FP05- 0269- 00 SPECI FI CATI ON METHOD FOR FORM NG P- TYPE SEM CONDUCTOR REG ON,
AND SEM CONDUCTOR ELEMENT Technical Field 5 [0001] The present invention
relates to a nethod of formng a p-type sem conductor region,

sem conduct or device. Background Art [0002] Patent Docunent 1 (J ggﬁe‘%%@ 00
Pat ent Application Laid-Open No. 2001-127002) discloses a nethod of
activating a p-type dopant in a 10 sem conductor layer in a GaN

sem conductor | aser. \Wen |laser beamis applied to a nitride-based GROUP

[11-V conpound sem conduct or, su@@ﬁ%ﬂ with the p-type dopant My
to acti¥atEe ﬁhe p-type dopant, s a photon energy in a
Liﬂgga‘;_ of Tnd EHOR FQRUEFRMNGY mﬁ%?ﬁ%@@ﬁ@%%ﬁ@%ﬂgr pt i on
e, and oD SENIRCERIOEREFER BT TG et o i 1 whi ch the dopant s to

be activat edT%ngg%hzgﬁg@nt Docunment 2 (Japanese Patent Application

Lai d- Open No 7) discloses that, when a sem conductor | ayer

CO 8 3 e ORI GrBBY Thidh SERUR b IR AR B 0
L IR L
Pat ent Docune%%@%‘ﬁ@ﬁé& Pat ent Apploi cation Laid- q)cl)gn Nol.o I [ !

[0002] Patent Document 1 (Japanese Patent Application Laid-Open No.

2001-127002) discloses a method of activating a p-type dopant in a
10 semiconductor layer in a GaN semiconductor laser. When laser beam
is applied to a nitride-based GROUP II-V compound semiconductor,
such as GaN, doped with the p-type dopant Mg to activate the p-type
dopant, the laser beam has a photon energy in a range of Eyeq+0.5 €V,
where Egra, which is an actually measured bandgap of the
15 semiconductor, is a photon energy for which the absorption coefficient
"a" of the semiconductor is equal to a quantity defined by "a = 1/d", and
"d" is a thickness of the semiconductor in which the dopant is to be
activated.
[0003] Patent Document 2 (Japanese Patent Application Laid-Open No.
20 11-224957) discloses that, when a semiconductor layer contains a
considerable amount of a group II-element. impurity, activation is
implemented by applying laser beam of not less than 10 W/em® nor
more than 500 W/cm?® to the p-type nitride semiconductor layer in which
the dopant is not activated. The activation is further promoted if the p-
25 type nitride semiconductor layer is also doped with an n-type dopant.

[0004] Patent Document 3 (Japanese Patent Application Laid-Open No.



FP05- 0269- 00 2000-306854) discloses a nethod of activating a p-type |ayer
ina galliumnitride (GaN) conpound sem conductor device. This method
irradiates the p-type layer at a tenperature in the range of 200C to:agooc
with |ight containing wavel engths in the range from ul travi ol et FPE55026%08 e
l'ight, thereby renoving hydrogen bound to the p-type dopant in the p-type

| ayer to activate the p-type dopant as an acceptor. [00051 Patent Docunent 4
(Japanese Patent Application Laid-Open No. 9-266218) discloses a nmethod of

of 1 ower os! sEUNBAGEIN RBHOH I aa FISHGoa Doractigun BgPodies. 1S B dype
or own by NOSPITE RERARI LD GBI AL ORI et hel R dnetEhe oy
Gencrate el CLRPERITOLE JHPAE [ALboRy 2 BIRORSRE Pulaodargedtt BOOICHES 15 t he
Uhei 11 adi at QUSCR BB, et S FeNGlERE HSITE harenies TR iuRar BIoEp a
ol oot P10 of f Sisioh HehfREr;Bropfibuhy Rinderhaound 0 bR b hoT dpafatth o
Patent Docundit PSR Bivalh (g PR pS ATROBR . 5001 127002
pat ont Docurtip03] PRERRTSaGueZRER AR ARrlicah N34 Gpen Neoeass 2
9-266218) discloses a method of forming a p-type II-VI compound
| semiconductor or GaN compound semiconductor of low-resistance
10 without annealing after crystal growth. The p-type II-VI compound
semiconductor or GaN compound semiconductor epitaxially grown by
MOCVD is irradiated with pulsed laser beam of the photon energy not
less than the bandgap energy of these compound semiconductors to
generate electron-hole pairs. Namely, since the pulsed laser beam has
15 the wavelength corresponding to the energy not less than the bandgap
energy of the irradiated semiconductor, an electron-hole pair is
generated by a single photon. Bonding between the p-type dopant and
hydrogen is cut by electric effect of carriers generated from the electron-
hole pair, to remove hydrogen from the interior of the p-type compound
20 semiconductor.
Patent Document 1: Japanese Patent Application Laid-Open No. 2001-
127002
Patent Document 2: Japanese Patent Application Laid-Open No. 11-
224957
25 Patent Document 3: Japanese Patent Application Laid-Open No. 2000-
306854



FP05- 0269-00 Patent Docunent 4: Japanese Patent Application Laid-Cpen No. 9
266218 Disclosure of the Invention Problemto be Sol ved by the Invention 5
[ 0006] For realizing sem conductor devices such as nitride sem conductor

| asers and nitride light-emtting diodes, we need | ow resistand@P(H-0266-00
sem conductor films, such as p-type GaN and Al GaN filns. For obtai ning
these filnms, it is necessary to activate the p-type dopant in the nitride
sem conductor region. The reason for it is that the 10 p-type dopant added
in crystals during crystal growh may be bound to hydrogen atons in an

at nospher e i nPateht JRocwmpat a4 :ulepartese ePatent ndppliketignobatd-Qpanmiveli St el y
after the growh and that the bound dopant is I,l not ionized in a
tenperature r2ffgEl8 n which these semiconductor devices operate, normally,
around roomtenperature. 15 [0007] For activating the dopant, there are the
met hods of cubischesunecof theobmeinfgomet ween t he dopant and hydrogen by making
use of optical irradiation, as described in the aforenenti oned docunents.
[0008] The neRrahlenedéebiesSolved Ipathednpentiobnt 1 uses the light with the
phot on_energy near the energy satisfying the above predeterm ned 20

rel atidn (a 30006) ,F%erréallﬁ@gabﬁﬁpﬁﬂbgu@t@ﬁffd@Vmﬁ?S " guclyf ahe nitride

sem conductor has the thickness d of .the sem conductor to be subjected to
activation ofsempicongpotart lasersoandnniéride dight-empéingh diedese ige gieesk lowe |7 ght
used in the above nethod has too be changed according to the thickness of
the seni condu€sistanceyprtype sgmlaendwtpédﬂnzss suobo ptpe feaNoandiddéraNed in
Pat ent Docunept 2 adopts the activaﬁi on,using the | aser beamw th the
energy of notillmss Frumbiaining these films, it is necessary to activate the p-type

dopant in the nitride semiconductor region. The reason for it is that the

10 p-type dopant added in crystals during crystal growth may be bound to
hydrogen atoms in an atmosphere in a high-temperature state during
the growth or immediately after the growth and that the bound dopant is
not ionized in a temperature range in which these semiconductor
devices operate, normally, around room temperature.

15 [0007] For activating the dopant, there are the methods of cutting the
bonding between the dopant and hydrogen by making use of optical
irradiation, as described in the aforementioned documents.

[0008] The method described in Patent Document 1 uses the light with
the photon energy near the energy satisfying the above predetermined

20 relation (a = 1/d), where the absorption coefficient "a" of the
semiconductor has the thickness d of the semiconductor to be subjected
to activation of the impurity. For this reason, the photon energy of the
light used in the above method has to be changed according to the
thickness of the semiconductor layer to be activated.

25 [0009] The method described in Patent Document 2 adopts the

activation using the laser beam with the energy of not less than 10



FP05-0269-00 Wcn2 nor nore than 500 WcnR. This | aser beam has a
wavel ength of a third harnonic of titani um sapphire laser (340 nm, or a
second harnonic of argon gas laser (257 nm. Since this nmethod uses the
beam of wavel ength shorter than the wavel ength correspondi ng toRFE-0569-00
bandgap energy, it makes use of single-photon excitation. [0010] The net hod
described in Patent Docunent 3 includes the step of applying the Iight

havi ng t he wavel ength conponents in the range from ultraviolet to visible
light, to di rectlg di ssociate a proton froma bound substance of the dopant
and hydr ogen. Wroer piat oore thae B0 W &ed”. by This kSeebeatr has genavalezgthhen t he
GaN sem conductor |ayer is exposed to the |ight having the energy | arger
than the bandgfap thmet hprmbnidef Gitinitvarsapphdrec laser (BW0snnB; lwda seqondes t he
supply of a large amount of electrons, in addition to the light. [0011] The
met hod descr itmthonic Raf engombaasntaser 42i5Achmes Sinee sthep méthotb usesdhieng
hydrogen fromthe interior of the p-type conpound sem conductor by the

el ectric eff cogamfofcaavekength shonteashaheahier wavelength woresponding & ¢be by

| aser irradiation. This nethod requires generation of electron-hole pairs.
[0012]51t i s bandgspeirtergy, it meakesassenef singbarphotort exgitationle a net hod of 20
optically activating a p-type dopant in a sem conductor region, wthout use
of t her mal  ar00d0] rbhe method descyibed i Reteritddndument 3risghudesdhd step of s

anot her object of the invention to provide a sem conductor device free from

i nfl uence of appying thenhght haginguthiengauckength compineatpin fipe ranppfiom 25
 method of adtiawialehgo aisible light, to directly Gissociate a proton fom a bound
substance of the dopant and hydrogen. The proton is neutralized by an
10 electron generated when the GaN semiconductor layer is exposed to the
light having the energy larger than the bandgap energy of the GaN
semiconductor. This method requires the supply of a large amount of
electrons, in addition to the light.
[0011] The method described in Patent Document 4 includes the step of
15 removing hydrogen from the interior of the p-type compound
semiconductor by the electric effect of carriers, such as electrons and
holes, generated by laser irradiation. This method requires generation
of electron-hole pairs.
[0012] It is an object of the present invention to provide a method of
20 optically activating a p-type dopant in a semiconductor region, without
use of thermal annealing, to form a p-type semiconductor region and it
is another object of the invention to provide a semiconductor device free
from influence of thermal annealing during activation of a p-type
dopant. .
25 Means for Solving the Problem

[0013] One aspect of the present invention is a method of activating a



FP(Ob- 0269-00 dopant in a sem conductor to forma p-type sem conduct or
region, the nethod conprising: a step of applying a |aser beamto a

sem conductor region conprised of a sem conductor selected froma group
[11-V sem conductor, a group Il-VlI sem conductor, and a group IRPI5-0269-00
sem conductor, and contai ning hydrogen and a p-type dopant, to activate the
p-type dopant by making use of a multiphoton absorption process. Inventor's
experi ment shows that the p-type dopant in the semnm conductor region is
activated by irradiation with pul sed laser light 10 which can cause

mul ti - phot on dadysmt it 2 semio@dijctdh éo feninc a e tiqio semécprdugios regimin, ytheised i n
the method of the present inventionis a galliumnitride conpound

seni conduct ormetigidoompaisihg:e stept 9peppbiingta lasenbeimaty a sentieondnetonf
magnesi um and zinc. Hydrogen atons are contained in the GaN conpound 15
sem conduct orregai crorhpused eobfa isemicanduetioer selested tfrom ngwoup hHI-Y he
hydrogen i npedes activation of the p-type dopant. According to the present
i nvention, tenbgdndyetorcoacaronpt iIEﬂVﬁf semec@diatonpand] asegrioopndidt or
region_containing hydrogen and the p-type dopant is decreased by

i rradifation wenticpniyeidr] zuet ¢ongaininghhlydrogen cand i @r pagpeodopant,atd on
increases in the GaN conpound sem conductor region irradiated with the

pul sed | aser ddtigiate theygegieudopart by nuaking uparafi @ whaltiphoterfalisozgtione
p-type dopant for the GaN conpound sem conductor. [0015] In the nethod of
t he present ipreensd.on, the |aser beamis 25 preferably pul sed |aser |ight
having a pul se wi dth of not nore than 100 nanoseconds. In the nmethod of the
present invention, loNentoxseexpetimers sbows that the p-type dopant in the

