
optimized. In order to achieve high mobility, at'least
the semiconductor layer which forms the channel or exists
around the channel is preferably doped with no impurity
to pfevent carriers from scéttering. Also, the
semiconductor layer which 1s required to have high
resistivity may not be doped with any impurity. Thus, at
least the semiconductor layer which is the uppermost layer
of the buffer layer may preferably be an undoped layer.

The barrier layer may not be necessarily an undoped
layer. Alternatively, the barrier layer can be an n-type
layer. By applying an n-type barrier layei, the
field—effecttransistorcﬂfthepresentinventionwithhigh
quality having actions and effects disclosed in the present
invention can be manufactured. |

Accordingly, optimizing each parameter 1s very
impértant.

Each aspect described below has been inveﬁted
considering each problem listed above. Soit ispreferable
to employ any of the aspects described below in order to

carry out the present invention.
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That is, the second aspect of the present invention
is that each semiconductor layer comprised in the barrier
layer in the first aspect is made of an undoped Al;Gai;-xN
(0<x<1) .

The third aspect of the present invention is that each
semiconductor layer comprised in the barrier layer in the
first or second aspect is made of an undoped AliGai-xN
(0.15<x<0.3).

The fourth aspect of the present invention is that
aluminum composition ratio x of each semiconductor iayei
comprised in the second or third aspect decreases
substantially monotonously according to the order of
deposition. ~

Here, “decreases substantially monotonously”
represents decreasing condition as follows. That is, when
a function z=f(N), in which a number N is an independent
variable and N; and N, are arbitrary numbers to domain of -
the number N, is represented by a formula “Ni<Np=f
(N1) f=(N2),” the functionf isamonotonedecreasing function.
in a broad sense, and the dependent variable z decreases
monotonically to the number N. Accordingly, arranging
aluminum composition ratio x of all or a part of respective
semiconductor layers consisting the barrier layer to be
thesameisals§includedinthefourthaspectofthepresent
invention.

Similarly, when the number N 1is replaced by a
continuous variable such as a time-t, the above-described
formula can ‘be applied. That 1is, when a formula

“ia<t,=>z1f(ty)2z,=f(t2)” 1s satisfied with respect to
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arbitrary time ti; and tz in a predetermined domain, the
dependent variable z similarly decreases monotonically to
the independent variable t.

The fifth aspect of the préesent invention is that the
barrier layer in any one of the first to fourth aspects
of the present invention comprises a first layer of abarrier
layer formed below and a second layer of a barrier layer
deposited on the upper surface of the first layer of the
barrier layer.

Here,thefirstlayerofthebarrierlayerj&;anabrupt
interface supplying layer in the present invention, and
the second layer of the barrier layer is an electrode
connectionplanesupplyinglayer:ﬁlthepresentinvention.

The sixth aspect of the present invention is that
thickness di of the first layer of the barrier layer and
thickness d; of the second layer of the barrier layer in
the fifth aspect are arranged to be 10nm<d;<30nm,
10nm<d,<30nm, and 30nm<d;+d,<60nm.

The seventh aspect of the present invention is that
the uppermost layer of the buffer layer in any one‘of the
first to sixth aspects is made of a undoped GaN. Here,
the buffer layer may have single~layer structure. At that
time,thebufferlayeritselfrepresentstheuppermostlayer
of the buffer layer.

The eighth aspect of the present invention is a method
for manufacturing a field-effect transistor which
comprises a buffer layer and a barrier layer each of which
is made of a Group III nitride compound semiconducfor and

has a channel at the interface side of the buffer layer
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to the barrier layer, comprising crystal growth process
for crystal growing the barrier layer, wherein a partial
pressure ratio R of hydrogen (Hz) gas in the carrier gas
which carries material gas of the barrier layer decreases
substantially continuouslyor substantiallygradually, and
substantially monotonously to the time t in a region
representedby&aformularlzRZrz(12r1>1/4,1/2>r220[r1>rﬂ.

More preferably, the partial pressure ratio R of the
gas may be decreased substantially continuously or
substantially gradually, and substantially monotonbusly
to the time t in the crystal growth process for crystal
growing the barrier layer in a region represented by a
formula r;=R>r, (12r:>1/2, 1/4>r220).

The ninth aspect of the present invention is that the
barrier layer comprises m+l semiconductor layers in total
each of which is made of a undopedAAleapr (0<x<£1l) by
decreasing the partial pressureratioRof the gas gradually
for m times (m>1) in the eighth aspect of the present
invention.

The tenth aspect of the présent invention is that the
barrier layer in the ninth aspect of the present invention
has two-layer structure, comprising a first layer of a
barrier layer deposited first, which is grown through
crystal growth by using hydrogen (Hz) gas as a main carrier
gas/andasecondlayerofakmrrierlayerdepositedthereon,
which is grown through crystal growth by using a rare gas

or an inert gas comprisingnitrogen (N;) gas asamaincarrier

~gas.

Through employment of the aforementioned aspects of
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the present invention, the aforementioned drawbacks can

be overcome effectively and rationally.

The eleventh aspect of the present invention is a
method for manufacturing a field-effect transistor which
comprises plural semiconductor layers each of which is made
vof a Group III nitride compound semiconductor through
crystal growth, comprising: a first crystal growth process
for forming a first semiconductor layer A, on or around
the upper interface of which a channel layer is depdsited
and sublimated; and a second crystal growth process for
forming a second semiconductor layer B deposited directly
on the first semiconductor layer A,. wherein band gap energy
Ez of the second semiconductor layer B is larger than band
gap energy Ea of the first semiconductor layer A and crystal
growth condition of the second semiconductor layer B at
least at the early stage of in the second crystal growth
process is arranged to be crystal‘growth condition which
restrains sublimation of atoms forming the upper surface
of the first semiconductor layer A.

Here, because (an electron gas layer of) the channel
layer is formed and removed according to on/off-state of
a gate voltage applied to the predetermined gate electrode,
the channel layer cannot be an object to be directly handled
in the manufacturing process. The electron gas layer of
the channel layer isanelectrongas layer having a thickness
of about 100A and is placed around the interface between
the first semiconductor layer Aand the second semiconductor

layer B.
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The important parameters which decide crystal growth
conditiontorestrainsublimationof atoms formingthe upper
surface of the first semiconductor layer A are, for example,
crystal growth temperature, partial pressure of each
material gas, kinds of carrier gas, partial pressure of
each carrier gas, V/III ratio, and crystal growth rate.
Especially when atoms which are easily sublimated, e.g.,
Ga atoms in GaN crystal, are comprised, partial pressure
of trymethyl gallium (TMG) are arranged to be relatively
or absolutely high.

The twelfth aspect of the present invention is that
crystal growth temperature Tz of the second semiconductor
layer B is lowef than crystal growﬁh temperature Tp of the
semiconductor layer A in the eleventh aspect of the present
invention.

Tﬁethirteenthaspectcxfthepresentinventionjj;that
crystal growthpressure Pgof the second semiconductor layer
B is approximately equal to crystal growth pressure Pn of
the first semiconductor layerAin the eleventh or twentieth
aspect of the present invention. |

The fourteenth aspect of the present invention is that
the first semiconductor layerA ismade of abinaryor ternary
undoped Al,Ga;-4yN (0£x<1) and that the second semiconductor
layer B is made of a ternary undoped AlyGai;-yN (x<y<l).

The fifteenth aspect of the present invention is that
each of the crystal growth temperature T, and Ty in the
fourteenthaspect of thepresent inventionsatisfya formula
“O50°CLTp<Ts” where aluminum composition ratio =x 1is

approximately 0, aluminum composition ratioy is in a range
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from 0.15 to 0.30, and each of the crystal growth pressure
P, and Py is approximately normal pressure.

The sixteenth aspect of the present invention is that
theérystalgrowthtemperatureTAofthefirstsemiconductdr
layer Ais 1200°C‘§r less in any of the eleventh to fifteenth
aspects of the present invention.

The seventeenth aspect of the present invéntion is
that the crystal growth tempeiature Ta of the first
semiconductor layer A in ahy of the eleventh to sixteenth
aspects of the present invention is higher than the crystal
growth temperature Ty of the second semiconductor layer
B by 50°C or more. Preferable range of this temperature

difference may be from 50°C to 150fC.

The eighteenth aspect of the present invention is that
the crystal growth temperature Tz of the second
semiconductor layer B inanyof the fifteenth to seventeenth
aspects of the present invention satisfies a formula
“950°C<Tg<1050°C.”

The nineteenth aspect of the present invention is that
the crystal growth temperature Tp of the first semiconductor
layer A in the eighteenth aspect of the present invention
satisfies a formula “1050°C<Tp<1150°C.”

The twentieth'aspect of the present invention 1is a
field-effect transistor which comprises plural
semiconductor layers each of which is made of a Group III

nitfide compound semiconductor through crystal growth,

comprising: a first semiconductor layer A, on or around

the upper interface of which a channel layer is deposited

and sublimated; and a second semiconductor layer Bdeposited |
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directly on thé first semiconductor layer A, wherein band
gap energy Ep of the second semiconductor layer B is larger
than band gap energy Ea of the first semiconductor layer
A and the upper surface of the semiconductor layer A is

formed substantially flat by restraining sublimation of

atoms which formthe upper surfaceofthe first semiconductor

layer A.

The twenty-first aspect of the present invention is
that the first semiconductor layer A is made of a binary
or ternary undoped AliGai-xN (0<x<1) and that the second
semiconductor layer B is made of a ternary undoped AlyGa;-yN
(x<y<1l) in the twentieth aspect of the present invention.

The twenty-second aspect<xf£he present invention is

that the aluminum composition ratio x is approximately O

‘and that aluminum composition ratio y is in a range from

0.15 to 0.30 in the twenty-first aspect of the present
invention.

The twenty-third aspect of the present invention is
that thickness of the second semiconductor layer B is 1lnm
or more in any of the twentieth to twenty-second aspect
of the present‘invention. More preferable thickness of
the second semiconductor layer B méy be 5nm or more.

Through employment of the aforementioned aspecﬁs of
the present invention, the aforementioned'drawbacks can

be overcome effectively and rationally.

The twenty-fourth aspect of the present invention is
a process for forming a high-resistivity semiconductor

layer A (: a semiconductor layer having high resistivity)
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on a crystal growth plane of a semiconductor made of an
AlxGai1-4xN (0<x<£1) through crystal growth, wherein the
high-resistivity semiconductor layer A ismade of anundoped
Al,Gaj;-xN (0<x<£1), and crystal growth temperature of the
high-resistivity semiconductor layerAat least at theearly
stage of the crystal growth process is afranged to be from
1120°c to 1160°C.

