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‘BACKGROUND OF THE I NVENTION Field of the Invention - '

invention relates to a sem conductor device and its manufact ?Sng_zeth
especially suitable for use to various kinds of sem conducto evi €es

using nitride I'll-V conpound senmiconductors. Description of the [RRIgtQd
Ar t ' GaN semi conductors are direct-transitional sem conductors eir
bandgaps range fir3EMICONBYCTOR BEVICE, ANRdJ ITRe MANYINCTURING MATHOD | i ght

emtting devices capable of egittin | ight over visible regions to

ul traviol et regi ons. For the§A_5EBQE&E_QEhEﬁEaEEEEEEEEEbting attention and
ﬁre pl aced u?def v'gorp1_se dgvelo nerts.{FU{th?r, t?ese GaNtse(rjﬁcpnduct_cl)_Lst
ave a gQrea EﬂdﬁgiﬂiiLig_ai_Hﬁﬂﬁgﬂﬁ s of electron transpor evi ces. a
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t enperatures and hi gh powers. . As w dely known, sem conductor

devices are gefeFsiéyILeavi Eefpbanaasend dondiidt®ysst ance in regions ot her
t han devi ce regions. For exanple, in a

Description of the Related Art

GaN semiconductors ére direct-transitional
semiconductors. Theirlbandgaps range from 1.9 eV to
6.2 eV, and they enable realization of light emitting
devices capable of emitting light over wvisible regions
to ultraviolet regions. For these reasons, they are
attracting attention and are placed under vigorous
developments. Further, these GaN semiconductors have a
great possibility as materials of electron transport
'devi;es. That is, the saturation electron velécity of
GaN is as large as approximately 2.5x10’ cm/s as
compared with Si, GaAs and SiC, and its breakdown
electric field is as large as approximately 5x10° V/cm
next.to diamond. For these reasons, GaN semiconéuctors
have been expected to have a large possibility as
materials of electron transport devices for high
frequéncies, high temperatures and high powers.

As widely known, semiconductor deviqes aré
generally fequired to have a high resistance in regions

other than device regions. For example, in a



2 semnmiconductor |aser having a stripe-shaped current path to concentrate
a current and induce |aser oscillation, <currently used for making the
current bl ocking structure are a nethod of grow ng sem conductor |ayers
formng the laser structure, then making an insulation filmon the surface
t hereof, and making a stripe-shaped w n2ow in the insulation filmto use
it as the current path, or a nmethod of increasing the resistance of
sen1conductorSB&W@QQGNQthtlﬁﬁﬁmrha%lRQp@ pbripenshapedosurpentnatiion. On
the other hand, in electron noving devices, currently used  are a nethod of
fully removi %@ mtwe ag/emsrm%ramahn@%edééﬁe& Pégﬁlé-ﬂ- Yphesa

etching or a nethod | oca |ncrea3|n the resis t he conducti ve
| ayers by ion WQﬁﬁ %ﬁ& #éﬁwﬂ%# %eﬁ?fﬁﬁﬁt %g gbes using GaN
sem conductors, tlnun1 een established far reaS|ng t he
resi stance of ﬁ;&c € ftferd t‘ﬁ%gp%‘Zv?geg?:‘éﬁfBﬁsse‘f‘ﬁ&?@fi&cé:ort3‘
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|nplantat|on I s advant ageous Ing an ecause the hi reé’stance
region can bewﬂﬁﬁbﬂfln5%ﬁ§tfﬁ%ﬁﬁé£¥oﬁhElEﬂ”Eophéee1%5akh%ﬁ&ﬂﬂditéﬁﬁ'0”

Actually, in nost cases, isolation of devices in GaAs- based |IC devices

relies on tmfpaﬂﬁjﬂﬁkféﬂmétﬁbdgoﬁ increasing the resistance of
semiconductor layers other than the stripé'portién'by ’
ion implahtation. On the other hand, in electron
moving devices, currently used are a method of fully
removing conductive layers other than the device region
by mesa etching or a method of locally increasing the
resistance o; the conductive layers by ion
implantation; However, for semiconductor devices using
GaN semiconductors, .no optimum method has been
established fof incéeésing the resistance of tegions
other than device regions. Therefore, to date, devices
using GaN semiconductors cannot perform their true
characteristics.

Among the above-mentioned methods, the method
of locally increasing the resistance of conductive
layers by ion implantation is advantageous for making
an IC because the high resistance region can be made in
substantially the same plane as the device region.
Actually, in most cases, isolation of devices in GaAs-

based IC devices relies on this method for making a



3 high resistance region by ion inplantation. In Si- based devices,
however, since the bandgap of Si is as snmall as 1.1 eV and acceptabl e

i nsul ati on cannot be nade by ion inplantation, isolation of devices relies
on pn junction. As to sem conduct or devices using GaN

sem conductors, light enitting diodes have been brought into practical

use, but sem conductor |lasers or electron transport devices have not been
real i zed yet high presitstariceistegidnrbyeionoimiptantationrs IndSiel ectron
transport devices currently under devel opnents, nesa etching i s used for
the forner, akdseaddevigesi howevenr sitrcegthenbgndgapi 9fafideisedison or
mesa etching is used for the latter. Annnggthenl as,to ion inplantation

for making a Yk &3 st 2h@V 1R RCceptabbe al8sB1aEACReFANBPE O2ar e
briefly expl ai ne el ow. . ., Probabl the firgt report Qn ion

"l ant at f on RGP LAOHHIPLaRRL 10k, { 150} 5t108:8F 1 88¥5 Cofn et LeSed
beryllium (Be)_ or_nitrogen 4hb as ion species. The true object of ion
inplantationiQ? Rqﬂlyqéhﬁﬁ *was to decrease the carrier concentration and

onren | heanar ey EIES ShANnB 08 abOscsclae TR s, B

hercarsel aTASRUARSEORS, o1yRE WIBLEThglLBARy’ e Bkl bt oo
into practical use, but semiconductor lasers or

" electron fransport"deviCes have not been realized yet
for practical ﬁse. For semiconductor lasers and
electron transport devices currently under
developments, mesa etching is used for the former, and -
ion implantation for making a high resistance region or
mesa etching is used for the latter. Among them, as to
ion implantation for making a high resistance regipn,
proposals given heretofore are briefly explained below.
Probably, the first report on ibn

implantation to GaN was Appl. Phys. Lett., 42,
430(1983), which used beryllium (Be) or nitrogen (N) as
ion species. The true object of ion implantation in .
this report was to decrease the carrier concentrafion
and increase the Schottky barrier height and not to
isolate devices. Nexf reported in Appl. Phys. Lett.,
63, 1143(1993) was an example using fluorine (F) as ion
species of ion implantation for isolation of devices.
Thereafter, also reported were examples using N and O

as ion species for the same purpose (Appl. Phys. Lett.,



as ion species for the sane purpose (Appl. Phys. Lett.,

‘4 66, 3042(1995) and J. Electron. -Mater., 25, 839(1996)). These reports

i ndicated that a difference appeared in resi stance val ue anong i on species
O, Nand F as a result of annealing and that a chem cal difference.
appeared anong defective species. Furtheg reported were hydrogen (H) and
helium (He) as ion species of ion inplantation for isolation of devices