semiconductor region is activated by irradiation with pulsed laser light
10 which can cause multi-photon absorption.
[0014] The semiconductor region preferably used in the method of the
present invention is a gallium nitride compound semiconductor region,
and the p-type dopant is at least either one of magnesium and zinc.
Hydrogen atoms are contained in the GaN compound
15 semiconductor region because of its raw materials. It is known that the
hydrogen impedes activation of the p-type dopant. According to the
present invention, the hydrogen concentration of the GaN compound
semiconductor region containing hydrogen and the p-type dopant is
decreased by irradiation with pulsed laser light, while the carrier
20 concentration increases in the GaN compound semiconductor region
irradiated with the pulsed laser light. Magnesium and zinc are
particularly useful as the p-type dopant for the GaN compound
semiconductor.
[0015] In the method of the present invention, the laser beam is
25 preferably pulsed laser light having a pulse width of not more than 100

nanoseconds. In the method of the present invention, the laser beam is



FP05-0269-00 'nore preferably pul sed |l aser |ight having a pulse width of not
nore than 10000 fentoseconds. [0016] In the nethod of the present invention,
the step of activating the p-type dopant is performed while appl ing0 at

| east either one of an 5 electric field and a magnetic field toFﬁﬂé- 269-00
sem conductor region. Since optically activated hydrogen interacts with at

| east either one of the electric field and the nagnetic field applied, it
beconmes nore likely to be taken out of the sem conductor region. [0017] In

the nethod of the prese I nvention,.. vel ength of the |aser 10 _beam may
be | onger thaﬂlose\mgqraaﬁ}ierﬁ@saﬁé%ea&r@t%%g& ME‘#@ of neimapresthags ¢ he
sem conduct or é ¢(%n Since the pul sed | aser beamto cause multi-photon
absorption isl g@ TeIte3rCORESseni conduct or region, the wavelength of the

ener gy of ¢ hel Akl TThesmefiiad of he FFeai UL PRROn CepED [ EEbiY At e met hod
an i ntensity BIYRBCCOREY i BRrIOOReH SIBIC cPOBIOE Fhiths GERToRISIoL D
G oot Sur 1§ nGRIR BT 3eR ARBBARH FR0 #0 Lhe RERICORALFiRG TBEIR S0 f or m
o0 oL Va0 SR AP BELe SRRl B R e ek
(1" eo-df ronsi ga s BATASLD 4. Lhe S capductor, realon [0020] pmather
sem conduct oL eE SRCSEUR QA NIRRT, QIR B Lype dopant. che
[0017] In the method of the present invention, a wavelength of the laser
10 beam may be longer than a wavelength corresponding to a bandgap of
material of the semiconductor region. Since the pulsed laser beam to
cause multi-photon absorption is applied to the semiconductor region,
the wavelength of the laser beam may be longer than the wavelength
corresponding to the bandgap energy of the material of the
15 semiconductor region. |
[0018] In the method of the present invention, the laser beam ts
preferably a laser beam having an intensity of not less than 10" W/cm?.
[0019] In the method of the present invention, the semiconductor region
may be patterned by use of direct writing with the laser beam. The
20 direct writing allows us to form an activated region in a two-
dimensional pattern in the semiconductor region. The direct writing
also permits us to form an activated region in a three-dimensional
pattern in the semiconductor region.
[0020] Another aspect of the present invention is a semiconductor
25 device comprising: a semiconductor layer containing hydrogen and a p-

type dopant, the semiconductor layer including a first region containing



FP05- 0269-00. the p-type dopant activated by nulti-photon absorption process
by irradiation with a | aser beam and the sem conductor |ayer is made of at

| east one selected froma group |11-V seniconductor, a Il-VI segi g)%ngf ar
and a IV sem conductor, and. 5 Inventor's experinent shows that R p é 0

dopant in the sem conductor region is activated by irradiation wth pul sed
| aser beam which can induce nultiphoton absorption. According to the
present invention, the tenperature of the sem conductor |ayer wll not
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over the temperature of not less than 400°C by the irradiation with the

10 pulsed laser light. Therefore, the semiconductor device is free of
thermal influence during the activation of the dopant.
[0021] In the semiconductor device of the present invention, the
semiconductor layer can comprise a second region having a hydrogen
concentration larger than a hydrogen concentration of the first region.
15 In the semiconductor layer, a wanted region is selectively activated
accordihg to the semiconductor device. |
[0022] In the semiconductor device of the present invention, the
semiconductor region is preferably a group III nitride semiconductor
layer. The group III nitride semiconductor layer can be a GaN
20 compound semiconductor layer, and the p-type dopant can be at least
either one of magnesium and zinc.

The group III nitride semiconductor layer contains hydrogen
coming from its raw materials. The hydrogen therein impedes
activation of the p-type dopant. According to the present invention,

25 the hydrogen concentration of the group III nitride semiconductor layer
containing hydrogen and the p-type dopant is decreased by irradiation



FP05-0269-00 w th pulsed laser light. This results in increasing the

carrier concentration of the group Ill nitride sem conductor |ayer

irradiated with the pulsed | aser light. Magnesium and zinc are_particularly
useful ‘as the p-type dopant for the group IIl nitride sem condﬁgﬂéroz@-ﬁ‘ﬁ S
group IIl nitride semconductor is, for exanple, AlxlnyGl x yN (where X is

equal to or nore than zero and equal to or |ess than one and Y is equal to
or nore than zero and equal to or less than one). [0023] In the

sem conduct or .&gvi cgs&af the present .jnvention, the.first, 10 re%i on can be
patterned i nYd"SuPF IRSTTh 18 ¢ cti§ulis,y W “increaging; ihe, @ISk t he

sem conduct opongSitariBe i atolh, IF i St gdhifor, 1N irbidiatdy ' "
e oA A o R AR T
o s os o b O BB Sor el S TIF itk RodR Ml o by 2
POV GG betveen a1 g A 00 SORAUELL LS 2 s
51 il e il bR
ot 2 1 1 ofsseBehothd BARGY i3 Sqnbl o' dritlore Thih A e kAl RN of 3585

[ 0025] As deﬁi%ggﬁ%)gabove, the present invention provides the nethod of
optically acti t he dopant in the sem conductor region without 8

{0023] In the semiconductor device of the present invention, the first
10 region can be patterned in a surface of the semiconductor layer, in an
interior of the semiconductor layer and in both of the surface and the
interior. In the semiconductor device of the present invention, the first
region is patterned on the surface of the substrate. This permits the
formation of an activated region in a two-dimensional pattern in the
15 semiconductor region. |
[0024] The semiconductor device of the present invention preferably
comprises an n-type nitride semiconductor layer; and an active layer
provided between the n-type nitride semiconductor layer and the
semiconductor layer. The semiconductor device of the present
20 invention_can be a light-emitting element. Since there is no thermal
influence during activation of the p-type dopant, the dopant is prevented
from diffusing due to heat of activation annealing. The light-emitting
device can be a laser diode, a light-emitting diode, or the like.
Effect of the Invention
25 [0025] As described above, the present invention provides the method

of optically activating the dopant in the semiconductor region without



FP05- 0269-00 wuse of thermal annealing to formthe p-type sem conduct or
region and al so provides the sem conductor device free of influence of
thermal annealing during activation of the dopant. Brief Descrilgéi gn of the
Drawi ngs 5 [0026] The above objects and ot her objects, features, Ra-0269-00
advant ages of the present invention will becone nore readily apparent from
| the followi ng detailed description of preferred enbodi nents of the present
~invention with reference to the acconpanying drawings. Fig. 1 is a draw ng

showi ng a net hod activating.a dopant i,n a 10 sem conductor r.egion, to
? ypetSetcbtel GhhPeife 108 1 Bty seicraebisforctediah Aty
];ncj)lrmghgtg%p:b or%'fio used ;glg?rret oggl co?din t .e61 odi ng?ﬁ of the
pLes_ent inven?fslé’n, rf ess@ﬁg?@bﬁ%}‘%ﬁ %‘bg%?’!ﬁq STF% ﬁ? T epgeajﬁﬁgiﬁrﬂﬁp .
S owngaexaﬁﬁﬂg%ﬁ)nga narr%\é\iquf sed-4as ranCS ight enmitter ich can be
lrjzggoln.n I%i g?t fgrri.s draw,.n sﬁﬁw a%d 1o1|‘ glztiri/g'?i zgmacggg;ﬁtoirn a
sem gopdugtor é@ﬁ@ﬁs?ﬂw@%ﬂ? &b‘?WB@“&gﬁi conduct or rggi on aCC(ﬁrdi ng to as
! A . 0 Fig. . : :
 cont :gé'r ati onty2d %ﬁq%%a%r%ﬁﬁhﬁfaﬁi@ﬁﬁrﬁ#ﬁeg% ﬁa&f‘w&f B el of
T acti vat el Sk Wr@%@ﬁ%‘#ﬂSoé’c%?é%%iﬁ{séia‘%@@ﬁy°@p%@ﬁe§ﬁ‘p%?@éﬁﬁ "
o Con. 25 Fhg L7 i . . L .
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invention with reference to the accompanying drawings.

J Fig. 1 is a drawing showing a method of activating a dopant in a
| 10 semiconductor region to form a p-type semiconductor region.

Fig. 2 is a drawing for explaining multiphoton absorption used
in methods according to embodiments of the present invention, and
single-photon absorption.

Fig. 3 is a drawing showing a example of a narrow pulsed laser

15 light emitter which can be used in a method of forming a p-type group

I1I nitride semiconductor region.

Fig. 4 is a drawing showing a method of activating a dopant in a
semiconductor region to form a p-type semiconductor region according
to as a modified example of the embodiment.

20 Fig. 5 is a drawing showing a configuration of a short puised
! laser light emitter of a modification example.
Fig. 6 is a drawing showing characteristics of a semiconductor
| film activated by a method according to an embodiment of the present
invention,
25 Fig. 7 is a drawing showing characteristics of semiconductor

films activated by a method according to an embodiment of the present



FP05-0269-00 invention. Fig. 8 is a side view of a substrate including a
@GN sem conductor film Fig. 9 is a side view of a substrate including

another GaN 5 sem conductor film Fig. 10 is a graph show ng |_af | f
hol e density (cm 3) against electric current (md) during neasgpéﬁégéié)%og).

11 is a graph showing a relation of resistivity (S2 cn) against electric
current (md) during neasurenent. 10 Fig. 12 is a graph show ng vol tage

(VM /current (A) characteristics of an anneal ed sanple and a sanple "S"

i rradi at ed W;i_\lxh tl‘ﬁier light. Fig. 13 is a graph show ng wavel ength
dependence o YR ity by PL nmeasurenent with HeCd laser. 15 Fig. 14 is a

crbod pent . and & My i Heioo Sofaucest Obve cSubSREE! dnifidifel diel oo

exanpl e of t - hi jment. Fig. 15 is a drawing show ng steps in a
met hod of fo?%\“ﬁ%‘{’i&cﬁﬁ? i'dé sem conductor device according to a fourth

The i tri de sem chibuct B 2aSUTEe ERe o ot oo el dh Pl BB a0
opi tay appal ST AGR0r S S rate’) 105 " Gan buffer film 107 o

andones G €1 838 305 2568 Sl B aFENOABhRBHE, 55
Film LB .. aoBiff 8ctAS Rlrreh? (mA) during measurement.
Fig. 11 is a graph showing a relation of resistivity (C:cm)
against electric current (mA) during measurement.

10 Fig. 12 is a graph showing voltage (V)/current (A)
characteristics of an annealed sample and a sample "S" irradiated with
laser light.

Fig. 13 is a graph showing wavelength dependence of intensity
by PL measurement with HeCd laser.

15 Fig. 14 is a drawing showing a nitride semiconductor device
according to a third embodiment, and a nitride semiconductor device
according to a modified example of the third embodiment.

Fig. 15 is a drawing showing steps in a method of forming a
nitride semiconductor device according to a fourth embodiment.

20 Fig. 16 is a drawing showing steps in the method of forming the
nitride semiconductor device according to the fourth embodiment.
Description of Reference Symbols
[0027] 101 ... metal organic vapor phase epitaxy apparatus; 103 ...
substrate; 105 ... GaN buffer film; 107 ... undoped GaN film; 109 ...