Here, the early stage of the crystal growth process
is about the first minute of starting the crystal growth
of the high-resistivity semiconductor layer A. |

The twenty-fifth aspect of the present invention is
that crystal growth rate of the high-resistivity
semiconductor layer A in the tweﬁty—third aspect of the
present invention is 65nm/min or more at least at the early
stage of the crystal growth process.

The twenty-sixth aspect of the present invention is
that the high-resistivity semiconductor layer A in the
twenty-fourth or twenty-fifth aspect of the present
invention i1s made of an undoped GaN crystal.

The twenty-seventh aspect of the present invention
is that crystal growth rate of the high-resistivity
semiconductor layer A in any of the twenty-fourth to
twenty-sixth aspects of the present invention is 100nm/min
or less at least at the early stage oﬁ the crystal growth
process.

The twenty-eighth aspect of the present invention is
that crystal growth rate of the high-resistivity
semiconductor layer A in any of the twenty-fourth to

twenty-seventh aspects of the present invention is in a
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range from 70nm/min to 90nm/min at least at the early stage
of the crystal growth process.

The twenty-ninth aspect of the present invention is
that crystal growth temperature of the high-resistivity
semiconductor layer A in any of the twenty-fourth to
twenty—eighthaspecfsofthepresentinventionis:nlarange
from 1130°C to 1150°C at least at the early stage of the
crystal growth process. More preferably, the crystal
growth terﬁperature may be in a range from 1130°C to 1140°C.

The thirtieth aspect of the present invention is that
V/III ratio of crystal material gas supplied in a reaction
chamber at least at the early stage of the crystal growth
process of the high-resistivity sémiconductor layer A in
any of the twenty-fourth to twenty-ninth aspects of the
present invention is in a range from 1400 to 1550.

Here, V/III ratio of crystal material gas represents
aratioof numberofmoles of GroupVelement crystalmaterial
gas comprised in the semiconductor layer tobe crystal grown
per unit volume to numbér~of moles of Group III element
crystal material gas comprised in the semiconductor layer
to be crystal grown per unit volume.

The thirty-first aspect of the present invention is
that a Group III nitride compound semiconductor made of
an undoped AlxGa;-xN (0<£x<1) which is fabricated by a crystal
growth method of any of the twenty-fourth to thirtieth
aspects of the present invention has resistivity of 1 x
10%Qcm or more.

The thirty-second aspect of the present invention is

a field-effect transistor comprising: a crystal growth
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substrate; a buffer layer and a barrier layer made of a
Group III nitride compound semiconductor formed on the
crystal growth substrate; and a channel formedvat the
interface side of the buffer layer toward the barrier layer,
wherein at least a portion.of the buffer layer comprises
ahigh-resistivity semiconductorAwhich ismadeofaundoped
Al,Ga;.,N (0<x<1) and has resistivity of 1 x 10°Qcm or more.
The thirty-third aspect of the present invention is
a semiconductor device which is formed by depositing plural
semiconductor layers each of which is made of a Groﬁp III
nitride compound semiconductor on a crystal growth
substrate, comprising: a high—resistivity layer which
prevents or restrains leakage of(eiectric current, wherein
the high-resistivity layer is made of a high-resistivity
semiconductor layer A which is made of a undoped AlxGai-xN
(0<x<1) and has resistivity of 1 x 10%Qcm or more.
Through employment of the aforementioned aspects of
the present invention, the aforementioned drawbacks caﬁ

be overcome efficiently and rationally.

EFFECTS OF THE INVENTION

Effects to be obtained by the present invention are
as follows.

Accordingtothe first aspect of thepresent invention,
the abrupt interface supplying layer enables to maintain
excellent crystallinity of the Dbarrier layer, and
semiconductor crystal composition around the interface
between the barrier layer and the buffer layer varies

rapidly.
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Further, the electrode connection plane supplying
layer enables tomaintainexcellent flatness and smoothness
of the surface of the barrier layer.

Maintaining rapidness of compositions around the
interface between the barrier layer and the buffer layer
is effective in restraining reduction of mobility of
éarriers which owes to carrier scattering when the carriers
transmit in the channel.

Consequently, according to the first aspect of the
present invention, mobility of carriers which transﬁit in
the channel formed around the interface, each kind of
electric characteristic such as sheet resistivity of the
field—effecttransistor,cankxemaﬁufacturedexcellently.
And also flatness and smoothness of the surface of the
barrier layer can be maintained excellently, and that
improves adhesiveness of the gate electrode. As a result,
adhesivenessof thegateelectrodeis improvedanditbecomes
possible and éasy to improve controlling field effect by
applying gate voltage.

Accordingtothesecondaspéctofthepresentinvention,
the barrier layer can obtain larger band gap energy. The
buffer layer may not necessarily comprise semiconductor
crystal including indium (In) to obtain larger difference
between band gap energy of the barrier layer and band gap
energy of the buffer layer. Consequently, according to
the second aspect of the present invention, the interface
between the barrier layer and the buffer layer may hardly
become rough. In short, accordiné to the second aspect

of the present invention, the interface between the barrier
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layer and the buffer layer can bemore surely flat and smooth
owing to synergy of actions and effect of the first aspect
of the present invention, and that enables to more surely
maintain excellent mobility of carriers.

Moreover, it is useful to form the barrier layer to
be an undoped layer in order to have a preferable break
down field strength of semiconductor device.

When the semiconductor crystal including indium (In)
is formed through crystal growth, the interface between
thesemiconductorcrystalandtheothersemiconductoriayer
depdsitedthereontendstobecomerough. That canbe easily
understood in the following references.

(1) Japanese Laid-open | patent application

H11-068159

(2) Japanese Laid-open patent application H9-139543

(3) Japanese Laid-open patent application H8-88432

Accordingtothe thirdaspectof thepresent invention,
it becomes possible or easier to optimize'potential curve
around the channel. Especially, the lower limit of
aluminum composition ratio is necessary to surely form the
channel, and the upper limit of aluminum.compdsition ratio
is necessary to obtain excellent ohmic electrode;

More preferably, this aspect may be applied with the
seventh aspect of the present invention.

Accordingtothe fourthaspectof thepresent invention,
difference between band gap energy of the bafrier layer
and band gap energy of the buffer layer can be kept larger.
As a result, it becomes possible and easier to optimize

potential curve around the channel. Especially, the
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semiconductor layer to which the ohmic electrode is
connected directly can easily maintain excellent ohmic
characteristic by optimizing electron affinity.

More preferably, this aspect may be applied with the
third or seventh aspect of the present invention.

Accordingtothe fifthaspectof thepresent invention,
the barrier layer of the field-effect transistor of the
present invention can have two-layer structure. That is,
the first layer of the barrier layer forms the abrupt
interfacesupplyinglayerandthesecondlayerofthebaﬁrier
layer forms the electrode connectionplane supplying layer.
That is, the barrier layer comprising the abrupt interface
supplying layer and the electfode connection plane
supplying layer, each having different advantage, can be
obtained by depositing minimum layers.

In short, employing that structure is the easiest way
to provide the field-effect transistor of the present
invention. Consequently, according to the fifth aspect
of the present invention, the field-effect transistor of
the present invention which is remarkably advantageous to
miniaturize and have high performance can be produced
effectively.

’ Accordingtothesixthaspectofthepresentinvention,
total thickness of barrier layer is optimized, and ohmic
characteristic of the barrier layer can also be optimized.
But when the electrode connection plane supplying layer
(the second layer of the barrier layer) is too thin, the
surface of thebarrier layer hardly becomes flat and smooth.

Because unevenness of thickness of each deposited layer
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tends to become bad influence to the device characteristic,
that requires attention.

That is, the sixth aspect of the present invention
provides each appropriate range of the first layer of the
barrier layer and the second layer of the barrier layer
which is optimized experimentally and totally.
| Further, in order to provide high mobility, at least
the semic-onductor layer to which the channel is to be formed
may be doped with no impurity to prevent scattering of
carriers. Also, the semicondﬁctor layer which reqﬁires
high resistivity may not be doped with any impurity.
Accordingly, especially the semiconductor layer which
forms at least the uppermost layef of the buffer layer is
preferabiy a undoped layer. Accordingly, the seventh
aspect of the present invention is useful.

According to the seventh aspect of the present
invention, the uppermost layer of the buffer layer is made
of GaN. So whén the uppermost layer of the buffer layer
is made of a semiconductor which does not include indium
(AlxGai-4xN (0<x<1)), band gap energy of the uppermost layer
can be minimized. As mentioned above, indium (In) is not
used to form the uppermost layer in order to prevent
roughness bf the interface between the buffer layer and
the barrier layer. Accordingly, GaN is a semiconductor
which ﬁrovides the minimum band gap energy.

Consequently, according to the seventh aspect of the
present invention, the required channel can be formed.

Accordingtotheeighthaspectof thepresentinvention,

partial pressure ratio Rof the gas monotonically decreases
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gradually or continuously in the crystal growth process.
Owing to that, it becomes possible or easier not only to
manufacture the field-effect transistor according to the
first aspectofthepresent inventionbut alsotomanufacture
a field-effect transistor which has the equivalent device
performance and comprise a barrier layer having
éingle—layer structure. For example, in order to
manufacture a field-effecttransistor comprising a barrier
layer having single-layer structure, the above-mentioned
partialpressureRofthegasmaybedecreasedmonotonicélly,
uniformly and continuously.

The reason why the eighth aspect of the present
invention works well as describéd above is that higher

partialpressureratiofiofthegasjJL the more excellently

Atheabove—mentionedabruptinterfacesupplyinglayertends

to be formed. Here, the interface varying rapidly
functions advantageously for mobility of electrons
transmitting in the channel. And that the surface of the
interface is flat or 'smooth functions advantageously
because it becomes possible or easier to miniaturize the
electrode compared with the conventional electrode.

According totheninthaspect of thepresent invention,
partial pressure ratio R of the gas decreases gradually
inmtimes andmonotonically, and that enables tomanufacture
anexcellent field-effect transistor accordingtothe first
aspect of the present invention.

