TI-TLE OF THE | NVENTI ON NI TRI DE- BASED SEM CONDUCTOR EPI TAXI AL SUBSTRATE,
METHOD OF MANUFACTURI NG THE SAME, AND HEMI SUBSTRATE BACKGROUND OF THE

| NVENTI ON Field of the Invention The present invention relates to a
nitride-based sem conductor epitaxial substrate, a nmethod of manufacturing
the sanme, and a high electron nmobility transistor (HEMI) substrate.

i Description of the Background Art Light emtting diodes such as a |light

emtting diTHdEgE OF

HVERTIGNRd the |ike, each of which uses a gallium

nitride-based sem conductor, have recently attracted attention as

i |l um nat i oNISIR INEHAEER SAESONYCHERkt EGEBAKARLoRUBPTREAE , r MEAHHIIhg | i ght
sources because short-wavelength [ight in the region from ultraviolet

i ght to bl @& PeBIFAGTHRINGMH: SME cBND HEMTsBHGSER&EYSt al substrates

each having lattice

constants coinciding with those of an epitaxially grown

GaN | ayer pBACGHGRUUNIArGE URHdd HSVERTI@NI al substrates for these

sem conduct or devices. However, it has conventionally been consi dered
difficult tairdrnufattire Trave@aN e ngl e crystal substrate, so chemcally

stable sapphire substrates having lattice constants close to GaN have been
used. However, aTEeN stewpret ciysealisubstekdeesuitivabdenitride-based

semiconductor epitaxial substrate, a method of

manufacturing the same, and a high electron mobility

trensistor (HEMT) substrate.

{iD Description of the Background Art

Light emitting diodes such as a light emitting

diode, a laser diode, and the like, each of which uses
a gallium. nitride-based semiconductor, have recently
attracted attention as illumination or display devices
or next-generation optical recording light' sources
because short-wavelength 1light in the region from
ultraviolet light to blue-green light can be emitted.
GaN single crystal substrates each having Ilattice
constants coinciding with those-of an epitaxially grown
GaN layer preferably aré used as epitaxlal substrates
for these semiconductor devices. However, 1t has
conventionally been considered difficult to manufacture
a GaN single crystal substrate, so chemically stable
éapphire substrates having lattice constants close to
GaN have been used.

However, a GalN single crystal substrate suitable



for formng a galliumnitride-based sem conductor |ayer recently has been
devel oped. For exanple, the patent reference 1 described bel ow di scl oses a
technique for formng a GaN epitaxially grown | ayer having few defects by
so-called lateral growh using a mask having apertures. Epitaxial growh of
GaN on a GaN single crystal substrate can produce an epitaxially grown
| ayer in which the nunber of defects is significantly decreased, as
conpared w t Horhdarsd nd & GapbhiRenlsubaerbas edTHETEAUIANED Is drd ¥Y®hduct or
has a high saturated electron velocity under a high electric field, and
hi gh br eakdowserndilvages s Theeaf steveldredaN Fiayl exampseal theulmsatente is
expected to be applied to high-power high- speed sem conductor devices such
as a field efrfederenceansi stesic(IEET  baldet disjialestdona bitpehad queansdst or
(HBT), and a high electron nmobility transistor (HEMI), and the like. Al so,
a GaN | ayer iferkiogn teo e bi¢pstavhglhy tgpewrnonduwgtdrvi thawiirtchoufewei ng
intentionally doped wth an inpurity, and thus GaN i s expected as a bl ue
i ght emtti dgfelcesenty sdoverkledilatesaprevowidl wsisa & teatk ihgpriovenent s
in characteristics such as enmission efficiency and operating voltage were
limted becapsetprieppe c@pduxial ygapwhihghof esdadl anone acoGéN  snotgbe
realized with GaN. However, the quality of the 2

crystal substrate can produce an epitaxially grown

layer in which the number of - defects is significantly

decreased, as compared with the use of a sapphire
E .
‘:) substrate.

The GaN-based semiconductor has a high saturated
electron velocity under a high electric field, and high
breakdown voltage. Therefore, the GaN single crystal
substrate is expected to be applied to high-power high-
speed semiconductor devices such as a field effect
transistor (FET), a heterojunction bipolar transistor
(HBT), and a high electron mobility transistor (HEMT),
and the like. |

) Also, =z GaN‘ layer is known to exhibit strong n-
type conductivity without being intentionally doped
with an impurity, and thus GaN is expected as a blue
light emitting element. Howevér, it was previoi:sly
said that improvements in characteristics such as
emission efficiency and operating voltage were limited

because p-type conductivity or high resistance could

not be realized with GaN. However, the quality of. the



GaN | ayer was inproved drastically by the growth of the GaN |layer at high
tenperature after the gromh of a buffer |layer on a sapphire substrate at

| ow t enperature, and consequently an undoped GaN | ayer whi ch does not
exhibit strong n-type was obtained. As a result of further studies on GN,
a technique for realizing a GaN |ayer having p-type conductivity or a GaN

| ayer having high resistance has been devel oped, in which N%Eis added to
GaN by usi ng Galyarmyner avé b cimpupved Kirkes 0 dslday dwpdm arrowlireryf Hagnesi um
(Cp2My) as a dopant. GaNis then irradiated with a | owenergy el ectron beam
or heat-treatGadN i hagehmydrbgbnofr etcmpavspheee dfoer chanmpirowilef ef ta
non-patent reference 1). This technique for controlling conductivity

si gni fi cant | pufifer ebsesrtte posspbhlirty substeatiaialy low dodnd raevree

using GaN. [Patent reference 13 International Publication No. 99/23693
panphl et [ Nemdpatentetrekartdyceard] ultispedNakaruiaye'r) aphihels e ddewwr nadt of
Applied Physics", 1991, Vol. 30, L1705 For application to a field-effect
transi stor @eHidelt weemrchlze allysenglas copstahesiubst Rat ea | sesca@ndusti ve,
the substrate nmust be insulated froma device |ayer formed thereon in order
to prevent defradHor aitodied eheGeN, eharatidrgisd ity daliring 3 GaN

layer having p-type condﬁctivity or a GaN layer having
high resistance has been developed, in which Mg is

added to GaN by using organometallic sources like

O

biscyclopentane dienyl magnesium (CpzMg) as a dopant.
GaN is then irradiated with a low-energy electron beam
or heat-treated in a hydrogen-free atmosphere (for
example, refer to non-patent reference 1). This
technique for controlling conductivity significantly
increases the poesibility of realizing an actual device
using GaN.
[Patent reference 1]
International Publication No. 2%/23693 pamphlet
i) [Non-patent reference 1]
Shuji Nakamura, "Japanese Journal of BApplied
Physics", 1991, Vol. 30, L1705
For epplication to a _field~effect transistor
device, when the GaN single c¢rystal substrate 1is
- conductive, the substrate must be insulated from Va
device layer formed thereon in order to prevent

deterioration of element characteristics due to a



current | eakage fromthe device |ayer to the GaN single crystal substrate.
A concei vabl e nethod for ensuring such an insulation state is to dope GaN
with Mg to conpensate the n-type conductivity originally possessed by GN,
to obtain a galliumnitride-based sem conductor |ayer with high
resistivity. However, the inventors found that in formng a single crystal
substrate conprising_a GaN |l ayer having .high resistivity by an M. dopi ng
process, My @#¥¥eReslepkagedé P@etP§y€%VPGWMé§Kﬁ¥tqﬂagﬁﬁxﬁgﬁu%ﬁ@ﬁﬂe
deteriorate the performance of a device such as HEMI or the |like; SUMMARY
OF THE | NVENTF CRCThe SHESEERES nvefit icoN IRV aflen BekhededoforenSHriReg t he
above problem and it is an object of the resent invention to provide a
ni tri de- basesMcBemrcohlEElafiepi tehad ke duvbsteardeonsapabNe witlendari kg
el ectrical insulation between a device |ayer and a GaN_single crystal
substrate, aPemeepadte bheshppressiragducid vdithf eilenrofl NG ReRRRE 3 od
controlling conductivity to the device |ayer side, to provide a nethod of
manuf act uri fyy t GaNsubet phtainandgan LEENT rsirsideatoss qdl )s amil ardicter achi eve
the object, a nitride- based sem conductor epitaxial substrate of the
present invergéonwebhphighsrastamiyifgl.e crystal substrate, an M- doped
first layer epitaxially grown on one side of 4

: However, the inventors found that in forming a

single crystal substrate comprising a GaN layer having
high resistivity by an Mg doping process, Mg diffuses
{:) to a device layer formed on the substrate to
deteriorate the performance of a device such as HEMT or

the like.

SUMMARY OF THE INVENTION

The present invention has been achieved for
solving the above problem, and it is an object of the
present. invention to provide a nitride-based
semiconductor epitaxial substrate capable of ensuring
electrical insulation between a device layer and a GaN

{i) single crystal substrate, and capable of suppressing

the diffusion of Mg added for controlling conductivity -
to the device layer side, to provide ar methed of
manufacturing the substrate, and an HEMT substrate.-

(1} In order to achieve the object, a nitride-
based semiconductor epitaxial substrate of the present
invention comprises a GaN single crystal substrate, an

Mg-doped first layer epitaxially grown on one side of



the GaN single crystal substrate and conposed of AlxGylnl-x-yN (y > 0),
and an undoped insulating second |ayer epitaxially grown on one side of the
first layer and conposed of Al xGaylnl _x-yN (y > 0). A device |ayer is
formed on such a nitride-based sem conductor epitaxial substrate to obtain
a sem conductor device such as HEMI or the like. In the present invention,
‘the My-doped first |ayer has high resistivity or p-type conductivity, and
thus a currehbe’ /GpNakadaIfeomcys tddvi alsyfat s or FPIRRSeR t refle- based
sem conduct or _epi taxi al substrate t@ t he N siqglg crystal substrate can
be suppresseflxBpgbiitheyNund¥ped sBtond®Pdye?li sUBTREUed B R_M S he first

| ayer and the device layer, and thus My diffusion from the first layer to
the device | ageendahaperseppitesdedly Bactieraioradie tHels erorthe afersts
insulating, and thus a current |eakage fromthe device |ayer to the GN
si ngl e crysiéye§u5§@rﬁPﬁpééﬁdefs@6p%@$é¥&1-xﬁyqIﬂ%’ﬁ?é@ent i nvention, the
second | ayer nmay be characterized by a resistivity of 900 | cm or nore.

