SEMICONDUCTOR DEVICE AND METHOD OF MANUFACTURING TH SAME

CROSS-REFERENCE TO RELATED APPLICATION

[0000] This application claims priority to Japanese Rafgplication No. 2014-153463
filed on July 29, 2014, the contents of which ageechy incorporated by reference into the
present application.

TECHNICAL FIELD
[0001] Disclosed herein is a technique that forms a nlbyroéi field effect transistor and
a Schottky barrier diode on a common nitride sendoctor substrate.

DESCRIPTION OF RELATED ART

[0002] Patent Literature 1 (Japanese Patent Applicatidlidation No. 2011-205029)
discloses a technique of forming a Schottky Barb@de (to be referred to as an SBD
(Schottky Barrier Diode) hereinafter) and a fiefteet transistor (to be referred to as a
HEMT (High Electron Mobility Transistor) hereinafiethat uses a potential of a gate
electrode for controlling a two-dimensional elentigas generated along a heterojunction
interface on a common nitride semiconductor sutestra

[0003] The HEMT easily exhibits normally-on charactecstidue to a reason that a
threshold voltage serves as a negative potentin-patent literature I' GaN Monoalithic
Inverter IC Using Normally-off Gate Injection Transistors with Planar Isolation on S
Qubgtrate’ Yasuhiro Uemoto et.al, IEDM 09-165-168, 2009, IEHEiScloses a technique
that interposes a p-type nitride semiconductorrlagéween a heterojunction interface and
a gate electrode to achieve normally-off charasties, which is easier to control.

[0004] In Patent Literature 1, the HEMT is protected bg SBD. Although Patent
Literature 1 discloses the technique of forming HEMT and the SBD on a common
nitride semiconductor substrate, the technique doésnake the HEMT normally-off by
using a p-type layer.

[0005] Although Non-patent Literature 1 discloses a HEWHich is made normally-off
by using a p-type layer, an SBD is not used togetiitt the HEMT therein. Non-patent
Literature 1 discloses using a circuit in which HEMT does not need to be protected by
the diode.

[0006] This specification discloses a technique that foranHEMT which is made
normally-off by using a p-type layer and an SBD amommon nitride semiconductor
substrate.



BRIEF SUMMARY OF INVENTION

[0007] A nitride semiconductor cannot be easily convemdad a p-type semiconductor
by injecting acceptor impurities therein. Therefowhen a HEMT which is made
normally-off by using a p-type layer is to be mautfired, a laminated substrate in which
the p-type layer has already been crystal-growa stage of crystal growth is used. For
this purpose, in the course of manufacturing thenadly-off HEMT and the SBD, when
the SBD and the HEMT which is made normally-offusing the p-type layer are formed
on the common nitride semiconductor substraterankted substrate including a p-type
layer is prepared, and then etching and remov#iep-type nitride semiconductor layer
are performed in a region except for a region inctvia gate structure of the HEMT is
formed. More specifically, in a region where th&[C5is formed, the SBD is
manufactured from a state in which the p-typedetsemiconductor layer has been etched
and the nitride semiconductor layer forming a logterction interface has been exposed.
[0008] In the following description, the p-type nitridensiconductor layer which is
etched and removed in the region except for themag which the gate structure is formed
is called a "nitride semiconductor-removed layaatid a nitride semiconductor layer
exposed after the nitride semiconductor-removeeérlay removed is called a "nitride
semiconductor-remaining layer". In a HEMT regithrg nitride semiconductor-remaining
layer serves as an electron supply layer.

[0009] In a case where the nitride semiconductor-remdaast is removed in the region
where the SBD is formed whereby the nitride sendoetor-remaining layer is exposed,
an SBD should be obtained if an anode electrodehwfiorms a Schottky junction with the
nitride semiconductor-remaining layer and a catheletrode which forms an ohmic
junction with the nitride semiconductor-remainingydr are formed on the nitride
semiconductor-remaining layer. However, even thaing above operations are actually
performed, the SBD which exhibits preferable rewtfon characteristics cannot be
obtained.

[0010] As disclosed in Patent Literature 1, it is posstiol form the HEMT and the SBD
on a common nitride semiconductor substrate. Hewaek a technique of making the
HEMT normally-off by using a p-type layer is implented, the SBD which exhibits
preferable rectification characteristics cannot bbtained.  Although Non-patent
Literature 1 discloses a technique of making theMAEhormally-off by using a p-type
layer, a circuit which does not require a diodaessd so as to cope with the problem that
the SBD which exhibits preferable rectification idweristics cannot be obtained when the



laminated substrate in which the p-type layer llerystal-grown is used.

[0011] The present specification discloses a techniqdiersfing both a HEMT which is
made normally-off by using a p-type layer and a$B a common nitride semiconductor
substrate.

[0012] Studies were conducted on a reason why, even hhaagnode electrode and a
cathode electrode are formed on a front surfagersfride semiconductor-remaining layer
exposed by etching a p-type nitride semicondu&woraved layer, an SBD which exhibits
preferable rectification characteristics cannobbi@ined.

[0013] As a result of the studies, it was found that, nkige nitride semiconductor-
remaining layer was exposed by etching the niselmiconductor-removed layer, etching
damage was given to the exposed surface of théengemiconductor-remaining layer, and
the etching damage prevented a Schottky junctiam foeing formed between the anode
electrode and the nitride semiconductor-remaireygrl  As a result of the finding, it was
further found that, if a technique of preventing #tching damage from being given, a
technique of preventing the etching damage fronesly affecting the exposed surface,
and/or a technique of repairing the etching danaageémplemented, it becomes possible to
obtain the SBD which exhibits preferable rectifieatcharacteristics by forming an anode
electrode and a cathode electrode on the fronasurbf the nitride semiconductor-
remaining layer that had been exposed by etchagitide semiconductor-removed layer.
[0014] As a result of the findings, a novel semicondudewrice in which both a
normally-off HEMT and an SBD are formed on a commidride semiconductor substrate
has been developed. The semiconductor devicemolyle the following configurations.
[0015] The nitride semiconductor substrate may compais¢EMT gate structure region
where a gate structure of the HEMT is formed; amciaode electrode region where an
anode electrode of the SBD is formed. The nitagdmiconductor substrate further may
comprise: a laminated structure formed at leashénHEMT gate structure region, and
including a first nitride semiconductor layer, @a@&d nitride semiconductor layer crystal-
grown on a front surface of the first nitride seomductor layer, and a third nitride
semiconductor layer crystal-grown on a front swfatthe second nitride semiconductor
layer.