Accordingtothe tenthaspectof thepresent invention,
it becomes possible or easier to manufacture the

field-effect transistor according to the fifth aspect of
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the present invention. The higher partial pressure ratio
R of the gas is, the more excellent the abrupt interface
supplying layer tends to be formed. 'The lower partial
pressure ratio R of the gas is, the more excellent the
electrode connection plane supplying layer tends to be
formed. Consequently, according to the tenth aspect of
the present invention, the field-effect transistor having
remarkably excellent device characteristic can be

obtained.

According to the eleventh aspect of the present
invention, crystal growth condition of the second
semiconductor layer B at least af the early stage of in
the second crystal growth process is arranged to be crystal
growth condition which restrains sublimation of atoms
forming the upper surface of the first semiconductor layer
A. As a result, roughness of the interface of the first
semiconductor layer A which owes to sublimation of atoms
forming the upper surface of the first semiconductor layer
A can be prevented excellently. Accordingly, the upper
surface of the first semiconductor layer A (that is, the
bottom surface of the second semiconductor layer B becomes
approximately flat at least microscopically, mobility of
carriers transmitting in the channel layer is improved,
and on-state electric current increases. As a result,
device characteristic of the field-effect transistor can
be improved.

According to the twelfth aspect of the present

invention, the crystal growth temperature Ty of the second .
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semiconductor layer B is arranged to be lower than the
crystal growth temperature Ta of the first semiconductor
layer A, and that enables to restrain sublimation of atoms
forming the upper surface of the first semiconductor layer
A excellently.

According to the thirteenth aspect of the present
invention, the crystal growth pfessure Pg of the second
semiconductor layer B approximately corresponds to the
crystal growth pressure P, of the first semiconductor layer
A,andthatenablestorestrainsublimationofatomsfdrming
the upper surface of the first semiconductor layer A very
easily and effectively.

According to the fourteentﬁ aspect of the present
invention, the band gap energy Es the second semiconductor
layer B can be necessarily and adequately larger than the
band gap energy Ea of the first semiconductor layer A, and
the structure having the semiconductor layers A and B with
stable crystal crystélinity and the interface with stable
surface-state such as flatness can be easily obtained.

Consequently, according to the fourteenth aspect of
the present invention, the field-effect transistor having
excellent operating characteristic can be easily and
certainly manufactured.

More generally, indium (In) can be included in a Group
IITI nitride compound semiconduétor which forms the
semiconductor layer A. Employing such material may not
be necessarily disadvantaée to maintain larger band gap
energy difference between the semiconductor layers A and

B. As shown in the above-listed Laid-open patent
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applications (1) to (3), however, neither the semiconductor
layer Anor the semiconductor layer Bmay preferably include
indium (In) in order to form a flat and stable interface
easily and certainly.

According to the fifteenth aspect of the present
invention, necessary and adequate amount of the band gap

energy difference (Egz~Ea) can be obtained more easily and

certainly, and also the semiconductor layers A and B can

have stable crystal quality and condition of interface such
as flatness. Consequently, accordingtothoseconditions,
the field-effect transistor having excellent operating
characteristic can be easily and certainly manufactured.

More preferably, a method acéording'to any one of the
sixteenth to nineteenth aspects of the present invention
may be employed. Each appropriate range in those aspects
is obtained experimentally through trial and error of the
inventors. So employing those methods, a semiconductor
device, which has totally excellent conditions such as
design of the band gap such as the channel, mobility of
carriers which transmit in the channel, controllability
toward forming/disappearing the channel, and crystal
guality of each semiconductor layer, can be manufactured.

According to the twentieth aspect of the present
invention, the field-effect transistor having excellent
operaiing characteristic can be manufactured easily and
certainly according to the first aspect of the present
invention.

According to the twenty-first aspect of the present

invention, the field-effect transistor having excellent



10

15

20

25

WO 2005/122234 PCT/JP2005/011006

31

operating characteristic can be manufactured easily and
certainly according to the fourteenth aspect of the present
invention. More preferably, aluminum composition ratio
x of the first semiqonductor layer A may be approximately
0 and aluminum composition ratio y of the second
semiconductor layer B may be in a range from 0.15 to 0.30.
freferably, thickness of the second semiconductor layer
B may be 1lnm or more, and more preferably, 5nm or more.

By employing these conditions, the field-effect
transistor having remarkably excellent electric

characteristic can be obtained.

According to the twenty—fourfh aspect of the present
invention, the semiconductor layer with high resistivity
is formed through crystal growth, and that enables the
semiconductor layer (the high-resistivity semiconductor
layer A) to have higher insulation compared with a
conventional semiconductor layer. Consequently,
according to the twenty-fourth aspect of the present
invention, an ideal undoped high~resistivity layer with
excellent flatness andexcellent crystallinity of the upper
surface of the interface can be formed.

The principle why a semiconductor layer with high
insulation can be formed under such crystal growth
conditions is not yet clarified adequately, but it may be
because the interface state conventionally fofmed.between
a nucleus forming layer and a semiconductor layer which
was conventionally deposited thereon through crystal

growth can hardly be formed under those crystal growth



10

15

20

25

WO 2005/122234 PCT/JP2005/011006

32

conditions, which results in vanishing the conventional
conductive layer which was formed around the interface.
Only the early stage of the crystal growth process of the
high-resistivity semiconductor layer A is deeply involved
with the process for forming the interface state, and its
period may be the first few minutes in the’crystal growth
procesé.

More preferable crystal growth rate of the
high-resistivity semiconductor layer A may be 65nm/min or
more (the twenty-fifth aspect of the present invention).
That is, by crystal growing the high-resistivity layer A
at such a comparatively higher growth rate in at least at
the earlier stage of the_crystal‘growth process of the
high—resiétivity layer A, actions and effects described
above can be obtained more surely.

According to the twenty—sixth aspect of the present
invention, the high-resistivity semiconductor layer A can
comﬁriseaisemiconductor layer made of a undoped GaN. The
undoped GaN semiconductor layer is very useful as a base
substrate or a base layer of any semiconductor device. For
example, as shown in an embodiment of the present invention
described below, the undoped GaN semiconductor layer may
be useful as a buffer layer in the field-effect transistor.
Consequently, according to the twenty-sixth aspect of the
presentinvention,eahigh—resistivitysemiéonductorlayer
made of GaN which is remarkably useful in industrial field
can be manufactured.

The crystal growth conditions according to the

twenty—sevenfh to thirteenth aspects of the present
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invention may be useful for . an arbitrary aluminum
composition x of theihighFresistivity'semiconductor layer
A, and especially they are arranged to be optimum to a GaN
crystal (x=0).

For example, the crystal g;owth rate of the
high-resistivity semiconductor layer A 1is preferably
100nm/min or less (the twenty-seventh aspect of the present
invention). By employing that, crystallinity of the
high-resistivity semiconductor layer A can be improved
while maintaining excellent insulation of | the
high-resistivity semiconductor layer A. Further, the
upper side or the surface of the interface of the
high-resistivity semiconductor léyer A can be maintained
excellently flat and smooth.

Consequently, when the buffer layer of the
field-effect transistor is formed by using such
high-resistivity semiconductor layer A, carriers which
transmit in the channel hardly scatter. That enables to
manufacture a device having high carrier mobility.

More preférable crystal growth rate of the
high-resistivity semiconductor layer A may be in a range
from 70nm/min to 90/min (the twenty-eighth aspect of the
present invention).

More preferable crystal growth temperature of the
high-resistivity semiconductor layer A may be in a range
from1130°Cto 1150°C (the twenty-ninth aspect of thepresent
invention). |

In order to achieve crystal growth conditions of the

present invention actually and more easily, V/III ratio
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of the crystal material gas may be in a range from 1400
to 1550 (the thirtieth aspect of the present invention).

Accordingto thosecrystal growthconditions, anideal
undoped high-resistivity layer having both excellent
flatness and excellent crystallinity of the upper side of
the interface can be formed more certainly. That is, those
‘crystal growth conditions become extremely dimportant
conditions which provide solutions for two different
problems: that is, maintaining flatness of the interface
or the surface of the semiconductor layer; and maintaining
break down field strength of the semiconductor device.

By using the undoped high—resistivity layer which
satisfiesthoseconditions,abufférlayerhavingexcellent
guality can be formed in the field-effect transistor, which
results in improving both operating characteristic and
break down field strength of the device.

When the crystal growth temperature of the nucleus
forming layer, ér a lattice constant difference relaxing
layer, is less than 800°C, nuclear density and shape of
each nucleus of the semiconductor (the nucleus forming
layer) which provides a crystal growth plane for the
high—resistivity semiconductor layer A are optimized, and
desirable ELOgrowthor facet growthof thehigh-resistivity
semiconductor layer A around the interface between the
semiconductor andthe high~resistivity semiconductor layer
A can be improved. As a result, both crystallinity and
insulation of the high-resistivity semiconductor layer A
can be maintained excellently. That is useful for the

device comprisingasapphire substrate, andalsoitisuseful
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for the device comprising other substrate.

Preferably, growth temperature of the semiconductor
(the nucleus forming layer) may be 600°C or less, further
preferably,400°Cor‘less. The reason why desirable result
can be obtained at such range of growth temperature may
be because nuclear density and shape of each nucleus of
the nucleus forming layer are optimized under these
conditions.

The following reference 1 refers to actions of such
facet growth or ELO growth. |

(Reference 1) : Amano and Akasaki, “Group III nitride
compound on sapphire substrate” Applied physics, Vol. 68,
No. 7 (1999), p.700-772. .

The Group III nitride compound semicoﬁductor layer
(: the high-resistivity semiconductor layer A)
ménufactured.by the above-described method, or any one of
the twenty-fourth to thirtieth aspects of the present
invention, has remarkably high resistivity of 1 x 10%Qcm
or more, so0 these semiconductors are quite useful in
industrial field (the thirty-first aspect of the present
invention).

According to the thirty-second aspect of the present
invention, the ideal undoped buffer layer having both
excellent flatness and excellent crystallinity of the upper
side of the interface can be formed in the field-effect
transistor. As a result, break down field strength of the
objective field-effect transistor having high performance
and high mobility can be maintained larger than that of

the conventional device.
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According to the thirty-third aspect of the present
invention, the ideal undoped buffer layer having both
excellent flatness and excellent crystallinity of the upper
side of the facet can be formed. As a result, not only
at least crystal quality of the high-resistivity layer can
be maintained in the objective semiconductor device but
also break down field strength of the objective
semiconductor device can be maintained larger than that

of the conventional device.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG.]_isasectionalviewcﬂfafield—effécttransistor
according1x>thefirstembodimentcﬁfthepresentinvention.