Wien the second |Zayéevhge tleved evel formedsiat | vRch, 2a nicuridatbasaitage from

the device layer to the GaN single «crystal substrate can be sufficiently

suppressed. Femicondeators akpdtheded t hatubsiertd a Wopambiam a

conpensating conductivity is not introduced, a gallium nitride-based

sen conduct osehagendhatbngdeivglee Fuch as HEMT or the like. 1In the
present invention, the Mg-doped first layer has high
resistivity or p-type conductivity, and thus a current

O leakage from the device layer formed on the nitride- )
based semiccnductor eéitaxial substrate to the GaN
single crystal substrate can be suppressed. Also, the
undoped second layer 1is provided between the first
layer and the device layer, and thus Mg diffusion from
_the first layer to the device layer éan be suppressed.
Furthermore, the second layer is insulating, and thus a
current leakage from the device layer to the GaN single
crystal substrate can be suppressed.

gi) In the present invention, the second layer may be
characterized by a resistivity of 900 Qcm or ‘more.r
When the second layer has this level of resistivity, a
current leakage from the device layer to the GaN single
crystal substrate can be sufficiently suppressed. The
inventors also found that even 1if a dopant for

compensating conductivity 1s not introduced, a gallium

nitride~based semiconductor layer having high



resistivity can be obtained by epitaxial growh while a ratio (hereinafter
referred to as "V/II1 ratio") of a nolar concentration of anmpnia gas to a
‘nol ar concentration of group-1I11 raw material gas containing Gais

mai ntai ned at 1875 or nore. This technique for nmaintaining a high V/111
ratio can be used for form ng the undoped insulating second |layer. It was
found from experinents that when the second layer is forned with a V/III

rati o of 1875esStEEivadiysCay Bp Sotaideddonderiayiitalsovotazyilen & he
present invention, the second layer preferably has a thi c&k‘net;ss of 2.5 pmor
nore. The iBeéAPorQersind et FREcgspanttavr®f "ViHe Ifli ratiyker oLdid f uses
by about 2.5 min the thickness direction of. the substrate. Therefore,
with the secbrdarayeroneitgpt 3o hi nesamBpn2as5 gia®dr &6r e, @ MyT@ilffusi on to
the device layer can be nore effectively suppressed. In the present
i nvention, thentepstratagar afaydkawe-I9I praypasceithect | 938 ycomheanting
My-doped first |ayer has p-type conductivity, the first |layer functions as
a barrier agaiist mistiaioredi att A8 7devicandbger, ey ebgychriugpeedsimg a
current |eakage to the GaN single crystal substrate. In the present
i nvention, amadntiepadngndetiigng’/IByeratbapesed f Wadayonl ferylingy > 0)
is preferably inserted between the GaN single crystal substrate and 6

the undoped insulating second layer. It was found from

experiments that when the second layer is formed with a

V/III ratio of 1875, the resistivity of the second
,\D layer is 900 Qcm.

In the present invention, the second layer
preferably has a thickness of 2.5 uym or more. The
inventors found that the dopant Mg of the first laver
diffuses by about 2.5 pum in the thickness direction of
the substrate. Therefore, with the second layer having
a thickness of 2.5 pm or more, Mg diffusion to the
device layer can be more effectively suppressed.

In the present invention, the first layer may have

&:) p-type conductivity. When the Mg-doped first layer has
p-type conductivity, the first layer functions as a .
barrier against electrons in the device layer, thereby
suppressing a current leakage to the GaN single crystal
substrate.

In the present invention, =an undoped underlying

layer composed of AleayInl_x_yN (y > 0) is preferably

inserted between the GaN single crystal substrate and



the first layer. By providing such an underlying |layer, layers forned above
the first layer can be provided with a flat norphol ogy. Consequently, the
characteristics of a sem conductor device using the nitride-based
sem conductor epitaxial substrate of the present invention can be inproved.
(2) An HEMI substrate according to the present invention conprises the
above-descri bed nitride-based J sem conductor epitaxial substrate of the
present inveRt¢oRirgtchanREl | ayer conposed of Al xGayl ni-x-yN (y > 0) and
formed on the nitride-based sem conductor epitaxial substrate, and an
el ectron supplyi MY | 8J%aVi¢HRPosTECHf 20 x CAHFRFLYIPR (}aves) ahayEsSmed on
the channel layer. In the HEMI substrate of the present invention, as
descri bed abbvenefy afiffustba fhions hé aiietr | @eb bifedrre¥aredndiictior 2
epitaxial substrate to the channel layer can be suppressed, thereby
i nprovi ng t helateaprpholeghi-l i tyoRsCHEMTIE LBy toenithprecbertetetecpfode, a
gate electrode, and a drain electrode on the HEMI substrate of the present
i nvention, an HEMmieendectobt ai @edicel) WskeGhodtbe nmanitasderbaged
nitride-based sem conductor epitaxial substrate of the present invention
conprises theemiepaduttepit BHidlaxigyt onsgpstrarte of the present
invention can be improved.
(2) An HEMT substrate according to the present
invention comprises the above-described nitride-based
{j) semiconductor epitaxial substrate of the present
invention, a channel layer composed of AlyxGayIni_x_yN
(y > 0) and formed on the nitride-based semiconductor

epitaxial substrate, and an electron supplying layer
composed of AlXGayInl_x_fN (y > 0) and formed on the
channel layer;

In the HEMT substrate of the present invention, as
described above, Mg diffusion from the nitride-based
semiconductor epitaxial substrate to the channel layer

{i) _ can be suppressed, thereby improving the electron
mobility of HEMT. By forming a source electrode, a -
gate electrode, and a drain electrode on the HEEMT
substrate of the present invention, an HEMT can be
cbtained.

(3) A method of manufacturing a nitride-based
semiconductor epitaxial substrate of the present

invention comprises the steps of epitaxially growing,



on one side of a GaN single crystal substrate, an My- doped first |ayer
conposed of Al xGylnl-x-yN (y > 0), and epitaxially growi ng an undoped
i nsul ati ng second |ayer conposed of Al xGaylnl-x-yN (y > 0) on one side of
the first layer in a growth reactor. In the thus-obtained nitride-based
sem conductor epitaxial substrate, the My-doped first |layer has high
resistivity or p-type conductivity, and thus a current |eakage forma
devi ce | ayer droromel sadeheia rGeld- Basgde swHdEildusiostepieaxeal Marbstrat e
to the GaN single crystal substrate can be suppressed. Al so, the undoped
second’ | ayerddredr bYF dbd 5o EHe<irTiReSed r §F Pdr&rvand -x-ha dbvi e Nayer, and
thus My diffusion fromthe first layer to the device |ayer can be
suppressed. aFudt bpiftexéalillye geceohnlg| arer uhdopaduliatswlsntiang skesna
current | eakage fromthe device |ayer to the GaN single crystal substrate
can be supprésserr gampdredertifabt @i hgl artp¥d (8f >t Ae presast sideverdti on,
the insulating second layer is preferably epitaxially grown by supplying to
the grow h react dfirsr dlgydt |imaav gmtethakegasoront ai ni ng Ga and amoni a
gas while maintaining a ratio of the nolar concentration of the amoni a gas
to the nolar condentthéi drhwed-diitm guiedprildr irdevbestest | abmgasndiict8z5 or
nore. As described above, when the second layer is forned with a V/1I
rati o of 187®pitexireki stbhyttytef tBe Mg-doped first layer has high
resistivity or p-type conductivity, and thus a current
leakage form a device layer formed on the nitride-~based
£
‘:)_ semiconductor epitaxial substrate to the GaN single
crystal substrate can be suppressed. Also, the undoped
second layer is provided between the first layer and
the device layer, and thus Mg diffusion from the first
layer to the device layer can be suppressed.
Furthermore, the second-layer is insulative, and thus a
current leakage from the device layer to the GaN single
crystal substrate can be suppressed.
In the manufacturing method of the present
fj) invention, the insulating second layer is preferably
epitaxially grown by supplying to the growth reactor
group-III raw material gas containing Ga and ammonia
gas while maintaining a ratioc of the molar
concentration of the ammonia g¢gas to the molar
concentration of the group-III raw material gas of 1875

or more. As described above, when the second layer 1is

formed with a V/III ratio of 1875, the resistivity of



the second layer is 900 Ocm thereby effectively suppressing a current
| eakage fromthe device layer to the GaN single crystal substrate. In the
manuf acturi ng met hod of the present invention, after the first |ayer is
grown, the growh reactor preferably is heated with the substrate being
renoved fromthe growh reactor, and then the second layer is epitaxially
.grown on the first layer. Al though 2My can be used as a dopant source for
0 fornming tHédirastcdrayerlapPML s end80t ofds8, defdsinedy ore L et ivaelyof the
growt h reactor and various nenbers such as_a substrate tray, and the |ike.
Al so, when &VPHIRSETIRE &t EUBEEBGCH e ag M dhdtNeRdeydps e yer BN growt h
deposited on the wall of the growth reactor and various nenbers, are heated
to hi gh tenpdeatGate simgle ceestal pebshsadie-The present invention further
conprises the step of heating the growth reactor before the undoped second
| ayer is forned, Ifor e poegeacéiirdnenoReiiodn Mf relB&si mireoente to
inmprove the purity of the layer to be then epitaxially grown. The
manuf act ur i Agviestthiem of afherpritdsenfizsivehtven I efeewbl y ther tdveewtbnpri ses
the step of heating the growh reactor with the substrate being renmoved
from the ré&sadorafprefenabdeccird hegeedi wiitdy nple gubsthetestleping
epitaxially growing an undoped insulating third |ayer conposed of
AlxGayl n1_x remomed> Byowon ttiee geevhll r®actor, and then the second
layer is epitaxially grown on the first layer.

Although Cp:Mg can be used as a dopant source for

{:) forming the first layer, Cp:Mg tends to be deposited on
the wall of the growth reactor and various members such
as a- substrate tray, and the 1like. Alsoc, when an
intermediate product of Cp;Mg and NH; supplied 'in GaN
growth deposited on the wall of the growth-reactor and
various members, are heated to high temperature, Mg is
easily released. The present invention further
comprises the step of heating the growth reactor before
the undoped seccnd layer is formed, for the purpose of

gt) removing an Mg releasing source to improve the purity
of the layer to be then epitaxially grown.

The manufacturing method of the present invention
preferably further comprises the step of heating the
growth reactor with the sﬁbstrate being removed from
the reactor after the second layer is formed, and the
step of epitaxially growing an undoped insulating third

layer composed of AlyGayInj.y-yN (y > 0} on the second



| ayer. Although My diffuses as an inpurity fromthe first layer to the
second | ayer, the My concentration at the surface of the second |ayer is
“apparently lower than that at the interface between the first |ayer and
second | ayer. Wen the third layer is forned after the growh reactor is
heated for renoving the My rel easing source, the concentration of My
diffusing fromthe second |layer to the third layer is |lower than the 0
concentrati obR¥#TMy diffusing fromthe first layer to the second |ayer.
Therefore, in the resultant nitride- based sem conductor epitaxial
substrate, the MPLEeRit@ntiat FoRTRESHt §5s6r dAPWedohes Tkt radef §rfbw. In

t he manufacturing nmethod conprising formng the third |ayer, the thickness
of the secontRYe¥ekomklrehEeqPis phd YR nokle HPs&onckatmstciateskt ofhehe third
| ayer may be 0.5 pmor nore. Since the remaining My is renoved by heating
bef ore each Diriameesédonthangscrned 138§%r & 5 s2PRR ARt L ind oMerdi ¥R@Bion i s
prevented in the two steps, i.e., the second and third Iaéers, My

i
di ffusi on t Ehde i dd19 ayetefifdEcakadasqys f thicenfiystsuppresseandy t he

two | ayers each having the above- descried thickness. Nanely, the
ni tri de- base¥eC@Rei Lokt oF Repi thei ahigidhdavare nd ernrdizktenried by

epitaxially growing a sem conductor |ayer on the substrate can be thinned.
10 growth reactor is heated for removing the Mg releasing

source, the concentration of Mg diffusing from the

second layer to the third layer 1is lower than the

i) concentration of Mg diffusing from the first layer to

the second layer. Therefore, in the resultant nitride-

based semiconductor epitaxial substrate, the Mg
concentration at its surface becomes extremely low.