(1 EEE | EDM p66¢e8042d1995,) aHdlIW6)Plectron. MateAs, r2¥j e8Bd (2DOGe) .t here
have been proposed  H, N, 0, F and Be as ion species of ion inplantation
for making a mhgberespsmamcdndipanedwthat asdiffévencé appeared in

sem conduct or devices usin sem conduct ors. Anong these ion speC|es
conpl ex def ecesdstance s uﬂuﬁangrtnne$Eﬁ$m%§ Oevl| 8ndnE &8 abe
t herefore opti mum, From a cheni cal viewpoint, i's considered best, but

there is no dEEEUSE @dviaddealding and thal @tchgmhﬁﬂlyélfﬁerénpﬁble

t echnol ogy. Al'thou only Hjs used currentl His liable to npve when
anneal ed, theﬁpﬁﬁﬁgﬁge 49@?9&%ﬁ?x§9%@+%% EBrbhaEsr@PPRt&GnOrs or

acceptors and_inac te the es t arrier concentration, and
i nvi tes deteW|5Fahy (ﬂeqt&E%i Epe %Hme£§ﬁ§|%s A8 8PEFEESHOL ARA0t be

0000 Lon, ShERpTanclr A" SLP S JBRRCISH of "bullan | BERRCTERRCC S 11,

proceedings 96, 27(1996)).

'As reviewed above, there have been pfbposed
H, N, O, F and Be as ion species of ion implantation
for.making a high resistance region or for isolation of
devices in semiconductor devices using GaN
semiconductors. Among these ion species, complex
dgfecf of O is believed to make deepest levels and to
be therefore optimum. From a chemical viewpoint, O is
considere@ best, but there is no data on devises using
it, énd it is not yet a reliable technology. Although
.only H is used currently, H is liable to move when
annealed, then diffuses into the.device région,
combines with donors or acceptors and inactivate them,
decreases the carrier concentration, and invites
deterioration of the device, for example. Therefore, H
cannot'be a good ion species. It was also reported
that H as the ion species for making a high resistance
region defects were annealed out due to a high
temperature and recovered a conductivity (J. Appl.

Phys., 78(S), 3008(19%95)). Also, N, F and Be are not



tenperature and recovered a conductivity (J. Appl. Phys., 78(5),
'3008(1995)). Also, N, F and Be are not 5
good i on speci es. OBJECTS AND SUWMARY OF THE | NVENTI ON

It is therefore an object of the invention to provide a sem conductor
device and its manufacturing nethod capgble of form ng a high-resistance
region maintaining a high resistance even under high tenperatures in an
el ectrically geadudonvepedidsie II1- V conpound semi conductor |ayer by ion
i mpl ant ati on. To sol ve the problens involved in the

conventional technol ogies, the Inventor nade researches, and found that
boron (B) is best as ion species for ion inplantation for making a high
resi stance region in a €BFECBRJANDO SUNMARYe OF5 THE GNVENEION onductors. B is
one of group Il elenents in the group common to gallium (G and al um num
(Al). Unexpectedly, B i dsedherefere oanspeieet e8r theninveptienaticon for
maki ng hi gh resistance regions in Al GaAs, sem conductor | asers qor GaAs
FETs; however PTPVid & REIH GRIIHGFCE Aexics ard: hEsj anyfactusring

' duct deyi ' ' ' duc} ) . The | t
val uat ed hi GRSFBSE CAREBT G CHOENENE. ByPFoR-FABF AHPRFRORCHROB | nto Gan
sem conductor g, « I ol eV | O, a I p.the foll ow ng
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process. That
temperatures in an electrically conductive nitride III-

V-compound semiconductor layer.by ion implantation.
-To solve the problems involved in the
conventional technologies, the Inventor made
researches, and found that boron (B) is best as ion
species for ion implantation for making a high
resistance region in a semiconductbi device using GaN
semiconductors. B is one of group III elements in the
group common to gallium (Ga) and aluminum (Al).
Unexpectedly, B is used as the ion species for ion
implantation for making high resistance regions in
AlGaAs semiéonductor lasers or GaAs FETs; however, it
has been unkonwn to use B as the ion species in
semiconductor devices using GaN semiconductors.

The Inventor evaluated high resistance
regions made by ion implantation of B into GaN
semiconductors. Samples for evaluation were prepared
in the followiﬁg process. That is, after a GaN buffer
layer was grown on a c-face sapphire substrate by metal

organic chemical vapor deposition (MOCVD) at a low



| ayer was grown on a c-face sapphire substrate by nmetal organic chenica
‘vapor deposition (MOCVD) at a | ow 6
growt h tenperature around 560C, sequentially growm on the GN buffer |ayer
by MOCVD were a 2 pmthick undoped GaN |ayer, a 0.2 [err]ick n-type GaN

| ayer doped with Si by 3xIO[err], and 4 nmthick AIN | ayer. Thereafter,
the c-face sapphire substrate having these |ayers grown thereon was

cl eaved into tgwpwiindtempevatuvpi anownd 5688Casseqnpnsiglilyagdomne ai her as
sanple (2). B was ion-inplanted into sanele (1) under the conditions of
the i npl ant at i ¥e PN g‘}uggﬁﬁgléneke‘?YaNGC Phweggs@ Znivhithigkgindoped

| xI O[ err]whereas B was ion-_ inplanted into sanmple (2) under the caonditions
of the inplarf®dlilRYeFerdyOndi by Eblﬁlsvnaﬁérpﬁgaalo Y&t dapedhdfieh 2x 10

. di St Lisbuts fi £ i _and Ga in the depth
o), Arver Lhat, St il onorof 4 o5 Sy & S [g,SE,1 1 1he denth
e o) Y e end e £RRUCLEAREC SABBNY e St ot & Having | fhese 1° 00
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surfaces is the intrinsic phenonmenon caused by neasurenent. The
sanples (1) ang2)2) BewgsdivhdefplBh@ed into sample (1) under the

conditions of the implantation energy being 60 keV and
the dose amount being 1x10'‘cm™® whereas B was ion-
implanted into sample (2) under the conditions 6f the
implantation energy being 60 keV and the dose amount
being 2x10*°cm™®. After that, distribution profiles of
B, Si and Ga in the depth direction in samples (1) and
(2) were measured by secondary ion mass spectrometry
(SIMS). The results are shown in Figs. 1 and 2. Fig.
1l is oﬁ sample (1), and Fig. 2 is on sample (2).

As shown in Figs. 1 and 2, the peak depth of
‘B concentration under the implantation energy of 60 keV
was about 0.15 to 0.16 ym which as deeper than the
calculated expected value 0.12 pm. In Figs. 1 and 2,
distribution of Si near the surféces is the intrinsic
phenomenon caused by measurément.