[0016] The nitride semiconductor substrate may furthenmise a laminated structure
formed at least in a part of the anode electrodgome and including the first nitride
semiconductor layer and the second nitride semigdiod layer. More specifically, the
third nitride semiconductor layer may not exisatrieast in the part of the anode electrode
region. The anode electrode of the SBD may comatéwint surface of the second nitride



semiconductor layer.

[0017] In the above description, a bandgap of the sendride semiconductor may be
larger than a bandgap of the first nitride semicotal, and the third nitride semiconductor
may be p-type. At least in a contact region inaltthe front surface of the second nitride
semiconductor layer contacts the anode electrbgefront surface of the second nitride
semiconductor layer may be finished to be a surfagewhich the second nitride
semiconductor layer forms the Schottky junctiorhwiite anode electrode.

[0018] When the front surface of the second nitride sendactor layer is finished to be
the front surface which forms the Schottky junctigith the anode electrode, the SBD
which exhibits preferable rectification charact&scan be obtained. The semiconductor
device in which the HEMT which is made normally-bff using a p-type layer and the
SBD which exhibits preferable rectification chaeaistics are formed on the common
nitride semiconductor substrate can be obtained.

[0019] For example, when an AIO film is exposed on tlwntfrsurface of the second
nitride semiconductor layer, at least in the cantegion in which the front surface of the
second nitride semiconductor layer contacts thel@mectrode, the front surface of the
second nitride semiconductor layer may be finiddok the front surface which forms the
Schottky junction with the anode electrode.

[0020] Alternatively, also by forming the second nitrigmiconductor layer including a
deep layer and a surface layer and creating aorelgtat a bandgap of the surface layer is
larger than a bandgap of the deep layer, the feumface of the second nitride
semiconductor layer may be finished to be the fsamface which forms the Schottky
junction with the anode electrode.

[0021] After exposing the second nitride semiconductgerdoy etching the third nitride
semiconductor layer, by conducting a heat treatmerd gas including nitrogen, to the
semiconductor substrate, the front surface of doered nitride semiconductor layer may
also be finished to be the front surface which fothe Schottky junction with the anode
electrode.

[0022] Alternatively, the third nitride semiconductor éaymay be etched to expose the
second nitride semiconductor layer by employingettning method which hardly gives
etching damage to the second nitride semicondleyer. In this case as well, the front
surface of the second nitride semiconductor layay e finished to be the front surface
which forms the Schottky junction with the anodectlode.

[0023] If the third nitride semiconductor layer is nom@ved in the anode electrode
region where the anode electrode is formed, that femrface of the second nitride



semiconductor layer may be finished to be the feanface which forms the Schottky
junction with the anode electrode. For example, grgventing the third nitride
semiconductor layer from being crystal-grown in ribgion where the anode electrode is to
be formed in the course of crystal-growing thedtmitride semiconductor layer, the front
surface of the second nitride semiconductor layay be finished to be the front surface
which forms the Schottky junction with the anodectide.

[0024] The third nitride semiconductor layer may be reembin an entire area of the
region where the anode electrode is formed. Adterely, in a part of the region where
the anode electrode is formed, the third nitridaisenductor layer may be laminated on
the front surface of the second nitride semicoraualyer. When the front surface of the
second nitride semiconductor layer, which existsha contact region in which the third
nitride semiconductor layer is not present andathede electrode and the second nitride
semiconductor layer are in direct contact with eattier, is finished to be the front surface
which forms the Schottky junction with the anodectiode, an SBD which exhibits
preferable rectification characteristics can beaioletd. The third nitride semiconductor
layer which may be present in the part of the aneldetrode region where the anode
electrode is formed improves breakdown voltageadtaristics of the SBD.

[0025] The present specification also discloses a metfmwd manufacturing the
semiconductor device that includes a HEMT and ab &8med on a common nitride
semiconductor substrate. The method for manufagtumay comprise: preparing a
laminated substrate of nitride semiconductor theludes a second nitride semiconductor
layer crystal-grown on a front surface of a firgtitle semiconductor layer, and a third
nitride semiconductor layer crystal-grown on a fraurface of the second nitride
semiconductor layer; exposing the second nitrideigenductor layer by removing the
third nitride semiconductor layer at least in aigegn which an anode electrode of the
SBD is to be formed; and forming the anode eleetafdhe HEMT on the exposed surface
of the second nitride semiconductor layer exposethé removing. This method for
manufacturing may further comprise finishing anasqul surface of the second nitride
semiconductor layer exposed in the removing suahttie exposed surface of the second
nitride semiconductor layer forms a Schottky jumctivith the anode electrode.

[0026] In a case where the above finishing is includeahufacturing of the SBD which
exhibits preferable rectification characteristiesdimes possible.

[0027] Various methods may be used in the finishing bevis.

(1) For example, a nitride semiconductor includkigmay be used as the second nitride
semiconductor layer. In this case, when the thitide semiconductor layer is etched to



expose the second nitride semiconductor layersawjech oxidizes the exposed surface of
the second nitride semiconductor layer may be uskdthis case, the exposed surface of
the second nitride semiconductor layer can behiatdgo be the front surface which forms
the Schottky junction with the anode electrode.

(2) Alternatively, the second nitride semicondudayer may be configured by a surface
layer having a larger bandgap and a deep layemypaaismaller bandgap. The third
nitride semiconductor layer may be etched to explosesurface layer. In this case, the
exposed surface of the second nitride semicondlayer can be finished to be the front
surface which forms the Schottky junction with #m®de electrode.