In the manufacturing method comprising forming the

third layer, the thickness of the second layer may be

0.5 pym or more. Also, the thickness of the third layer

may be 0.5 pm or more. Since the remaining Mg is

removed by heating before each of the second and third

gf) layers 1s formed, and Mg diffusion is prevented in the

two steps, 1i.e., the second and third 1layers, Mg

diffusion to the device layer side can be sufficiently

suppressed by the two layers each having the above-

descried thickness. Namely, the nitride-based

semiconductor epitaxial substrate and a device formed

by epitaxially growing a semiconductor layer on the

substrate can be thinned.

10



I n the manufacturing nmethod of the present invention, an undoped underlying
| ayer conposed of AlxGaylnl x yN (y > 0) is preferably epitaxially grown
on the GaN single crystal substrate before the epitaxial growmh of the
first layer, and then the first Jlayer is formed on the underlying |ayer. By
providing such an underlying |layer, layers forned above the first |ayer
can be provi ded Wﬂ}h 9h§”n%kad?¥8yﬁfi . ﬁgﬁﬁb regglt,tﬁge gg%%%%kgristics
of a sem conductor” device "uSing . the nitri e-%ase sem conductor epitaxia

substrate of, the present_ i ms(‘%gfedp% C%@‘%Z‘Wr a?/ﬁgyée R_Iclélfnplg%%g?l P ON OF

THE UWWVNG§Hﬂgure "is a View SC om ng-a nitride-based

sem conduct %Jaﬁq:%é‘}%ﬂ%ayslgfg&; 3t @) q_%pﬁgfgf&at%]}aneﬁrpgg%ggﬂg o olfie present

i nvention; ng show rig an HEMI using t pit axi al
substrate shown jn Fig..1; Fi e 3.1s | owchar, how .ng.-a_net hod of |
manuf act uri n%f‘a Jﬁp?ri g;g}%asseﬁie‘?ﬁ cS%Hﬁ?? r 5’8?’%5%‘%@ Jb‘g{l%lé?r att Saccor di ng
to the present.jinvention: Eigure 4 is.a drawing show an RE_appar at us
for nanufact%ﬁ%?ﬁf%éiﬂQ$?%%@Hﬁéeﬁh%eﬁ+E%ﬁdg%¥%€’ %% tggFﬁlt ﬁbéPFﬁge; Figure
5 is a drawijhg show ng,a niLtri d?hbased em corlduct or i taxi al.dsubst rate
according to et TRFBSHi RBnElST YRS T IYeddnt A Rfent i BH; P19 viding

such an underlying layer, layers formed above the first

layer can be provided with a smooth morphology. BAs &

result, the characteristics of a semiconductor device
éj) using . -the nitride-based semiconductor epitaxial

substrate of the present invention can be improved.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a side wview schematically showing a
nitride-based semiconductor epitaxial substrate
according to an embodiment of the present invention;

Figure 2 is a drawing showing an HEMT using the
epitaxial substrate shown in Fig. 1;

Figure 3 1is a flowchart showing a méthod of

{i) manufacturing a nitride-based semiconductor epitaxial
substrate according to the present invention:

Figure 4 is a drawing showing an OMVPE apparatus
for manufacturing a nitride-based semiconductor
epitaxial substrate; |

Figure 5 is a drawing showing a nitride-based
semiconductor epitaxial substrate according to another

embodiment of the present invention;

11



Figure 6 is a drawing show ng a test wafer used in an exanple carried out
for determning a relation between a V/IIIl ratio and resistivity of a GaN

| ayer; Figure 7 is a graph showing the relation between the V/III ratio and
resistivity in an exanple; Figure 8 is a profile show ng an My concentration
distribution in an exanple of the present invention; and Figure 9 is a
profile show ng an concentration, distribution _in a conmparatiye exanple.
DETAI LED DESCRI Pﬂld%gf@ éFHé | B\ PRRPELNEd2e BSE MEHE 3S8%he Bresent
invention wll be described jn detail below with reference to the attached
drawi ngs. | 2% heaRYS ptGor 18he %‘gma I e B RENGt edf PA? T IHRM sane
reference nunerals to void duplication. Figure 1 is a side view show ng a
ni tride- basEtwesR C%ﬂ“ﬂ%%%l’r@fﬂ@. 374l TeabstANtE Y10 Tadc &Rl NG H&F 7an

enbodi nent of the present invention. The epitaxial substrate 10 conprises a
GaN singl e cryst A1BUsstfaté 2119T3pN uBBSYERICINIY hERRRAPRePS &8 ed to as
"u- GaN") Iayerxgunderlying | ayer) 12 epitaxially grown on the substrate
11, an M- dope, VA Bh-Fasiet3RE t e ThNC L ¥y EY 1pf PPsEXpEPE®’ 13 epitaxial ly
grown on the u-GaN layer 12 (i.e., on one side of the GaN single crystal
substrate 11), afd@¥eurfloptd2 RTERIA&sishaWing @M cppcentration

distribution in an example of the present invention:;
and
Figure 9 is a profile showing an Mg concentration
i:) distribution in a comparative example.

DETAILED DESCRIPTION OF THE INVENTION

Preferred embodiments of the presént invention
will be described in detail below with reference to the
attached drawings. In the description, the same
elements are denoted by the same reference numérals to
avoid duplication. | |

Figure 1 is a side view showing a nitride-based
semiconductor épitaxial substrate 10 according to an

fj) embodiment of the present invention. The epitaxial
substrate 10 comprises a GaN single crystal substrate -
11, an undoped GaN (hereinafter referred to as "u-GaN")
layer (underlying layer) 12 epitaxially grown on the
substrate 11, an Mg-doped, high-resistivity GaN layer
{first layer) 13 epitaxially grown on the u-GaN layer
12 (i.e., on one side of the GaN single crystal

substrate 11), and an undoped, high-resistivity u-GaN
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| ayer (second |ayer) 14 epitaxially growm on one side of the

hi gh-resistivity GaN | ayer 13. By formng a device |layer conprising a
plurality of sem conductor |ayers on the epitaxial substrate 10, various
sem conduct or devices such as field effect transistor (PET), heterojunction
bi pol ar transistor (HBT), high electron nobility transistor (HEMI),. etc.,

can be obtai ned. t hi s enbodi t, an,p-t conductive substrat

used as the GENSS| nG?@eC‘?}?% Elye§gegt4k a?%lgixxgﬁéyn e GANCES ngslléieecrystal
substrate 11 can be ined b for npl e, dri de vapor phase epitaxy
process (HZPPE hoc §§‘ Irr‘leEtlrﬁyts1 egég L%V §| ‘ngl %Y E g P9sibstrate
11 havi ng hlgh crystalllnlt can be manuf act u ed by F.so Qalled | atera
growt h technf§¥éce THRYEAN SMRTESHRYsfal Psibatthale Al PETRGLRNET By an
appropri ate pethod accordlng to depand, and has a thickness of, for
exanpl e, abot#¥256 m B 50BRF THRLLREEAL | ayRHP %Eﬁﬁ%ﬁlyﬁﬁb | ay@E)oNs j s
formed to a thickness of about 0.1 mto 1.0 m _The u-GaN | ayer 12 can
provi de a snﬁéﬁﬁcﬁﬁﬂﬁﬁﬁFégyc?BlFﬁé ﬁ&%@?saﬁhﬁéﬁlfhr%ff%%% &F@Wﬁléﬁcﬁhe | ayer
12. Al though the u-GaN 12 is not necessarily provided, the u-GN

layer 12 isf Bﬁgﬁeré%??eﬁPgVPGéécherR%;6§|h@r%?§é% PTi niHBL) andisfoot hness

of the high- reS|st|V|ty &N layer 13 and the | ayers forned thereon, and the
devi ce | ayer® Iggtron mobility transistor (HEMT), etc., can be

obtained.
In this embodiment, an n-type conductive substrate

{:) is used as the GaN single crystal substrate 11. The n-
type GaN single crystal substrate 11 can be obtained by,
for example, a hydride vapor phase epitaxy process
(HVPE process). . In this process, the GaN single -
crystal substrate 11 having high crystallinity can be
manufactured by a so-called lateral growth technique.
The GaN single crystal substrate 11 is polished by an
appropriate method according to demand, and has a
thickness of, for example, about 406 um to 500 um.

{i) | The u-GaN layer (underlYing layer) 12 is formed to
a thickness of zbout 0.1 um to 1.0 pm. The u-GaN layer
‘12 can provide a smooth morphology to the layers which
are then grown on the layer 12. Although the u-GaN
layer 12 is not necessarily provided, the u-GaN layer
12 is preferably provided for improving crystallinity
and smoothness cf the high-resistivity GaN layer 13 and