The samples (1) and (2) were divided into 5
mm square ones, and they were annealed for thirty
minutes in a N, atmosphere at 300°C, 400°C, 500°C,

600°C, 700°C, 800°C and 900°C, respectively. After



m square ones, and they were annealed for thirty mnutes in a N,

at nosphere at 300[err]C, 400[err]C, 500[err]C, 600[err]C, 700[err]c,
800[err]C and 900[err]C, respectively. After

7 that, Au/ln electrodes were made at four corners of each sanple, and
their resistance val ues were neasured t he four-point probe technique.
Expl ai ned bel ow are results of neasurenent of resistance val ues. The sheet
resi stance valthatof AuiN elegtredes were ypadat ati §auss copngxs of

approximately 10Q [e shows degendence of the sheet

rr]. . Fig. 3
resi stance vaﬁi?ﬂﬁs%ﬁéﬁﬁﬁe?QQ Hhedr (FRSHILRNGROUALUBE WBIBePRGSEed err)
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remar kabl y hid% sheet resistance val Ues ar eun err are o alne&Eunder

400[ err] C. Si ireddeapprestined by a¢¢ oaf. 1 [err] is practically
sufficiently high as tthe high ?%sistance region for isolation of devices

or for blocking the curpig!,3ighéwe d@s€nacneet o&f tBel shebtlOlerr] in
sanpl es having the initial sheet resistance of 100 [err] before ion

i npl ant ati on, dewistdngdh vabuistaficeampelée o0l ) mribhaithendosied e of
resi stance val ues not |ower than 1[err]even under
B beirg 1x10™cm™ upon the annealing temperature. The
value before annealing is the sheet resistance value of
the measurable limit (100 G Q/O0. As shown in Fig. 3,
although the sheet resistance value gradually decreases
as the annealing temperature becomes high, high sheet
resistance values around 1 MQ/[] are obtained even
undexr 500°C, although variant more or less, and
remarkably high sheet resistance values around 10 MQ/[O
are obtained under 400°C. Since the sheet resistance
of 1 MQ/0O is practically sufficiently high as the
high resistance region for isolation of devices or for
blocking the current, if the dose amount of B is
1x10*¥cm™ in samples having the initial sheet
resistance of 100 Q/(] before ion implantation, then
high resistance regions maintaining high sheet
resisfance values not lower than 1 MQ/(0 even under
500°C will be obtained.
Fig. 4 shows dependence of the sheet

resistance value of sample (2) with the dose amount of



500[err]C will be obtained. Fig. 4 shows dependence of the sheet
Tesistance value of sanple (2) with the dose amount of .

8 B being 2x10[err] upon the annealing tenperature. The sheet resistance

val ue before annealing of this sanple (2) was 5 [err]. As shown in Fig. 4,
the sheet resistance value is approxingtely 10 [err] even under 200[err]C

which is insufficient as the sheet resistance value of the high resistance

region for i|dblkaing 2xk0’ens mporoths annerling tempenaturfe. hTh: “Next
reviewed are SIMS profiles of sample (1) shown in Fig. 1. |f the doping
concentratio@hﬁe?§r¢§95¥§$9$eVF}uﬁnHeF%@edéﬁaﬁaling of thix samplen t hi ck,

then doped §,.anmounts t 10[err] x2.5xI0Qlerr]=7.5xlI0[err]. Since the
carrier concetfth #3% (’E‘gfﬁe(nt%‘éti ¥ ’é}et[c"‘t?on‘%') theisheel by Hall

Baoferr). i CALE YRRISCRY SERRoRiRRReLE 1 GRd FEen prdFmat ol y 1
9 ' {de 1B ' ' of the Si-d d
ayor 1 s 7 5o & e hobPRLel B Tas, SRA°ERE cBbGiramarates 1 rom

one Si atom Asdd dPeckdihighY @ iE'SE‘én%e' X g1 afgzedisféfé’t?{n since the

dose anmount that can nalntalﬁﬁhlg eet resistance values around 1 [err]

even under SH¥wId¢dd or SEd¥ 101 8EkEngs thePlr@htabove, one B atom exists
per 10 electrons in average i medi ately after the grow h.

Next reviewed are SIMS profiles of sample (1)
shown- in Fig. 1. If the doping concentration of Si is
3x10”cm™ and the doped layer is 0.25 pm thick, then
doped Si amounts to 3x10" x2.5x107°=7.5x10%cm™®. Since
the carrier concentration (concentration of electrons)
obtained by Hall measurement apart from the measurement
of sheet resistance values was 8x16“cm3, it is shown
that the activation ratio of Si is approximately 1
(100%), taking it into account that the Si
concentration of the Si-doped-layer is 7.5x10%cm™.

That is, it is known that one electron generates from
one Si atom. As to the entirety of the B ion implanted
layer, since the dose amount that can maintain high
sheet resistance values around 1 MQ/0J even under 500°C
is 1x10"cm™ as explained above, one B atom exists per
10 elgctrons in average immediately after the growth.

Reviewing it in greater detail, B atoms do
not distribute evenly in the ion implanted layer as
shown in Fig. 1. Since the resistance must be high

even in portions of the B-ion implanted layer with the



Reviewing it in greater detail, B atonms do not distribute evenly in the
ion inplanted |layer as shown in Fig. 1. Since the resistance nust be high
even in portions of the B-ion inplanted |ayer with the
9 | owest concentration, if the resistance is still high in the depth of
0.25 [err] mwhere the concentration of Bis approximtely 2x10[err] as
showmn in Fig. 1, then one B atomresults in existing per 15 el ectrons
because, whenlowhgtScovcentmatditomn ifs the Ofesijtanbe iat svidl Bigh
concentration ([Si]) relative to the B concentration ([B]) is
[ Si /[ B] =3x10{i8r Ehe2deptlr of=105 2H i whexe| the concentratilort ofeBi dsed i s
sanpl e (2) whose dose ampunt of,¢ B i;s 2x10[err] . The B dose anount of
sanpl e (2) is2PRFoxdmatedys Goudf showpnime Fig. lyhdthenane B
resi stance valge of sanpl e, 2),,aILhou%? no, 5hifh sufficiently, varies
from 100 [errf B@faFéuH%ﬁ M AXIRENDPED 5° [RFFFLEONSoReFAPSEMt ¥hESN of
B. It neans at .the resi stance increasgsisw tsh high .efficiency relative
to a unit am)tﬁ? 5t Fgﬁcei“};ﬁ oﬁllcfne%fﬁg 58 or F0& qﬁa&&&é&fcaslhi gh sheet
resi stance va ef fegty of.. i resistance.relative to
the unit annu%?ﬁgfgggégﬁaﬁﬂggﬁahﬁcﬁ# ecfg%sgg %ﬁ§h3i§§P§§§§r8Flpﬁe anmount
of. Ton implansayian (B34l As:iio! y SRLDEPRAGS ! dfo Mkifatdiy TBaNS Lhal
with anmounts of ion inplantati'on 1ncreasing the she Tesistante val ue up
to a quasi- insulated je3dte rdiTWRS 14 SampNé ¢8) 1 QRokBPLBRkAEhdUnt

of B is 2x10%cm™. The B dose amount of sample (2) is -

1/5 of the B dose amount of sample (1l). The sheet

resistance value of sample (2), although not high

sufficiently, varies from 100 Q/0 before ion

implantation to 5 kQ/00 by ion implantation of B. It

means that the resistance increases with a high

efficiency relative to a:unit amount of ion

implantation of B before it reaches a high sheet

resistance value, but the effect of increasing the

resistance relative to the unit amount of ion

implantation decreases with increase of the amount of .