25 GaN film; E1, E2 ... epitaxial substrates; 111, 111a, 111b ... short
pulsed Iaser light emitters; 109a ... p-type GaN film; Lg; ... pulsed laser

10



FPO5- 0269-00 |ight; 113 ...

desorbed hydrogen; 117 ... galliumnitride

sem conductor region;, Glevel ... ground state; Photonl, Photon2, Photon3,

Photon photons; V-level ... vacuumlevel; 121 ... l|aser oscillator;
... aperture; 125 ,.. lens; 127 ... stage; 129b, 129c, 129a ...FROH+@6G3-00
PrxalN5 ... laser pulse train; 131 ... device; 133 ... GaN buffer filnm 135

undoped GaN film 137 ... InGaN buffer film 139 ... AGN film

... p-type GaN film 143 ... airtight container; 145 ...a gas supply path;
145b ... exhaust path; 147 ... pressure gauge; 1 ... nifride _senjconductor
device; 3 ... lighksttdhe e;desorbed ﬁlr@gﬁmljglth--r&ajhdm nitride serpicgnsiuston |
nitride semconductqr_ layer; 9 ... quantumwell region; 9a ... well |ayers;
9b ... barri ereglﬁ'p?eﬁi—,le\ﬁ ... graundsstage; Raotes 1, Kheton.Photondec onbhotenaddi ng

| ayer; 15 ..

substrat e;

roup 111 ni 1t ri de sem cqonductor | ayer;

éiéddi%gmm 45 .

film

under st ood

the acconpan
enbodi nents o

.. group.lll-V conpound sem co tor fil.m A7 contact

1 short-- §'é@“f$§sgraﬂémlﬂer--; d9§1‘?e.;.f35£10r-t E%}?Mﬁ‘faﬁém; 13%yht; 55
desor bed
GaN | ayer

I nvention [ 00

hidopEd bl bins, B 20 TRBRR tert Bl o AdGRN His ©

Th ' f ' ' b di
1308 ow BIESORAISI G0 I ot ATTERE GRRGMSS 165 wid 823 SHBBBICe 1o
' ' t b f les. S ntly,
baftle J48Bsen: cRhoast PaswAfY be_ BESSLROGERh (T of ol

t he accorrpanyi%g1 dr a(mctr)[arsﬁgvvlen possi E‘lﬁgﬁ@a ts identigal to each . other

will be referf

10

15

20

25

¢ YisCerce- entSCEHCORGUEIRE Tegiar 7 ---11
group I1I nitride semiconductor layer; 9 ... quantum well region; 9a ...
well layers; 9b ... barrier layers; 11 ... first cladding layer; 13 ... second
cladding layer; 15 ... group III nitride semiconductor layer; 17 ...
contact layer; 19 ... anode electrode; 21 ... cathode electrode; 31 ...
gallium nitride substrate; 33 ... gallium nitride film; 35 ... first cladding
film; 37 ... active region; 39 ... well film; 41 ... barrier film; 43 ...
second cladding film; 45 ... group III-V compound semiconductor film;
47 contact film; 51 short pulsed laser emitter; 53 ... short pulsed laser
light; 55 ... desorbed hydrogen; 57 ... p-type dopant; 10 ... sapphire
substrate; 2 ... GaN layer; 4 ... InGaN layer. |
Best Mode for Carrying out the Invention

[0028] The teachings of the present invention can be readily understood
in view of the following detailed description with reference to the
accompanying drawings presented by way of examples. Subsequently,
embodiments of the present invention will be described with reference

to the accompanying drawings. When possible, parts identical to each

other will be referred to with reference symbols identical to each other. |

1]

17 ... contact |ayer;
19" ... anode Bhetanssdy-level ... vaguusudevekcliibde: ser oscillators J@dni-tri de
... galliumnitride film 35 ... first_cladding 15 film 37

active re@P‘é‘ﬁ‘,lrQ’:le.s. .- WRS; 147 e Stage; 12%ad2Per 1292 - MYTOrS; Preanond



FP05- 0269-00 (First Enmbodiment) Area (A) in Fig. 1 is a drawing showing a
met hod of formng a p-type sem conductor region by activating a dopant in a
sem conductor region. Area (B) in Fig. 1 is a drawing show ng the nethod of
formng 5 the p-type sem conductor region by activating the dop&i05-6268<)0
sem conductor region. This sem conductor region can be at |east one

sem conduct or selected froma group I11-V sem conductor, a group |1-V

sem conductor, and a group |V sem conductor, and the description

herei nafter will concern description of a nethod of formng a p-type 10 GaN
sem conduct o Fﬂ"é@%éﬁb%@lf%@mvati ng a dopant in a GaN sem conductor region.
A GaN conpound sem conductor _filmcontains hydrogen therein {_ﬂl | m because of
its raw material s %% (AT Figml iva, aaﬁagi&hwngn%m\etgﬁ {0% IEIRZH ogen

i npedes activation of ,the p-type., dqpant. 15 [0029] As shown.in area (A) in
Fig. 1, the JERRGAMEGAIAUCE; Eﬁ%li’g%}‘f BEWERIIRS adepaEtinA §e@@n‘$4ﬁt§1‘ ,
sem conductor region,includes_a sem conductor filmor a plyrality, of

senmi conduct o8l AR} in Figy 1 W@\V\@ng é@@%&%@%@glggﬂﬂm% 103 is

cpi { 48 apparh B-HDE, SOBUGPRIIEan NaRIPRbYT ACHY 2658 SR LIRSS Bakld | | m
on{ he Subst RETECORUACIOR TFEIAR. an BN slRicaHcuioban FeBen-Gan be ATIBAR Phe
b T SRS ERES A R R
12 semiconductor, and a group IV semiconductor, and the description
hereinafter will concern description of a method of forming a p-type

10 GaN semiconductor region by activating a dopant in a GaN
semiconductor region. A GaN compound semiconductor film contains
hydrogen therein film because of its raw materials for film formation,
and it is known that this hydrogen impedes activation of the p-type
dopant.

15 [0029] As shown in area (A) in Fig. 1, the semiconductor region is
formed on a substrate 103. This semiconductor region includes a
semiconductor film or a plurality of semiconductor films as described
below. In an example, the substrate 103 is set in a film-forming
apparatus, such as a metal organic vapor phase epitaxy apparatus 101,

20 and a GaN buffer film 105, an undoped GaN film 107, and a GaN film
109 containing a p-type dopant are successively grown on the substrate
103 to form an epitaxial substrate "E1." A speciﬁc example of these
films is as follows:

substrate 103: C-plane sapphire substrate 600 um;
25 GaN buffer film 105: 25 nm;
undoped GaN film 107: 2 pm;

12



FP05-0269-00 GaN film 109: 500 nm The p-type dopant can be nmagnesi um
'zinc, or the like. The sem conductor film 109 contai ns hydrogen, which is
contained in source gases, in addition to the p-type dopant. 5 [0030] As
shown in area (B) in Fig. 1, the epitaxial substrate "El" is setFPOd-(26h00t
pul sed | aser light emtter 111. A laser beam"LBI" is applied to a part or
the whole of the surface of the epitaxial substrate "El" to activate the
p-type dopant by maki ng use of the multiphoton absorption process. A |aser
| i ght source to be used for irradiation with the |aser 10 beamis, for
exampl e, a titani unfasdy i E09eh®@s8t0nd | aser having the follow ng
properties: wavel ength of |aser beam 700-900 nm _pul se width of |aser beam
3000 fentosec I&e IpEype depantdicanethsr :megresiegy. gingyn orsthesbkei ntdbei : 1.2
x 10s2 x 1012 We¢m 2, . Myving speeds of the sample are, for exanple, as

fol lows: novheglegrdustoniiin 109 gentadns bydrogens whirh é cogtaspedim souise Y
-directional novenent: 3.pm The pulse width is neasured with an

aut ocorrel at ogaﬁﬁﬁsh@addmf@h@ thenp-type depant.er oneter, and an oscil | oscope.

The laser light jntensity "PL" (WcpP) is a valye (PL = Epi(SB x.Tn))

obt ai néd by di %Q]ngsaswléén aé@féé%)/ln )Eig- L. the gpitaxéalrsubstypte bhilaispelt ar ea
"SB" (cm) and.a pyl se w dt "Ti." (sec). The spot area can be nmeasyred, for
exanple, withlaa P‘\é\if’@finﬁéﬁf. hg]hfee@é gr htba Acigser seam JPEIZ IéfaRi)Lf t of

t he | b d 25 indicat ' t i ght i

e O o aoibA Pk ot hole of the Suttace of the epyiaxial substrats "E1" to O ' °

activate the p-type dopant by making use of the multiphoton absorption
process. A laser light source to be used for irradiation with the laser
10 beam is, for example, a titanium-sapphire femtosecond laser having the
- following properties:
wavelength of laser beam: 700-900 nm;
pulse width of laser beam: 3000 femtosec or less;
spot diameter: 5.4 um-67.9 pm;
15 laser intensity: 1.2 x 10°-2 x 10" W/em®.
Moving speeds of the sample are, for example, as follows:
moving speed in X, Y-directions: 2.3 mm/sec;
step width of Y-directional movement: 3 pm.
The pulse width is measured with an autocorrelator using a Michelson
20 interferometer, and an oscilloscope. The laser light intensity "Pr"
(W/cm?) is a value (P, = Ep/(Sg x Tp)) obtained by dividing a pulse
energy "Ep" (J) of laser light by a spot area "Sg" (cm®) and a puise width
"Tp" (sec). The spot area can be measured, for example, with a beam
profiler. The spot area "Sg" is an area of a spot of the laser beam and
25 indicates a diameter of a spot where measured light is 1/¢” or 86.4% of

the beam.

13



13 FPO05-0269-00 [0031] According to Inventor's experinent, the p-type
dopant in the sem conductor region 117 is activated when irradiated with the
pul sed |aser beam "LBl1" to induce multiphoton absorption, theriﬁg forning a
p- type GaN film 109a. The irradiation with the pul sed | aser be (510269-00
causes no substantial raise in the tenperature of the sem conductor film
and, therefore, the laser-irradiated region is prevented from bei ng heated
up to several hundred degrees centigrade at which constituent atons in
crystals mgr dji.tion, .the surface of the,sem condyctor, tegion can

be directly iméi];gﬁ‘ggﬁ% %@Y%@F%@&?ﬁ%@ﬂgu‘iheu%tyé’ﬁ OPRR T 11§Sf | | m
such 85 2 cob. ) auet Rl Mo et Real ' Syabel et LT chlaatag of the
m orating outy ol L e, SAT CO0NSHSL, LA ED S, o ubnelly ! b tence, [0052
mul 1 phot o 4886 DEPoRITAd U3ec o4ty HEHEIOR Bty B GUIs oo BHEE FERR 1o of t he
OB OO0 S ERAEAEE o O Rha R OB ", 2o
I A TN I R IR
The e Condugh o ok RSl HSWBAE boR M H gt m"oom L©
v 0 1ot ol Bl LB e ALITRY (Do ek P SRt
selectively agt|yat girégt‘fy SREAERRE YRR e 1Bk 358h8 Yvithout use of a cover
10 film such as a cap layer. Namely, since no heat is applied for
activation of the dopant, nitrogen atoms in the semiconductor region are
prevented from migrating out of the semiconductor region due of
thermal influence.
[0032] During this activation, hydrogen 113 in the semiconductor film
15 109 desorbs under irradiation with the pulsed laser beam Lp; that can
causes multiphoton absorption. As a consequence, the hydrogen
concentration of the semiconductor film 109a in the GaN semiconductor
region 117 containing both hydrogen and the p-type dopant, is
decreased by the irradiation with the pulsed laser beam Lp; and the
20 carrier concentration increases in the GaN semiconductor film 109a
irradiated with the pulsed laser beam Lyg;.
[0033] The semiconductor region may be scanned with the short pulsed
laser beam to form a patterned, activated region in the semiconductor
region. A two-dimensional pattern can be formed in the

25 semiconductor region by writing with a mask or by direct writing, It is

also possible to selectively activate the semiconductor film located

14



14 FPO5-0269-00 below the top sem conductor |layer, by witing with a mask
or by direct witing. This results in formng the activated region in a

t hree- dinmensional pattern in the sem conductor region. [0034] H} gn

exanpl e, al though the wavel ength of the | aser beamis 5 |onger Ran0269-00
wavel ength corresponding to the bandgap of the material of the

sem conduct or region, the p-type dopant in the sem conductor can also be
activated by irradiating the sem conductor filmwith the pulsed |aser beam

T A e e
Si ngloe- phot oﬁ’mﬁggbr Bfl{ugn_re Ml f‘i’%ﬁhgb@@%@tpénﬁf%ggb&r%tﬁgﬁébf g
Pavi ng - SubsURETaRTR! PABELL Bk ondBRion RBER 1S Ground state G 1 evel
T oA e O A IR 1
area (A in Frg-~2z 1 h | 'evel to a
00 Do AR Bl ) Sl UL e 1
exanpl e of ﬁ%gégﬁé%w&?@%ﬁgggﬁhoﬁwhgﬁitter whi ch cag be useg in the
met hod of for[pggg]r %p;%aﬁgA)‘/ﬂ%Figf?LiB d bradldd f8P RPIMSRMHE AuIfipablh The

short pul sed
10 absorption used in the method according to the present embodiment,