the layers formed thereon, and the device layer.
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The high-resistivity GaN layer (first layer) 13 is doped with My for
conpensating the n-type conductivity originally possessed by GaN, and has
 high resistivity, i.e., insulation. The thickness of the high- resistivity
GaN | ayer 13 is about 0.1 mto 1.0 m The high-resistivity GaN | ayer (second
| ayer) 14 is epitaxially grown to a thickness of about 0.5 pmto 5 mon
‘the high-resistivity GaN Ia%er 13. . The GN_. layer 14 has high resistivity in
spite of no dopi nh® Bi¥R-ARSEAPLVLEY FBN éaMpenddtintd dévddetidd t3S more
specifically, the hi,%h-resi stivity GaN | ayer 14 has a resistivity of, for
exanpl e, 90098Reth B TRoME THd SURIPED IR byd eBRBf N AyBRatGoeRVEE ki Y i ci ent | y
suppress a current_| eakage fromthe device [ayer to the GaN single crystal
substrate 110rhoipehdd BPSESEFTy RUGRN |3y@r hagi hidbe r@sd&tipad el ow. The
nitride-based sem conductor epitaxial substrate 10 havi ng the
above- descri be®l- confilFla s - has the f ofhoGkRESEr f k. Fhet hikd @wbodi nent
the My- doped high-resistivity GaN |layer 13 is provided to suppress a
current | eakbgelistbnitheGabviaweraydr ifopedtt &n lt e & tlaki afm.substrate 10
to the GaN single crystal substrate 11. Al so, the undoped_high-resistivity
GaN |ayer 14 forthel BAghh&eRighivdsvstGaN t yaggn | bSegond 1akAsti o as a
barrier for suppressing Mj diffusion fromthe high-resistivity GaN | ayer 13
to the devicks emitaxially grown to a thickness of about 0.5 um to
5 um on the high-resistivity GaN layer 13. The GaN
layer 14 has high resistivity in spite of no doping
D with éh impurity for compensating conductivity. More
specifically, the high-resistivity GaN layer 14 has a
resistivity of, for example, 900 Qcm or more, and such
a degree of insulation can sufficiently suppress a
current leakage from the device layer to the GaN single
crystal substrate 11. A method of forming such a layer
will be described below.
The nitride-based semiconductor epitaxial
substrate 10 having the above-described configuration
) has the following effect. 1In this embodiment, the Mg-
doped high-resistivity GaN layer 13 1is provided to
suppreés a current leakage from the device layer formed
on the epitaxial substrate 10 to the GaN single crystal
substrate 11. Also, the undoped high-resistivity GaN
layer 14 formed on the high-resistivity GaN layer 13
functions as a barrier for suppressing Mg diffusion

from the high-resistivity GaN layer 13 to the device
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| ayer. Furthernore, the high-resistivity GaN layer 14 is insulative
(resistivity of, for exanple, 900 Qmor nore, as described above),

| ayer 14 haV|n a thldiness of 2
My di f f usi on™ ftr‘n"‘es
| ayer) 12,

ettt ?gogsg.det SEeTREEeR) PPk Ry

hi gh-resi sti @i t§"
Al I n&GaN, or the i ke, cifj by Al xGyl nl -x-yN (y > 0).
a@aﬁF} S di

2 is a side viBRLScRENET

epi t axi al

O
Ay

preferabl 1ck ess o or more. The

inventors found from an experiment that an Mg dopant in
the high-resistivity GaN layer 13 diffuses by about 2.5
pm in the thickness direction (the upward direction in
a drawing) of the substrate (refer to the experimental
results described below in examples). Therefore, the
high-resistivity GaN layer 14 having a thickness of 2.5
pm or more can more effectively suppress Mg diffusion
to the device laver.

Beside GaN, the u-GaN layer (underlying layer) 12,
the high-resistivity GaN layer (first layer) 13, and
the high~resistivity GaN layer (second layer) 14 can be
made of AlGaN, InGaN, AlInGaN, or the like, which is
specified by AlyxGayInj_x-yN (y > 0).

Figure 2 1is a side view schematically showing a
High Electron Mobility Transister (HEMT) 70 using the
epitaxial substrate 10 shown in Fig. 1.

The HEMT 70 comprises an HEMT substrate 60 of this

embodiment, which comprises the epitaxial substrate 10

and a device layer 50, a gate electrode 55, a source

15

thereby
further suppressing a current |eakage fromthe device |layer to the GaN
single crystal substrate 11. In this enbodinent, the high-resistivity GaN

| ayer 14 preferably has a thickness of 2.5 mor nore. The inventors found
froman experinent t pa . the hi.gh-.resi t l.gyer 13
di ffuses by gﬁgﬁf 2. 5§£%§4%9§h]?%etﬁéiﬁ;% régﬁgi##g %%nxﬁ§%g &%ward
direction in ng)_of the. substLate (r er tot X nt a

results descF?bé@ﬁgmﬁﬁi %8Fee%ﬁmP qu#ﬁﬁe@%@t@&ity GaN
m, or re.can effectlvelﬁ suppr ess

a@flylng
o TSR & §~ t'V'EX %hﬁgbﬁﬁ U b R aboor T GERY | nGan

Hi gh El ectron Mbility Transistor
HEMT) 70 t t bst h F 1 he HEMI 70
gonpr?ses gﬁ'ﬂ% ?guﬁgg%a?@bgg %%nt r%hl ﬁﬁb g@% igﬁh%gﬁycgﬁﬁ ﬁ?@? t he

substrate and a deV| Ia er ate el ectrode 55, a source
13 nd, 2 dgvigs % 8.9218



15 el ectrode 56, and a drain electrode 57. The device |ayer 50 conprises a
channel | ayer 51 conposed of u-GaN fornmed on the epitaxial substrate 10,

" and an electron supplying |ayer 52 formed on the channel |ayer 51. The
gate electrode 55 is nade of, for exanple, Au, and the source el ectrode 56
and the drain electrode 57 are made of, for exanple, Ti/A . Wen the HEMI

| ayer of thEYBRATIS | Byer SA0t6 dGhf Lhe B IR IREpBad of DBEr AP LTSReTor . As
descri bed ahove, the HEMI substrate 60 qf .the Ml 70 uses the_ epitaxial
Substrate 10298H LU SRl FUSTBIFLoM SRS SHbSOTREED 1o HHerEnannel
can be.Kept TRFGIFS b eSPey R G L eP LA SR oD 11 (5P n SPh FERREDD. Next »
a nethod of manufacturin e%hgzn%tridg-bas S m_condyct or i taxj.al
Substrate 16UCRHAD FHEeT 152] EQFPPangRdebe: FHRSTRL H 2@ e e I a
he { ol | ol BB SIEGIORE PF) A2 AR rak; THe CKRFELRgl Aver yoRh|tRBbSL r at .
1L o Pl chaced (10U, (8 The ol shasie chystal subet i o 4 dgget 1
of, for example, Ti/Al. When the HEMT is operated, a
two-dimensional electron gas layer 1is formed in an
upper layer of the channel layer 51 to achieve a high-
{) speed electron transfer.
As described above, the HEMT substrate 60 of the
HEMT 70 uses the epitaxial substrate 10, and thus Mg.
diffusion from the substrate 10 to the channei layer 51
- ¢can be suppressed. Therefore, the purity of the
channel layer 51 can be kept high to realize a high
electron mobility in the HEMT 70.
Next, a method of manufacturing the nitride-based
semiconductor epitaxial substrate 10 shown in Fig. 1
{:) will be described with reference to a flowchart of Fig.
3. : .
The manufacturing method of this embodiment
comprises the following steps (A) to (F):
(A} First, the GaN single crystal substrate 11 is
prepared (S101).

(B} The GaN single crystal substrate 11 is set in

an OMVPE apparatus, and then heat-treated to smooth the
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16 substrate surface (5102). (C) The u-GaN layer 12 is epitaxially grown on
the GaN single crystal substrate 11 (5103). (D) The M- doped

hi gh-resistivity GaN layer 13 is forned on the u-GaN |l ayer 12 (5104). (E)
The substrate is renoved fromthe growh reactor after the above growth

and the gromh reactor is heated (5105). (F) ‘The undoped, insul ating

hi gh-resistivity GaN |ayer 14 | E rmed on the high-resistivity GaN | ayer
13 (S106). %%Q%tB?t%h%ug§%5§ ﬁﬁip Ee described below. First, a description
will be made of the step (A) . (5101) of preparing.the GaN single crystal
substrate 11. Th@”Gﬁ@%ﬂqﬁﬁ%Nc$?¥?gl1%u§§t?8953%}aéiﬁ & WG fBd B¢ any one
of various known nethods. For_exanple, International Publication No.

99/ 23693 parfpH e31n¢ & cFH¥ekat hatbEhEataNI i A§l83¢rystal substrate 11

havi ng few defects can be formed by so-called lateral _growth using an Si02
mask havi ng aper tdtlestior¥gadoprar 8igh—1es isthivadde dfaN htavatislgdr déin caN
single crystal substrate 11 is Eolished by an abrasive, and then cl eaned
with a liquitPewred &3 Pis eiviedlr layernd2 ngeﬂ)hbxt, the heat treatnent step

(B) (5102) will be described. First, the GaN single crystal substrate 11
(E) The substrate 1is removed =~ from the growth

reactor after the above growth, and the growth reactor
is heated (S105}.
(F) The undoped, insulating high-resistivity GaN
i:) layer 14 is formed on the high-resistivity GaN layer 13 -
(S106) .
Each of the steps will be described belcow.
First, a description will be made of the step (A)
(5101) of preparing the GaN single crystal substrate 11.
The GaN single crystal substrate 11 can be formed by
any one of wvarious known methods. For example,
International Publication No. 99/23693 pamphlet
discloses that the GaN single crystal substrate 11
gi) having few defects can be formed by so-called lateral
growth using an Si0; mask having apertures formed -
therein. The surface of the thus-grown GaN single
crystal substrate 11 is polished by an abrasive, and
then clezned with a liquid such as pure water or the
like.
- Next, the heat treatment step (B) (5102) will be

described. First, the GaN single crystal substrate 11
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17 prepared as descri bed above is set in the OWPE apparatus 20
schematically shown in Fig. 4. The ONVPE apparatus 20 is adapted for
“epitaxially growing a galliumnitride-based sem conductor by an OWAPE
process, but the substrate 11 is heat-treated in this apparatus before the
epitaxial growh. The OWPE apparatus 20 conprises a vertical growth

.reactor 22 in_which.a raw ri.al gas.is injected to .the surf f the
substrate 11p7f?8ﬁ1r3ddi %gct ggtﬁ%r\}%retd?caalbqvoe t he substra ]g SEIP? ac@‘.&s%' e growh
reactor 22 mainly,conprises raw.naterial, suppl i.pes 21a 1.0 I 0 which
raw mat eri al a%gréﬁﬁsggpr X ?‘e&g\glacr%l ¥e§}b%"é‘?i %%I glgth&I'i eaﬂfh%n&ggﬂ ust pi pe
230 for evacuati ng t he,react or gnd eéha sti n%pf@ses gfri ng %rgwt hé a wafer
tray 32 on WAPRATATPFurdlity° of 292RbELr ar 85 1 aXtf ~dnd*h°HedPer233 for
heating the er tray 32 from bel ow., Al so, a water-cogQli jacket 34 is
brovi dod i G LOHB PO ERERLER e TGRS Y )b SR ARt 65 22 1 o
t he purpose of preventing a, reactjon of a_raw material gas due to heating
bef or e reac}IWFlgtgﬁe Sé‘%’l?g:trtagtee L EUuPBREF OFELE] 4R &}h’g‘s nPEhE T 44 i s
provided b thezgromﬁh reactor 2 for rotating the wafer tray 32. The

elo 2
drivi ng rrechké?\g%ﬁ?4 BofiptFediad FECsti41, and a rotational shaft 43 to