ion implantation. Reviewing it from the opposite side,

it means that, with amounts of ion implantation

increasing the sheet resistance value up to-a quasi-

insulated state, changes in amount of ion implantation

as large as ¥ to two times thereof do not affect so

much to the insulated state. Therefore, the above-

indicated B concentration sufficient for insulation,

{si]/[B]=15, is not strictly required, but it is



as large as [err] to two tines thereof do not affect so nuch to the

insul ated state. Therefore, the above- indicated B concentration .
sufficient for insulation, [Si]/[B]=15, is not strictly required, but it
S 10 reasonable to all ow roomof [err]

to two tinmes thereof. Thus, it is suffijgient for the B concentration to be
approximately 1/30 relative to the electron concentration in the state

i mredi atel y Heasonakle gkouphlow room of dThe #wWeckdFiesn thareabove have
been made as __nmaking hjgh resistance regions_in Si-doped n-type GaN

h
| ayers. The SHHES: h’o‘éve:{-/ rSugfigienp fer Fg‘eggngpé‘lc:’%l%é%‘é Zﬁghd i
' ' de, i - . GaN ' t it
S or any. ot AAPLGIGHE EOLR AL 4PQoTEYESYES CRhERE AIGHETEN s ance I ogions.
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t he above-ergﬂg researches by the Inventor. To attain the
obj ect, according to the first aspect of the invention, there is provided

a sem conduct or deViCeThEP&ﬂQEﬁGsiggiﬂ??%eib%k%ﬂﬁ%ifﬂﬂéﬁh ééﬁ%{%% f or med

in an electrically conductive nitric¢ -V conpound sem co _ | ayer
conprising: making highhgebigbahes skaioas’ & &i-RRIJEH TRAsyHY T

i npl antati on of boron.
layers. The same, however, also applies to general
cases where high resistancé regions are made in n-type
GaN semiconductor layers doped with Si or any other
donor, and also to cases where high resistance regions
are made in p-type GaN semiconductor layers doped with
magnesium (Mg) or any other acceptor.

The present invention has been made based on
the above-explained researches by the 'Inventor.

To attain the object, accqrding to the first
aspect of the invention, there is provi@ed a
semiconductor device including a high-resistance region
locally formed in an electrically conductive nitride
III-V compound semiconductor layer, comprising:

the high-resistance region being made by ion
implantation of boron.

According to the second aspect of the
invention, there is provided a method for manufacturing
a semiconductor.device including a high-resistance
region locally formed in an electrically conductive

nitride III-V compound semiconductor layer, comprising:



According to the second aspect of the invention, there is provided a
met hod for manufacturing a sem conductor device including a

hi gh-resi stance region locally forned in an electrically conductive
nitride 111-V conpound sem conductor |ayer, conprising:

11 the step of form ng the hiygh-resistance region by ion
I npl antation of boron into a selective , portion.,of the nitride I11-V

e}
conpound seni conduct or thea§Eep of forming Qﬁ?ihﬁQQTﬁﬁﬁﬁﬁﬁﬁPC?he sheet
resi stance of _the i gh resistance r.egion is _preferably n | ower than 1
Eerr] ansl norer"ﬁ)g’e?’érggl _§7°ﬁogmpﬁyﬁ/§%a§ﬁ8% ﬁ% ?)é)l)%n i"‘ﬁ"i%eéfl ?%u%‘étb‘(:wgr ki ng
enper at ur es S A C oy J ed boron is
preferably H%%rﬁggg gg;ﬁﬂglggEgégengﬁg §}§%§§§£ y nd?ﬁ%%gggﬁﬁgér 1/ 15 of
the carrier ch§ggtration of the nitride Ill-V conpound sem conduct or
| ayer . “In the invention, the nitride 111-V conpound
sem conductor |ayer is fRAehR! jAvehtd®n,0thKidhbe redi St | o8l nt
sel ected fromthe group coEst%?hS g? ‘Ga, A, 1n gﬁ% B aﬁﬁégtofeggg N,
and may addi thoghl r¥siseahtel Redidnoul YrIRIFIBLF Utdt aBowsr Oth&n\Mer e
appropriate. Specific exanples of the nitride Ill-V  conmpound
seni conduct orMQ e andr enc@e\ praferablcaidt lower , thkahnhol MpgOl i GHeN

layer, and so forth. According to the invention having the
above constrangeoof woekibgr dvempe)ratariesn-afrjilentsemnicondubtor

device. The amount ‘of implanted boron is preferably
not less than 1/30 and more preferably not less than
1/15 of the carrier concentration of the nitride III-V
compound semiconductor layer.

In the invention, the nitride III-V compound
semiconductor layer is made of at least one kind of
group III elemént selected from the group consisting of
Ga, Al, In and B and at least N, and may additionally
contain a group V element such as As or P where
appropriate. Specific examples of the nitride III-V
compoupd semiconductor layer are GaN layer, AlGaN
layer, GaInN layer, AlGaInN layer, and so forth.

According to the invention having the above
construction, when boron (B) is ion-implanted into the
nitride III-V compound semiconductor layer, B enters
into the nitride III-V compound semiconductor layer,
impacts crystal lattices therein and makes defects.
More specifically, when the nitride III-V compound

semiconductor layer contains GaN, for example, as its



nitride Il1-V conpound sem conductor |ayer, B enters into the nitride
111-V conpound sem conduct or | ayer, | npacts crystal lattices therein and
makes defects. More specifically, when the nitride I11-V conpound

sem conductor |ayer contains GaN, for exanple, as its

12 maj or conponent, Ga-N bonds are cut Py ion inplantation of B, or Ga and
N are conpelled to nove fromtheir sites. These defects nmake deep |evels
in the forbi duddorbgemponsatyhSa-dedonds rage ot dayriensinpliantatdase the
carriers. As a _result, resistance of the region inplanted with Bions is

i ncreased. FuPEhBr, OFhE3e angefe@re FARLIMIE &Q JAOVRJEFOR| ERedEnper at ur es

Gecp | ovel s oPLERS-doFbese Retneth MK Ao Levels “fn Che Forhiugence
itride I'11-V, ] duct | I npl d wth B i t ai
et ect s maki nBooHal PO (1368 SeGalie Frpft vt SReFIGES Bhoracerdasel ca 1y

i th I ghbor | A def | |1
level o made byie: REEEMEc, 8% 3 sl Er SR ATErBE, e BRT8R, "

cal | ed hoppi ngneeRdiely Q-+ idnd S A dbiddleqaanNPakiRd CagnbgROVE these

defects and increase |nsJ1at|on. wever, It depends upon’the I'on species
for ion inpl age¥ecds Ard A0 A NindéP thPgheebhparatBYesahreund

accel erate recovery of these defects and may decrease the resistance
val ue. 500°C, for example, and the trapping effect of carriers
by deep levels of the defects is maiﬁtained stable.

Although the nitride III-V compound
semiconductor layer implanted with B ions contains
defects making shallow levels, these defects easily
couple electrically with neighboring similar defects,
and carriers trapped by the shallow levels made by
these defects can move along the shallow levels. This
is called hopping conduction, and it is said that
annealing cah remove these defgcts and increase
insulation. However, it depends upon the ion species
for ion implantation or the dose amount, and annealing
may rather accelerate recovery of these defects and may
decrease the resistance value.