FIG. 2 is a graph of supplying carrier gas in the first
embodiment.

'FIG. 3 is micrographs of each surface when the layer
1042 has thickness of d2.

FIG.4Ajj;agraphshowingrelationbefweenthickness
d2 of the layer 1042 and roughness of its surface.

FIG. 4B is a graph showing relation between thickness
d2 of the layer 1042 and sheet resistivity.

FIG. 5is asectionalviewofa field-effecttransistor
200 according to the second embodiment of the present
invention.

FIG. 6 is micrographs of each surface when the layer
2042 has thickness of d2.

FIG. 7A is a graph showing relation between thickness
d2 of the layer 2042 and roughness of its surface.

FIG. 7B is a graph showing relation between thickness
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d2 of the layer 2042 and sheet resistivity.

FIG. 8 is a graph of supplying carrier gas in the
modified embodiment 1.

FIG. 9 is a graph of supplying carrier gas in the
modified embodiment 2.

FIG. 10 is a sectional view of a field-effect
transistor 100 according to the third embodiment.

FIG. 11 is a table showing crystal grdwth conditions
of the semiconductor layers A and B in the field-effect
transistor 100.

FIG. 12 is a sectional view of a conventionai
field-effect transistor 10.

FIG. 13 is a sectional vieW'of a sample 10 comprising
a undoped high-resistivity semiconductor layer 13
accordingtothe fourth embodiment of the present invention.

FIG. l14disagraphshowingrelationshipbetweencrystal
growth temperature of the high-resistivity semiconductor
layer 13 and leak electric current.

FIG. 15isagraphshowingrelationshipbetweencrystal
growth temperature of the high-resistivity semiconductor
layer 13 and FWHM.

FIG. 16 is a sectional view of a sample 20 comprising
a undoped high-resistivity semiconductor layer 23
according to the fifth embodiment of the present invention.

FIG. 17Aisagraphshowingrelationshipbetweengrowth
rate of the high~resistivity semiconductor layer 23 and
leak electric current.

FIG. l17Bisatableshowingrelationshipbetweengrowth

rate of the high-resistivity semiconductor layer 23 and
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leak electric current.

FIG. 18 is a sectional view of a field-effect
transistor 600 according to the sixth embodiment of the
present invention.

FIG. 19 is a sectional view of a field-effect
transistor 700 according to the seventh embodiment of the

present invention.
DETAILED DESCRIPTION OF EXAMPLARY EMBODIMENTS

1. Explanation of the first to tenth aséects of the
present invention

Rare gas (He, Ne, Ar, Kr, Xe,.Rn), nitrogen (N:) gas,
or mixture of these gases can be employed as an inert gas
for crystal growing thebarrier layer. Themixture of these
gases employed as an inert gas may have arbitral mixing
ratio. Whenhydrogen(Hz)gas,nitrogen(Nz)gas,cn:arare
gas is employed as a main carrier gas (i.e., main component
of the carrier gas), the present invention may be obtained
even when a little or some amount of other gas is mixed
in the carri_er gas as long as any undesirable atomor element
does not :emain or mix in the semiconductor crystal to be
crystal grown.

As a material for the crystal growth substrate
comprised in the field-effect transistor of the present
invention,siliconcarbide(SiC)maykwathemosfpreferable

considering thermal stability and thermal radiation.

Further considering manufacturing cost, sapphire or

silicon (Si) may also be used. Although a GaN substrate
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is not so preferable considering thermal stability and
thermal radiation, employing the GaN substrate may not
especially prevent fromcarrying out the present invention.

The ohmic electrode and the Schottky electrode may
be formed throughwell-knownarbitral process. Forexample,
as mentioned above, the ohmic electrode may be formed on
fhe uppermost layer of the barrier layer through a thin
insulation f£ilm.

The present invention will be described hereinbelow
with reference to specific embodiments.

However, the present invention cannot be limited to

each embodiment described below.

[Embodiment 1]

FIG. 1is asectional viewof afield~effect transistor
100 in the first embodiment. The field-effect transistor
100 is a semiconductor device which is formed by depositing
GroupIIInitridecompoundsemiconductorlayersinsequence
through crystal growth, 'and a crystal growth substrate 101
is made of sapphire having thickness of about 300um. On
the crystal growth substrate 101, about 40nm in thickness
of AIN layer 102 made of AIN is formed. The AlN layer 102
relaxes mismatch of lattice constants between the crystal
growth substrate 101 and a semiconductér layer 103 formed
on the AIN layer 102.

On the AL1N layer 102, about 2um in thickness of undoped
GaN semiconductor layer 103 is formed. The semiconductor
layer 103 and the AIN layer 102 are generically called a
buffer layer hereinafter. The buffer layer (including the
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layer 102 and the layer 103) is a semiconductor layer
referred to as a buffer layer in claims.

Further, on the semiconductor layer 103, about 40nm
in thickness of undoped Aly.2Gag.gN semiconductor layer 104
is formed. Thickness (about 40nm) of the semiconductor
layer 104 is determined so that tunnelingeffect of carriers
(electrons) fromohmicelectrode (105and107)intoachannel
formed on the interface between the barrier layer and the
buffer layer, or between a layer 1041 and the layer 103
become surely and preferable. |

The semiconductor layer 104 comprises two layers, or
about 30nm in thickness of abrupt interface supplying layer
1041 and about 10nm in thickness bf electrode connection
plane supplying layer 1042, in total. Each of these two
layers is made of a undoped Alg.2Gag.gN semiconductor. The
abrupt interface supplying layer 1041 is grown throﬁgh
crystal growth by using Hy as carrier gas and the electrode
connection plane supplying layer 1042 is grown through
crystal growth by using N, as carrier gas.

Eachof 105, 106, and 107 represents a source electrode
(ohmic electrode), a gate electrode (Schottky electrode),
and a drain electrode (ohmic electrode). Each ohmic
electrode (the source electrode 105 and the drain electrode
107) 1is formed by depositing about 100A in thickness of
thin metal layer made of titanium (Ti) through vapor
depositionandfurtherdepositingaboﬁt3000A:n1thickness
ofmetal layermade of aluminum (Al) through vapor deposition.
These ohmic electrodes excellently adhere with each other

and are alloyed through thermal treatment of flash anneal
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for less than 1 second under temperature from 700°C to 900°C.
The gate‘electrode 106 is a Schottky electrode which is
formed by depositing about 100A in thickness of metal layer
made of nickel (Ni) through vapor deposition and further
depositing about 3000A in thickness of metal layer made
of gold (Au) through vapor deposition.

| A method for manufacturing the field-effect
transistor 100 is explained hereinafter, referring to the
main characteristic of the present invention (the
semiconductor layers 1041 and 1042).

Each semiconductor layer (the semiconductor layers
102, 103, and 104) in the field—effect‘transistor 100 is
formed through vapor phase crystél growth called
metal~organic vapor phaseepitaxy (hereinafter abbreviated
as MOVPE). The following gasses were employed: a carrier
gas (H, or N,), ammonia gas (NH3), trimethylgallium
(Ga (CH3)3), and trimethylaluminum (Al (CHs)3).

In the present invention, metal-organic vapor phase
growth (MOVPE) is employed as a method for crystal growingv
the semiconductor layer. As other growth methods,
molecular-beam epitaxy (MBE) and halide vapor phase growth
(HVPE) are useful.

FIG. 2 illustrates carrier gas supplying amount when
the barrier layer 104 (i.e., the abrupt interface supplying
layer 1041 and the electrode connection plane supplying
layer 1042) is formed in the first embodiment. The axis
of ordinates in the graph in FIG. 2 shows partial pressure
ratio R of hydrogen gas (Hz) in the carrier gas, and the

axis of abscissas shows crystal growth time. Time t=0
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represents starting time of crystal growth of the abrupt
interface supplying layer 1041, and time t=t; represents
ending time of crystal growth of the electrode connection
plane supplying layer 1042. |

Further, the barrier layer 104 is deposited according

to crystal growth conditions as follows.

(Crystal growth conditions of the barrier layer 104)

(1) The abrupt interface supplying layer 1041

(a) carrier gas: Hz (R=1)

(b) crystal growth temperature: 1000[°C]

(c) crystal growth pressure: 1013 [hPa] (total pressure
in the crystal growth furnace) .
(2) The electrode -connection plane supplying layer 1042

(a) carrier gas: Nz (R=0)

(b) crystal growth temperature: 1000([°C]

(c) crystal growth pressure: 1013 [hPa] (total pressure
in the crystal growth furnace)

FIG. 3 shows 5 kinds of micrographs (d;=0A - 400RA)
of the surface image (surface morphology) of the electrode
connection plane supplying layer 1042 which are taken by
an atomic force microscope using thickness d; of the
electrode connection plane supplying layer 1042 as a
parameter when total thickness of the barrier layer 104
(: dy+dp) is fixed to be 400A.

FIG. 4A shows relationship between the thickness d;
of the electrode connection plane supplying layer 1042 and
roughness of each surface. The axis of ordinates

represents normalized root mean square of roughness wave
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pattern of the surface of the electrode connection plane
supplying layer 1042 in a certain direction by employing
the value when dp=04 (: normalized roughness of the surface
=1), or when whole of the barrier layer 104 is formed only
with the abrupt interface supplying layer 1041 having
“hickness of about 400A, as a standard value.

FIG. 4B is a graph showing relationship between
normalizedvalueof the sheetresistivityofthe fieldeffect
transistor 100 before forming the gate electrode 106 and
thickness d; by employing the value when d,=04 (: normallized
value of the sheet resistivity =1) as a standard value as
same as in FIG. 4A.

According to these graphs, ﬁhen the whole thickness
of the barrier layer 104 is 400A, the thickness d; of the
electrode connection plane supplying layer 1042 is
preferably in a range from about 100A to 3004, more
preferably from about 1504 to 200A. ‘

By forming the barrier layer 104 according to the
conditions described above, the field-effect transistor
100 of the first embodiment of the present invention can
maintain excellent electric characteristics such as sheet
resistivity, and excellent flatness of the surface enables
tominiaturize theelectrodemoreeffectively comparedwith
the conventional art.

And output characteristics of 200W or more can be

obtained at 2GHz of frequency band.