uhi ch Totation ofy et o A1, 1oL g mLLLed L onah helf 42, The

‘reactor 22 in which a raw material gas is 1njected to
the surface of the substrate 11 from a direction’
EQ vertical to the substrate surface. The growth reactor ‘
22 mainly comprises raw material supply pipes 2la to
2le to which raw material gas and carrier gas are
“respectively supplied, an exhaust pipe 230 for
evacuating the reactor and exhausting gases during
growth, a wafer tray 32 on which a plurality of
substrates 11 is set, and a heater 33 for heating the
wafer tray 32 from below. Also, a water-cooling jacket
34 is provided in an upper portion of the inside of the
\) growth reactor 22, for the purpose of preventing a
reaction of a raw material gas due to heating before .
reaching the substrate 11.
Furthermore, a driving mechanism 44 is provided
below the growth reactor 22, for rotating the wafer
tray 32. ' The driving‘mechanism 44 comprises a motor 41,
and a rotational shaft 43 to which rotation of the

motor 41 1is transmitted through a belt 42. The
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18 rotational shaft 43 is introduced into the growh reactor 22 through a
magnetic fluid seal 44, the upper end of the rotational shaft 43 being
connected to the bottomof the wafer tray 32. The magnetic fluid seal 44
is provided around the rotational shaft 43 to close a through hole of the
grow h reactor 22 through which the rotational shaft 43 is passed. As the
wafer tray 32, a carbon material coated with Si C can be used, and _can be
rotated at &otiajiodpeed D12t orddxakdl elnFREECEd 18D80r phiBy FHREWERI vi ng
mechani sm 40. In the OWPE apparatus 20, the  GN single crystal substrate
11 i s heat - teastted B2 R RPEFPAI Ag e edbcut Tlusdnissgted bkt ER S UBRPRAL e
tenperature of about 1020C under_a reactor pressure of about 26.7 kPa while
suppl yi ng, f&d exanbhe, reEaiiangl NeBadE 33| hebrangonnestes Shebbe
treatnment step, abrasive flaws remaining on the surface of the substrate 11
are renovedbodtosl anbrrhe tHadsuriaes. 3glext , The desgriggiicorf Wid #edlbe nmade
of the step (C (S103) of epitaxially growng the u-GN |ayer 12 on the
GaN si ngl e édysitsalpmupsdedt er PundAfhe Xdica hbanalt pdaditerdd stepcidyeis
conpleted, epitaxial gromh is preferably started without renoval of the
substrate 12 Yhwmahehglewd! ricket growth irgpapreveri fdrayit avhhaki on of
the surface of the substrate 11. In epitaxially growing the u-GN |ayer 12,

the rotational shaft 43 1s passed. As the wafer tray

32, a carbon material coated with SiC can be used, and

can be rotated at a high speed of, for example, about
<) 1000 rpm by the driving mechanism 40. ,

In the OMVPE apparatus 20, the GaN single crystal

substrate 11 is heat-treated by maintaining for abouﬁ
15 minutes at a substrate temperature of about 1020°C
under a reactor pressure of about 26.7 kPa while
'supplying, for example, 11 slm of NHs; or 5 slm of Ns.
In this heat treatment step, abrasive flaws remaining
on the surface o¢f the ‘substrate 11 are removed to
planarize the surface.

{) . Next, a description will now be made of the step
(C) (8103) of eritaxially growing the u-GaN layer 12 on -
the GaN single crystal substrate 11. After the heat
treétment step (B) 1is completed, epitaxial growth is
preferably started without removal of the substrate 11
from the grcwth reactor 22, for preventing
contamination of the surface of the substrate 11.

In epitaxially growing the u-GaN layer 12,
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19 trimethylgallium (TM5 as a group-111 raw material gas containing Ga,
hydr ogen gas (H2) for carrying trinmethylgalliumtoward the substrate 11,
and anmonia gas (NH3) are supplied to the gromh reactor 22 under a
condition in which the substrate tenperature is decreased to about 1000C
after the heat treatnment, and the pressure in the growh reactor is set to

about 26.7 kPa 00. To . a _descriptio 111 _be de .of the step (D)
0 (S104) of oA R MO O . Eod SRR 1t GBI FAPEEL28. 549 ¢ hi &
step, 11 sl m of ampnia gas, 175 mol /mn of trjnethylgallium and 4.5

mol / min of AATEERoPSnt %%e di g’ﬁ'ﬂlporgé’dhesigﬁﬁ ( CHZM) s‘lé?gﬁn ng 2 Y2 2 Hopant
for conpensating conductivity are supplied, to the growh reactor, under a
condi tion i FAiMIPYheal 58t favarlendt aPUPETF&taboUt: 18B8C2ERR ithe
pressure in the growh reactor, is set to about 26.7 kPa (2200 Torr). As the
dopi ng- gas 9GS cﬁﬂﬁénsaé"tq FFRRINRELE Qi t5e Bravkly aeagteycrepsndsed ényl
magnesi um such as . nmet hyl cycl opent adj enyl pmagnesi um et hyl cycl odi enyl

magnesi um &CAHEIIRe rRy BEBAed Fhepi éé:@sgfra@gw‘;erm@rﬁ BRerediSstivity

| ayer 13 fornmed as the first Iager on the u-GN layer 12 may have p-type

conduct i vi t geaneasrd taseboatt POgFowhteheblte heaht fEsatmepnthe aper f or med

at 600 to 800C in a hydrogen-free atnosphere such as an N2 at nosphere or
the pressufe in the growth reactor is set to about 26.7

kPa (200 Torr).
Next, a description will be made of the step (D)
O (S104) of forming the Mg-doped high-resistivity GaN
layer 13. In this step, 11 slm of ammonia gas, 175
umol/min of trimethylgallium, and 4.5 umol/min of
biscyclopentane dienyl magnesium (CppMg) serving as a
dopant for compensating conductivity are supplied. to
the growth reactor under a condition in which the
substrate temperature is about 1020°C, and the pressure
in the growth reactor is set to about 26.7 XkXPa (200
Torr). As the doping gas for compensating conductivity,
) alkylated cyclopentadienyl magnesium such as
L methylcyclopentadienyl magnesium, ethylcyclodienyl -
magnesium, or the like inay be used in place of CpyMg.
The high-resistivity layer 13 formed as the first
layer on the u-GaN layer 12 may have p-type
conductivity. In this case, after growth, heat
treatment may be performed at 600 to 800°C in a

hydrogen-free atmosphere such as an N; atmosphere or

20



20 air. When the My-doped first layer 13 has p-type conductivity, the first
| ayer 13 functions as a barrier against electrons in the device |ayer 50,
t hereby suppressing a current |eakage to the GaN single crystal substrate
11. A description will now be nade of the step (E) (S105) of heating the
growh reactor. In formng the high-resistivity GaN | ayer 13, Cp2Mj or the
like is wused as a dopant source, but it tends _to be adsorbed or deposited

on the wall 8irthe JHHR htheacderdopedadd ot Javedus lhend@ss RUEWPEs t he
wafer tray 32, and the like. Al so, when an _internediate product of Cp2My
and, NH3 supphfeativitaN §Rewthraépdsaivedd lon UREtigINs ¢fS tthdaxF bk h
reactor and various nmenbers, are heated to a high tenperature, My is easily
rel eased. Thagelines, cthetzobstrike Bhei deehtwedldyem tHe gridwerekgact or 22
after the high-resistivity GaN layer 13 is formed in the course of
production, angprhesgngwehchszendr 122kage Meattdd GalN tsiagle pusesodlr enovi ng
an My releasing source, inproving the purity of the layer to be then
epitaxially grbabratlexill.a description will be nade of the step (F) (S106)
of formng the high-resistivity GaN layer 14. In epitaxially grow ng the
hi gh-resistivity ZaNesayéptits, wilhetly dat| mamde TME) tder vehgpas(B)
group-11l raw material gas containing Ga, hydrogen gas (H2) for
{$105) of heating the growth reactor. In forming the
high-resistivity GaN layer 13, CpMg or the like 1is
used as a dopant source, but it tends to be adsorbed or
<:) deposited on the wall of the growth reactor 22, and on
various members such as the wafer tray 32, and the like.
Also, when an intermediate product of Cp;Mg and NH;
supplied in GaN growth deposited on the wall of the
growth reactor and various members, are heated to a
high temperature, Mg is easily released. Therefore,
the substrate 11 is removed from the growth reactor 22
- after the high-resistivity GaN layer 13 is formed in
the course of production, and the growth reactor 22 is
5:) heated for the pufpose of removing an Mg releasing
source, improving the purity of the layer to be then N
epitaxially grown.
Next, a description will be made of the step (F)
(5106} of forming the high-resistivity GaN layer 14.
In epitaxially growing the high-resistivity GaN layer
14, trimethylgallium (TMG) serving as a group-III raw

material gas containing Ga, hydrogen gas (Hz) for
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21 carrying trinethylgalliumto the substrate 11, and anmonia gas (NH3) are
supplied to the growh reactor under a condition in which the substrate
tenperature is about 1020C, and the pressure in the growh reactor is set
to about 26.7 kPa (200 Torr). In this enbodinent, a gas flowrate is
controlled so that the ratio (i.e., the "V/IIl ratio") of the nvolar
concentration of ammonjia gas to, the nolar concentration of

trimethyl gal FREAYIBI18Y51BE L Rvt €2 lpdpmy EQanphe, fHBATEREST | & r apBdof
amonia gas is 11 slm and the flowrate of trinethylgalliumis 262

nmol /min, them@PRig (GRS o(FEs)1835e BjuRRtieRgtenetMg| BIroMt or€8Ccte875 or
more, an insulating GaN | ayer having a resistivity of 900 f2cm or nore can
be obt ai ned wWheasuE CPREERLPBNAR WHEiCHg ther stdeiarsR | Fefrendtierevicy. ' Wen
the high-resistivity GaN | ayer conprises, for exanple, an InGN | ayer as
the second |ayeut 10RO hydnydl thenptEMEprandnt tinretdndvttdi veadTor) iare
supplied as group-11l raw material gases to the gromh reactor 22, and the
ratio of thesebl be sbevenipali Raof(208mfoaird .gas to the total of the nolar
concentrations of trinethylgalliumand trinethylindiumis set to 1875 or
more. In this casky %misnsubadingntnGaN Jayefleunrase ol acomtrotlhdut
dopi ng for conpensating conductivity. On the other hand, when

trimet hyl gal $ourhteaid thei neathid al (drenum CERA) "&f BI Supgd tiie’ Jas odr otihel | | raw

molar concentration of ammonia gas to. the molar
concentration of trimethylgallium is 1875 or more. For
ii) example, when the flow rate of ammonia gas is 11 sim,
and the flow rate of trimethylgallium is 262 umol/min,
the V/III ratio is 1875. By setting the V/III ratio to
1875 or more, an insulating GaN layer having a
resistivity of 900 Qcm or more can be obtained without
intentional doping forrcompensating conductivity.
When the high-resistivity GaN layer comprises, fo;
example, an InGaN layer as the second layer
trimethylgallium (TMG) and trimethylindium (TMI) aré