—

and area (B) in Fig. 2 a drawing for explaining single-photon
absorption. The multiphoton absorption is absorption of a plurality of
photons Photonl, Photon2, and Photon3 (a plurality of photons having
substantially the same photon energy) from the ground state G-level to
15 cause a transition to a higher level than the vacuum level V-level. This
multiphoton absorption enables activation of the p-type dopant in the
- semiconductor. On the other hand, in the method described in Patent
Document 4 and others, the absorption of a single photon "Photon"
shown in area (B) in Fig. 2, instead of the multiphoton absorption as
20 shown in area (A) in Fig. 2, causes a transition from the ground state G-
level to a level higher than the vacuum level V-level. It is preferable to
use the laser beam having the intensity of not less than 10* W/em?, in

order to induce the multiphoton absorption.
[0036] Fig. 3 is a drawing showing a example of the short pulsed laser
25 light emitter which can be used in the method of forming the p-type

group II nitride semiconductor region. The short pulsed laser light

15



15 FP05-0269-00 emtter Illa has a |laser oscillator 121 capabl e of
generating a pul sed | aser beamto cause nultiphoton absorption, an aperture
123, a lens 125, and a stage 127 on which a target is nounted. In_ the short
pul sed |aser light emitter 1l1lla, a first mrror 129a is provid%%pﬁnQZQQ'OO
optical path 5 fromthe laser oscillator 121 to the aperture 123. Second and
third mrrors 129b and 129c are arranged on an optical path fromthe
aperture 123 to the lens 125. The stage 127 can include -a driving nechani sm

t hat can nove_the rt stage for,,mounting of, the.target.in a urality
of di r oot | orST{ETg L5 Pa o VashrreuHang 12 ACpable 56 id8atiating & phASE 10 1 r om
the laser oscillator 121 is nafr d down t he apertur 23, an hen
converted | nASeLOHB PSS AR HINRoR SRy A B 78R 24,0 ce
train "PTA" of,the co rted, beam, di aneter i ui ded, onto _th m _conduct or
region to camar‘ﬁgargq Eﬁt"@n""&b P hesesHh I%quq{gegur i’&g]ée g&'xortt}p}glsg(ﬁ@s&g nduct or
region or ingi t he sem,conduct.or .reqi By 15 sganning the. sen conduct or
region wt hnﬁglgte ngslﬁ T S‘[Pllgeat ﬁﬁ?tnmlg?g"% l%yéogﬁeﬁhgnsﬁ%rqp%}ﬁ?&s@gﬁl aser
lightcemtteg 111 a,;.the p-type ant .can _be _aciiyated in,par r «in the
whol esof t hefrgg?n%e%daﬁ%tt BECﬁ%&foﬂge[gbﬁi %Pﬁf‘?lﬁ?sf%-?ﬁorseﬁﬁlﬂ eadlqt ﬁ}gléfl l'i ght
emtter |Illa_.the e W of _the | sed | aser; b I s preferably 10000
fenm osecondsmﬁ?'orseggbiﬁﬁm ﬁ#és}; %ﬁ‘%&é@g %OMrﬂagﬁﬁ(gp t?‘&ﬁP@FﬁHeheat
generation i h 1.C t to.5he | aser hrradi-ation. The.pulse
wi dth of t hep%%@éﬁgné’%g3%2&1“?5%%%2?55&3%%‘5%&@%%8&%@@ s and
this provide e$Si the e nc . of lattice
vi bration byﬁj{aﬁgaﬁ%@é ﬁ?éﬁﬁg?ﬁﬁgé%ﬁ% ﬁ%’%@g ﬂ}; ee%gg%mo% Hlﬁ]éalﬁgat
generation i ] u 5;: Th r.t | aser |ight
enitter 1lla Q’ﬂ%lcﬁg%gg%hﬁ_gbgcﬁ?qﬂ%‘%ﬁoﬁsi)b ?f i%%r g%lﬁg% ztfﬁﬂga%lWe 131 for
Form@§g an  fom the laser oscillator 121 is narrowed down by the aperture 123 and
then converted into a desired beam diameter by the lens 125. The laser
pulse train "Prram” of the converted beam diameter is guided onto the
semiconductor region to cause multiphoton absorption on the surface of
the semiconductor region or inside the semiconductor region. By
15 scanning the semiconductor region with the laser pulse train "Prra" by
use of the short pulsed laser light emitter 111a, the p-type dopant can be
activated in part or in the whole of the semiconductor region.
[0037] In this short pulsed laser light emitter 111a, the pulse width of
the pulsed laser beam is preferably 10000 femtoseconds or less and this
20 provides an advantage of reducing heat generation in the semiconductor
due to the laser irradiation. The pulse width of the pulsed laser beam
is preferably 100 nanoseconds or less and this provides an advantage of
suppressing the enhancement of lattice vibration by the laser irradiation
and further decreasing of the heat generation in the semiconductor.
25 [0038] The short pulsed laser light emitter 1l1la can include an

electromagnetic field generating device 131 for forming an
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16 FPO5-0269-00 electromagnetic field (at |east either one of an electric
field and a magnetic field) to be applied so as to cross the epitaxial
substrate nounted on the stage 127. During the activation of the -t&pe
dopant, this electromagnetic field generating device 131 can béqﬂﬁ%@ £8§-00
apply at 5 least either one of the electric field and the nagnetic field to
the sem conductor region. Hydrogen reacting optically interacts with the
applied el ectromagnetic field and becones nore likely to be taken out of

Vol tae 1 s appireiobEtness fRld JERBesutber gsictn g pritets disndng (e
Aroas (A andnpEpéis, B B e SEPLER Shdti HHSS The Foegrel SR ng o

2 hodi 11 cat i JHOURELPE B S48 BPZ ook B aaliNerion OlBeiipe Hobdah (1
o o o T B AR LRSSl Bl LS RSt e, 10
cont aiting a pest SHBHGIM O auedesaisaty B ol sreabc iy i dhgos o
orm an 20 Pttty SRe, T e RS SROTRAS eSS |2, 2
]':L |3I3m iggznm?) 5%{1 ?Ifeecfjel@cbpro%allgnﬁejf%ﬁe?d Ghd 13265co|11r1'eGsa Pnc];riel ln&él‘rj)’z?fo 8 4% o'ﬁlltGaN

of the semiconductor region. For example, when a bias, e.g., voltage

(@]

of three volts, is applied between the semiconductor region (plus side)
10 and the chamber (earth side), hydrogen can be more efficiently taken
out.
[0039] Areas (A) and (B) in Fig. 4 are drawings showing a method of
activating a dopant in a semiconductor region to form a p-type
semiconductor region, as a modification example of the present
15 embodiment. As shown in area (A) in Fig. 4, a substrate 103 is placed
in a film-forming apparatus, such as the metal organic vapor phase
epitaxy apparatus 101, and a GaN buffer film 133, an undoped GaN
film 135, an InGaN film 137, and an AlGaN film 139 containing a p-
type dopant are successively grown on the substrate 103 to form an
20 epitaxial substrate "E2." A specific example of these films is as
follows:
substrate 103: C-plane sapphire substrate 600 pm;
GaN buffer film 133: 25 nm;
undoped GaN film 135: 2 um;
25 InGaN film 137: 50 nm;
AlGaN film 139: 350 nm.
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17 FPO5-0269-00 The p-type dopant can be nmagnesium zinc, or the |ike. The
sem conductor film 139 contains hydrogen, which cones from source gases, in
addition to the p-type dopant. [0040] As shown in area (B) in F'ﬂ. 4 é$'§0
epi taxi al substrate "E2" is set 5 in the short pulsed |aser Ii PS08

111. The |l aser beam"LBi" is applied to a part or the whole of the surface
of the epitaxial substrate "E2" to activate the p-type dopant by use of the
mul ti phot on absorption process. The laser |light source for the irradiation

with the |as bea I s, for exanple, a tit.ani umsapphire fentosecqnd | aser
having the. 16 g1 TXRA HiPRAGGFET 05 TRAGRPYRGLN bt adbP Um  AQ%: 900 nm
pul se wdth of |ase ea 1 fent.osec, 0on_|ess; .output power of |aser: 1
- 20", TR Uah e 137 CUSEEpP iR it B8l B, Sppict o
follows: 15 nopvin ed jn X-di.rection:. 2.3 nmsec step wi dth of

Y-directi onagaﬁ%éﬁ@ﬁﬁﬁl@mhelﬂtgp?ggw in formng a p-type GaN film

makes use of UKD AR IR EBAT RG] [t Fof Fohs Gl il FE2SAT Rt T on of
doscr Pood i it RaCapiock PLioleh BRERhene boffel tl, CEThe Sacbbim Aeiny ¥ huc 1 <
2,30 0BT S2BLBGLA (DG BhD o Rl b L LR, B AR bbbl
o o erent | oneforshieysts e R APRLAAR By b USROS s
silicon and 8%6&@] UL I8P liﬂﬂ: Youf QU RIMAL irradiation with the laser beam
is, for example, a titanium-sapphire femtosecond laser having the
10 following properties:
wavelength A of laser beam: 700-900 nm;
pulse width of laser beam: 100 femtosec or less;
output power of laser: 1 nJ-10 mJ.
The moving speeds of the sample used can be, for example, as follows:
15 moving speed in X~direction: 2.3 mm/sec
step width of Y-directional movement: 3 pm.
This results in forming a p-type GaN film 139a. As described in this
example, the activation of p-type dopant that makes use of the
multiphoton absorption is also applicable to activation of the p-type
20 dopant in the AlGaN film, as well as the GaN film. The method
described in the present embodiment is not limited to GaN and AlGaN,
but is also applicable to the other group III nitrides, such as InGaN,
AllnGaN, AIN, InN, and so on. Without no limitations to the above,
the aforementioned method is also applicable to silicon, diamond,
25 amorphous carbon, carbon nanotube, carbon nanchomn, group IV

semiconductors such as silicon and germanium, group II-VI compound

18



18 FP05-0269-00 sem conductors such as ZnSe, ZnS, ZnTe, CdSe, and CdTe, and
group I11-V conpound sem conductors such as GaN, AIN, GaAs, &P, AP, AlAs,
InP, InAs, AlSb, GaSb, and InSb. Furthernore, the present invention is

wi dely applicable to any material, e.g., Si, GaAs, InP, 5 AlGal TR0 026800
on, that denonstrates a phenonmenon in which passivation causes inactivation
of the acceptor by hydrogen. [0041] Fig. 5 is a drawi ng show ng an

enbodi ment of a short pulsed laser light emtter as a nodified exanple. In
the short pulsed laser light em.tter 11lb, a stage 127 is |ocated in an

ai rtight cont3fmiongygtorssush asménbes Zns, aZItl“é@,h@d o andeCdile: pBAErOYRt ai ner.