[Embodiment 2]

FIG. 5is a sectional viewof a field~effect transistor |
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200 of the second embodiment of the present invention. The
field-effect transistor 200 is a semiconductor device which
is formed by depositing Group III nitride compound
semiconductors in sequence through crystal growth. A
crysfal growth substrate 201 is made of about 400pm in
thickness of silicon carbide (SiC). On the crystal growth
éubstrate 201, about 0.2pum in thickness of ALN layer 202
is formed. The ALIN layer 202 removes or relaxes mismatch
of lattice constants between the crystal growth substrate
201 and a semiconductor layer 203 formed on the AILN iayer
202.

OntheAlNlayerZOZ,aboutZumintmicknessofundoped
GaN semiconductor layer 203 is forﬁed. The semiconductor
layer 203 and the AIN layer 202 are generically called a
bufferlayerhéreinafter. Thebufferlayer(includingthe‘
layer 202 and the layer 203) is a semiconductor layer
referred to as a buffer layer in claims.

Further, on the semiconductor léyer 203, about 40nm
in thickness of undoped Alg.25Gap.7sN semiconductor layer
204 is formed. Thickness (about 40nm) of the semiconductor
layer 204 is determined so that tunnelingeffect of carriers
(electrons) fromohmicelectrode (205and207) into achannel
formed on the interface between the barrier layer and the
buffer layer, or between a layer 2041 and the layer 203
become surely and preferable.

The semiconductor layer 204 comprises twé layers, or
about10nminthidknessofabruptinterfacesupplyinglayer
2041 and about 30nm in thickness of electrode connection

plane supplying layer 2042, in total. Each of these two
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layers‘ is made of a undoped Alg.25Gap.75N semiconductor. The
abrupt interface supplying layer 2041 is grown through
crystal growth by using Hz as carrier gas and the electrode
connection plane supplying layer 2042 1is grown through
crystal growth by using N; as carrier gas.

Eachof 205, 206, and 207 represents a source electrode
(ohmic electrode), a gate electrode (Schottky electrode),
and a drain electrode (ohmic electrode). Each ohmic
electrode (the source electrode 205 and the drain electrode
207) is formed by depositing about 1004 in thicknéss of
thin metal layer made of titanium (Ti) through vapor
depositianandfurtherdepositingabout3000Aj11thickness
ofmetallayermadeofaluminum(Al)fhroughvapordeposition.
These ohmic electrodes excellently adhere with each other
and are alloyed through thermal treatment of flash anneal
for less than 1 second under temperature from 700°C to 900°C.
The gate electrode 206 is a Schottky electrode which is
formed by depositing about 100A in thickness of metal layer
made of nickel (Ni) through vapor deposition and further
depositing about 30004 in thickness of metal layer made
of gold (Au) through vapor depoéition.

A method for manufacturing the field-effect
transistor 200 is explained hereinafter, referring to the
main characteristic of the present invention (the
semiconductor layers 2041 and 2042).

Each semiconductor layer (the semiconductor layers
202, 203, and 204) in the field-effect transistor 200 is
formed through vapor phase crystal growth called

metal-organic vapor phase epitaxy (hereinafter abbreviated .
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as MOVPE). The following gasses were employed: a carrier
gas (H, or Nj), ammonia gas (NH3), trimethylgallium
(Ga (CH3)3), and trimethylaluminum (Al (CHjs)3).

In the present invention, metal-organic vapor phase
growth (MOVPE) is employed as a method for crystal growing
the semiconductor layer. As other growth methods;
molecular-beam epitaxy (MBE) and halide vapor phase growth
(HVPE) are useful.

FIG. 2, whichillustratescarrier gas supplyingamount
in the first embodiment, also illustrates carrier'gas
supplying amount when thebarrier layer 204 (i.e., theabrupt
interface supplying layer 2041 and the electrode connection
plane supplying layer 2042) 4is fbrmed'in the second
embodiment. Similar to the first embodiment, the axis of
ordinates the graph in FIG. 2 shows partial pressure ratio
R of hydrogen gas (Hz) in the carrier gas, and the axis
of abscissas shows crystal growth time. Time t=0
represents starting time of crystal growth of the abrupt
interface supplying layer 2041, and time t=t; represents
ending time of crystal growth of the electrode connection
plane supplying layer 2042.

Further, the barrier layer 204 is deposited according

to crystal growth conditions as follows.

(Crystal growth conditions of the barrier layer 204)
(1) The abrupt interface supplying layer 2041

(a) carrier gas: H; (R=1)

(b) crystal growth temperature: 1000[°C]

(c) crystal growth pressure: 1013 [hPa] (total pressure



10

15

20

25

WO 2005/122234 PCT/JP2005/011006

47

in the crystal growth furnace)
(2) The electrode connection plane supplying layer 2042
(a) carrier gas: N, (R=0)
(b) crystal growth temperature: 1000[°C]
(c) crystal growth pressure: 1013 [hPa] (total pressure
in the‘crystal growth furnace)

FIG. 6 shows 2 kinds of micrographs (d,=0nm and 30nm)
of the surface image (surface morphology) of the electrode
connection plane supplying layer 2042 which are taken by
an atomic force microscope using thickness dp [A] 6f the
electrode connection plane supplying layer 2042 as a
parameter when total thickness of the barrier layer 204
(+ di+dy) is fixed to be 40nm. .

FIG. 7A shows relationship between the thickness dj
of the electrode connection plane supplying layer 2042 and
roughness of each surface. The axis of ordinates
represents normalized root mean square of roughness wave
pattern of the surface oftthe electrode connection plane
supplying laye} 2042 in a certain direction by employing
the value when d,=0A (: normalized roughness of the surface
=1), or when whole of the barrier layer 204 is formed only
with the abrupt interface supplying layer 2041 having
thickness of about 40nm, as a standard value.

FIG. 7B is a graph showing relationship between
normalizedvalueof the sheet resistivityofthefieldeffect
transistor 200 before forming the gate electrode 206 and
thickness d, by employing the value when d,=04 ( normalized
value of sheet resistivity =1) as a standard value as same

as 1in FIG. 7A.
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As shown in these graphs, the barrier layer may have
two-layer structure comprising the abrupt interface
supplying layer 2041 and the electrode connection plane
supplying layer 2042 in order to provide the objected
electric characteristic and miniaturization of the
electrode highly and rationalistically.

By forming the barrier layer 204 according to the
conditions described above, the field-effect transistor
200 of the first embodiment of the present invention can
maintain excellent electric characteristics such as sheet
resistivity,andexcelleﬁtflatnesscﬁfthesurfaceenables
tominiaturize theelectrodemoreeffectively comparedwith

the conventional art.

[Other Modified Embodiment]

While the present invention has been described with
reference to the above embodiments as the most practical
and optimum ones, the present invention is not limited
thereto, but may be modified as appropriate without

departing from the spirit of the invention.

(Modified Embodiment 1)

For example, inthe first embodiment, partial pressure
ratio R of hydrogen gas in the carrier gas is decreased
from about 1 to about 0 at once as shown in FIG. 2.
Alternatively, partial pressure ratio R of hydrogen gas
in the carrier gas may be decreased uniformly and
consecutively as shown in FIG. 8. At that time, the barrier

layer 104 may not have two-layer structure in which the
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abrupt interface supplying layer 1041 and the electrode
connection plane supplying layer 1042 can be distinguished
with each other clearly, but a field-effect transistor
having performance almost equivalent to that of the

field-effect transistor 100 described above.

(Modified Embodiment 2)

Alternatiﬁely, partial pressure ratio R of hydrogen
gas in the carrier gas may be decreased gradually and
momentarily. Further alternatively, decreasing process
of the partial pressure ratio R can be a combination of
smooth and consecutive decrease and rapidandstepdecrease.
The embodiment as shown in FIG. § may includes such a
combination of each decreasing process.

By employing any of these conditions, actions and
effects of the present invention can be obtained according

to the method of the present invention.

2. Explanation of the eleventh to twenty-third aspects

As amaterial which forms the crystal growth substrate
comprised in the field-effect transistor of the present
invention, silicon carbide (SiC) may be themost preferable
considering thermal tightness and thermal radiation.
Alternatively, sapphire, silicon (Si), or GaN can be used
to_form the substrate. |

The ohmic electrode and the Schottky electrode can
be formed by a well-known and arbitral process.

The present invention will be described hereinbelow

with reference to specific embodiments.
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However, the present invention cannot be limited to

cach embodiment described below.

[Embodiment 3]

FIG. 10 is a sectional view of a field-effect
transistor 300 in the third embodiment. The field-effect
fransistor 300 is a semiconductor device which is formed
by depositing Group III nitride compound semiconductor
layers in sequence through crystal growth, and a crystal
growthsubstrate301ismadeofsiliconcarbide(SiC)having
thickness of about 500pm. On the crystal growth substrate
301, about 0.3um in thickness of AIN layer 302 made of AILN
is formed. |

On the A1N layer 302, about 2um in thickness of undoped
GaN semiconductor layer 303 is formed. The semiconductor
layer 303 corresponds to the first semiconductor layer A
in the first embodiment of the present invention. On the
semiconductor layer 303 (the first semiconductor layer A),
about 35nminthickness of undopedAly, 25Gag.7sN semiconductor
layer 304, which corresponds to the second semiconductor
layer B in the first embodiment, is formed. Thickness of
the semiconductor layer 304 (the second semiconductor layer
B) is determined so that tunneling effect of carriers
(electrons) fromohmicelectrode (305and 307) intoachannel
layer formed on the interface between the semiconductor
layers A and B when gate is on-state become sure and
preferable.

Each of 305, 306, and 307 represents a source electrode

(ohmic electrode), a gate electrode (Schottky electrode),
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and a drain electrode (ohmic electrode). Each ohmic
electrode (the source electrode 305 and the drain electrode
307) is formed by depositing about 100A in thickness of
thin metal layer made of titanium (Ti) through vapor
deposition and further depositing about 3000A in thickness

ofmetal layermade of aluminum (Al) throughvapor deposition.

These ohmic electrodes excellently adhere with each other

and are alloyed through thermal treatment of flash anneal
forlessthanilsecondundertemperaturefrom700°Cto900°C.
The gate electrode 306 1s a Schottky electrode which is
formed by depositing about 1004 in thickness of metal layer
made of nickel (Ni) through vapor deposition and further
depositing about 30004 in thicknéss of metal layer made
of gold (Au) through vapor deposition.