The above, and other, objects, features and
advantage of the present invention will become readily
apparént from the following detailed description
thereof which is to be read in connection with the

accompanying drawings.



The above, and ot her, objects, features and advant age of the present

invention wl
description

| becone readily apparent fromthe follow ng detail ed
t hereof which is to be read in connection with the

acconpanyi ng draw ngs. 13 BRI EF
DESCRI PTI ON OF THE DRAW NGS Ri3g. 1 is a schematic diagramfor
explaining results of SIMS neasurenent conducted in the course of | eading

to the present inventi onBRIEF DESCRIBIION OF THE DBRARENGS dj agram f or
esults of SINB asurenent conﬁuc ed in the course,of |eading
173573 Sqhepatd 1

explaining r

to the present |nvent|oﬁ

explaining r
the present i

explaining r
the present i

G diagramter cexplgiaingor

f _lead
RE 8t Eanofo SEMR AR (rondfiet o 68 F88; Soured BE e °
upon anneallngegﬁggs ?5“%%% rese nt in éﬁé%P4 Is a schematic diagram for

esu neasu EITE con

I'n the course of leading to

t t t t S CE s | ue
upon anneal i ngve?elnggr a’?‘u eg\ﬁ Q%O%%é}{}c &%g?&ﬁ ng éﬁbfggﬁlﬁa
CT 0S5- SECt i 0Nl il 845 o0 THEX et TSIt S 05 TPAUERE! eshegeao@N FET

according to

the first enbodi nent of the invention; Fig.

cross-secti onpbadifny t@rth@x@ﬁgganﬁ;ghvgﬁﬁmmhfor nanufacturlng a &GN

sen conduct or

| aser according to the second enbodi nent
Fig. 3 is a schematic diagram for explaining

results of measurement conducted in the course of
leading to the present invention to know dependence of
the sheet resistance value upon annealing temperatures;

Fig. 4 is a schematic diagram for explaining
results of measurement conducted in the course of
leading to the present invention to know dependencé of
thg sheet resistance wvalue upon annealing
temperatures;.

Figs. 5A to 5D are cross-sectional views for
explaining a method for manufacturing a GaN FET
according to the first embodiment of the invention;

Fig. 6 is a cross-sectional view for
explaining a method for manufacturing a GaN
semiconductor laser according to the second embodiment
of the invention;

Fig. 7 is a cross-sectional view for
explaining a method for manufacturing a GaN
semiconductor laser according to the second embodiment

of the invention; and

6is a



of the invention; Fig. 7 is a cross-sectional view for
‘explaining a nethod for manufacturing a GaN sem conductor |aser according
to the second enbodi rent of the invention; and

14 Fig. 8 is a cross-sectional view for explaining a nmethod for
manuf acturing a GaN sem conductor | aseri4according to the second enbodi nent
of the invention. - DETAI LED DESCRI PTI ON OF THE PREFERRED ENMBODI MENTS
Enbodi ments of the i nveFigenBads exgraesscsechdlomaliiview ofanr ence to the

dr awi ngs. .  First explained is a nmethod for nmanufacturing a GaN
FET accormluf¥2ﬂ@hélﬂgr§tmé#89éiﬁ@ﬁtmépWﬂ%Stqﬁ*ﬂgﬂﬁ(ﬁﬁNFﬁg. 5 shows the

manuf act uri ng net hod. In the first enbodi nent., as shown in Fig.
5A, a GaN buf§BiCPRJUFtSr; lasersacgosging, to Ehe,secang, srkedigrt rate 1
by MOCVD at a_Lo rowm h_ _tenperature about 560[err]C, for exanple.
Subsequently,otygh%{fﬁfFQFlgngromﬁh t enperat ure about 1000[err]C,
sequentially grown on the GaN buffer layer 2 are an undoped &GN | ayer 3
which may be 2 [err]mthick and an n- type GaN channel |ayer 4 which may

be 0.2 pm thi ck Bﬁ?AIhﬁDdg@gR‘fﬂ#;ﬁ ¥ o} RRHEHER hontudtTSl T 1] -
Next grown on t =

Embodiments of the invention are explained
below with reference to the drawings.

First explained is a method for manufactﬁring-
a GaN FET according to the first embodiment of the
invention. Fig. 5 shows the manufacturing method.

In the first embodiment, as shown in Fig. 53,
a GaN buffer layer 2 is first grown on a c-face
sapphire substrate 1 by MOCVD at a low growth
temperature about 560°C, for example. Subsequently, by
MOCVD at a growth temperature about 1000°C,
sequentially grown on thé GaN buffer layer 2 are an
undoped GaN layer 3 which may be 2 pym thick and an n-
type GaN channel layer 4 which may be 0.2 pm thick and .
is doped with Si by the concentration of 3x10%%cm™.
Next grown on the n-type GaN channel layer 4 is an
insulation film 5 such as Si0, film or Si,N, film by
CVD, for example. Thereafter, a resist pattern (not
shown) having an opening in a location for the device
isolating region is made on the insulation film 5 by
lithography, and the insulation film 5 is selectively

removed by etching by using the resist pattern as a



insulation films5 such as SiJerr] filmor Si[err]Nerr] filmby CVD for
‘exanple. Thereafter, a resist pattern (not shown) having an opening in a
| ocation for the device isolating region is made on the insulation filmb5

by lithography, and the insulation film5 is selectively renoved by
etching by using the resist pattern as as
15 mask. The resj st gattern I s renoved thereafter, After that,

as shown in M3Sksp The| RGSLAE PRREGKD: 1§n reMoNes theredfdieLmd i npl anting
i gh Teei stance. regi on BEBREr iRy ARcSHEYRsEN Fig-ntiig TORGINS made.
Tpl anted e TRerhEBASh, BLMR. R B BASH 5l JHBT st & e, W 50, o
ntype GaN croeel “Fo,E88 SUEE Mebpn Be Che, nCTyRIC oA MR P o "5

are, for exaapls,hieﬁA¥§Bh§eaﬁEEOEe§&%h9£ afpeg%&ﬁ tHE adipfige amount of

1x10[err]. er that, as”shown in . 5C, aresist. pattern
(not shown) hbyoIgtORGNrEGEohN ik0RmaHEQNS Thie tiled impldrid®iod iémB for a

source el ectrode and drain electrode of FET and for an ohm c el ectrode of
a Schottky dicme,urderathedcbatdtions whiered thieclaawundty of i ileDanpéd, and
the insulation film5 is selectively renoved by etching using the resist
pattern as a Bet& the n-type GaN channel layer 4 be not less than
| 1/30, or more preferably, not less than 1/15, of the
carrier concentration of the n-fype GaN channel layer
4. Specific conditions of ion implantation of B are,
for example, the implantation energy of 60 keV, the
dose amount of 1x10%%cm™.