143 and the p d | aser _beamis guided through_th Ien 125 onto
seni conduct orﬁkggmmp%@d SEBHEANGRCtORS SHER RS %ﬂ ﬁ-Ang a]%oﬁi]%u ner

143 has a gas up ath 14 n ex p th 45b for prOV|d|ng a
desired gas A'riésgﬂér Ha‘ﬁﬁ’ &%St%r oﬁ‘é‘galéﬁ% Sﬁ emaée,aﬂpﬁam@w

I ncl udes a 15 pressure gauge 147 J‘ nmonitoring the pressure th as

at rrpsphgret ][UU@H"EPHFIS?W te%i d ﬁh%éﬁﬁﬁgﬁn ?’@[?h%lsa%ger?bt %’Bﬁ%ff%lg

sem copduct or activated by e nethod o e present enhodi
Accord?ng to Aﬂéﬁt"zﬁae anft sowks that demeusteies of pgan@wep@n. ARadYRCBd wit h

the pulsed |aser beamin accordance w.th the nbodi nent, the
carrier 20 coOPRSHEUIAN 6RSsH lﬂﬁ%tl‘éfgiﬁfbgﬁglﬁ:@@ﬁeﬂt%ﬁﬁawﬁgegﬁ%s subst ant i al ly

equal to or of, th sem conduct or., r egi on. ac ivate y
convent i onal é@éﬂﬁaﬁlg& ésalalﬁ&&j" ngean( ﬁlmﬁ Or% Qﬂdp‘&ﬂﬁeag
showi ng char er| ics of semconductor fil a d by thod of
t he present A’t&%@ﬁ'@%ﬂ“ Fhe Hlﬂ‘glﬁ e“ﬁl%mt' ff‘lsecrhe

{ ﬁgge of 30 f Ogren(ittgzr ﬁ)llfjoaSchggQ PP léca%gd 1}1haen la? {egrhtbc?o% ainer ZPJ led to

10 A lens 125 is attached to the airtight container 143 and the pulsed laser

beam is guided through the lens 125 onto the semiconductor region
positioned on the stage 127. The airtight container 143 has a gas
supply path 145a and an exhaust path 145b for providing a desired gas
atmosphere such as a nitrogen atmosphere. The apparatus includes a
15 pressure gaugé 147 for monitoring the pressure of the gas atmosphere.
[0042] Fig. 6 is a drawing showing characteristics of a semiconductor
film activated by the method of the present embodiment. According to
this result, when the semiconductor region is irradiated with the pulsed
laser beam in accordance with the present embodiment, the carrier
20 concentration of the semiconductor region becomes substantially equal
to or larger than that of the semiconductor region activated by
conventional thermal annealing.
[0043] Area (A) in Fig. 7 is a drawing showing characteristics of
semiconductor films activated by the method of the present
25 embodiment. The pulse width of the laser beam is in the range of 30

femtosec (fs) to 500 nanosec (ns), the laser beam is applied to the
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19 FPO5-0269-00 sem conductor region under various irradiation conditions,
and the carrier concentration and resistivity are neasured for the
irradi ated sem conductor region. According to the result of th
measurenents, the carrier concentrations of the sem conductor ?@96‘&269'00
according to the 5 present enbodi nent are practical values, when conpared
with the carrier concentration of the sem conductor region activated by
conventional thermal annealing. [0044] Area (A in Fig. 7 is a draw ng
showi ng the tenperature of the sapple, .the pul se.w dth nd the type of the
at nospher e du?‘%ﬁbc G Ys POt dVaEPY ﬁmcﬁﬁﬂgnaeph@%% %@rét net hod
of the present enbodi nent. This t erature i s nmeasured.b se. of,.a
Uher mosensi i G TIpRORCERtTation and” TBSIsHvitepte MBEariredn o, R driasidted) o
buried in a sanple s ort .jlg. ,The te rature of e at nmosphere i.s 27C.
[0045] Area ( SBGPAtBRSH fagibn  ACKomTEn Gt i ey of P iRR S G rTensS
sem conductor ,fil ns. acti vatﬁ_d. Ar estéB) N Fi(ﬂ% t7 I s .a _draw n sho%ng t he
carrier concther%%fF’&ﬁ@&ﬁﬁn @gf)l&%l{’i ¢ SEITgFOREECIOE AP EIORS ACEOF té)l S
irradi gted w th tehf Iaﬁer- beam under_ t.he coagditio s shown in, ar. a%{%) in
Fig. 70 The cBFYFEF BROCHRYR: ia5hsPrAGHCRbYAllPy, YRRD SOMPareds v r oom
tenperature, 19 degrees cent.iarade. The_ resul
jadel ot 1 s

deser i bed be SO R BERbof iR L%ﬁ?fﬂé’%ﬁh%ﬁ‘f?ﬁ;ﬁ? yi“:;L; ;3
500 no (and’ PN RTBeeRR Addind® | FU50 Gt I The semt conductor
{enperat ur e ofU4H A (ONdnie % B Sating shOfupBite BT RERIER ("

sample, the pulse width, and the type of the atmosphere during the laser

10 irradiation for the activation by the method of the present embodiment.
This temperature is measured by use of a thermosensitive tape seal, a
radiation thermometer, and a thermocouple buried in a sample support
jig. The temperature of the atmosphere is 27°C.

[0045] Area (B) in Fig. 7 is a drawing showing characteristics of

15 semiconductor films activated. Area (B) in Fig. 7 is a drawing
showing the carrier concentrations and resistivities of the semiconductor
regions Irradiated with the laser beam under the conditions shown in
area (A) in Fig. 7. The carrier concentrations and resistivities are
measured at room température, 19 degrees centigrade. The result

20 shown in area (B) will be described below.

[0046] Condition 1:

Since the carrier concentration is also increased by the
irradiation with the laser beam having the pulse width of 500 ns (and
longer than 500 ns), the p-type dopant in the semiconductor region is

25 activated. = The irradiation with the laser beam increases the

temperature of the semiconductor region to 500 degrees centigrade.
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I ncreased by the irradiation with the | aser beam having the pul se wi dth of
100 ns (and below 100 ns), the p-type dopant in the sem conductor region is
5 activated. The irradiation with the | aser beam causes an i ncrER§6-0169-106
tenperature of the sem conductor region. The activation in Condition 2 is
equi valent to or better than the activation in Condition 1. In these
conditions (Condition 1 and Condition 2), the irradiation with the | aser
beam i ncreases the tenperature of the surface of the sem conductor 10 region
to hi gh tenpf@@Tf €Eomalitibrs t han several hundred degrees centigrade.
[0048] Conditions 3-8: The irradiation with the | aser beam havi ng the pul se
width of not noreSiten HRO0GHATIEsS consestratior! & i usoy iswrddsedndreatds in the
15 tenperature of the surface of the sem conductor region and the surface

t enper at ur e isadafiotegige the baver beade havingthe pulke wietherfai 0 exsofand hi s

| evel causes no substantial influence of heat and can effect activation of
the dopant. BelownmiD0ens),htheyb-sepan dbpamf in hibel asaticohdactort fegionaid er the
resistivity. Namely, the degree of activation is 20 largely increased by
the. i5rradi ancowatedt h Theitradiatiohesith tRelaserbearh vausdshen inoredseairi the wi t h
the short pul sed | aser of not nore than 10000 fs causes no substanti al

increase in témperatpey of the sefmicdredisniof aggionf tHee astiwationdndfonditegi on and
can activate the sem conductor region wthout influence of heat thereon.

The carrier Qoiscniivalentto ot Hebter 2hars €éne activatiowin onditionct.or @i igedeo t he
present enbodi nent becones substantially equivalent to or |arger than that
i n the activabnditidns (Condition 1 and Condition 2), the irradiation with the laser
beam increases the temperature of the surface of the semiconductor
10 region to high temperature not less than several hundred degrees
centigrade.
[0048] Conditions 3-8:
The irradiation with the laser beam having the pulse width of not
more than 100000 fs causes a relatively small increase in the
15 temperature of the surface of the semiconductor region and the surface
temperature is 200 degrees centigrade or lower. The temperature of
this level causes no substantial influence of heat and can effect
activation of the dopant. The smaller the pulse width of the laser
beam, the smaller the resistivity. Namely, the degree of activation is
20 largely increased by the irradiation with the laser beam. Particularly,
the irradiation with the short pulsed laser of not more than 10000 fs
causes no substantial increase in the temperature of the surface of the
semiconductor region and can activate the semiconductor region
without influence of heat thereon. The carrier concentration of the

25 semiconductor region according to the present embodiment becomes

substantially equivalent to or larger than that in the activation by

21



21 FP05-0269-00 thermal annealing. [0049] In the present enbodi ment, as
descri bed above, the dopant in the sem conductor filmis activated by
irradiati ng the sem conductor region containing hydrogen and the dopant,
with the | aser beam having the 5 light intensity capabl e of cauBPO§-02¢9-00
optical reaction through the nmultiphoton absorpti-on process to cause

"di ssociation of the hydrogen fromat |east a part of a bound substance of
t he dopant and hydrogen, in order to activate the dopant. [0050] Since the
present enbodi nent uses the irradiation with the |aser 10 beam of short

pul ses as dethernbeciratealiag. t he seni conductor region does not show any such
tenperature increase as to thernmally degrade the <characteristics of the

sem conduct of0049] &n thSpresent bmbadimeat | amdesceibeddabavd, ithe slophat uthdé phot on
absorption reaction induced by the irradiation with the |aser beamthe

pul se wi dt h semhitesductoe iimprvestivated Hywirradiating the eparityndwdtec tregiort her e
are no restrictions on the wavel ength of the |aser beam The method
utilizing theonfinived hydasgdronandi the dbpant,awith tleataser isdront havihgethe can
prevent the sem conductor region from suffering damage due to the |aser
beam i r adi alight. intensitidi dapable ofe cauptrigorthef opfidalogeactiam theopghntheed by
applying an 20 el ectromagnetic field to the sem conductor region. [0051]
Si nce the semulbiptiocomrabderptomn iprocess tulcpest disscrmatiorw rodathe bidragden
temperature, different fromthe thermal annealing, the activation does not
degrade the ctamattleastst part odfa bivend substande of dhe depiant and \Myelrogemn, im i ti ng
of a pattern is performed by scanning with the | aser 25 beam any desired
part of the sedértnattotate theedopantcan be sel ectively activated for the
sem conductor device. It is also possible to . _
[0050] Since the present embodiment uses the irradiation with the laser
10 beam of short pulses as described above, the semiconductor region does
not show any such temperature increase as to thermally degrade the
characteristics of the semiconductor region. Since the activation
method utilizes the multiphoton absorption reaction induced by the
irradiation with the laser beam the pulse width and laser beam power of
15 which are properly selected, there are no restrictions on the wavelength
of the laser beam. The method utilizing the optical reaction with the
laser beam of short pulses, can prevent the semiconductor region from
suffering damage due to the laser beam irradiation. In addition,
desorption of hydrogen can be promoted by applying an
20 electromagnetic field to the semiconductor region.
[0051] Since the semiconductor device is not subject to an increase of
the temperature, different from the thermal annealing, the activation
does not degrade the characteristics of the semiconductor device.
When the writing of a pattern is performed by scanning with the laser
25 beam, any desired part of the semiconductor region can be selectively

activated for the semiconductor device. It is also possible to
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22 FP05-0269-00 selectively activate an interior ‘region apart fromthe
surface of the sem conductor as well as the surface of the sem conductor
irradiated with the |aser beam The hydrogen concentration of the activated
region is smaller than the hydrogen concentration of the other FRO3-©26950@and
the difference is, for exanple, 1 x 1017 (at/cnB) or nore, approximately 4
x 1020 (at/cnB). The carrier concentration of the activated region is

| arger than the carrier concentration of the other region and the
difference is, for exanple, 1 x 1016 (cm) or nore, approximately 2 x 1018
(cm 3). 10 [sdsctivelgeachvatenbodinterioy ragms pdrofrgmotheisngfagepof ythe GaN
sem conductor film _according to the second enbodi nent will be described

bel ow. This s¢mxfushictor aetwioldl asoths isscicehef the sewiingnduetps itrdiated (B):

(A first step: prepare a GaN sem conductor film doped with My 15 and

cont ai ni ng hydttodgbe; lag®) beesond Theepydroganicaneentratiotanf shei acidatedor fil m
with a short pulsed | aser beam First, the step (A) will be described. Fig.
8 is a side wagends snalldrsthaa the hydrogimgoncer{tatsemicfoth¢uather megion, 1 n t he
present exanple, the GaN 20 semi conductor filmis,a GaN layer 2 forned on a
sapphfre subsadathe (diffgsence sisbsforatexpmmle, | h #<hild st C(m?) ant gperg,Al ) and
(A2) below are successively executed, [0053] (Al): substrate cleaning step
The sapphi r eappissimataly1d s 1@?§&éﬂcnh)-a Wihea camigrasoaceatyaiion 26f fhase

Epi taxy (MOVPE) apparatus. The MOVPE net hod uses organonetallic materials
such as TMG aefivated ieigiomlisi langer than the carrier conceniration of the other

region and the difference is, for example, 1 x 10'® (cm™) or more,
approximately 2 x 108 (cm™).
10 [0052] (Second Embodiment)

A method of producing a p-type GaN semiconductor film
according to the second embodiment will be described below. This
production method comprises the following steps (A) and (B):

(A) first step: prepare a GaN semiconductor film doped with Mg

15 and containing hydrogen;