(3) Alternatively, a heat treatment in a gas comg nitrogen may be conducted on the
nitride semiconductor substrate having the secandensemiconductor layer exposed by
the removing. In this case, the exposed surfacebearecovered to be the front surface
which forms the Schottky junction with the anodectide.

[0028] Alternatively, in at least a part of the regioneshthe anode electrode of the SBD
IS to be formed, the third nitride semiconductgelamay be wet-etched in the removing of
the third nitride semiconductor layer to expose skeond nitride semiconductor layer.
When the third nitride semiconductor layer is wietied, the exposed surface of the second
nitride semiconductor layer may be less damagetiereby, a front surface which forms a
Schottky junction can be obtained when the anodetredde is formed on the exposed
surface. Further, the finishing may be includedhie exposing. This means that the
exposing by the wet-etching serves the purpodeedinishing as well as the exposing.
[0029] According to the specification, the HEMT whicimimsde normally-off by using a
p-type layer and the SBD which exhibits preferataetification characteristics can be
formed on the common nitride semiconductor sulestrat

BRIEF DESCRIPTION OF DRAWINGS
[0030] FIG. 1 is a sectional view of a semiconductor devaccording to a first
embodiment;

FIG. 2 is a sectional view of a semiconductor cevaccording to a second
embodiment;

FIG. 3 shows a first stage of a method of manufad a semiconductor device
according to the second embodiment;

FIG. 4 shows a second stage of the method of rmetwing the semiconductor
device according to the second embodiment;

FIG. 5 shows a third stage of the method of manufeng the semiconductor



device according to the second embodiment;

FIG. 6 shows a fourth stage of the method of naetufing the semiconductor
device according to the second embodiment;

FIG. 7 is a sectional view of a semiconductor devaccording to a third
embodiment; and

FIG. 8 shows a first stage of a method of manufad a semiconductor device
according to the third embodiment.

DETAILED DESCRIPTION OF INVENTION

[0031] Features of a technique to be disclosed in theifsdion will be listed. The
items which will be described later have indepebhdechnical usabilities, respectively.
All the items, solely or in combination, are encasged in the technical scope of this
application.

(First feature) A thickness of an AlO film exposed a front surface of a second nitride
semiconductor layer is adjusted to a thicknesstwaahieves a Schottky junction between
an anode electrode and the second nitride semictordiayer and achieves an ohmic
junction between a cathode electrode and the sewgtrite semiconductor layer.

(Second feature) All of a first nitride semiconawdiyer serving as an electron transport
layer, a deep layer of a second nitride semicond@erving as an electron supply layer, a
surface layer of the second nitride semiconductehich may serve as a nitride
semiconductor-remaining layer in relation to a nfacturing method) which is to form a
Schottky junction between the anode electrode ldecond nitride semiconductor, and a
third nitride semiconductor layer (which may seaga nitride semiconductor-removed
layer in relation to a manufacturing method) whichkes a HEMT normally-off are made
of a nitride semiconductor.

(Third feature) A magnitude relationship of bandgaptisfies a relationship: first nitride
semiconductor layer < deep layer of second nis@haiconductor < surface layer of second
nitride semiconductor.

(Fourth feature) A thickness of the surface layethe second nitride semiconductor is
several nanometers, by which a Schottky juncticiorisied between the anode electrode
and the deep layer of the second nitride semicaaduend an ohmic junction is formed
between the cathode electrode and the seconcerseitiiconductor layer.

[0032] (Fifth feature) A nitride semiconductor containidg is used as the nitride
semiconductor-remaining layer. The nitride semicmtol-removed layer is etched by
using an etching gas containing oxygen when th@aisemiconductor-removed layer is



etched (during at least a period prior to the énetching). According to this technique,
the nitride semiconductor-removed layer is etchetiramoved, and the front surface of the
nitride semiconductor-remaining layer exposed leyatthing is oxidized, and the AIO film
is exposed on the front surface of the nitride semductor-remaining layer. When the
AlO film is exposed on the front surface of theridé semiconductor-remaining layer,
adverse effect by the etching damage is cancehedaa anode electrode which forms a
Schottky junction with the nitride semiconductomiagning layer can be formed by
forming a metal film on the surface of the AlO filmThat is, when a metal having a work
function which can be calculated as being capdiienming a Schottky junction is formed
on the front surface of the nitride semiconducemnaining layer, a result that the Schottky
junction is formed between the metal film and tiiteéde semiconductor-remaining layer
can be obtained as calculated.

(Sixth feature) In place of the etching for theidé semiconductor-removed layer by using
the etching gas containing oxygen, the nitride senductor-removed layer may be etched
by using an etching gas not containing oxygen, #mad front surface of the nitride
semiconductor-remaining layer exposed as a resulheo etching may be exposed to
oxygen plasma. By exposing the front surface ef riiiride semiconductor-remaining
layer to the oxygen plasma, a state in which an #iDis exposed on the front surface of
the nitride semiconductor-remaining layer can keiobd.

[0033] (Seventh feature) In place of the method of exyggpshe AIO film on the front
surface of the nitride semiconductor-remaining lagenitride semiconductor-remaining
layer may be formed by a deep layer ofGd.,N and a surface layer of Ba,Ini,.wN,
and an anode electrode may be formed on a frofatceuof the surface layer. In place of
the ALGa,In1z.WN, a layer of an oxide of the Aa,In;...sN may be used. In the above
description,0 <x<land0<1-z-w<1 atsBad.

(Eighth feature) In order to obtain the structuréhe seventh feature, in a stage of epitaxial
growth, a substrate in which an,Bk& N layer serving as a deep layer of the nitride
semiconductor-remaining layer is formed, anGa,In..wWN layer serving as a surface
layer of the nitride semiconductor-remaining lagdaminated thereon, and a p-type nitride
semiconductor layer serving as the nitride semigotmal-removed layer is laminated
thereon may be formed. In a gate structure regioere a gate structure of a HEMT is
formed, the p-type nitride semiconductor layer mintained. As a result, in the region
where the gate structure of the HEMT is formed,sindace layer of AGa,In;,.wN also
remains. In an anode electrode region where atleaglectrode an SBD is formed, the p-
type nitride semiconductor layer is removed and shdace layer of AGa,Inyz.wN is



maintained. According to the manufacturing methadstructure in which the nitride
semiconductor-remaining layer is formed by the degpr of AkGa N and the surface
layer of ALGa,In;-.wN (or an oxide thereof), and the anode electrofterised on the front
surface of the AGa,In;1-..wN (or an oxide thereof) can be obtained.