After that, as shown in Fig. 5C,-a resisth
pattern (not shown) having openings in locations of thé
insulation film 5 for a source electrode and drain
electrode of FET and for an ohmic electrode of a
Schottky diode, explained later, is formed thereon by
lithography, and the insulation film 5 is selectively -
removed by etching using the resist pattern as a mask
to make openings 5a, Sb and 5¢. Thereafter, still
maintaining the resist pattern, an ohmic metal film,
such as Ti/Al film or Ti/Al/Pt/Au film, is formed on
the entire surface by vacuum evaporation, for example.
Then. the resist pattern is removed together with the

ohmic metal film thereon (lift-off). As a result, a

source electrode 7, drain electrode 8 and electrode 9



to make openings 5a, 5b and 5c. Thereafter, still rmaintaining the resist
‘pattern, an ohmc netal film such as Ti/A filmor Ti/A/Pt/Aufilm is
formed on the entire surface by vacuum evaporation, for exanple. Then.
the resist pattern is renoved together with the ohmc nmetal filmthereon
(lift-off). As a result, a source elecltéode 7, drain electrode 8 and

el ectrode 9 . : - 16 are m res tively in

t he openi ngs e '%%d%n’ae%e‘?c"-ﬁséx &8’uf'(t,18 P& eesf,’ ﬁi?f‘@ﬁ%&t rode 8
and electro re.l hoi Ct, W L h o annel | ayer 4.
After that, glghesg%%v\%o‘?gcgi ga.'ggf),gggar t(géi g}'} ;tt)lat%tle%réﬁt { no sha(:)t\qf\%) havi ng

openi ngs in | ocats for h il ra
Schot t ky electrdgggﬁ? g %gﬁo??k?hgggdgékgaggfﬁggsgggﬁiéﬁﬁﬁgﬁgﬁ%é?st

pattern as a ¢Rsknelhfay8gugation films5 is selectively renoved by etching
to make openings 5d and™ Se. Thereafter, still maintaining the resist

pattern, a Schottky mepgteti khatycasashbwrAdd iIFigorsy) /LtedgistiImis
made on the entire surface by vacuum evaporation, for exanple. Later, the

resi st patterpatternefngtdshogalhbawvimigh ddenismotikyloedeions| fiothar eon.

As a result, the Schottky gate electrode 10 and the Schottky el ectrode 11
are made respchottky gatepedecgsoded ofndFER arthef£Be hat$&hoybky el ect rode
10, n-type GaN channel |ayer 4, source electrode 7 and drain electrode 8
form a GaN FEGlepbreds efeasSebotibkyeldd@dedes formed. Using the

resist pattern as a mask, the insulation film 5 is
selectively removed by etching to make openings 5d and
Se. Thereafter, still maintaining the resist pattern,
a Schottky metal film such as Ti/Au film or Ti/Pt/Au
film is made on the entire surface by wvacuum
evaporation, for éxample. Later, the resist pattern is
removed together with the Schottky metal film thereon.
As a result, the Schottky gate electrode 10 and the
Schottky electrode 11 are made respéctively in openings
5d and 5e. The Schottky gate electrode 10, n-type GaN
channel. layer 4, source electrode 7 and drain electrode
8 form a GaN FET whereas the Schottky electrode 11, nQ
type GaN channel 1ayer 4 and electrode 9 form a
Schottky diode.

After that, a resist pattern (not shown)
havind openings in locations for wiring is formed by
lithography, and a metal film such as Ti/Pt/Au film is
next formed on the entire surface by wvacuum

evaporation, for example. Then, the resist pattern is



type GaN channel layer 4 and electrode 9 forma Schottky diode.
‘After that, a resist pattern (not shown) having openings in |ocations for

wiring is forned by |I|ithography, and a netal filmsuch as Ti/Pt/Au filmis
next formed on the entire surface by vacuum evaporation, for exanple.
Then, the resist pattern is 17 renoved

t th th th filmth W ring 12
e?ggt r?ga}ml y E&’H%é’cr,rececg}‘?%el?m’er ‘g{a's#g%h%l EEFPEJd%J'%‘m & rﬁoﬁbglﬁselaect rically

G ode. Sﬁﬂ LG 2 STALSS D2 (eTebzifatsY BlRrRsted Ko @%ﬁééﬂgde 11
f the S . .

Lo the rirst SoMRcHRACrdBEr, o wizing, 13 TR Bondiral @ 22
the device isqhp '&%:ergéfébtfo&@% o gﬁ%g@ib?@r%de' PHEYnd €SS than

1/ 30, or nore preferably not |ess the carrier concentration

of the n-type scritEhpdedds ay&ﬁdélalﬁielhaem bm%&a%aq&qﬁr@ém{@d@éd‘l In

| ocation for the device |solat|ng region, “the resi sttance region 6

exhi biting a goaheddhoter ﬁpéﬁbberohegmlsbeeth@esm@ \chil dtfe e | OVET
than 1 [err] required for the device isolating region can be obtained

even when themamdei ng tenperature is 500[err]C. Therefore, the device can
fully achieve the high performance peculiar to the GaN FET, and a hi gh-

As explained above, according to the first
embodiment, since the high resistance region 6 behaving
as the device isolating region is made by implanting B
ions nof less than 1/30, or more preferably not less
than 1/15, of the carrier concentration of the n-type
GaN channel layer 4 into the n-type GaN channel layer 4
in location for the device isolating region, the high
resistance region 6 exhibiting a practicaliy acceptable
high sheet resistance value not lower than 1 MQ/O.
required for the device isolating region can be _
obtained even when the working temperature is 500°C.
Therefore, the device can fully achieve the high
performance peculiar to the GaN FET, and a high-
performance GaN FET operative with high frequencies,
“high temperatures and high powers can be realized.

Next explained is a method for manufacturing
a GaN Semiconducﬁor laser according to the second
embodiment of the invention. Figs. 6 through 8
illustrate the manufacturing method. The GaN

semiconductor laser has a SCH (separate confinement



performance GaN FET operative with high frequencies, high tenperatures and
‘hi gh powers can be realized. Next explained is a nethod for
manuf acturing a GaN sem conductor |aser according to the second

enbodi nent of the invention. Figs. 6 thigugh 8 illustrate the

manuf acturi ng nmethod. The GaN sem conductor |aser has a SCH (separate

confi nenent h 18 heterostructure)
structure. eterostryqtyure) JEERGtUFBodi ment,. as shown in Fig. 6, a GaN

buf f | 22 i fi -f . hi bstr, .2 MOCVD
Dnder a 1w grouth i ertrE seGphd er8stintREr a;grﬁgmstf%eglgl. ¥,

Sub tly, i | t MOCVD

an e type ot SIS Yagie 90l P WRGkhin B ELSES) M Ve Gan
opti cal 9Uid%dq9ﬁ¥réE§T?ﬁf£é¥ h?%ﬁ?? ¥6cob ﬁhdefla low growth