supplied as group-III raw material gases to the growth

O

reactor 22, and the ratio of the molar concentration of .
ammonia gas to the total of the molar concentrations of
trimethyigallium and trimethylindium is set to 1875 or
more. In this case, an insulating InGaN layer can be
obtained without doping for compensating conductivity.
Cn the other hand, when trimethylgallium and

trimethylaluminum (TMA) are supplied as group~III raw
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22 material gases to the growh reactor 22, and the ratio of the nolar
concentration of ammonia gas to the total of the nolar concentrations of
trimethylgalliumand trimethylalumnumis set to 1875 or nore, a high-
resistivity Al GaN | ayer can be obtai ned without doping for conpensating
conductivity. The above-described steps can ensure electrical insulation
- between the device |layer 50 and the GaN  single crystal substrate 11, and
can achi eve tharight taxFaf SGbIhutEF Aot apapFEOst 225 upmidesdiehgtaf 9 usi on
of My for controlling conductivity to the device | ayer 50. Another
enbodi nent ofc & Hgrprieadar FAVEHIIGTRWIN ohea@esRirbed shélcovihg tFPEat er ence
to Fig. 5. In this enbodinent, a substrate is renoved froma growth
reactor 22 afafer thehi ghlassi sonernyresiongyepf14trinethyhgdl lann t#ed t he
growth reactor 22 is again heated. In this heating process, My remaining in
the growt h rigdigtath e baningai nipe sehovied. 187 gletr embseivi ay RidaN | ayer
(third layer) 15 is then, epitaxially grown by the sane nmethod as that used
for the hi ghresdsitsitvify yAGaEN dpeteri4can nbe hpbtadnkdd witiheutcatmeing at i on
of My diffusing fromthe high-resistivity GaN layer 14 to the
hi gh-resi sti Vicry cGaipdresaring cenduewéw itthyan t he concentration of My
diffusing fromthe high-resistivity GaN |layer 13 to the high-resistivity
The =zhove-described steps can ensure electrical
insulation between the device layer £50 and the GaN
single crystal substrate 11, and can achieve the
{) epitaxial substrate 10 capable of suppressing diffusion
of Mg for controlling conductivity to the device layer
50.
Another embodiment of the present invention will
be described below with reference to Fig. 5. In this
embodiment, a substrate is removed <from a growth
reactor 22 after a high-resistivity GaN layer 14 is
formed, and then the growth reactor 22 is again heated.
In this heating process, Mg remaining in the growth
{:) reactor 22 can again be removed. A high-resistivity
GaN layer (third layer} 15 is then, epitaxially grown
by the same method as that wused for the high-
resistivity GaN layer 14. In this methed, the
concentration of Mg diffusing from the high-resistivity
GaN layer 14 to the high—resistivity GaN layer 15 is
lower than the concentration of Mg diffusing from the

high-resistivity GaN layer 13 to the high-resistivity
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23 GaN layer 14. Therefore, the resultant nitride-based sem conductor
epi taxi al substrate 10 has an extrenely |ow My concentration at its
surface. In these manufacturing steps, the high-resistivity GN |ayer 14
and the high-resistivity GaN |l ayer 15 can be made thin. Nanely, renaining
My is renoved by heating before each of the high-resistivity GaN | ayer 14
and the high-resistivity GaN |l ayer_15 is forned, and the twy |ayers
function as &N rLa¥eTf or preVAIRGHP MYy BREF F&SoH, tLaier BBy T aeATBOSRE
t hi nning of each of the I|ayers. Specifjcally, the high-resistivity GN
layer 14 angefhecndygrteEsistyitatiscafbbajeptes LachaRavdthgedtreRRdlkness of
0.5 pmor nore can sufficiently suppress M diffusion to the device |ayer.
Al so, thinniky dig ceecangratesnseitviltty caNfiasger 14 and the high-
resistivity GaN | ayer 15 enables thinning of the entire device such as an
HEMI 70 or the |ike.tiEssepresuizgsusingcts i hetlpe chkgb-raseativatyw |1 be
described in detail beloww th reference to exanples. [Undoped
hi gh-resi st iGAN yl@aar| feendexpe i b sreetetéaitive@adltLldyer obbacanng an
insulating high-resistive GaN | ayer w thout doping. The experinments wll be
descri bed witth o@dsar &hilve exliapedy, |Yereikkagplg & expoovesht bwas
performed for

heating before each of the high-resistivity GaN layer

14 and the high-resistivity GaN layer 15 is formed, and

the two layers function as barriers £for preventing Mg
{) diffusion, thereby achieving thinning of each of the

layers. Specifically, the high-resistivity GaN layer

14 and the high-resistivity GaN layer 15 each having a

thickness of 0.5 pm or more can sufficiently suppress
Mg diffusion to the device layer. Also, thinning of
the high-resistivity GaN layer 14 and the high-
resistivity GaN layer 15 enables thinning of the entire
device such as an HEMT 70 or the like.
Examples

it) | THe effect of the present invention will ‘be
described in detail below with reference to examples.
{[Undoped high-resistivity GaN layer]

Experiments were carried out for obtaining -an
insulating high-resistive GaN 1layer without doping.
The experiments will be described >with comparative
examples.

In an example, an experiment was performed for
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24 -determining a relationship between a V/I11 ratio and resistivity of a
GaN | ayer epitaxially grown on a substrate 11. In determning the
resistivity of the high-resistivity GaN | ayer, the test wafer 80 shown in
Fig. 6 was prepared. This test wafer 80 was prepared by form ng, on the
n-type conductive GaN single.cryspal substrate 11, a first epitaxially
grown | ageterpininowd chetRéipashds vhbeywaas incVédddd pythg dvpl ng, and
then epitaxially growing a second epitaxially growm |layer 74 (the
hi gh-resiesistiyi@iIN ¢dhyer 1EENhA@ydmn dhigaxdallThegfdwnt @pi taaxially
grown |layer 72 was provided for ensuring insulation between the GaN single
crystal suibstrate 11 .andInhedseeomilnépigt axial kgsdsaurvitdmyet The
(high-resistivity GaN | ayer) to enable the neasurenent of the resistivity
of the sertomedrespstaxiall Ealr dvaydmyethéd teEli svagfaice88 whklnben descri bed
in detail below First, the n-conductive GaN single crystal substrate 11
was. set Figthée OsePhbmgprraedus 2GhishowwstnwaEieg. 80 waad phepzheat -treated as
pre-treatnent under the conditions shown in Table I. Table |I Pretreatnen
First Sdspnfoepihgqyestn thepntayee Mowluet eveflGARSs1AGLM tiSisMall SLM Fl ow
rate of 175 Nnol/mn 174 - 491

substrate 11, a first epitaxially grown layer 72 in

which the'reéistivity was increased by Mg doping, and
then epitaxially growing a second epitaxially grown
{) layer 74 ({the high-resistivity GaN layer 14 shown in
Fig. 1}. The first epitaxially grown layer 72 was
provided for ensuring insulation between the GaN single
crystal substrate 11 and the second epitaxially grown
layer 74 (high-resistivity GaN layer) to enable the
measurement of the resistivity of the second
epitaxizlly grown layer 74. This process will be
described in detail below.
First, the n-conductive GaN single crystal
substrate 11 was set in the OMVPE apparatus 20 shown in
Fig. 4, and then heat-treated as pre-treatment under

the conditions shown in Table I.

Table 1
Pretreatmen | First Second epilaver
t epilayer p Y
Flow rate of NH; |1151LM 1181M 11 s1M
Flow rate of . 174 - 491
TMG 175 pumol/min umol/min
Flow rate of H, |5 SLM 5 SIM 5 SIM
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TMG prmol /mn Flowrate of H2 5 SLM5 SLM5 SIM25 Flowrate of - 4.5
pmol/mn - Cp2My Treatnent 1020C 1000C J1000C tenperature Treatnent tinme 15
mn. 20 min. 45 - 95 mn. Pressure of 200 Torr 200 Torr 200 Torr reactor
chanber Layer t hi ckness - 0.4 gm 2 m Next, 11 sl mof amoni a gas, 175

grml/m LITIIELII)’I% H— 45— imotmnof—bi-sTt bIUpCIILallcui clly
magnesi UEI‘)F;%{ gerw g-as a dopant faors C"_@f[a:]_eﬂﬁﬁil nlg- O conductivity yere
suppl i edC 4 be 0[ owt h reactor under a condition tin which the suhstrate

t enper t Tr @2 tmert 1000C, a @ectpreSSL %o'dact he growth][fg or was about
26. 7 kPaté@perdourg. As g Tesul theifirst ™ epitaxialTy grown | ayer 72
havi ng larf B Ex8LEStOhe0. 4 Pnmivas fornmed airt.he GaN single &3 igiml substrate
11. The gp to tgg STeps of forming the 1irst gpitaxi alty grown|l ayer
72 were Pﬁé?%ﬁg@e in.4he |Berand |@dpdicar ve exarﬁﬂ’(ésTCd@SCH bed bel ow.
Next , i o der 5 “revém gopant—M—ather+rg—to—6—the—+nstde—of—the—+¢act or
from bej FRY®F xB GLPASEhd ~ secand epi t &4ty grown |la¥df® 74, the wafel was
renoved fromthe growth reactor 22, and the reactor was

Next, 11 slm of ammonia gas, 175 umol/min of
trimethylgallium, 4.5 pmol/min of biscyclopentanedienyl
magnesium (Cp:Mg) serving as a dopant for compensating
conductivity were supplied to the growth reactor 22
under a condition in which the substrate temperature
waé 1000°C, and tile pressure in the growth reacteor was
about 26.7 kPa (200 Torr}. As a result, the first
epitaxially grown layer 72 havihgra thickness of 0.4 um
was formed on the GaN single crystal substrate 11. The
steps up to the steps of forming-the first epitaxially
grown layer 72 were the same in the examples ‘and
comparative examples described below.