A method for manufacturing the field-effect
transistor 300 is explained hereinafter, referring to the
main characteristic of the present invention (the
semiconductor layers 303 and 304).

Each semiconductor layer (the semiconductor layers
302, 303, and 304) in the field-effect transistor 300 is
formed through vapor phase crystal growth called
metal-organic vapor phaseepitaxy (hereinafter abbreviated
as MOVPE). The following gasses were employed: a carrier
gas (Hy or Nj), ammonia gas (NHi), trimethylgallium
(Ga (CH3)3), and trimethylaluminum (AL (CHz)3).

In the present invention, metal-organic vapor phase
growth (MOVPE) is employed as a method for crystal growing
the semiconductor layerp As‘other growth methods,

molecular-beam epitaxy (MBE) and halide vapor phase growth .
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(HVPE) are useful.

FIG. 11 illustrates crystal growth conditions of the
semiconductor layers A and B of the field-effect transistor
300 in the third embodiment. As shown in FIG. 11, crystal
growth of the semiconductor layer 303 (or the first
semiconductor layer A in the present invention), having
a thickness of about 2um and comprised in the field-effect
transistor 300, is carried out according to crystal growth

conditions as follows.

(Crystal growth conditions of the semiconductor layer A)

(1) crystal growth temperature Ta: 1100 ([°C]
(2) crystal growth pressure Pa: 1013 [hPa]

Next, crystal growth of the semiconductor layer 104
(or the second semiconductor layer B), having a thickness
of about 35nm and is made of a undoped Aly.25Gap.75N crystal,
is carried out according to the crystal growth conditions

as follows.

(Crystal growth conditions of the semiconductor layer B)

(1) crystal growth temperature Tg: 1000([°C]
(2) crystal growth pressure Pz: 1013 [hPal

The largest characteristic of the third embodiment
is that each crystal growth temperature Ta and Tz and each
crystalgrowthpressurePAandPBoftﬂmsfirstandthesecond
semiconductor layers A and B (the semiconductor layers 303

and 304), respectively, satisfies the following equation
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(2). The equation (1) described below is a representative

crystal growth condition in a manufacturing process of a

conventional transistor 10.

(Crystal growth condition in the conventional invention)
TB>TA,

Pp<Pj <. (1)

(Crystal growth condition in the third embodiment)
1000°C=Ts<Ta=1100°C,

Pg=Pp=(normal pressure) .. (2)

By employing such crystal gfowth condition, crystal
growth temperature in the crystal growth furnace decreases
andcrystalgrowthpressureiskeptatalmost normal pressure
after the semiconductor layer 303 (the first semiconductor
iayer A) is deposited to be a thickness of 2um. As a result,
sublimation of atoms which form the upper surface of the
semiconductor layer 303 (the first semiconductor layer A)
can be restrained effectively. Accordingly, by employing
the crystal growth condition described above, roughness
of the interface between the semiconductor layers 303 and
304 can be prevented effectively.

As a result, as shown in FIG. 11, on-state current
I can be improved from 0.7 [A/mm] to 1.0 [A/mm], sheet
resistivity p can be decreased from 650 [Q/00] to 450 [Q/O],
and mobility p of a channel can be improved to be fxrom 1000
[cmz/Vsec]t015OO[cm?/Vsec]inthefield—effecttransistor

300 of the present invention.
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These electric characteristics have extremely high
performance such that sheet concentration of the channel
layer(two—dimensionalelectrongas)isaboutl:<10“[cm4].
In short, by employing the structure and method for
manufacturing the field-effect transistor 300 in the third
embodiment of the present invention, electric
characteristics of the device can be remarkably improved

compared with the conventional art.

[Other modified Example]

While the present invention has been described with
reference to the above embodiments as the most practical
and optimum ones, the present in&ention is not limited
thereto, but may be modified as appropriate without

departing from the spirit of the invention.

(Modified Example 1)

For example, in the first embodiment, the interface
between the semiconductor layer A (the semiconductor layer
303) and the semiconductor layer B (the semiconductor layer
304) is almost a flat plane. The interface may preferably
be as flat as possible microscopically, but it may not be
necessarily flat macroscopically. For example, the
interface between those two semiconductor layers may be
a curved surface which is a portion of an approximately
spherical surface whose curvature radius is comparatively
large. Furtheralternatively, theinterfacebetween those
two semiconductor layers may be a rugged and non-planar

surface which has proper incline, proper interval between
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each wall, and proper repetition rate. These conditions
are arbitrary design conditions for forming each
field-effect transistor, and roughness of the surface of
the semiconductor layer A can be prevented with any of those
interfaces according to the present invention. The
smoothing effect enables to provide actions and effects

of the present invention.

3. Explanationof the twenty-fourthtothirty-thirdaspects

In the present invention, metal-organic vapor phase
growth (MOVPE) is employed as a method for crystal growing
the semiconductor layer. As other growth methods,
molecular—beamepitaxy(MBE)andhélidevaporphasegrowth
(HVPE) are useful.

As a carrier gas which carry crystal material gas of
the semiconductor layer during crystal growth, not only
H, gas but also inert gas can be used. Rare gas (He, Ne,
Ar, Kr, Xe, Rn), nitrogen (N;) gas, or mixture of these
gases can be employed as an inert gas for crystal growing
the semiconductor layer. The mixture of these gases
employedasaninertgasmayhavearbitral compositionratio.
When the mixture gas is used as an inert gas (i.e., main.
component of the carrier gas), the present invention may
be obtained even when a little or some amount of other gas,
e.g., H, gas, is mixed in the carrier gas as long as any
undesirable atom or element does not remain or mix in the
semiconductor crystal to be crystal grown.

As a material for the crystal growth substrate

comprised in the field-effect transistor of the present
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invention, silicon carbide (SiC) may be the most preferable
considering thermal stability and thermal radiation.
Alternatively, comparatively cheaper materials such as
sapphire and silicon (Si) may also be used. Although a
GaN substrate is not so preferable considering thermal
stability and thermal radiation, employing the GaN
substrate may not especially prevent from carrying out the
present invention.

The ohmic electrode and the Schottky electrode may
be formed throughwell-knownarbitral process. Forexample,
as mentioned above, the gate electrode may be formed on
the uppermost layer of the barrier layer through a thin
insulation film. |

According to kinds and functions of the device, the
barrier layer in the field-effect transistor of the present
invention may comprise an undoped semiconductor layer or
a semiconductor layer doped with impurities. Further
alternatively, the barrier layer may comprise plural
semiconductor layers each having different composition.
Those conditions can be applied to the barrier layer in
the field~effect transistorof thepresent invention. Here,
in order to provide high mobility, the semiconductor layer
to which the channel is to be formed may be doped with no
impurity to prevent scattering of carriers. Accordingly,
at least the uppermost layer of the semiconductor layers
comprised in the buffer layer may preferably be formed with
an undoped semiconductor layer.

The present invention will be described hereinbelow

with reference to specific embodiments.
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However, the present invention cannot be limited to

each embodiment described below.

[Fourth Embodiment]

FIG. 13 1s a sectional view of a sample 400 which
comprises a undoped high-resistivity semiconductor layer
13 and ismanufactured through MOVPE treatment in the fourth
embodiment of the present invention. A substrate 411 is
made of siliconcarbide (4H-SiC) andabout 200nminthickness
of AIN nucleus forming layer 412 which is grown at high
crystal growth temperature of 1140°C is formed thereon.
On the high growth temperature nucleus forming layer 412,
a high-resistivity semiconductor'layer 413 which is made
of a undoped GaN and has a thickness of about 2um is formed

under crystal growth conditions as follows.

(Crystal growth condition of the high-resistivity
semiconductor layer 413)
carrier gas: hydrogen (Hz) gas
total pressure in the growth furnace: 1013 [hPa]
crystal growth rate: 80 [nm/min]
V/III ratio: 1473
crystal growth temperature: (a) 1120 [°C], (b) 1130 [°C],
(c) 1140 [°C], (d) 1150 [°C]

(Evaluation for break down field strength)
According to each of the crystal growth conditions
described above, the undoped high-resistivity

semiconductor layer 413 is deposited and 4 kinds of the



10

15

20

25

WO 2005/122234 PCT/JP2005/011006

58

sample 400 shown in FIG. 13 is manufactured in total at
each crystal growth temperature (a) to (d). About 15nm
in thickness of electrode made of vanadium (V) is formed
around both sides on the upper surface of the respective

high-resistivity semiconductor layers 413, and leak

electric currents of the respective high-resistivity

semiconductor layers 413 are measured.

FIG. l4isagraphshowingrelationshipbetweencrystal
growth temperature of the high-resistivity semiconductor
layer 413 ((a) to (d))and.leakelectric current at applied
voltage of 200V. According to the graph, when the
high-resistivity semiconductor layer is made of a undoped
GaN layer, crystal growth temperature needs to be 1120°C
or more in order that leak electric current at applied
voltage of 200V is 1 x 10"*[A] or less. 1In order to control
leak electric current to be 1 x 107°[A] or less, crystal
growth temperature is preferably 1130°C or more.

The high~resistivity semiconductor layer 413 which
is made of a undoped Gan at crystal growth temperature (c)

of 1140[°C] has remarkably high resistivity of 1 x 10%Qcm.

(Evaluation for crystallinity)

In the meanwhile, FWHM (: Full Width Half Maximum)
of thehigh-resistivity semiconductor layer in each samples
400 ((a) to (d)). FIG. 15 is a graph showing the result.
FIG. 15 shows relationship between crystal growth
temperature of each high-resistivity semiconductor layer
413 and its FWHM. The smaller FWHM is, the better

crystallinity of the layer becomes. Andwhen FWHMis larger
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than 300 (arcsec), crystallinity of the high-resitivity
semiconductor layer 413 is gradually deteriorated, and when
FWHM becomes larger than 400 (arcsec), flatness of the
surface of the high-resistivity semiconductor layer 413
is extremely deteriorateduntil it alsodeteriorates device
characteristic such as mobility of carriers.
| Accordingly, in order to manufacture a field-effect
transistor having high performance and comprising the
undoped Gan high-resistivity semiconductor layer 413,
crystal growth temperature should be 1160°C or less. Those
tendency with respect to crystallinity can be recognized
visually by using an optical microscope.
Accotdingtoresultoftheexpefimentsdescribedabove,
crystal growth temperature of the high-resistivity
semiconductor layer 413 may preferably be in a range from
1120°C to 1160°C, further preferably in 1130°C to 1150°C
so as to obtain at least a field-effect transistor having

high performance.