(B) second step: irradiate this GaN semiconductor film with a

short pulsed laser beam.
First, the step (A) will be described. Fig. 8 is a side view of a substrate
including a GaN semiconductor film. In the present example, the GaN
20 semiconductor film is a GaN layer 2 formed on a sapphire substrate
(support substrate) 10. In this step (A), steps (A1) and (A2) below are
successively executed.
[0053] (A1l): substrate cleaning step
The sapphire substrate 10 is placed in a Metal Organic Vapor
25 Phase Epitaxy (MOVPE) apparatus. The MOVPE method uses
organometallic materials such as TMG (irimethyl gallium), TMA
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23 FP05-0269-00 (trinmethyl aluminun), and TNII (trinmethyl indium, NH3
(ammoni a) gas, etc. to epitaxially grow a nitride film(e.g., group |1l
nitride) containing at |east one elenment of Ga, Al, and In, on_the
substrate placed in a reaction chanber of the MOVPE appar at us. FiPHé-045%805
apparatus is equipped wwth a heater for heating the substrate. After the
substrate is set in the MOVPE apparatus, the tenperature of the substrate
is increased to 1100 degrees centigrade to performthernal cl eaning of the

surface of the. su rate.. A G@aN s trate, or the, also be . used

i nst ead of tzfé'll’é‘ﬁ |§]@%ch bﬁhﬂlﬁf{m@@ﬂ ](ﬂﬁi2 ng step
A GaN layer 2 is forned aqn t sapphire suyhst e10|nthe PE

appar at us. TB&S:G&¢-| &PI@-mgﬁYfgWovéx%riﬁfﬁé e 1§nn{%8racg1'0up5 ddtgdels for

Lomper at ur o PN BIEARACONS SUNEAIUsE Abrt Tcm@t bsiﬁa{t%“
Tagnesi 3ms?%§'zk§?rqafs§t’fogﬁx%m@gefc&2 ﬂ@%ﬁ%wﬁé%% h@%\‘?ﬁﬁ h of
P e T BB B B Kl o
'S made of 5 SelNREyd S£lai BR MENPEAFBPARH; GZ%@E%%&%E“'%? e "
L 1 e B o 5 L AR e B 7
this step Ca%leba%lrtlg of the sut act:eh%fat & Subs Pralteoneg Gan ugserate or the like
can also be used instead of the sapphire substrate 10.
10 [0054] (A2): GaN layer forming step
-A GaN layer 2 is formed on the sapphire substrate 10 in the
MOVPE apparatus. The GaN layer 2 is, for example, 0.5 um thick.
Source gases for this film formation are, for example, NH; and TMG,
the substrate temperature is, for example, 1100 degrees centigrade, and
15 the source gases is supplied, for example, for 30 minutes. Biscyclo-
pentadienyl magnesium (Cp,Mg) for the p-type dopant is supplied
during the growth of the GaN layer 2. A magnesium (Mg)
concentration of the GaN layer 2 is 1 x 10% cm™.
[0055] Fig. 9 is a side view of a substrate including another GaN
20 semiconductor film. In the present example, the GaN semiconductor
film is made of a GaN layer 2 and an InGaN layer 4 which are formed
on the substrate 10. This step (B) includes the following steps (B1),
(B2), and (B3) successively executed.
(B1): substrate cleaning step
25 For example, this step can be the same as the aforementioned

step (A).
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24 FP05-0269-00 (B2): GaN form ng step For exanple, this step can be the
sane as the aforenentioned step (A2) [0056] (B3): InGaN | ayer form ng step
5 The InGaN |ayer 4 is formed on the GaN layer 2 in the MOVPE apparat us.
The thickness of the InGN layer 4 is 0.5 ,um Source gases foFPOB-6269406
formation are, for exanple, NH3, TM and TM, the substrate tenperature is,
for exanple, 800 degrees centigrade, and the source gases is supplied, for
exanple, 3 mnutes. Cp2My for the p 10 type dopant is supplied during the
growth of the InGaN_|ayer 4. The M concentration of the InGaN layer 4 is 1
X 1020 cm 3. [0057)(BRexGaNsf@ming)siepl | be described. The af orenenti oned
substrate is placed in an atnosphere of a nornal-tenperature and

nor mal - pressur e gad'qrnexampleaithisegigppran henthe ssmehes thel aferameonidonedr is
irradiated with a short pul sed | aser beam The pulse width of the short

pul sed | aser SEREALS, for exanple, 100 fs or |less, and thus a fentosecond

| aser is used, 5005%)I n this nmethod,, since the My-doped GaN sem conduct or
filmis irra8abkdBat nGal lgker forpungsdepaser beam (e.g., fentosecond

| aser _ 20 light), is activated at, a | Qw tenperature equal to or | ess than
100 deyr ees centigﬁdﬂﬂéﬁwlﬁ}@ ﬂ—lﬁfﬁﬁn@rﬂ’fb%ﬁ @éﬁﬁﬁé@érz mﬁhﬁm\@@
produced wi th good character. E\%i CS. lctaiéi s thought that this activation of
the p-type dépRaratissullhe thigknesss o6dhst [nfaal [axear dglenOat ofe | BOBESE from
My by the irradiatio he short pu| sed er_ beam 25 fent osecond

| aser |ight) .gaﬁﬁm&ﬁm\%{ﬂb Qreatin aveaties eBé%&ﬁ@eNﬁzs T & %QanTRVﬁ) thewken in
from silane (sg. ls_tu}%tteo{erggemré%r% fsl,\"?gl)‘ el)J{%?r?pIie,n SbBedegrees centigrade, and the
source gases is supplied, for example, 3 minutes. Cp,Mg for the p-
10 type dopant is supplied during the growth of the InGaN layer 4. The
Mg concentration of the InGaN layer 4 is 1 x 10%° cm™,
[0057] Next, step (C) will be described.
The aforementioned substrate is placed in an atmosphere of a
normal-temperature and normal-pressure gas (N, in this example) and
15 the GaN semiconductor is irradiated with a short pulsed laser beam.
The pulse width of the short pulsed laser beam is, for example, 100 fs or
less, and thus a femtosecond laser is used.
[0058] In this method, since the Mg-doped GaN semiconductor film is
irradiated with the short pulsed laser beam (e.g., femtosecond laser
20 light), Mg is activated at a low temperature equal to or less than 100
degrees centigrade, and the p-type GaN semiconductor film can be
produced with good characteristics. It is thought that this activation of
the p-type dopant results from dissociation of hydrogen atoms in GalN
from Mg by the irradiation with the short pulsed laser beam (e.g.,

25 femtosecond laser light). Namely, Mg is not activated because of

hydrogen (H) taken in from silane (SiH4) or ammonia (NH;) used in the
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25 FP05-0269-00 MOCVD or the like. Therefore, it is thought that the
irradiation with the fentosecond | aser |ight causes dissociation of hydrogen
and this results in activating My. [0059] This nmethod does not _use
t hermal annealing step for activation 5 of My which raises thePE@ﬁb§2@9ﬁME
by the | aser and suppresses deterioration of the active |layer, and
therefore, when this sem conductor filmis used in a light emtting device,
the efficiency of em ssion thereof is increased. [0060] The second step is

i ed Si .10 i ' d | .

omeraore MGHSFRLERTREITAT *ThBa5 P infRabi OB 88 S Y1 osi ng

t of th ] t i | i it . b I likely t
evapor ating oOF BriReans des BeRY Rttt HEas ot BroRaeR defdiiont act
resi stance becones. snall er V\Eﬁl an electrode is provided on a group Il
nitride such@%ﬂf%@ @Waigl% ‘conductor film Material of the electrode can
be, f /AU, 1t iis th ht that t j.st ' i f
o s at e RS2l el don A Rl SRR RS O H e e
hyd t . Jik ] te f t GaN ] duct
i m bt he ot ke THCRNEASF S bk, ERARGIEIC db b J9%50 "o SURPRERE
at mosphor i ¢ EIIOREET of e iy ARt e3Pl SR R leaalpE™

t aini 0 | o, t his: | - - 10,402 h
i ssoci at ed et Bubein §16Hy shuRRe AEFHCRTRe TRRRAGY Ry BN L orsat e can
sem conduct or: %?(a,f&'éj&@.to the outside. It is also possible to use Ar or N2

i nstead of 02% The above-descri bed production nmethod uses the GaN

layer or [0060] The second step is carried out at room temperature. Since Mg

10 is activated at Jow temperature (room temperature), nitrogen (N) can be
prevented from losing out of the semiconductor film. Since nitrogen
(N) becomes less likely to evaporating out of the surface of the GaN
semiconductor film, the contact resistance becomes smaller when an
electrode is provided on a group I nitride such as the GaN
15 semiconductor film. Material of the electrode can be, for example,
Ni/Au. It is thought that the resistance increases if dissociated
hydrogen atoms remain in the GaN semiconductor film. However,
hydrogen atoms become more likely to migrate from the GaN
semiconductor film to the outside in the present example, so as to
20 prevent the increase of resistance.
[0061] The second step may be carried out under atmospheric pressure,
but is preferably carried out in an atmosphere containing O,. In this
case, since hydrogen atoms are bound to O,, the dissociated hydrogen
atoms become still more likely to migrate from the GaN semiconductor
25 film to the outside. It is also possible to use Ar or N, instead of O,.
[0062] The above-described production method uses the GaN layer or
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26 FP05-0269-00 InGaN |ayer as the GaN sem conductor film but it is not
limted thereto and it is also possible to use an Al GaN | ayer or the |ike.
The AlGaN |ayer can be formed on the substrate 1 or on the surfﬁ;ﬁ ga éé@
GaN |ayer. The AlGaN layer 0.2 mthick can be fornmed on this su edD367-H0
t he MOVPE apparatus. The source gases in this case are NH3, TMQ and TMA,
the substrate tenperature is 1100 degrees centigrade, and the source gases
is supplied for three hours. Cp2My for the dopant is supplied during the

Po08a] ( ExanplBORN o2k B e N ahmiebRane: A e bl pt Brtisd fitisced by
T adated vi ehdat ' e BouiRle fus B MIGRN T ke WRBE RN ror o
ol love: pul S5, dih e i 3 e SEOREESTT Tulon oG, mirfalso SEIREGRRNL ™
pat i ar  out put2Boo T (EAR, Pt £ BBk parkbriToBioR Sp (BB e O™
< Tien Lo aths MO VIR, i sdubsreites hoBls red BN ERMG ©
moni tored wi t .3 g0 Berd BIBRE e RBb e it IUGTREEHE) At iEs TREPHR! o The
source gases is supplied for three hours. Cp.Mg for the dopant is
supplied during the growth of the AlGaN layer 2. The Mg
concentration is 1 x 10% cm™. |
10 [0063] (Example 1)
(Experiment Conditions)
A GaN base material produced by (Al) step will be referred to
as sample "S" (GaN layer). The sample "S" was irradiated with a
femtosecond laser beam having the pulse width of not more than 100
15 femtoseconds. The other parameters of the light source are as follows:
pulse width: 100 fs or less;
laser wavelength: 800 nm;
lens: f=20;
X-scanning speed of sample: 15.7 mm/sec;
20 Y-step of sample: 15 pm;
spatial output: 860 mW (measured with a power monitor);
repetition frequenéy: 80 MHz;
laser intensity: 5.9 x 10° (W/em®).
[0064] The sample "S" is fixed to a stage. . The surface temperature of
25 the sample "S" is monitored with a high-performance optical

thermometer and thermocouple. The dimensions of the substrate of

27



27 FP05-0269-00 the sanple "S" are 10 nmx 10 mm The sanple "S" is placed
In an N2 nornal - pressure atnosphere. The sanple "S" is irradiated with the
fem osecond | aser beam wi t hout being heated. The |aser beamis focused in a
beam di aneter of about 50 gm by a pl anoconvex aspherical 5 |ens FRGE0268460
was driven to scan a region in the wwdth of 5 nmon the surface of the
sanple "S." During the scanning with the | aser beam the nonitor
tenperature is stable in the range of 18C 2C (from 16C to 20C). [0065]

(Evaluation a d Resu t S e Hal | ffect ' rreas eg for anple "S"
that has irr %haf‘?\-e[ f IR 55 d o‘i‘i’énla ngPé)a Hlﬁﬂaph

showi ng a rel |on of hol e densit ain ectrric.curren

used in the nYAadNBRALAICSSHHES éh& V\ih? R ﬁe%e‘ﬁs‘ﬁ%ﬂl@fedc‘ﬁﬂ’é i s
about 1.5 x 17 cnB. IS a show a.rel n_of 15
resistivity (%r%we%%qfdgﬁere%@@m |Wﬂg8ﬁré?ﬁmgng§at§ged f]i*net 8T healy rignent .
According to I S m (ﬁéres stiyVvit |} 006

conparati ve € QM@ by@k&%@[’ %’%?’Q@heﬂ@l
rreggurgdforef% nplg}? neal ed teijse of ah!(elﬁln furm%1 gfor t he
reasued (07 RSRTHIS BABER RS i kes, Sl maliealing, e BHPit ur e o
anneallng S OOd rees %t dehgn H} ealing.tine. th rlnnute
[0067] Fig. 1 &%ﬁ}@ gﬁ@ %qg,nﬂg}g \( %1 aser
characteristi sof the an ealed sanpl e .an hes le "S" i, @&i mi W th
the fent osecortPPadlly HeQ gt%l%t 13 %gllebkp r‘?ﬂg?z%tl (1$r n% ssi on
Li Model hod d t I f le, Ni/Au. Th
cont act 1 ebi LG Igﬁf%éﬁgﬁaiafe?‘sz%ﬁe (Gottea ©om e NIALThe

[0065] (Evaluation and Results)

10 The Hall effect is measured for the sample "S" that has
irradiated with the femtosecond laser beam. Fig. 10 is a graph
showing a relation of hole density (cm™) against electric current (mA)
used in the measurement. This graph shows that the density of carriers
is about 1.5 x 10" ecm®. Fig. 11 is a graph showing a relation of

15 resistivity (Q-cm) against electric current (mA) used in the
measurement. According to this graph, the resistivity is 6.0 Q:cm.
[0066] As a comparative experiment, voltage (V)/current (A)
characteristics are measured for a sample annealed by use of a heating
furnace and for the sample "S" irradiated with the femtosecond laser

20 beam. The temperature of annealing is 700 degrees centigrade and the
annealing time is 1 minute.