[0034] In general, when a nitride semiconductor-remainaygr is formed by a deep
layer having a smaller bandgap and a surface lagreing a larger bandgap, the front
surface of the surface layer exposed by etchingidensemiconductor-removed layer may
be finished to be a front surface which forms aoBkl junction with an anode electrode.
[0035] (Ninth feature) An etching method which gives letmmage to the nitride
semiconductor-remaining layer may be employed wiien nitride semiconductor-
remaining layer is exposed by etching the nitridenisonductor-removed layer. For
example, when the nitride semiconductor-removeerleywet-etched by using a condition
which etches the nitride semiconductor-removedrlam®d does not etch the nitride
semiconductor-remaining layer, the nitride semicmtol-removed layer can be etched
while hardly giving any etching damage to the dérisemiconductor-remaining layer.
When the nitride semiconductor-remaining layer lesn exposed in this manner, a metal
film which forms a Schottky junction can be formed the front surface of the nitride
semiconductor-remaining layer. For example, JagmRatent Application Publication No.
2012-60066, contents of which are incorporated ilelog reference, discloses a wet
etching method using electrochemical processeshvdan be used.

[0036] (Tenth feature) In place of the employment ofdtahing method which gives less
etching damage, repairing etching damage may bedadd an alternative thereof. In
many etching damages given to the nitride semiatinduemaining layer, nitrogen atoms
drop out of the nitride semiconductor-remainingelay When the front surface of the
nitride  semiconductor-remaining layer on which ogen defects have occurred is
thermally treated while being exposed to an ammgagor the like containing nitrogen,
the nitrogen defects are repaired. Thereafteanadle electrode is formed and a Schottky
junction is formed.

[0037] (Eleventh feature) A nitride semiconductor sultetia which a third nitride
semiconductor layer of p-type is crystal-grown hie Qate structure region and the third
nitride semiconductor layer of p-type is not crirgi@wn in the anode electrode region is
used. Since etching does not need to be perfommtbe anode electrode region, the front
surface of the second nitride semiconductor lager lie maintained to be a front surface
which forms a Schottky junction with the anode ttete.

[0038] Some of the technical features disclosed in tlesgmt specification may be



summarized as described below. A normally-off HEBId an SBD are formed on a
common nitride semiconductor substrate.

The common nitride semiconductor substrate hasgéded structure including a
first nitride semiconductor layer, a second nitsdeniconductor layer (corresponding to the
nitride semiconductor-remaining layer) crystal-gnoan a front surface of the first nitride
semiconductor layer, and a third nitride semicotatulayer (corresponding to the nitride
semiconductor-removed layer) crystal-grown on antfreurface of the second nitride
semiconductor layer.

The bandgap of the second nitride semiconductar lsylarger than that of the
first nitride semiconductor layer.

The third nitride semiconductor layer is p-type.

The third nitride semiconductor layer is not présera region except for a region
in which a gate structure of the HEMT is formed.owéver, more specifically, the third
nitride semiconductor layer may be present in aqfea region where the anode electrode
of the SBD is formed.

The anode electrode of the SBD is formed on thet fsurface of the second
nitride semiconductor layer.

The front surface of the second nitride semicoraualer has been finished to be
a front surface which forms a Schottky junctionnesn the second nitride semiconductor
layer and the anode electrode.

[0039] According to the conventional techniques, etclidagage was given to the front

surface of the second nitride semiconductor layeotighen the front surface. Due to this,
even though an anode electrode was formed on tighened front surface, a Schottky
junction was not formed between the second nitsielmiconductor layer and the anode
electrode. In techniques of the present spedditain order to solve the problem, a front

surface which forms a Schottky junction betweengbeond nitride semiconductor layer

and the anode electrode when the anode electrdoeried on the front surface, is formed

prior to actual formation of the anode electrode.

DETAILED DESCRIPTION OF EMBODIMENTS

(First Embodiment)

[0040] As shown in FIG. 1, in a semiconductor device atiog to a first embodiment, a
HEMT and an SBD are formed on one same nitride cg@mductor substrate 28. The
HEMT is formed in a region A, and the SBD is fornie region B.

[0041] The nitride semiconductor substrate 28 accordintipé embodiment includes a
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laminated structure configured by a substrate [ feer layer 4 crystal-grown on a front
surface of the substrate 2, a first nitride sendoetor layer 6 crystal-grown on a front
surface of the buffer layer 4, a second nitrideisenductor layer 8 crystal-grown on a
front surface of the first nitride semiconductoydn 6, and a third nitride semiconductor
layer 18 crystal-grown on a front surface of theosel nitride semiconductor layer 8.

[0042] FIG. 1 shows a state after the third nitride semulcictor layer 18 is etched and
removed in a region except for a region in whiclgase electrode 16 (which will be
described later) is formed, and shows only a reimguregion 18a.

[0043] The first nitride semiconductor layer 6 is a lagerving as an electron transport
layer of the HEMT, and is made of a nitride semdrartor crystal. The second nitride
semiconductor layer 8 is a layer serving as artrelesupply layer of the HEMT, and is
made of a nitride semiconductor crystal. A bandggghe first nitride semiconductor
layer 6 is smaller than a bandgap of the secomidaisemiconductor layer 8, and a two-
dimensional electron gas is present in an areaadmeterojunction interface of the first
nitride semiconductor layer 6. The third nitridemsconductor layer 18 is made of a p-
type nitride semiconductor crystal, and controle tHEMT such that the HEMT has
normally-off characteristics (which will be des@&tblater).