[Fifth Embodiment]

FIG. 16 is a sectional view of a sample 500 which
comprises a undoped high-resistivity semiconductor layer
523 and ismanufactured through MOVPE treatment in the £ifth

embodiment of the present invention.

A substrate 521 is made of sapphire having a ‘c’ plane as
a main plane and about 40nm in thickness of AIN nucleus
forming layer 522 which is grown at low crystal growth

temperature of 400°C is formed thereon. On the low growth
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temperature nucleus forming layer 522, a high-resistivity
semiconductor layer 523 which is made of a undoped GaN and

has a thickness of about 2um is formed under crystal growth

conditions as follows.

(Crystal growth condition of the high-resistivity
semiconductor layer 523)
carrier gas: hydrogen (Hz) gas
total pressure in the growth furnace: 1013 [hPa]
crystal growth temperature: 1150 [°C]
V/III ratio: 1473
crystal growth rate:
(e) 659 [A/ﬁin], (f) 827 [A/min],
(g) 968 [A/min]

(Evaluation for break down field strength)

According to each of the crystal growth conditions
described above, the undoped high-resistivity
semiconductor layer 523 is deposited and 3 kinds of the
sample 500 shown in FIG. 16 is manufactured in total at
each crystal growth temperature (e) to (g). About 13nm
in thickness of electrode made of vanadium (V) is formed
on the both sides of the upper surface of the respective
high-resistivity semiconductor layers 523, and leak
electric currents of the respective high-resistivity
semiconductor layers 523 are measured.

FIGS. 17A and 17B are graphs showing relationship
between crystal growth rate of the high-resistivity

semiconductor layer 523 ((e) to (g)) and leak electric
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current at applied voltage of 40V. According to the graph,
when the high-resistivity semiconductor layer is made of
a undoped GaN layer, crystal growth rate needs to be
65 [nm/min] or more in order that leak electric current at
applied voltage of 40V is 1 x 107 [A] or less.

The high~resistivity semiconductor layer 523 which
is made of a undoped Gan at crystal growth rate (g) of

968 [A/min] has remarkably high resistivity of 1 x 10%Qcm.

(Evaluation for crystallinity)

In the meanwhile, crystallinity of the
high-resistivity semiconductor layer 523 is gradually
deteriorated when crystal growth fate is about 90 [nm/min]
or more. When crystal growth rate is about 100[nm/min]
or more, flatness of the surface of the high-resistivity
semiconductor layer 523 is extremely deteriorated until
it alsodeteriorates device characteristic suchasmobility
of carriers. Accordingly, in order to manufacture a
field-effect transistor having high performance and
comprising the undoped Gan high-resistivity semiconductor
layer 523, crystal growth rate should be 100nm/min or less.
Those tendencies with respect to crystallinity can be
recognized visually by using an optical microscope.

Accordingto result of the experiments described above,
crystal growth rate of the high-resistivity semiconductor
layer 523 may preferably be in a range from 65nm/min to
100nm/min, further preferably in 70nm/min to 90nm/min so
as to obtain at least a field-effect transistor having high

performance.
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[Sixth Embodiment]

FIG. 18 is a sectional view of a field-effect
transistor 600 in the sixth embodiment. The field-effect
transistor 600 is a semiconductor device which is formed
by depositing Group III nitride compound semiconductor
iayers in sequence through crystal growth, and a crystal
growth substrate 601 is made of silicon carbidel(4H~SiC)
having thickness of about 500um. On the crystal growth
substrate 601, about 200nm in thickness of AlN layer 602
(ﬁ lattice constant difference relaxing layer) made of AIN
is formed.

On the ALN layer 602, about 2um in thickness of undoped
GaN semiconductor layer 603 is formed. The semiconductor
layer 603 corresponds to a semiconductor layer A in the
present invention. Further, on the semiconductor layer
603, about 40nm in thickness of undoped Algy.25Gap.75N barrier
layer 604 is formed. Thickness of the barrier layer 604
is determined so that tunneling effect of carriers
(electrons) from each ohmic electrode (605 and 607) into
a channel formed on the interface between the upper surface
of the semiconductor layer 603 and the layer 604 become
sure and preferable.

Eachof 605, 606, and 607 represents a source electrode
(ohmic electrode), a gate electrode (Schottky electrode),
and a drain electrode (ohmic electrode). Each ohmic
electrode (the source electrode 605 and the drain electrode
607) .is formed by depositing about 100A in thickness of

thin metal layer made of titanium (Ti) through vapor
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deposition and further depositing about 30004 in thickness
of metal layermade of aluminum (Al) throughvapor deposition.
These ohmic electrodes excellently adhere with each other
and are alloyed through thermal treatment of flash anneal

for less than 1 second under temperature from 700°C to 900°C.

The gate electrode 606 is a Schottky electrode which is

formed by depositing about 100A in thickness of metal layer
made of nickel (Ni) through vapor deposition and further
depositing about 3000A in thickness of metal layer made
of gold (Au) through vapor deposition.

A method for manufacturing the field-effect
transistor 600 is explained hereinafter, referring to the
main characteristic of the presént invention (the
semiconductor layer 603: the high-resistivity
semiconductor layer A).

Each semiconductor layer (the semiconductor layers
602, 603, and 604) in the field-effect transistor 100 is
formed through vapor phase crystal growth called
metal-organic vapor phase epitaxy (hereinafter abbreviated
as MOVPE). The following gasses were employed: a carrier
gas (Hp or N;), ammonia gaé (NH3), trimethylgallium
(Ga (CHs)3), and trimethylaluminum (Al (CHz)s).

In the vapor phase growth treatment, at first the
crystal growth substrate 601 is baked at 1140°C, and about
200nm in thickness of AIN nucleus forming layer 602 (:
lattice constant difference relaxing layer) is formed on
the crystal growth substrate 601 through crystal growth
at 1140°C. |

Next, about 2um in thickness of semiconductor layer
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603 made of undoped GaN crystal is formed according to

crystal growth conditions as follows.

(Crystal growth conditions of the semiconductor layer 604)

(1) crystal growth temperature: 1140([°C]
(2Ycrystal growth rate: 80 [nm/min]

Next, about 40nm in thickness of undoped Alyg.25Gag.75N
crystal semiconductor layer (buffer layer) 604 is deposited
thereon. Crystalgrowthtemperatureofthatcrystal growth
is about 1000°C. |

The field-effect transistor 600 shown in FIG. 18
manufactured through crystal groch processes described
above can be an objective field-effect transistor (HFET)
which has high mobility, remarkably excellent electric
characteristic and little leak electric current. Such a
field-effect transistor (HFET) is very useful in not only
improving performance and reliability of‘the device but
also improving miniaturization and integration of the

device compared with the conventional device.

[Seventh Embodiment]

FIG. 19 is a sectional view of a field-effect
transistor 700 (MISFET) according to the seventh embodiment
of the present invention. The largest difference between
the field-effect transistor 700 and the field-effect
transistor 600 explained above is that an insulation film
708 made of silicon nitride (SiN) is formed between a gate

electrode 706 and a barrier layer 704. Each of other layer
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(701-707) in the field-effect transistor 700 is formed
equivalent to each layer (601-607) in the field-effect
transistor 600 explained above.

By employing that structure, the MISFET can obtain
actions and effect of the present invention according to
the method of the present invention similar to the sixth
embodiment. Also, a filed-effect transistor having
extremely high gate break down field strength can be

obtained.

[Other Modified Embodiment]

While the present invention has been described with
reference to the above embodimenﬁs as the most practical
and optimum ones, the present invention is not limited
thereto, but may be modified as appropriate without

departing from the spirit of the invention.

(Modified Embodiment 1)

For example, in the sixth embodiment, the substrate
of the field-effect transistor is made of silicon carbide
(SiC). Alternatively, a sapphire substrate may be useful
as a crystal growth substrate. When the semiconductor
layer662andthesemiconductorlayer603inthefield—effect
transistor shown in FIG. 18 are formed by employing the
processes and crystal growth conditions for forming low
growth temperature nucleus forming layer 522 and the
high-resistivity semiconductor layer 523 in the fifth
embodiment, the field-effect transistor 600 can obtain

actions and effects of the present invention according to
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the method of the present invention.

At that time, as disclosed in the sixth embodiment,
about 40nm in thickness of AlN semiconductor layer may
preferably be formed at a low temperature of about 400°C
as the nucleus forming layer. As the high-resistivity
semiconductor layer A (the semiconductor layer 603 in FIG.
18) comprised in the buffer layer, a undoped GaN crystal
layer may preferably be formed to be a thickness of about
2um at crystal growth temperature of 1150°C and crystal

growth rate of 90nm/min.

(Modified Example 2)

Alternatively, each barrief layer such as the
semiconductor layer 604 and the semiconductor layer 704
may be made of InAlN and InAlGaN. These barrier layers
can be made of a general Group III nitride compound
semiconductor which has necessary and adegquately larger

band gap energy compared with the buffer layers such as

‘the semiconductor layer 603 and the semiconductor layer

703.

(Modified Example 3)

Alternatively, in place of those barrier layers, an
n~-type semiconductor layer can be deposited. For example,
inplace of the semiconductor layer 604 in FIG. 18, an n~type
semiconductor layer can be deposited, which enables to
manufacture a MESFET.

In short, even by modifying each embodiment and

modified example, each kind of field-effect transistor such
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as HFET, MISFET, and MESFET can be manufactured.

INDUSTRIAL APPLICABILITY

The present invention is useful for preventing
roughness of the surface of the semiconductor. The present
invention is to maintain possibility and easiness for
miniaturizing the electrode of the semiconductor device.
Also, the present invention is useful for mobility of
carriers transmitting in the channel which is formed to

have approximately flat surface on the interface of the

' semiconductor layers deposited through crystal growth.

The present invention canmaintain the mobility of carriers
excellently. |

Accordingly, the present invention is very useful for
designing and manufacturing a field-effect transistor
(including each kind of FET and HEMT) which is manufactured
through crystal growth of a Group III nitride compound
semiconductor. The present invention is useful for
miniaturizing and improving performance of each kind of ’

field-effect transistor.

The present invention is useful for effectively
improving mobility of two-dimentional electric gas in the
channel layer which is formed to have approximately flat
surface on the interface of the semiconductor layers
depositedthroughcrystal growth. Sothepresentinvention
is very useful for designing and manufacturing a
field-effect transistor (including each kind of FET and

HEMT) which is manufactured through crystal growth of a
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Group III nitride compound semiconductor.