Ga[err]-In[ferr[NG[err err I quant um we structure, for exanple,

p-type GaN opidndruse dP¥8hd §60°C; L¥68 &ksmPiel adg, and
p-type GaN coﬁﬁgig | ayer 29. The grownhatenperg%ure ?gﬁggbﬁ%gkl%SOO[err]C,

for exanpl e, SequerithdIn ¢fgiben! elictheNGAN BafFarnilager 22 BYTWMOCVD-t ype
GaN contact | ayer 23, n- type Al GN cladding |ayer 24, n-type GaN opti cal

gui de | ayer a&® gn trypeyfeaNcapt contagti layeayes,2n~typeypdGaN GaN cl addi ng
| ayer 28 and p-type GaN contact |ayer 29 whereas the growth tenperature is
set to 700 tladhingobiyer] 24, f nrtyrenthl, opbicgloguidef lidyerm@5,ve | ayer
26 active layer 26 of a Ga,.,InN/Ga, ,In N multiquantum well

structure, for example,.p-type GaN optical guide layer

27, p-type AlGaN cladding layer 28 and p-type GaN

contact layer 29. The growth temperature is set.to

1000°C, for example, for growth of the layers not

containing In, namely, n-type GaN contact layer 23, n-

type AlGaN cladding layer 24, n-type GaN optical guide

layer 25, p-type GaN optical guide layer 27, p-type

AlGaN cladding layer 28 and p-type GaN contact layer 29

whereas the growth temperature is set to 700.through

800°C, for example, for growth of the active layer 26

of the Ga, ,InN/Ga, ,JInN multiquantum well structure,

which contains In. In an example of thicknesses of

these layers, the GaN buffer layer 22 is 50 nm, the n-

type GaN contact layer 23 is 3 pm, the n-type AlGaN |

claddiﬁg layer 24 is 0.5 pm, the n-type GaN optical

guide layer 25 is 0.1 pm, the p-type GaN optical guide

layer 27 is 0.1 pm, the p-type AlGaN cladding layer 28

is 0.5 pm, and the p-type GaN contact layer 29 is 0.5



of the Ga[err]Iin[err]N Ga[err]In[err]N multiquantumwell structure, which
‘contains In. In an exanple of thicknesses of these |ayers, the GN buffer

| ayer 22 is 50 [err]m the n- type GaN contact layer 23 is 3 [err]m the
n-type AlGaN cladding layer 24 is 0.5 [err]m the n-type GaN opti cal

guide layer 25 is 0.1 [err]m the p-typ@9GaN optical guide layer 27 is 0.1
[err]m the p-type Al GaN cladding layer 28 is 0.5 [err]m and the p-type
GaN contact |B®%er PbejB-gype GaN contact layer 23, n-type AlGaN9 [err]|m

The n- Ga I 3,_.n- Al GaN cl addi I 24 and_n-t

GaN ot cal got-eRaHAge1285% 202286081 FaEie: CAN (QRSLAES 9 idF LAUREI 5 as”

Clladdi ng | ayeF-9 SaRR, WEFBL SEARCE 80 1 At Ferfe, i eths) Enaggnes um
, f f.1.er_.t hat., ' is_d f

cloct 1 cal |y TRFFeaR, S R tERDSH, ohriEial i TOB T 1B FBec T ayer.
ally ? - : . : i

GaNopt cal “SuFell PRpERLYS 185, R MG R 8rEast kR el e B

contact |ayera28. ddpedanieal H&bnéé%ﬁﬁ”ﬁﬁéVﬁffd&fgﬁaﬁéngogé fRe exanple.

After that, as shown in Fig. 7,” a resist “pattern 30 having an opening in a
| ocation for acceptbent plfeeld Rhat3y InricaliBif ¥ ddge Ped¥pe GaN  cont act

| ayer 29 by lithography. Using the resist pattern 30 as a nmask, B ions are
i mpl anted by ebeeteignlly activating the donor and the acceptor

doped into these layer, especially for electrically
activating the acceptor doped'into the p-type GaN
-optical guide layer 27, p-type AlGaN cladding 1a§er 28
and p-type GaN contact layer 29. The annealing
temperature is set to 700°C, for example.

After that, as shown ;n Fig. 7, a resist
pattern 30 having an opening in.a location for a
current blocking layer is made on the p-type GaN
contact layer 29 by lithography. .Usiné the resist
pattern 30 as a mask, B ions are implanted by an energy
to reach the half depth of the p-type AlGaN cladding
layer 28 to make a high-resistance region 31 behaving
as the current blocking layer. The ion implantation of
B is done under the conditions where the amount of
implanted B to the p-type GaN contact layer 29 and the
p-type AlGaN cladding layér 28 be not less than 1/30,
more preferably not less than 1/15, of the carrier
concentration of the p-type GaN contact layer 29 and

the p-type AlGaN cladding layer 28. In an example of



to reach the half depth of the p-type Al GaN cladding |ayer 28 to nmake a
‘hi gh-resi stance region 31 behaving as the current blocking layer. The ion
i mpl antation of B is done under the conditions where the anount of

i nplanted B to the p-type GaN contact |ayer 29 and the p-type Al GaN

cl addi ng | ayer 28 be not |ess than 1/302¢9 nore preferably not |ess than

1/ 15, of the carrier concentration of the p-type GaN contact |ayer 29 and
the p-type A Gonditibhisipf Feiorgimphanhatiaenpl wheh the carrier

20 conditions of B ion inplantation, when the carrier concentration of the
p-type GaN coonaentxatiom ofidthe He-pyPgpeal| cortaciddianey A%ramd s
2x10[err], the_inplantation ener i{s 160 keV, _and the se,anpunt is
2x10[ err] the r{’p'tMtz}J-%‘t’e?lg%@'?gsig'yeﬁa?teeﬂﬁ I?G‘]iogp‘l‘%rinv'éa,e a’

stripe-shaped resist. pajtern (not sho | s..formed. on he p-type GaN

cont act Iayer%ﬂﬁiQEﬁ$tf?%ee? Eggtlspﬁgbekﬁvasamanﬁéa 4%%&1 1ottt ching
(RIE), for e 18, 42S conducted to pattern the p-type GaN contact |ayer
29, p-type A clgﬂdrng | ayer 28, p-type GaN optical guide |ayer 27,

active layer 26, n-type #%#%bog££§gltggig§ﬁgg¥e a%%%é§$égﬁiéi%%$#&é@dding

| ayer 24 and the upper- portion of e n-type ( aye?_23
Chovon’ v o A yfcendia 88, SherpELIEEn Ik i) 3 HamaBNln
Ni/Pt/Au filrghd G5-eYPEPESN £6ntREE 2ByERe2D-t YRR iGN a1t eedist
’ pattern as a mask, reactive ion etching (RIE), for
example, is conducted to pattern the p-type GaN contact
layer 29, p-type AlGaN cladding layer 28, p-type GaN
optical guide layer 27, active layer 26, n-type GaN
optical guide layer 25, n-type AlGaN cladding layér 24
and the ﬁpper-lying portion of the n-type GaN contact
layer 23 into the formlof stripe. The resist pattern
used as the etching mask is removed thereafter. Then, -
a p-side electrode 32 in form of Ni/Au film or Ni/Pt/Au
film, for example, is made on the p-type GaN contact
layer 29 and the high-resistance region 31, and an n-
side electrode 33, which may be a Ti/Al £film, is made
on the n-type GaN contact layer 23 in the etched
portion.