[0044] An object of the nitride semiconductor substr&@esto provide a heterojunction
between the first nitride semiconductor layer 6 tredsecond nitride semiconductor layer
8. The buffer layer 4 may be a layer serving aBase by which the first nitride
semiconductor layer 6 can be crystal-grown on tbet fsurface of the buffer layer 4, and
may not necessarily be a nitride semiconductor.e Sibstrate 2 maybe a layer serving as
a base by which the buffer layer 4 can be crystalvg on the front surface of the substrate
2, and may not necessarily be a nitride semiconductf a nitride semiconductor is used
as the substrate 2, the buffer layer 4 may be ednitt When the buffer layer 4 is used, a Si
substrate, a SIC substrate, or a sapphire subgitge than a nitride semiconductor
substrate may be used as the substrate 2.

[0045] The third nitride semiconductor layer 18 may bp-tgpe layer which forms a
depletion layer on the heterojunction interfaced amay not necessarily be a nitride
semiconductor. However, since the layer 18 isetarystal-grown on the front surface of
the second nitride semiconductor layer 8, the ukea ccrystal layer of a nitride
semiconductor is practical.

[0046] As is apparent from the above description, thedeitsemiconductor substrate
mentioned in the specification is a substrate whidvides the first nitride semiconductor
layer 6, the second nitride semiconductor laya@n8,the p-type third nitride semiconductor
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layer 18.

[0047] Inthe present embodiment, a Si substrate isaséuk substrate 2, AIGaN is used
as the buffer layer 4, i-type GaN is used as tist fiitride semiconductor layer 6, i-type
Al,GaxN is used as the second nitride semiconductor Byand p-type AlGayN is used

as the third nitride semiconductor layer 18. Adgap of GaN is smaller than a bandgap
of Al,Ga.N, where 0 < x and ¥ 1 are satisfied.

[0048] As shown in FIG. 1, in an entire region except doregion in which the gate
electrode 16 (which will be described later) isried, the third nitride semiconductor layer
18 is removed by etching, and the front surfadd®isecond nitride semiconductor layer 8
Is exposed. Notably, the second nitride semicaiedlgyer 8 contains Al, and the surface
of the second nitride semiconductor layer 8 isiaed.  For this reason, an AlO film 10 is
exposed on the front surface of the second niseéseiconductor layer 8.

[0049] In the HEMT forming region A, on the front surfacé the second nitride
semiconductor layer 8 on which the AlO film 10 ipesed, a source electrode 14 and a
drain electrode 20 are formed. The source eleetiet and the drain electrode 20 are
each made of a metal film which forms an ohmic flamcwith the front surface of the
second nitride semiconductor layer 8. In an ingshate position between the source
electrode 14 and the drain electrode 20, i.e.,s#ipo separating the source electrode 14
and the drain electrode 20 from each other, thé¢ p@a of the p-type third nitride
semiconductor layer remains, and the gate electt6ds formed on a front surface of the
part 18a.

[0050] As described above, the bandgap of GaN configuting first nitride
semiconductor layer 6 is smaller than the banddafl @&a.xN configuring the second
nitride semiconductor layer 8, and a two-dimendi@bectron gas is formed in the area
along the heterojunction interface of the firstidé semiconductor layer 6.

[0051] The part 18a of the p-type third nitride semicastdulayer remains at a position
facing the heterojunction interface. A depletiayper extends from the p-type third nitride
semiconductor layer 18a toward the second nitreteicnductor layer 8 and the first
nitride semiconductor layer 6. When no positiveeptial is applied to the gate electrode
16, the heterojunction interface in the region rfgcthe gate electrode 16 is depleted
through the p-type third nitride semiconductor fa¥8a, and electrons cannot be moved
between the source electrode 14 and the drainediec20. An off state is set between the
source electrode 14 and the drain electrode 20.enVdrpositive potential is applied to the
gate electrode 16, the depletion layer is elimohatbereby the source electrode 14 and the
drain electrode 20 are connected to each otherthgtitwo-dimensional electron gas. An
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on state is set between the source electrode 14haerdtain electrode 20. According to
the above description, it is understood that a atiyroff HEMT can be obtained in the
region A. The first nitride semiconductor layen@vhich electrons move is of i-type, and
contains small amount of impurity which blocks &lees from moving. The HEMT
therefore has a low on-resistance.

[0052] In the SBD forming region B, an anode electrodea@d a cathode electrode 26
are formed on the front surface of the seconddeitsemiconductor layer 8 of which
surface is covered with the AlO film 10. The catb@lectrode 26 is made of a metal film
which forms an ohmic junction with the front sudaaf the second nitride semiconductor
layer 8. In contrast to this, the anode electi@ties made of a metal film which forms a
Schottky junction with the front surface of the @t nitride semiconductor layer 8. In
this manner, an SBD having preferable rectificatthiaracteristics can be obtained. A
forward current flows in the area along the hetardjion interface of the first nitride
semiconductor layer 6. A forward voltage dropnisah.

[0053] In the above description, the source electrodeflde HEMT is in contact with
the second nitride semiconductor layer 8 throughA®© film 10. Since the AlO film 10
has a high resistance, risk of increasing the sistesace of the HEMT might arise due to
the presence of the AIO film 10 therebetween. H@wravhen the AlO film 10 is reduced
in thickness, the increase in on resistance casuppressed to a negligible level. Even
though the thickness of the AlO film 10 is redusedas not to increase the on resistance, a
Schottky junction is formed between the anode eldet 24 and the second nitride
semiconductor layer 8. The same as described abals applied to the drain electrode
20, and the AIO film 10 can be reduced so as nafitee the increase of the resistance
between the drain electrode 20 and the secondenggmiconductor layer 8. The same as
described above can also be applied to the catlledgode 26, and the thickness of the
AlO film 10 can be reduced not to increase thestasce between the cathode electrode 26
and the second nitride semiconductor layer 8. Ewn the thickness of the AIO film 10
is made small enough to avoid the increase indbistances, a Schottky junction can be
formed between the anode electrode 24 and thededoide semiconductor layer 8 by the
AlO film 10.