[0067] Fig. 12 is a graph showing the voltage (V)/current (A)
characteristics of the annealed sample and the sample "S" irradiated
with the femtosecond laser beam. This is obtained by the TLM

25 (Transmission Line Model) method. An electrode material is, for

example, Ni/Au. The contact resistance of the annealed sample (dotted
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sanple (solid line) irradiated with the fentosecond | aser beam by use of the
heating furnace is 2 x 10-4 L) cnR. This proves that the irradiation with
the fentosecond |aser beam decreases the contact resistance wikieut0269-00

I ncrease of the sanple tenperature. [0068] Fig. 13 is a graph show ng

wavel engt h dependence of intensity by PL neasurenment with use of a HeCd

| aser. Data of a sanple before irradiation with the | aser beam (as-grown)

S R e Lk S
oy 30111 L5 e DT BSR4 e LG W | 2,
ouppr essi on TRAtEdR A 110n GRBry s LR oss BEE toe TrReMe, i, e 1"
Tor Tkt Tt AL A0 U LA 008 T ot on
according to. the thi enbodi nent. Area (B) in Fig. 14 is a drawi ng show ng
a nitride se%cg%"??&f&ft‘tg're S&E‘Wq@ggﬁ’é’eﬁa ® nodification exanple of the third
sem conduct ok IURITiEs 13 E5harnk oheufispakelengty efendied PARIERIN ¢ 1 de
Tayer 7 - oy STREGRAb S PER O &F n IRCHINLE eta Shd SaBlg BRpSRT S
Nt de senfEfANOHoIh, e Shsft B (RSB ctieiatcbs: A oP R Bast

one double-dashed line, data of the annealed sample by a dashed line, and

10 data of the sample S irradiated with the laser beam, by a solid line and a
chain line. Fig. 13 suggests the improvement of the activation because
the PL intensity of the sample irradiated with the laser beam is larger
than the PL intensity of the annealed sample, and shows the suppression
of degradation of crystallinity because there is little increase in the half

15 width of the PL spectrum.

[0069] (Third Embodiment)

Area (A) in Fig. 14 is a drawing showing a nitride
semiconductor device according to the third embodiment. Area (B) in
Fig. 14 is a drawing showing a nitride semiconductor device as a

20 modification example of the third embodiment.

[0070] With reference to area (A) in Fig. 14, the nitride semiconductor
device 1 comprises a substrate 3 such as a group III nitride substrate, a
semiconductor region 5, and a group I nitride semiconductor layer 7.
The semiconductor region 5 is comprised of a first group III nitride
25 semiconductor in an example, and a layer of this first group III nitride

semiconductor can consist of a compound semiconductor of at least one
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29 FP05-0269-00 of indium gallium and alum num and nitrogen. The group
[1l nitride sem conductor layer 7 is an active region and can nmade, for

exanpl e, of a sem conductor containing at |east either of gal Itﬁ
indium and nitrogen. This active region is provided between t BST 0Py

nitride 5 substrate 3 and the sem conductor region 5. The sem conduct or
region 5 contains a p-type dopant and the p-type dopant is nagnesi um or
zinc. Magnesiumand zinc act as the p-type dopant in the field of the group

EERAREN o T e T M TR G T R G
put 52 |2 et B0y 7R e N RSt e b

som condct o Lol 4608 o3t F 38 BLACBLIL! Re 10l S5, LORGD SRR
spol ed, For nARIGHEL| it A6y L OR s BARIARE bR RBC S TS S b B
rode-Socked ggekba i e Sy Kpan PSR, 8 PoThESByEaRAS R AR 3551
tren the. Ul S50 4 0he TRSPSRRHE SRl APk TpsRRe i B ARECT 7 00,
el um 15 STkgn 1 R A8 ek bk lon B SRIRESMARIE b o
ter a1 1 ARGk AASERNARGLHC PRSP be dBRRRTARY LBRIIURR agLe ©f 100
(phonon coup '&@h%—@@@ orbaYEE dite ReAlvOf thPRFAdBABA BRY Aenbie pul se

wi dt h equal to or
10 pulsed laser beam.

[0071] As far as the pulse width is short, there is little thermal diffusion
of energy from the pulsed laser beam in the semiconductor film during
the irradiation with the pulsed laser beam, thereby increase efficiency of
utilization of energy of the laser beam applied. For generating the
15 laser beam that can cause multiphoton absorption, it is possible to use
false pulses, a Q-switch, or a mode-locked osciilation laser. For
example, the laser can be a YAG laser, fiber laser, titanium-sapphire
laser, excimer laser, or the like. ‘
[0072] When the pulse width is of nanosecond order, a plasma can be
20 generated in a medium where the electric field is strong if linear
absorption of the medium is small. When the pulse width is of
picosecond order, the generation of plasma can be suppressed even if
linear absorption of the material is small (because the plasma is
generated in the time scale of 100 picoseconds to 1 nanosecond).
25 Interaction between electrons and lattice (phonon coupling) can be

reduced by use of the laser beam having the pulse width equal to or less
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30 FPO5-0269-00 than 100 ns, and, nore preferably, the phonon coupling can
be nore effectively avoided by use of the | aser beam having the pulse width
of not nore than 100 ps, e.g., a picosecond | aser beamor a fentosecond

| aser beam This can mnimze thermal deformation or the Like EPﬂﬁdﬂzéﬁiﬁy
t he phonon coupling. [0073] As seen fromthe above description, the p-type
dopant can be activated in the sem conductor region 5 of the group I
nitride by use of the present | aser beam wi t hout any heating furnace, and

the sem congﬁct deV| ced rowege b\@/l i}lflcjt t her mal |lnfluen0ﬁ due to the

10 activatio 4TS TRR nm Eratl%n Pépnaavwmn%éﬁﬂ. eraeaea first
| addi I d cl d ab

P i do Ehastit g{‘@vgl D3t G s boape RaPisty His P iath R f r ot

cl addi ng Iayer 11 an econd claddln r 1 The f|r t cladd| g 15
Cayer 13 can oot Mefetham F0RSEN B s Py awa%ﬁa%erzbe id

sem conductor Th secon Iaddln | ayer made for anpl e, of an
undoped or p- ?% % ulg’lu@)]rﬂ “Fh - élpéﬁefﬂgﬂﬂﬂfml F?rtﬁ%‘e gﬂfei/pe

| nGaN sem cond %{ gh bl vated irradiation wth a short pulsed | aser
beam -20 [00 IP}Q PoPRge ? 1Elgnductor device 1 the substrate 3 can be

Cype’ sem condlbl ot A¥rsEeh Ay BRPYE AasErBHOHE fe oDk HOPRef s o " gr oup
Lubstrate 3. eﬁﬁﬁﬁ@%ﬁl@ﬂﬁ%ﬂﬁ*ﬁ%ﬂ&%@é%@%ﬁ% oF s Wallh taiitn UM OF
oroun TP o i (DR e Y ShlthollE. fhy *hefino oS, ' dld Othd e

semiconductor device is provided without thermal influence due to the

10 activation.
[0074] The nitride semiconductor device 1 can include a first cladding
layer 11 and a second cladding layer 13 provided above the group I
nitride substrate 3. The active region 7 is provided between the first
cladding layer 11 and the second cladding layer 13. The ﬁrst'cladding

15 layer 11 can be made, for example, of an undoped or n-type InGaN
semiconductor. The second cladding layer 13 can be made, for
example, of an undoped or p-type InGaN semiconductor. The p-type
dopant in the p-type InGaN semiconductor is activated by irradiation

- with a short pulsed laser beam.

20 [0075] In the nitride semiconductor device 1 the substrate 3 can be
made, for example, of an electroconductive group I nitride, e.g., an n-
type semiconductor. The nitride semiconductor device 1 can include a
group III nitride semiconductor layer 15 provided on the group III
nitride substrate 3. The group III nitride semiconductor layer 15 can

25 be made, for example, of the same semiconductor material as the

material of the group III nitride substrate and, specifically, of a GaN
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31 FP05-0269-00 sem conductor. [0076] The nitride sem conductor device 1
can include a contact |ayer 17 provided above the group IIl nitride
substrate 3. The contact |ayer 17 can be nmade, for exanple, of_a g(g*ge GaN
sem conductor. The p 5 type dopant in the p-type GaN sen1conducF89 +@269-00
activated by irradiation wth a short pulsed | aser beam The sem conductor
region 5 is provided between the contact |ayer 17 and the cl adding | ayer

13. [0077] The nitride sem conductor device 1 can include an anode

el ectrode 19 provided on the contact layer 17 and can include a cathode 10
el ectrode 21 %pb a back surface 3a of the Ill nitride substrate 3.

S e b S
suppl i ed froﬁ?tﬂ@%‘éﬁ@h Ef?‘é%mﬂﬁnaﬁt%lhsﬁé%%é S EBP%ﬁ%iaY?S These
goner at Zsa{ " hicany 56 SadrifoF sRatnptS, oF %.R-ﬁ%@éi%é?ﬁaﬁéﬁéu%ar "Bl
s i NS MR
Isg?/n_e(r:bnzag[logﬁﬂh z{hwogg?ﬁ@gﬁ@uj@ts% b%aﬂﬁ I %gsé?ﬁl&%qmﬂﬁéﬁ nre§ o aAlerN -
the active réﬁ‘%‘aﬁ‘ggbe&% iﬁeﬁgﬁtag@%&r ﬂ@#ﬂ&lﬁ gﬁr@ﬁé@%ﬁq nductﬁory 25
devi ce Ta colfyTed s PRt Rerlkobduciol.retics” " il dReRER Gl Ed,

electrode 19 provided on the contact layer 17 and can include a cathode

10 electrode 21 provided on a back surfabe 3a of the III nitride substrate 3.
In the nitride semiconductor device 1, either carriers of electrons and
holes are supplied from the group III nitride semiconductor layer 15 into
the active region 7 and the other carriers of electrons and holes are
supplied from the semiconductor region 5 into the active region 7.

15 These carriers are confined in the active region 7 and the active region 7
generates light.

[0078] The group III nitride substrate 3 can be, for example, a GaN
substrate and can also be an aluminum nitride substrate or sapphire
substrate. The first group III-V compound semiconductor layer in the

20 semiconductor region 5 is, for example, a IIl nitride semiconductor
layer, such as a GaN semiconductor, an InGaN semiconductor, an
InGaAIN semiconductor layer, or AIN. The group I nitride
semiconductor layer in the active region 7 is made, for example, of an
InGaN semiconductor.