Next, in order to prevent dopant Mg adhering to
i} the inside of the reactor from being mixed with the

second epitaxially grewn layer 74, +the wafer was
removed from the growth reactor 22, and the reactor was
heated to. a high temperature to remove remaining Mg.
'Next, the second epitaxially grown layer (high-
resistivity GaN layer) 74 was formed without the supply

of the conductivity compensating dopant under a
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heated to.a high tenperature to renove renai ning My. Next, the second
epitaxially grown |layer (high- resistivity GaN |l ayer) 74 was forned w t hout
the supply of the conductivity conpensating dopant under a 26 condition in
whi ch the substrate tenperature was 1000C, and the pressure in the growh
reactor was about 26.7 kPa (200 Torr). As shown in Table I, in formng the
second epitaxially.grown | t i

| %yer 74, the flow rate of trirrethgllfallgjumwas
changed fronf®RE1EARGe 18F WIS Shey$1t 348 PP ot aS 18P rate of 11

I f [ t bt ai t | of fi VI ti tt Th
Tesi otivity SROeSDR GTrTRRAfULR OPRed ORIt oaC 1% e AxPRPEY G1owh | ayer s

74 was neasured b so-cal l ed_ foyr-probe od._ The asured resistivity
val ues are ]élﬁ%w{%ioﬁ THOFR 11 &fd ﬁ%‘ﬁpﬂ 70 ﬁg%gﬁp&rr'at}%g‘ga’iﬁﬁﬁge Y€t he f1ow
rate of trinethylgalljumwas 491 nnl/nin, ang the V/I1] ratio was_1000. In
conpar at i ve $aRBfe SRIFELAALY | IFRIPo 13RT ddfter nthRd pWL1F2524/q%01 x
10-6) in consideration _of the unit "slnm of the flow rate of _.anmoni a gas.
In conpar at FYENRkANPEE 12 1V &3S G 3RERA of TOR RS MARER | PEmivas B3
mol /min, and the V/I1l ratio was 1250. Table Il and ibg.%7 i ndi cate that

I

the resisti4Ply Hmpbisinrdéol. a Henstant 284rwr ebpket | 1 sheconparative

exanples 1 and 2. I nsul ation between . .
ammonia gas to obtain a total of five V/III ratio

patterns.
The resistivity of each of the thus-formed second
{) epitaxially grown layers 74 was measured by a so-called
four-probe method. The measured resistivity values . are
shown in Table II and Fig. 7.

In comparative example 1, the flow rate of
trimethylgallium w§s 491 umol/min, and the V/III ratio
was 1000. In comparative example 1, the V/III ratio
was determined by 11/22.4/(491 x 10°%) in consideration

of the unit "slm" of the flow rate of ammonia gas. 1In

comparative example 2; the flow rate of
;i) trimethylgallium was 393 pumol/min, and the V/III ratio
was 1250. Table II and Fig. 7 indicate that the

resistivity values are 1.1 and 1.3 Qcm, respectively,

in comparative examples 1 and 2._ Insulation between
the device layer and GaN single crystal substrate
cannot ke ensured with these resistivity values.

In example 1, the flow rate of trimethylgallium

was 262 pumol/min, and the V/III ratio was 1875. In
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the device layer and GaN single crystal substrate cannot be ensured with
these resistivity values. In exanple 1, the flow rate of trinethylgallium
was 262 pnol/mn, and the V/I11 ratio was 1875. In 27 exanple 2, the flow
rate of trimethylgalliumwas 210 nol/mn, and the V/II1 ratio was 2337. In
exanple 3, the flowrate of trinethylgalliumwas .75 pnol/mn, and the

VI raekempas 2800thgailev |rahe Fig. tyimaghvacellinsm wae redstivity

val ues are 900, 1300, and 2300 f2cm respectively, in exanples 1, 2, and 3.
It was funod/fdnnd aridatthehé/ SEChnda epot ersal23B gr owhn | agenplse has
sufficient resistivity for ensuring insulation between the device |ayer and
t he GaN shaglféoer ysttal ofa tsilretbiatleyal1livtabkes | L 76| pjoddiné nfl amd ate of ' I MG
VITIl Resistivi of NH3 (nmol/mn) ratioty (f2cm) (SLM Conparative 11 491
1000 1. lth&xupjpllé raCompaaat i28@0L1 IFEDULHOT 1a3c Exgnpllei2dbaip e 1 11 262
1875 900 Exanple 2 11 210 2337 1300 Exanple 3 11 175 2800 2300 As

descri bethabovhe i rewds tdomiftiyr meelluast ese 900, 1300, and 2300

Qcm, respectively, in examples 1, 2, and 3. It was
thus found that the second epitaxially grown layer 74
has sufficient resistivity for ensuring insulation

between the device layer and the GaN single crystal

{:) substrate 11.
Table II
Flow rate | Flow rate of TMG|V/III Resistivi
of NHs | (umol/min) ratio ty (Qcm)
(SLM} B ) )
Comparative ., . 491 1000 1.1
Exanple 1
Comparative ) ,, 393 1250 1.3
Example 2 :
Example 1 11 262 1875 900
Example 2 11 210 2337 1300
Example 3 11 175 2800 2300

As described above, it was confiirmed in these
?i) examples that with a V/III ratio of 1875 or more, a
high-resistivity GaN layer having a resistivity of 800
QOcm or more can be obtained without doping for
compensating conductivity.
[Suppression of Mg diffusion]
It was also confirmed that Mg ciffusion to the

device layer can be effectively prevenzted by providing
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exanples that with a V/111 ratio of 1875 or nore, a high-resistivity GN

| ayer having a resistivity of 900 f2cm or nore can be obtai ned w thout
doping for conpensating conductivity. [Suppression of My diffusion] It was
also confirnmed that My diffusion to the device |ayer can be effectively
prevented by providing 28 an undoped, insulating high-resistivity GaN | ayer
(second | ayer) amdde=dp- dopedlaitdhg esiisghvidyi Sadvitayecall i risdydmayer). In
exanple 4, a GaN | ayer has an undoped underlying |ayer, an My-doped

hi gh-resi stipddaprfaaN shayer, candtiee unglapesei ghi-diesisdi ytiyi GaNdayer which
are lam nated in that order on a substrate to obtain an epitaxial :
substrate. AM- oped-£aN dpyey., corresponding to a channel |aver of an HEMI
was then, O formed on the epitaxial substrate. In further detail, a

sapphire substratg was;agerk ag,the subsiratigyier pliage ohna GBS e
crystal sSubstrate. The crystallinity of a grown layer is lower wth the

use of the sapphing spbstdate, than wighatpeq ugeqal rlehe sEaN isipngl@aer yst al
substrate, but thére1s no effect on"the degree of My diffusi'on to the

device |avek-elhe substsahgqwpednentad @ls 10006 8aRYdne@en waldmsphere,
and then a GaN buffer |ayer was growi after the substrate tenperature was
decreased t g 20QGmiMbd in that order on a substrate to obtain an
epitaxial substrate. An undoped GaN layer
corresponding te a channel laver of an HEMT was then,
i) formed cn the epitaxial substrate.
In further detail, a sapphire substrate was used
as the substrate in place of a GaN single crystal
substrate. The crystallinity ¢f a grown layer is lower
with the use ©of the sapphire substrate than with the
use of the GaN single crystal substrate, but there is
no effect on the degree of Mg diffusion to the device
laver. The substrate was heated at 1000°C in a hydrogen

atmosphere, and then a GaN buffer layer was grbwn after

.:) the substrate temperature was decreased to 500°C. Then,

P

the substrate temperature was increased to 1000°C, and .

an undoped GaN layer was formed to a thickness of about

1.0 pm.
Furthermore, an Mg-doped high-resistivity GaN

lzwar was grown tTo a thickness of about 0.3 pm, and

then the substrate was removed from the growth reactor.

The growth reactor was then, heated at 1050°C in a
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the substrate tenperature was increased to 1000C, and an undoped GaN | ayer .
was fornmed to a thickness of about 1.0 In. Furthernore, an M- doped

hi gh-resistivity GaN |aver was grown to a thickness of about 0.3 pm and
then the substrate was renoved fromthe growh reactor. The growh reactor
was then, heated at 1050C in a 29 hydrogen atnosphere for 1 hour.

Thereafter, afydargionedtiighhéesi 8é6+VityoaN | ayerewdsetor ARdubdopeldhi ckness
of about 3.0 mat-a V/II1 ratio of 2800 to obtain an epi taxi al substrate.

Then, an Undq%%lﬁyﬁflt}@%éﬁsfp@jﬂé& nga$ orarebantel al ayeekxak sgn oHEMI was
formed to a thickness of 3 m on the epitaxial substrate. On the other

hand, in Com%éﬁ}%vg 6xqap! & gt3.2 avialr | anslo a&farw@oioregd dderd yizng 'ayer

and an Mg- dope igh-resistivity GaN'l ayer were formed on a GaN single 0

crystal substdiaties 40 Pr eRdd £ pdk £Pi t axtigdn sUbshr ah8dopaRd aanundaped Gan
| ayer corresponding to a channel |layer was fornmed on the epitaxial

substrate. Namlpespdn %C@o|§yghaﬂ’ﬁ§lgﬂﬁ¥y@rwéﬂ‘% mvnﬁ%e@o%@a
resistivity GaN |l ayer for preventlng fusion from the My-doped &GN

ayer. In Turidier daididecd hoe Galb skiale Giustaleaguby! taberggoanneal ed a

1020C in a m xed at nosphere of hy ogen and en t undoped GaN
llayer was a growngho tt *&Jt@i@lesrrqarﬁ, aﬁ?%on%é@a@ﬁe':gﬁéﬁﬁi@é% a GaN
layer as an undoped underlying iayer, and an Mg-doped
high-resistivity GaN layer were formed on a GaN single
{) crystal substrate to prepare an epitaxial substrate,
and an undoped GaN layer corresponding to a channel
layer was formed on the epitaxial substrate. Namely, a
~ device layer was grown without an undoped high-
reﬁistivity GaN layer for preventing Mg diffusion from

the Mg-doped GaN layer.

In further detail, the GaN siﬁgle crystal
substrate was annealed at 1020°C in a mixed atmosphere
of hydrogen and NHi;, and then the undoped GaN layer was

i) _ grown tola thickness of about 0.45 um. Furthermore,
; the Mg-doped high-resistivity GaN layer was grown to a
thickness of 0.45 pm to obtain the epitaxial substrate.
The substrate was then, removed from the growth reactor,
and the growth reactor was héated at 1050°C in a
hydregen &atmosphere for 1 hour. Furthermore, an

undoped GaN layer corresponding to a channel layer was

formed to a thickness of about 2.75 pum on the epitaxial
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the My-doped high-resistivity GaN | ayer was grown to a thickness of 0.45 m
to obtain the epitaxial substrate. The substrate was then, renoved fromthe
grow h reactor, and the growth reactor was heated at 1050C in a hydrogen
at nosphere for 1 hour. Furthernore, an wundoped GaN | ayer corresponding to a
channel |ayer was formed to a thickness of about 2..75 pmon the epitaxial
30 substratesypEeraeach of the epitaxial substrates obtained in exanple 4
and conparative exanple 3, an My concentration distribution was determ ned

by secondary ionrd@SsasBedf OfREr Br{iHd) a1 Fhgdke rBraRovsnta edi e  of
exanple 4, and Fig. 9 shows a profile of conparative exanple 3. Figure 8

shows t hat | O oxapl e 4, thequndepbarBitaRer eskgkinpiiky GaN | ayar fugctions
as a barrier, sufficiently suppressing My diffusion from the My- doped

hi gh-resi St'é’éﬁ&’ex@é%*:%ﬁf dt1%ttﬂ%maamelfagaﬁ%rterﬁh%@d M dikbHagsyby about
2.5 mfromthe M-doped high- resistivity GaN |l ayer in the thlckness

direction of;then;sybspeateomaidyt hdsMdie Mpcancend ratdps gtpacdistance of
about 2.5 n1%% nn?i fr%n1t gmwg ogg ﬁ?gh reS|st|V|$@ Gghﬁ %ygr d%creases

to a detectiop bymhbikly, Xaﬂglﬂ’lggnug)%s‘?%digﬁﬁﬁfﬁfé%fb@Qm?Q%@n.ve

considering the fact t hat y fusion to the
channel Iayegxgﬂﬁlge39ffectlvely suppressed by