[0054] It should be noted herein that before the formatibthe source electrode 14, the
drain electrode 20, and the cathode electrode6AtO film 10 may be removed in
advance by etching the regions in which the soeleerode 14, the drain electrode 20, and
the cathode electrode 26 are to be formed. The f®Odisposed in a predetermined
region can be removed by wet processing usingifiated acid and/or dry processing
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using chlorine gas.

[0055] If the front surface of the second nitride semdtarior layer 8 is not covered with
the AIO film 10, even if the anode electrode 24oisned by using a material capable of
forming a Schottky junction with the second nitrislemiconductor layer 8, the Schottky
junction which exhibits preferable rectificationathcteristics cannot be obtained. When
the third nitride semiconductor layer 18 is etcteeedxpose the front surface of the second
nitride semiconductor layer 8, etching damage vergito the front surface of the second
nitride semiconductor layer 8. For this reasos,dhode electrode 24 does not form the
Schottky junction with the second nitride semicartdulayer 8. Contrary to this, when
the AIO film 10 is exposed on the front surfacéhaf second nitride semiconductor layer 8,
no etching damage is given, and the anode elecéderms the Schottky junction with
the second nitride semiconductor layer 8.

(Second Embodiment)

[0056] The same reference numerals as in the first emsodi denote the same
members in the second embodiment to omit the saplar@ations. Only different aspects
between the first embodiment and the second emiswdiwill be described below.

[0057] As shown in FIG. 2, in a semiconductor device etiog to the second
embodiment, a contact portion between the anoddralle 24 and the second nitride
semiconductor layer 8 is different from that in tfiest embodiment. In the second
embodiment, even at positions being in contact i¢éhanode electrode 24, parts 18b and
18c of the p-type third nitride semiconductor layed are caused to remain. More
specifically, a structure in which the p-type thmittide semiconductor layers 18b and 18c
are present on left and right sides of the coatton between the anode electrode 24 and
the second nitride semiconductor layer 8, is cteate

[0058] According to the structure, when a reverse voltagapplied to the diode, a
depletion layer extends from the p-type third dé@risemiconductor layers 18b and 18c
toward the contact portion between the anode eldetr24 and the second nitride
semiconductor layer 8 and breakdown voltage resists improved. A structure of a so-
called JBC-type Schottky diode (Junction Barrient@aled Schottky Diode) or a floating-
junction-type Schottky diode can be achieved.

(Method of manufacturing a semiconductor devic@ating to the second embodiment)
[0059] A state in FIG. 3 is prepared as follows: A niridemiconductor substrate is
prepared. The nitride semiconductor substratelRdes a laminated structure in which a
buffer layer 4 is epitaxially grown on a front fagé of the substrate 2, a first nitride
semiconductor layer 6 is epitaxially grown on anfrsurface of the buffer layer 4, a second
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nitride semiconductor layer 8 is epitaxially grown a front surface of the first nitride
semiconductor layer 6, and a third nitride semicotal layer 18 is epitaxially grown on a
front surface of the second nitride semiconducged 8. It is difficult to adjust a nitride
semiconductor to be of a p-type by injecting anuritp into the nitride semiconductor. If
the third nitride semiconductor layer 18 is forngeting when the substrate is formed, a p-
type crystal layer can be grown.

[0060] A state in FIG. 4 is prepared as follows: A maskormed on the front surface of
the third nitride semiconductor layer 18, the miaaking been patterned such that a third
nitride semiconductor layer 18a remains in a poridhere a gate electrode 16 is to be
disposed and the third nitride semiconductor lag8ts and 18c remain in a portion where
the anode electrode 24 is to be disposed. Thenfrdmt surface of the third nitride
semiconductor layer 18 is dry-etched and removexpose the front surface of the second
nitride semiconductor layer 8.

[0061] During the dry etching (at least a period immex§jabefore the front surface of
the second nitride semiconductor layer 8 is expesedas containing oxygen is used for
the dry etching. Due to this, the exposed surfzfcthe second nitride semiconductor
layer 8 is oxidized, and an AIO film 10 is formed the exposed surface. Since i-type
Al Ga 4N is used as the second nitride semiconductor By#re AIO film 10 is formed
due to oxidation of the Al.  Thereafter, the mastemoved.

[0062] In place of the above operations, a gas not contpioxygen may be used for
dry-etching the third nitride semiconductor layé tb expose the front surface of the
second nitride semiconductor layer 8. In this cafter the dry-etching, oxygen plasma is
irradiated on the front surface of the seconddateemiconductor layer 8. Also according
to this, the state in which the AlO film 10 is egpd on the exposed front surface of the
second nitride semiconductor layer 8 can be oldaine

[0063] A state in FIG. 5 is prepared as follows: An iasinlg region 22 for element
isolation is formed. Herein, Fe, Zn, C, Al, Ar, B, P, or As is implanted into an area
which is to serve as the insulating region 22. ihkalating region 22 is formed to have a
depth such that the insulating region 22 extendsutih the second nitride semiconductor
layer 8 to reach the first nitride semiconductgefa6. Due to this, the HEMT forming
region A and the SBD forming region B are insulaad isolated from each other.

[0064] A state in FIG. 6 is prepared as follows: On th&aze of the second nitride
semiconductor layer 8 on which the AlO film 10 igpesed, a source electrode 14, a drain
electrode 20, an anode electrode 24, and a catledieode 26 are formed. The anode
electrode 24 is in contact with not only the secoitdde semiconductor layer 8 but also
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the p-type nitride semiconductor layers 18b and 18c

[0065] Further, the gate electrode 16 is formed on at fsarface of the p-type nitride
semiconductor layer 18a.

[0066] Finally, a passivation film 12 is formed. As ddésed above, the structure
shown in FIG 2 is manufactured.

[0067] Notably, the AIO film 10 which is present in thegions where the source
electrode 14, the drain electrode 20, and the datktectrode 26 are to be formed may be
removed before the source electrode 14, the dregtrede 20, and the cathode electrode
26 are formed.