After that, the c-face sapphire substrate 21
having formed the laser structure is processed into
bars by cleavage, for example, to make cavity edges,
and after applying an edge coating onto the cavity

edges, the bars are divided into chips by cleavage, for



| ayer 29 and the high-resistance region 31, and an n- side electrode 33,
‘which may be a Ti/A film is nade on the n-type GaN contact layer 23 in
the etched portion. After that, the c-face sapphire substrate
21 having forned the laser structure is processed into bars by cl eavage,
for exanple, to nake cavity edges, and®hfter applying an edge coating onto
the cavity wedges, the bars are divided into chips by cleavage, for

21 exanple. éxampilesul &s heesuldnddheGantanded Galit semitandnchayri ng a
SCH structure is conpleted. According to the second enbodi nent,
since the hi §asesshavinge & S§§tostInainires iy ecempletedsrent bl ocki ng

| ayer is made by inplanting B ions not Iess than 1/30 or nore preferably
not |ess than 1/15, of #FEOrEdng &0 dhr R prediment, t §hrCEaktheont act

aver 20 o U6 RaluRe AL claddiis layer, 29 Lntphese B fype GaN
region 31 exiBEkeny dhyar S made 1 B LAREARE heifns BPE: 1768 "ot
et <an L S 2780 ChE G SR b PEEL TR a8 BRI
N . bt e nBSER 5 dlerdh 2 (N RO RULRL LafcEontide Sayer
29 and the p-type AlGaN cladding layer 28 into these p-
type GaN contact layer 29 and the p-type AlGaN cladding
layer 28 in the location for the curreﬁt.blocking
layer, it is ensured that the high resistance region 31
exhibits a practically acceptable high sheet ‘resistance
not lower than 1 MQ/0] required for the current
blocking layer even when the working temperature is
500°C. Therefore, the laser fully achieves the high
performance peculiar to a GaN semiconductor laser, and
a high-performance GaNrsemiconductor laser can be
realized.

Having described specific preferred
embodiments of the present invention with reference to
the accompanying drawings, it is to be understood that
the invention is not limited to those precise
embodiments, and that various changes and modifications
may be effected therein by one skilled in the art
without departing from the scope or the spirit of the

invention as defined in the appended claims.



Havi ng descri bed specific preferred enbodinents of the present invention
‘wWth reference to the acconpanying drawings, it is to be understood that
the invention is not limted to those precise enbodinments, and that

vari ous changes and nodifications my be effected therein by one skilled
inthe art wthout departing fromthe SX®pe or the spirit of the

i nvention as defined in the appended cl ai ns.

22 For exanpl E9Tn@ d& Pamericad Madgtys SERYBRYFetes, source

materi als and

are only exa ggra %%'gggh%%%g%%£§¥3%£ﬁaéigiéﬁé§%§é§gaéﬁ§igat%gbOdlnents
t t d.

Speci f .“LZFly#%?éL%hSﬁhsﬁ%% £ BB eBlohd il IES. afoRty (°Po
sapphire S“bs %nﬁ Sbh'dcﬁmgy bg;@rd%afp\z]o? r S U e i CRIN vAPSEL At e, Agr

zi nc oxide §trate use re appropriate.
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capable of nmaintaining a high resi stance even under hi gh enperatures can
be obt ai ned bMayabengsbhg hi gh resistance region by local ion inplantation
of boron into a nitride Il11-V conpound sem conductor-|ayer having an
electric conductivity. Specifically, although the first and second

embodiments use a c-face sapphire substrate,.a silicon
carbide (SiC) substrate, GaN substrate, or zinc oxide
(Zn0) substrate may be used where appropriate.

As explained above, according to the
invention, a high resistance region capable of
maintaining a high resistance even under high
temperatures can be obtained by making the high
resistance region by local ion impléﬁtation of boron
into a nitride III-V compound semiconductor layer

having an electric conductivity.



23 \Wat is clained is: 1. A sem conductor device including a high-

resi stance region locally formed in an electrically “conductive nitride

[11-V conpound semi conductor |ayer, conprising: : 'n

hi gh-resingt ance region being made by ion inplantati on““'lluuﬂﬂl I“Ill “2l“|

The semi conductor device according to cl28m | wherein said H gl-rési §tance
region has a sheet resistance value not |lower than 1 [err] -in the range of
wor ki ng tenpdfhaturks.claijed is: The seniconductor device according to
claim1l wherein the ampunt of boron by said ion inplantation is not |ess
than 1/30 of khe carrieh seméeanducton s\avgaﬁequ:ilugm a |hngh:3_rrpound

sem conduct or | ayer. 4. | The_sem conduct or device according to
claimi1 V\her’@#?%%“%%ﬁﬂg-lﬁ? berailyy foxmed dn ampedachnisially not | ess

than 1/15 of the,carrier_cpncent i gn of sai nitride II11-V conmpound

seniconductcwc?Q$&ﬁélve %?grlge &iﬁﬁgtEBEpPSP SRR Bronduct or

devi ce i ncl ud] . high-resistance region locally fornmed in an
ColfRfieHiE:

electrically T nitride Il1-V conmpound sem conductor | ayer
conmpri sing: said high-resistance region being made by ion

implantation of boron.

2. The semiconductor device according to claim’l
wherein said high-resistance region has a sheet
resistance value not lower than 1 MQ/O in the range of

working temperatures.

3. The semiconductor device according to claim 1
wherein the amount of boron by said ion implantation is
not less than 1/30 of the carrier concentration of said

nitride III-V compound semiconductor layer.

4. The semiconductor device accofding to claim 1
wherein the amount of boron by said ion implantation is
not less than 1/15 of the carrier concentration of said

nitride III-V compound semiconductor'layer;

5. A method for manufacturing a semiconductor
device including a high-resistance region locally
formed in an electrically conductive nitride III-V

compound semiconductor layer, comprising:



24 the step of form ng said high-resistarce—regionm Dy ion

inpl antation of boron into a selective portion of s

conpound sem conductor | ayer. 6. The net hOBmlE“m“ﬂm” ““ng a
sem conductor device according to clalnai wherein s ron M S sl on-

I npl ant ed such that said high-resistanc egion exhibits a sheet

resi stance value not lower than 1 [err] in the range of worKking

t enper at ur es. 7. the ?N@Rﬂﬂﬁﬂﬁ?qmﬁngnﬁﬂﬁ4uﬁ¥ﬁ §e§1§EﬂP€Snductor
devi ce according to claim5 wherein the a 3%$ por on ¥ said ion

i mpl ant ati on FEIRBR P¥sdophAm aHiom e F?%wl%BﬂcénF LeFEAVEr sai d
nitride 111-V_cogpound . senm conduc . od for
manuf act uri ng PRILAON. 8fdFat 13:8"\?1‘%3 ﬁre|%°’?%%u’é%ﬁﬁ’tm‘8f’n§8g§ﬁgby sai d
i on |nplantai%9@ is not less than 1/15 of the carrier concentration of
said nitride v conmpound sem conductor | ayer.

6. The method for manufacturing a semiconductor
device according to claim 5 wherein said boron is ion-
implanted such that said high-resistance region
exhibits a sheet resistance value not lower than 1

MQ/0 in the range of working temperatures.

7. The method for manufacturing a semiconductor
device according to claim 5 wherein the amount of boron
by said ion implantation is got less than 1/30 of the
carrier concentration of saia nitride III-V compound

semiconductor layer.

8. The method for manufacturing a semiconductor
device wherein the amount of boron by said ion
implantation is not less than 1/15 of the carrier
concentration of said nitride III-V compound

semiconductor layer.