Figure 8 shows that in example -4, the undoped
high-resistivity GaN layer functions as a barrier,

{:) sufficiently suppressing Mg diffusion from the Mg-doped
high-resistivity GaN layer to the channel layer. Also,

Mg diffuses by about 2.5 yum from the Mg-doped high-
resistivity GaN layer in the thickness direction of the
substrate, and thus the Mg concentratién at 'a distance

of about 2.5 pm or more from the Mg-doped high-
resistivity GaN layer decreases to a detection limit (1

x 10 em™®)

or less. As described above, considering

the fact that Mg diffuses by about 2.5 pum, Mg diffusion

5“) to the channel layer can be effectively suppressed by

1 the undoped high-resistivity GaN layer haﬁing a
thickness of 2.5 um or more. -

Cn the other hand, Fig. 9 shows that the Mg

concentration of the channel layer becomes a hiéh value

without the undoped high-resistivity GaN layer. Also,

the Mg concentration near the surfzce of the channel

layer reaches about 7 x 10!° cm™3.

w
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t he undoped high-resistivity GaN | ayer having a thickness of 2.5 gm or

nore. On the other hand, Fig. 9 shows that the My concentration of the

" channel |ayer becones a high value w thout the undoped high-resistivity GaN
| ayer. Also, the My concentration near the surface of the channel |ayer
reaches about 7 x 1015 CM3. 31 It was confirnmed by the experinent that My
diffusion to the Tevi eesl ayemn ftamdi eff ectheel wxpurdwentted tiyaipr oMgdi ng an
undoped insulating high- resistivity GaN | ayer (second | ayer) on an My-doped
hi gh-resi stidiEyuSabnl ayer (he stddwiyer ) .1Atescan bese abeoFeect ivaly
nitride-based sem conductor epitaxial substrate and HEMI substrate of the
present invepteoantebechyi cakovhgihat i A candbpedensuselabehyeeni ghdevi ce

| ayer and the GaN single «crystal substrate, and diffusion of My for

control | i ng regnguetivivt Y5410 tlheyedevijeecbayer 1siy€e) caim bansuppressed. 32
CLAIMS 1. A nitride-based sem conductor epitaxial substrate conprising: a
GaN singl e chyghatestbstifate, cam Nondopetifidstlidwyer. which is epitaxially
grown on one side of the GaN single crystal substrate and which is
conposed of Al xGad nl-- @ewhr(iber 0) ; aBbée, in a nitride-based

semiconductor epitaxial substrate and HEMT substrate of
the present invention, electrical insulaticn can be
ensured between a device layer and the GaN single

{i) crystal substrate, and diffusion of Mg for controlling -

conductivity to the device layer side can be suppressed.
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an undoped insul ating second | ayer which is epitaxially grown on one side
of the first layer and which is conposed of Al xGylnl-x-yN (y > 0). 2. A
nitride-based sem conductor epitaxial substrate according to claiml,
wherein the second |ayer has a resistivity of 900 S2cmor nore. 3. A
nitride-based sem conductor epitaxial substrate according to claim1l or 2,
wherein the seaoMfl | ayer has a thickness of 2.5 mor nore. 4. A
nitride-based sem conductor epitaxial substrate according to claim 1,
wherein the firstl]ayer AhasifFrtiydee-hemeduct s&ni gon8uchoni t rapdie:aised
sem conductor epitaxial substrate according to any one of clains 1 to 4,
further conpgisébgasa ubdepddiwmader|ying | ayer conposed of Al xGylnl-x_yN
(y > 0) provided between the GaN single crystal substrate and the first
| ayer. 6. An HEMIz sgdist £ ah@leonpyesabgsubstrétede- based sem conduct or
epi taxi al substrate 33 according to any one of clains 1 to 5; a channel
| ayer conposed ofarAlxdagbpedxfyNs€ylzaye}r whndhf asnmediamaxting Int tgdda based
sem conductor epitaxial substrate; and an el ectron supplying |ayer conposed
of Al xGayl nlgn %neN §¥de Qf atHef @aredsiglde calangl  baystra¥e Adwethod of
manuf acturing a nitride-based

which is composed of AlyGaylny_x_yN (y > 0); and

an undoped insulating second layer which is

epitaxially grown on cne side of the first layer and

o

which is composed of AlXGayInl_x_yN (y > Q).

2. A nitride-based semiconductor epitaxial
substfate according to claim 1, wherein the second
layer has a resistivity of 900 Qcm or more.

3. A nitride-based semiconductor epitaxial
substrate according to claim 1 or 2, wherein the secohd
layer has a thickness of 2.5 um or more.

4. A nitride-based semiconductor epitaxial

substrate according to claim 1, wherein the first layer
;ﬂ) has p-type conductivity.
\ 5. A nitride-based semiconductor epitaxial
substrate according to any one of claims 1 to 4,
further comprising an undoped underlying layer composed
of AlyGayIny_x-.yN (y > 0} provided Dbetween the GaN
single crystal substrate and the first layer.

6. An HEMT substrate comprising:

a2 nitride-based semiconductor epitaxial substrate
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sem conduct or epitaxial substrate conprising the steps of: epitaxially
growi ng, on one side of a GaN single crystal substrate, an Mjy-doped first

| ayer conposed of AlxGaylnl-x yN (y > 0) in a growh reactor; and
epitaxially growi ng an undoped insul ating second |ayer conposed of

Al xGylnl-x_yN (y > 0) on one side of the first layer. 8. A nethod of
manuf act uri pg¢cdritdg des basedonsent coratiteg o epi axi al substrate accordi ng
to claim7, wherein the insulating second |ayer is epitaxially grown by
suppl yi ng a group- chiannad netyas aompassed antt &b hy Gy Gag apdHn (gmrorfi)a gas to
the gromh reactor while maintaining a ratio of t%e nol ar concentration of
t he amoni a zg@5 ficantdte oWl e apnoeid¢-did $83 of etubeongueupr! Ebitawimat eri al

gas of 1875 or nore. 9. A nethod of nmanufacturing a nitride-based

sem conduct efretad jalargibst rat e according to claim7 or 8, wherein after

the first layer is grown, the 34 growth reactor is heated with the

substrat e bei ng aherieed rfonomuded ygromile yeeact anpo aed blﬁenlg(naysaqcmd | ayer

is epitaxially grown on the first layer. 10. A nethod of manufacturing a

nitride-basgd, Nsem corjucdrod Bpineakial thbsthateehctaydirng to any one of

claims 7 to 9, further conprising the step of: heating the growth reactor

W th the substrate A method of manufacturing a nitride-based
semiconductor epitaxial substrate comprising the steps
of:

{) epitaxially growing, on one side of a GaN single
crystal substrate, an Mg-doped first layer composed of
AlyGayIni-x-yN (¥ > 0) in a growth reactor; and

epitaxially growing an undoped insulating second
layer composed of AleayInl_x_yN (y > 0) on one side of
the first layer.

8. A method of manufacturing a nitride~-based
semiconductor epitaxial substrate according to claim 7,
wherein the insulating second layer 1is epitaxially

,ﬁ) grown by supplying a group-III raw material gas

N containing Ga and an ammonia gas to the growth reactor .
while maintaining a ratio of the molar concentration of
the ammonia gas to the molar concentration of the
group-III raw material gas of 1875 or more.
9. A method of manufacturing a nitride-based

semiconductor epitaxial substrate according to claim 7

or 8, wherein after the first layer is grown, the
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bei ng renoved fromthe reactor after the second layer is forned; and
epitaxially grow ng an undoped insulating third |ayer conposed of

Al xGyl nl -x-yN (y > 0) on the second layer. 11. A nethod of nanufacturing a
nitride-based sem conductor epitaxial substrate according to claim 10,
wherein the thickness of the second layer is 0.5 mor nore. 12. A nmethod of
manuf act uri Rercvtl t ristec basedis samsoaduct othepthaxi ahbstbsteat peaggor di ng
to claim10 or 11, wherein the thickness of the third layer is 0.5 mor

more. 13. Axmidvash ofremnuflest gkbRgha nédctde; baser +ven aordugéesnepi t axi al
substrate according to any one of clains 7 to 12, wherein an undoped

underlying llayelr icoOn@osedx0hl AExEayAl o WN EPrd) Isyepitaxially grown
on the GaN single crystal substrate before epitaxial growh of the first

layer, and the fihipst | ayemdthddesr 3paharaed @inigheaundertyiagpbaygr. 14. A
nitride-based sem conductor epitaxial substrate according to claiml1,

wher ei n t he sfanfittorl @y&fori éfaﬁllt@y&@adi R d tr D t BECERNI HigNHE LiySbAk
substrate, and the second layer is grown directly on the first™ |ayer. 15.
A nitride-baye¢di1semEondust 9f eprtR¥rakbomprising the step of:
heating the growth reactor with the substrate
being removed from the reactor after the second layer
is formed; and
{:) epitaxially growing an 'undqped insulating third
layer composed of AleayInl_x_yN (y > 0) on the second
layer.
11. A method of ﬁmnufacturing a nitride-based
semiconductor epitaxial substrate according to claim 10,
wherein the thickness of the second layer is 0.5 pum or
more.
i2. A method of manufacturing a nitride-based

semiconductor epitaxial substrate according to claim 10

i) or 11, wherein the thickness of the third layer is 0.5

R

LM Or more. .

13. A method of manufacturing a nitride-based -
semiconductor epitaxial substrate according to any one
of claims 7 to 12, wherein an undoped underlying layer
composed of AleayInl_x_yN (y > 0) is epitaxially grown
on the GaN single crystal substrate before epitaxial

growth of the first layer, and the first layer is then
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substrate according to claim1, further conprising an undoped underlying
| ayer conposed of Al Gaylnl x YN (y>0O, O the underlying |layer being grown
directly on the GaN single crystal substrate, the first |ayer being grown
directly on the underlying | ayer, and the second | ayer being grown directly

on the first layer. 36
formed on the underlying layer.

14. A nitride-based semiconductor epitaxial
substrate according to claim 1, wherein the first layer
is grown directly on the GaN single crystal substrate,
and the second layer 1is grown directly on the first

layer.

5. A nitride-based semiconductor epitaxial
substrate according to claim 1, further comprising an
undoped underlying layer composed of AlxGa,Ini.. N (y=>0),

. the underlying layer being grown directly on the GaN
ii) single crystal substrate, the first layer being grown
directly on the underlying layer, and the second layer

being grown directly on the first layer.
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