(Third Embodiment)

[0068] A semiconductor device according to a third emimeait will be described below
with reference to FIG. 7. The semiconductor deameording to the present embodiment,
as shown in FIG. 8, is manufactured by using ateatesin which a surface layer 30 of a
second nitride semiconductor (hereinafter refet@das 'second nitride semiconductor
surface layer 30" is crystal-grown between a d&ser 8 of the second nitride
semiconductor (hereinafter referred to as 'secandensemiconductor deep layer 8" and
the third nitride semiconductor layer 18. Thagisecond nitride semiconductor layer 32
is configured by the second nitride semiconduceepdlayer 8 and the second nitride
semiconductor surface layer 30.

[0069] In this embodiment, GaN is used as the firstdetsemiconductor layer 6, i-type
AlLGa N is used as the second nitride semiconductor kdgep 8, AlGa,In;.wN is used
as the second nitride semiconductor surface layeai®d p-type AlGa.yN is used as the
third nitride semiconductor layer 18. Bandgapsdbesatisfy a relationship: first nitride
semiconductor 6 < second nitride semiconductor diser 8 < second nitride
semiconductor surface layer 30. The bandgap ahile nitride semiconductor layer 18
may not especially be limited. In the present estinbhent, the bandgap of the third nitride
semiconductor layer 18 is almost equal to thathefgecond nitride semiconductor deep
layer 8.

[0070] In the present embodiment, as shown in FIG. 7sétend nitride semiconductor
surface layer 30 is interposed between the p-tyipe nitride semiconductor layer 18a and
the second nitride semiconductor deep layer 8. nEtlmugh the second nitride
semiconductor surface layer 30 is interposed, atarddgeous effect that the threshold
voltage of the HEMT is raised to a positive valyete p-type third nitride semiconductor
layer 18a is maintained, and the HEMT can be madaaily-off.

[0071] Further, the second nitride semiconductor surager 30 is interposed between
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the anode electrode 24 and the second nitride eathictor deep layer 8. In the present
embodiment, the third nitride semiconductor laygiisletched to expose a front surface of
the second nitride semiconductor surface layeaB0,the anode electrode 24 is formed on
the front surface of the second nitride semicorafstirface layer 30.

[0072] As described above, when the third nitride sendaotor layer 18 is etched to
expose the front surface of the second nitride samductor deep layer 8, the anode
electrode 24 formed on the front surface of th@msaaitride semiconductor deep layer 8
does not form a Schottky junction with the frontrfaoe of the second nitride
semiconductor deep layer 8. In contrast to thremthe third nitride semiconductor layer
18 is etched to expose the front surface of thergknitride semiconductor surface layer 30,
the anode electrode 24 formed on the surface odebend nitride semiconductor surface
layer 30 forms a Schottky junction with the surfa¢ehe second nitride semiconductor
surface layer 30. Since the second nitride serdiscior deep layer 8 and the second
nitride semiconductor surface layer 30 have diffelandgaps to generate this difference
on whether the Schottky junction is formed or not.

[0073] In the present embodiment, the source electrod¢hg4drain electrode 20, and
the cathode electrode 26 penetrate the secondengeémiconductor surface layer 30, and
are directly in contact with the front surface leé second nitride semiconductor deep layer
8.

[0074] In order to obtain this structure, before the sewlectrode 14, the drain electrode
20, and the cathode electrode 26 are formed, tmndenitride semiconductor surface layer
30 may be etched at positions where these elestardeto be deposited whereby openings
are formed, and then the source electrode 14, rthie électrode 20, and the cathode
electrode 26 may be formed so as to penetrategr@rgs, respectively.

[0075] The openings may not be formed by etching thergkoitride semiconductor
surface layer 30. Instead of this, the sourcetrelde 14, the drain electrode 20, and the
cathode electrode 26 may be formed on the surfatteecsecond nitride semiconductor
surface layer 30 and then subjected to heat treatm&y performing the heat treatment,
metals configuring the source electrode 14, thendedectrode 20, and the cathode
electrode 26 are diffused into the second nitrefeisonductor surface layer 30, whereby
the source electrode 14, the drain electrode 20,tlam cathode electrode 26 can be in
ohmic contact with the second nitride semicondude®p layer 8 as a result. When the
heat treatment is performed, the anode electrodes 2drmed after the heat treatment.
Since the anode electrode 24 is not thermallyddedhe anode electrode 24 can form a
Schottky junction with the second nitride semicatdudeep layer 8 through the second
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nitride semiconductor surface layer 30 as a result.

[0076] The structure in FIG. 2 may be incorporated in gtvacture in FIG. 7. More
specifically, in a part of the forming region ofetanode electrode 24, the third nitride
semiconductor layers 18b and 18c may be causettaim. In this case also, the second
nitride semiconductor surface layer 30 similariyaéns in the forming region of the anode
electrode 24. When the third nitride semiconduletgers 18b and 18c remain in the part
of the forming region of the anode electrode 2leakage current is suppressed. When
the second nitride semiconductor surface layeres@ams in the forming region of the
anode electrode 24, a voltage drop occurring whiereiat flows in a forward direction of
the SBD decreases, whereby a voltage between thde asnd the cathode when the
forward current begins to flow decreases. An SRidrig a small loss cannot be obtained.
Notably, in this case, an electrode which is in mhoontact with the surfaces of the third
nitride semiconductor layers 18b and 18c is prefgriormed to make potentials of the
third nitride semiconductor layers 18b and 18c Etqupotential of the anode electrode 24.
(Fourth Embodiment)

[0077] When the third nitride semiconductor layer 18t&hed to expose the surface of
the second nitride semiconductor layer 8, etchiagmabe occurs on the surface of the
second nitride semiconductor layer 8. In mosthef ¢tching damages, nitrogen atoms
drop out of the nitride semiconductor. For thigs@n, heat treatment is conducted in the
presence of the ammonia gas, on the nitride sechimbor substrate in which the third
nitride semiconductor layer 18 was removed and dbdace of the second nitride
semiconductor layer 8 has thereby been exposedthisAime, nitrogen is supplied to the
nitride semiconductor to repair the etching damagéereafter, when the anode electrode
24 is formed, a Schottky junction is formed betwtenanode electrode 24 and the second
nitride semiconductor layer 8. In this case, @hiag condition under which an AlO film

is formed may not be employed.