Further, the present‘invention is useful for the
undoped semiconductor layer (ﬁigh~resistivity
semiconductor layer A) in the present invention, which has
high resistivity and excellent insulation, to provide
extremely high insulation without being influenced by any
impurity. Accordingly, the present invention can be
applied not only to a field-effect transistor such as FET
and HEMT but also to a light-emitting semiconductor device
such as a semiconductor laser and a LED, a light~receiving
semiconductor device, a pressure sensor, and any kind of

other semiconductor device.
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CLAIMS

1. A field-effect transistor which comprises a buffer
layer and a barrier layer each of which is made of a Group
IIi nitride compound semiconductor and has a channel at
the interface inside of said buffer layer to said barrier
iayer,

wherein said barrier layer has multiple-layer
structure comprising:

an abrupt interface providing layer which composes
the lowest semicqnductor layer in said barrier layer and
whose composition varies rapidly at said interface of'said
buffer layer, and

an electrode connection plane providing layer which
constructs the uppermost semiconductor layer in said

barrier layer and whose upper surface is formed flat.

2. The field-effect transistor according to claim 1,
wherein each semiconductor layer comprised in said barrier

layer is made of a undoped AlxGa;-xN (0<x=<1).

3. The field-effect transistor according to claim 1
or 2, wherein each semiconductor layer comprised in said

barrier layer is made of an undoped AlyGa;-xN (0.15=x<0. 3).

4. The field-effect transistor according to claim 2
or 3, wherein aluminum composition ratio x of each
semiconductor layer comprised in said barrier layer

decreases substantially monotonously according to the
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order of deposition.

5. The field-effect transistor according to any one
of claims 1 to 4, wherein said barrier layer comprises:
a first layer of said barrier layer formed below; and

a second layer of said barrier layer deposited on the

upper surface of said first layer of said barrier layer.

6. The field-effect transistor according to claim 5,
wherein thickness d; of said first layer of said barrier
layer and thickness d, of said second layer of said barrier
layer are satisfy the formula of

10nm<d;<30nm,

10nm<d,<30nm, and

30nm<d;+d,<60nm.

7. The field~effect transistor according to any one
of claims 1 to 6, wherein the uppermost layer of said buffer

layer is made of an undoped GaN.

8. A method for manufacturing a field-effect
transistor which comprises a ;buffer layer and a barrier
layer each of which is made of a Group III nitride compound
semiconductor and has a channel at the interface side of
said buffer layer of said barrier layer, comprising:

crystal growth process for crystal growing said
barrier layer,

wherein a partial pressure ratio R of hydrogen (Hz)

gas in said carrier gas which carries material gas of said
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barrier layer decreases substantially continuously or
substantially gradually, and substantially monotonously
with respect to the time t in a region represented by a

formula ri=R2rs; (12r.>1/4, 1/2>r,20, ri>rz).

9. The method for manufacturing a field-effect
fransistoraccordimgtoclahnS,whereinsaidbarrierlayer
comprises m+1 semiconductor layers in total each of which
is made of a undoped AlxGai;-xN (0<x=<l) by decreasing said
partial pressure ratio R of the gas gradually for m times

(m>1) in saild crystal growth process.

10. The method for manufaéturing a field-effect
transistor according toclaim 9, wherein said barrier layer
has two-layer structure, comprising a first layer of said
barrier layer deposited first, which is grown through
crystal growth by using hydrogen (H:) gas as a main carrier
gas, and a second layer of said barrier layer deposited
thereon, which is grown through crystal growth by using
a rare gas or an inert gas comprising nitrogen (Nz) gas

a s a main carrier gas.

11. A method for manufacturing a field-effect
transistor which comprises multiple semiconductor layers
each of which is made of a Group III nitride compound
semiconductor through crystal growth, comprising:

a first crystal growth process for forming a first
semiconductor layer A, on or around the upper interface

of which a channel layer is deposited and sublimated; and
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a second crystal growth process for forming a second
semiconductor layer B deposited directly on said first
semiconductor layer A,

whereinbandgap energy Ezgof said second semiconductor
layer B is larger than band gap energy Ea of said first
semiconductor layer A and crystal growth condition of said
second semiconductor layer B at least at the early stage
of said second crystal growth process is arranged to be
crystal growth condition which restrains sublimation of
atoms forming the upper surface of said first semiconductor

layer A.

12. The method for manufaéturing a field-effect
transistor according to claim 11, wherein crystal growth
temperature Tg of said second semiconductor layer B is lower
than crystal growth temperature Ta of said semiconductor

layer A.

13. The method for manufacturing a field-effect
transistor according to claim 11 or 12, wherein crystal
growth pressure Py of sald second semiconductor layer B
is approximately equal to crystal growth pressure P of

said first semiconductor layer A.

14. The method for manufacturing a field-effect
transistor according to any one of claims 11 to 13, wherein
said first semiconductor layer A is made of a binary or

ternary undoped AlxGai;-xN (0Lx<1) and said second

semiconductor layer B is made of a ternary undoped AlyGai-yN
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(x<y<l) .

15. The method for manufacturing a field-effect
transistor according to claim 14, wherein each of crystal

growth temperature T, and Tz of said first semiconductor

layerAandsaid second semiconductor layer B, respectively,

satisfy a formula 950°C<Tp<Tp where aluminum composition
ratio x is approximately 0, aluminum composition ratio y
is in a range from 0.15 to 0.30, and each of crystal growth
pressure Pp and Py of said first semiconductor layer A and
said second semiconductor layer B, respectively, 1is

approximately normal pressure.

16. The method for manufacturing a field-effect
transistor according to any one of claims 11 to 15, wherein

crystal growth temperature Tp of said first semiconductor

layer A is 1200°C or less.

17. The method for manufacturing a field-effect
transistor according to any one of claims 11 to 16, wherein
crystal growth temperature Tp of said first semiconductor
layer A is higher than crystal growth temperature Ty of

said second semiconductor layer B by 50°C or less.

18. The method for manufacturing a field-effect
transistor according to any one of claims 15 to 17, wherein
crystal growth temperature Ts of said second semiconductor

layer B satisfies a formula 950°C<Tz<1050°C.
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19. The method for manufacturing a field-effect
transistor according to claim 18, wherein crystal growth

temperatureTAofsaidfirstsemiconductorlayerAsatisfies

a formula 1050°C<Ta<l1150°C.

20. A field-effect transistor which comprises

multiple semiconductor layers each of which is made of a

Group III nitride compound semiconductor through crystal
growth, comprising:

a first semiconductor layer A, on or around the upper
interface of which a channel layer is deposited and
sublimated; and

a second semiconductor layer:B deposited directly on
said first semiconductor layer A,

whereinband gap energy Ez of said second semiconductor
layer B is larger than band gap energy Ex of said first
semiconductor layer A and the upper surface of said
semiconductor layer A is formed substantially flat by
restraining sublimation of atoms which form the upper

surface of said first semiconductor layer A.

21. The field-effect transistor according to claim
20, wherein said first semiconductor layer A is made of
abinary or ternary undoped AlxGai;-xN (0=<x<1) and said second
semiconductor layer B is made of a ternary undoped AlyGai-yN

(x<y=<1l).

22. The field-effect transistor according to claim

21, wherein said aluminum composition ratio x is
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approximately 0 and said aluminum composition ratio y is

in a range from 0.15 to 0.30.

23. The field-effect transistor according to any one
of claims 20 to 22, wherein thickness of said second

semiconductor layer B is 1lnm or more.

24. A crystal growth method of a high-resistivity
semiconductor layer A on a crystal growth plane of a
semiconductor made of an AlyGa;-yN (0<xZ£1) through crystal
growth,
wherein said high~resistivity semiconductor layer A ismade
of an wundoped Al Ga;-xN (0=x<1), and crystal growth
temperature of sald high~resistivity semiconductor layer
A at least at the early stage of the crystal growth process

is arranged to be from 1120°C to 1160°C.

25. The crystal growth method according to claim 24,
wherein crystal growth rate of said high-resistivity
semiconductor layer A is 65nm/min or more at least at the

early stage of said crystal growth process.

26. The crystal growth method according to claim 24
or 25, wherein said high~resistivity semiconductor layer

A is made of a undoped GaN crystal.

27. The crystal growth method according to any one
of claims 24 to 26, wherein crystal growth rate of said

high-resistivity semiconductor layer Ais 100nm/minor less



10

15

20

25

WO 2005/122234 PCT/JP2005/011006

76

at least at the early stage of said crystal growth process.

28. The crystal growth method according to any one
of claims 24 to 27, wherein crystal growth rate of said
high-resistivity semiconductor layer A is in a range from
70nm/min to 90nm/min at least at the early stage of said

crystal growth process.

29. The crystal growth method according to any one
of claims 24 to 28, wherein crystal growth temperature of
said high-resistivity semiconductor layer A is in a range

from 1130°C to 1150°C at least at the early stage of said

crystal growth process.

30. The crystal growth method according to any one
of claims 24 to 29, wherein V/III ratio of crystal material
gas supplied in a reaction chamber at least at the early
stage of said crystal growth process of said
high-resistivity semiconductor layer A is in a range from

1400 to 1550.

31. A Group III nitride compound semiconductor made
of a undoped Al;Ga;-xN (0<x<1), fabricated by the crystal
growth method according to any one of claims 24 to 30 and

having resistivity of 1 x 10%Qcm or more.

32. A field-effect transistor comprising:
a crystal growth substrate;

a buffer layer and a barrier layer made of a Group
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III nitride compound semiconductor formed on said crystal
growth substrate; and

a channel formed at the interface side of said buffer
layer toward said barrier layer,

wherein at least a portion of said buffer layer
comprises a high-resistivity semiconductor A which is made
of a undoped Al,Ga;-xN (0<x<1l) and has resistivity of 1 x

10%Qcm or more.

33. A semiconductor device which is formed by
depositing multiple semiconductor layers each of which is
made of a Group III nitride compound semiconductor on a
crystal growth substrate, compriéing:

a high-resistivity layer which prevents or restrains
leakage of electric current,

wherein said high-resistivity layer is made of a
high-resistivity semiconductor layer A which is made of
a undoped AlxGa;-xN (0<x<1l) and has resistivity of 1 x 10%Qcm

oY more.
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