(Fifth Embodiment)

[0078] The third nitride semiconductor 18 may be wet-etchho expose the second
nitride semiconductor layer 8. In this case, biag damage is given to the front surface
of the second nitride semiconductor layer 8. Winenanode electrode 24 is formed on
the front surface of the second nitride semicoratueler 8 exposed after the wet etching,
a Schottky junction is formed between the anodetrelde 24 and the second nitride
semiconductor layer 8.

[0079] In the embodiments, although GaN is used astteniiride semiconductor, other
nitride semiconductors may be used. For exampléaN and the like may be used.
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When AlGaN is used as the first nitride semiconoiyclinGaN or the like is used as the
second nitride semiconductor. There are variousibgmations which satisfy the
relationship: bandgap of first nitride semiconducto bandgap of second nitride
semiconductor.

[0080] Further, the third nitride semiconductor layer h&ay be crystal-grown in only
the forming region of the gate electrode 16 showrIG. 1. Alternatively, the third
nitride semiconductor layer may be formed in onBgions of the third nitride
semiconductor layers 18a, 18b, and 18c. It isipless select where the third nitride
semiconductor layer is crystal grown by performthg crystal growing after a targeted
local region of the surface of the second nitridmisonductor layer 8 has been covered
with a mask.

[0081] Specific examples of the present teachings hase tescribed in detail, however,
these are mere exemplary indications and thus tlbnmib the scope of the claims. The
art described in the claims includes modificatians variations of the specific examples
presented above. For example, the AlO film maluoie Ga.

[0082] Technical features described in the descriptiahthe drawings may technically
be useful alone or in various combinations, andratelimited to the combinations as
originally claimed. Further, the art describedttie description and the drawings may
concurrently achieve a plurality of aims, and tecainsignificance thereof resides in
achieving any one of such aims.
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WHAT IS CLAIMED IS:

1. A semiconductor device comprising:

a nitride semiconductor substrate in which botiHigh Electron Mobility
Transistor (HEMT) and a Schottky Barrier Diode (SBide formed, wherein

the nitride semiconductor substrate comprises:

a HEMT gate structure region where a gate streadi the HEMT is
formed; and

an anode electrode region where an anode electvbdhe SBD is
formed, wherein

a first laminated structure is formed at leasthm HEMT gate structure region,
and includes a first nitride semiconductor layersewond nitride semiconductor layer
crystal-grown on a front surface of the first wirisemiconductor layer, and a third nitride
semiconductor layer crystal-grown on a front swfat the second nitride semiconductor
layer,

a second laminated structure is formed at leaat part of the anode electrode
region, and includes the first nitride semiconductayer and the second nitride
semiconductor layer,

the anode electrode contacts the front surfatieeasecond nitride semiconductor
layer,

a bandgap of the second nitride semiconductor laylarger than a bandgap of
the first nitride semiconductor layer,

the third nitride semiconductor layer is p-typed a

at least in a contact region in which the frontfeeze of the second nitride
semiconductor layer contacts the anode electrbgefront surface of the second nitride
semiconductor layer is finished to be a surfacevbich the second nitride semiconductor
layer forms a Schottky junction with the anode tetete.

2. The semiconductor device according to claimtgnain

the second nitride semiconductor layer comprisegxée film including Al, the
film being exposed on the front surface of the sdaatride semiconductor layer at least in
the contact region.

3. The semiconductor device according to claimZnein the oxide film including
Al is an AlO film.
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4, The semiconductor device according to claimHerain
the second nitride semiconductor layer includdsep layer and a surface layer,

and

a bandgap of the surface layer is larger thamedsgp of the deep layer.
5. The semiconductor device according to claimikerain

the surface layer is configured of AlGalnN or aide of AlGalnN.
6. The semiconductor device according to any orotaohs 1 to 5, wherein

the third nitride semiconductor layer is laminatad the front surface of the
second nitride semiconductor layer, in the pathefanode electrode region.

7. A method for manufacturing a semiconductor deuibat includes a High
Electron Mobility Transistor (HEMT) and a SchottBarrier Diode (SBD) formed on a
common nitride semiconductor substrate, the metbatprising:

preparing a laminated substrate of nitride sendaotor that includes a first
nitride semiconductor layer, a second nitride sendactor layer crystal-grown on a front
surface of the first nitride semiconductor layerd a third nitride semiconductor layer
crystal-grown on a front surface of the secondid@trsemiconductor layer, wherein a
bandgap of the second nitride semiconductor laydarger than a bandgap of the first
nitride semiconductor layer, and the third nitsgeniconductor layer is p-type;

exposing the second nitride semiconductor layerdmgyoving the third nitride
semiconductor layer at least in a region in whichaaode electrode of the SBD is to be
formed;

finishing an exposed front surface of the secoiida semiconductor layer
exposed in the removing such that the exposed fsorface of the second nitride
semiconductor layer forms a Schottky junction whih anode electrode; and

forming the anode electrode on the exposed frariace of the second nitride
semiconductor layer after the finishing.

8. The method for manufacturing a semiconductoricgeaccording to claim 7,
wherein

the finishing includes one or more of (1) to (8)alow:

(1) using a gas that oxidizes the exposed frorfasel of the second nitride
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semiconductor layer including Al;

(2) configuring the second nitride semiconducayel by a surface layer having a
larger bandgap and a deep layer having a smaltelgla@, and exposing the surface layer
by etching the third nitride semiconductor laye a

(3) conducting a heat treatment in a gas includiitgogen on the nitride
semiconductor substrate having the second nitteicenductor layer exposed by the
removing.

9. The method for manufacturing a semiconductoricgeaccording to claim 7,
wherein

the exposing includes wet-etching the third nirsgmiconductor layer to expose
the front surface of the second nitride semicoraiuetyer which is to form the Schottky
junction with the anode electrode, and

the finishing is conducted in the exposing.
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