25 [0079] With reference to area (B) in Fig. 14, a nitride semiconductor

device 1a comprises a III nitride substrate 3, a semiconductor region 5,
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32 FP05-0269-00 and a quantumwell region 9. The quantumwell region 9
includes well layers 9a and barrier layers 9b. The well |ayers 9a are nade
of a first Inx1Aly,Gl_Yl xN sem conductor (0 < Xl <1, 0 <Yl <1, 0 <X
+ Yl < 1), and the barrier layers 9b are nade of a second 5 FP05-0269-00
| nNx2Al Y2Gai . Y2- x2N sem conductor (0 < X2 <1, 0 < Y2 <1 0< X2+ Y2 <1).
As shown in area (B) in Fig. 14, the barrier layers 9b provide potential
barri er against the well layers 9a. The quantum well region 9 is located
between the group Ill nitride substrate 3 and the sem conductor region 5.
The seni condndr gegitom svedmegion e dheoquantem seell cegturrtdhinclades 5a
made of a corrpound of at least one of indium gallium and alunm num and
ni trogen. [0088ll layerseda andagrigr dagers (9b. ni The deelt dayarsRuatomadievolte the
p-type dopant in the group Il nitride sem conductor region can be
activated by fiistdnpiAlvu{3ei-phetNseatsonducton (Ovr #Hosit 1,3 g‘t{fl <4 IndatiRy
furnace, the 15 uantum wel| structure 9 is provided wthout thermal

deteriorationt Y[ 081] )Thandhi the dearsieni dayeracObr Eﬁ@vﬂﬁ@@ aotap Isecand

sem conduct or_. light_ generating device, such_as ggt emtting diode or a
| aser i ode, Inaimﬂi - vesaipseanicongdurtgHO € K4 € hgp i aé lsOcoMpbtedZof the
fol | owi ng | ayers: roup, Il nitride substrate pe Nsubstrate

group 11 ni t‘t"llae s%%sg@ﬁ@hm area drinEig. 54 d@ﬁehametfylﬁé'ﬂ%ﬁ provide
Serm conduct orBoreBIEHARITES agaRtURPWeR ] Tarera deur ol ot saBisnasell kegion Syer s
7a: undoped | is (1)32%% Sel\tlwse%?f ct%gdugrto%;) I]H nitride  substrate 3 and the
semiconductor region 5. The semiconductor region 5 can include a
10 first semiconductor layer 5a made of a compound of at least one of
- indium, gallium, and aluminum, and nitrogen.
[0080] Since in this group III nitride semiconductor device the p-type
dopant in the group III nitride semiconductor region can be activated by
use of multiphoton absorption, without use of a heating furnace, the
15 quantum well structure 9 is provided without thermal deterioration.
[0081] The nitride semiconductor device la can be a semiconductor
light generating device, such as a light-emitting diode or a laser diode,
and, for example, the light-emitting diode is composed of the following
layers:
20 group I1I nitride substrate 3: n-type GaN substrate;
group III nitride semiconductor layer 15: Si-doped n-type GaN
semiconductor, 2 pm;

first cladding layer 11: undoped Ing0;GaggeN semiconductor, 15

25 quantum well structure 9: 5 cycles,

well layers 9a: undoped Ing 15GagssN semiconductor, 1.6 nm,
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33 FP05-0269-00 barrier |ayers 9b: undoped | no.olGao. 99N sem conductor, 15
nm second cl adding | ayer 13: undoped | no. oi Gao. 99N sem conductor, 15 nm 5
group IIl nitride sem conductor |ayer 5: M)-doped p-type Al GaN

sem conductor, 20 nm (where My is activated by irradiation w tFPASHg-00
pul sed | aser bean); contact |ayer 17: My-doped p-type |Ino. ol Gao. 99N

sem conductor, 50 nm (where My is activated by irradiation with a short

pul sed l.aser 10 beam; el ectrode (anode) Ni I Au; el ect rode (cat hode) :
Ti/A . [0082] As described, abov the |des e group
Il nitride sem condﬁ@'ﬂﬁr LPé’\ﬁr%ggt? (gb SSFIB ‘Il? Ok hg

sem conductor_region activated by use of the rrul ti photon absorption, w t hout
any heating BEEi vati on of the p-type dopant inthe group IIl nitri de

area (O in Fig 1 °”%r@°§$§haﬁ£i“” ot g e G Serfsabdactbby i ng o

nitride sem 3gnductor devi ce accordi ng to the fourth enbodi nent. Area (A,
area (B), afea (G in Fig. 16 are draw ngs showi ng steps in the nethod

f f h d d d d h
emboaPrent. t[Soghir%@@r b ‘iﬁﬁs‘c’,‘é%%&m%cé& RE TRV
i o, a cnO2, SeRiPandcCRTRE B, THARL 320 Seliviielt By hihdet g oo o

with a short pulsed laser beam);

contact layer 17: Mg-doped p-type Ingg;GaggN semiconductor,
50 nm (where Mg is activated by irradiation with a short pulsed laser
10 beam);
electrode (anode): Ni/Au;
electrode (cathode): TV/Al
[0082] As described above, the present embodiment provides the group
III nitride semiconductor device including the p-type group III nitride
15 semiconductor region activated by use of the multiphoton absorption,
without any heating activation of the p-type dopant in the group III
nitride semiconductor region.
[0083] (Fourth Embodiment)
Area (A), area (B), and area (C) in Fig. 15 are drawings showing
20 steps in a method of forming a nitride semiconductor device according
to the fourth embodiment. Area (A), area (B), and area (C) in Fig. 16
are drawings showing steps in the method of forming the nitride
semiconductor device according to the present embodiment.
[0084] A group III compound electroconductive substrate is prepared.
25 The group III compound electroconductive substrate can be, for

example, a GaN substrate 31, as shown in area (A) in Fig. 15. The
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34 FP05-0269-00 GaN substrate 31 is subjected to a pretreatnent using
ammoni a (NH3). The tenperature of this pretreatnent can be, for exanple, 100

degrees centigrade. Next, a galliumnitride (GN) film33 is f t
GaN substrate 31. The galliumnitride (GaN) film 33 has, for ex%@%‘ﬁg%&@

n-type conductivity. The GaN film 33 is grown, for exanple, using a netal
organi ¢ vapor phase epitaxy apparatus. The filmformation tenperature is,
for exanple, 1150 degrees centi grade. The film thickness is, for exanple,

about 2'm [ Q0GR sNedkyre o5, BIRURCHAAIER hBhebfnElOusi afedbiidl elgRfcl o,
Lomi condubt or TP thRPeRAgRe gﬁ%gwdﬁm%gﬁ“& £ $on' e T kb e, 0 Brgrees s o
thereof 1o, Tentdtads eNed: P?@I@?rﬁgﬁ%fmiﬂﬁﬁgh f‘alaflP@th' fon 37
T Sommaund CatCatbealk gl T BRIERN S (GRXTHIGE 33 Hel¥p fordika Eggpa
I S ol BT 0O AT A
S e e e dttbtal oraflic Vapol haBE! #ﬁﬁ?{}’e SbRaratls.” ﬁél%aﬁf%égﬁﬁ%ﬂ]erm' |
ot sonduct o Rpfhertilipt Ty ot | RardBlel"§1307 HeBfech' CORgfde” Ahe Frh "N
o e unaoigh ecsgqg}@%&&w@%‘%@@ﬁ% or o T "Sﬂaﬁf’uﬁ?mﬂ”

structure, theg@selbxi 'dsThotvh ML QR(BY &8 Fik! 15, K8 Eladding film 35 is
10 formed on the GaN film 33. The first cladding film 35 can be, for

example, an InpgGapeeN semiconductor film and this InGaN
semiconductor film can be an undoped one. The film formation
temperature thereof can be, for example, 800 degrees centigrade. The
film thickness thereof is, for example, 15 nm.

15 [0086] Thereafter, an active region 37 including a groﬁp [T nitride
semiconductor layer is formed on the group III compound
electroconductive substrate. The active region 3.7 includes a nitride
semiconductor layer containing indium and gallium, and can include,
for example, an InGaN semiconductor layer. In a preferred example,

20 as shown in area (C) in Fig. 15, the active region 37 can have a quantum
well structure. This active region 37 can include well films 39 and
barrier films 41. Each of the well films 39 and barrier films 41 can be
an InGaN semiconductor film. The well films 39 can be, for example,
undoped Ing15GaggsN semiconductor films, and the barrier films 41 can

25 be, for example, undoped InggGaggN semiconductor films. In this
quantum well structure, these well films 39 and barrier films 41 are
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35 FP05-0269-00 alternately repeatedly forned in five cycles. The film
formation tenperature of the well filnms 39 and barrier filnms 41 can be, for
exanpl e, 800 degrees centigrade. [0087] Next, as shown in area %A in Fig.
16, a second cladding film43 5 is formed on the active regi onFP05-0869-00
second cladding film43 can be, for exanple, an Ino.olGo. 99N sem conduct or
film and this InGN sem conductor filmcan be an undoped one. The film
formati on tenperature thereof can be, for exanple, 800 degrees centigrade.
The filmthigkness thereof s, for exanple, 15 rim _10 [Q088] Thereafter,
as shown in aﬂi@éﬂ@@}YiWHﬂﬂEﬁdli6foﬁn$<ﬁiﬁh YR e Aes-f i |'1%he i]glmo PSRRI t he

second cladding film43. .The third.cladding film caqontains a p-t{ype. dopant,
such as M. TRERRREE PR ﬁn@’ehi %{messgg a@ﬂobﬂn'll@rl %ﬁ’frtsogldo@ﬁﬁ E@m’f@ﬁnductor
film45. The %{OUIE]@:T%b-V conpound sem conductor film 45 can be nade, for
exanpl e, of X Orleeseesgentigiades t her of gal I i um and al umi num and

el e, abolDOBTONElgRaaLoREm BREEA) B8 1tna sHeopeEaBdgme Al Thi r
area (D in ApgoTEa on B AR FHR 47| sThorsdnheadama Ain £ can daal ng
ser conduct oot CKHBRbNAHC G 0N HRIGPTSUIA S PPEr TRRaATGAN of t he
SN S cond SHICONGRS! Iy Cetle DR BRSEPERpARE.  TH SO CINRAIOR of t he
ggm ?Sﬁ a(zjg_ : itleﬁlpg'a'gu?g tﬁgre%?rcgl% ez,i,tfo? éx%?ﬁ)ﬁ%?%%ede%regg 8%1%tié%a%%. de?flg ©s
film thickness thereof is, for example, 15 nm.
10 [00'88] Thereafter, as shown in area (B) in Fig. 16, a third cladding film
is formed on the second cladding film 43. The third cladding film
contains a p-type dopant, such as Mg. The third cladding film is a
group III-V compound semiconductor film 45. The group HI-V
compound semiconductor film 45 can be made, for example, of a
15 compound of at least either of gallium and aluminum, and nitrogen.
The film formation temperature of the third cladding film is, for
example, about 1100 degrees centigrade. The film thickness of the
third cladding film can be, for example, 20 nm.
[0089] Thereafter, as shown in area (C) in Fig. 16, a contact film 47 is
20 formed on the third cladding film. The contact film 47 is a group III-V
compound semiconductor. The semiconductor of the contact film 47
has a bandgap smaller than that of the semiconductor of the third
cladding film and can be made, for example, of a GaN semiconductor
containing the magnesium dopant. The semiconductor of the contact
25 film 47 can be formed at a temperature of about 1100 degrees

centigrade.
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36 FP05-0269-00 [0090] After the group Ill nitride sem conductor regions
45, 47 doped with the p-type dopant are formed, the group IIl nitride.

sem conductor regions 45, 47 are irradi ated with a short pul sed | aser beam
53 by neans of a short pulsed laser |ight emitter 51. This irriad

results in 5 causing desorption of hydrogen 55 fromthe group IIl nitride
sem conductor regions 45 47 and formng the activated p-type dopant 57 in
the group Ill nitride sem conductor regions 45, 47. The p-type dopant in

use of “a healtGUPT AiescBe Goupode HitEe aemirensbisios sagions 45, 46 OuRinpl e,
Vi'brat | on, - aRat HE DrgRPAHER:auP 40 %&é@@%&&@p 4B BiBiderpeoPaBctaron
tomper at ur e HHEOR Yanh ke EBARIatsr Wivhe DACk PUISER JtF g Sact SRS 1
o e0, ol oot 4P o e SR Tt S ARG ST ThO SRt SR Bl eren
the. iﬁi,?gf%ﬂﬁk@%ﬁﬁ@ DbenyBreat | 57 ARetry does gHPLBndTk: BRTIREG] SX' 20
00551 The S{obL kit Hlbhs SRUrEPai 005, ToLIo0 A 28 ceacra ety above
contact 11 g @%téré%hbi?rﬁa{l@é ThEoRoBbLasB RS, S e hOORC. 0 °
e o o, A B Tt 5490 0000
activated without use of a heating furnace.
10 [0091] As described previously, for example, the femtosecond laser
pulse is faster than the relaxation time of lattice vibration, and the
femtosecond laser completes decoupling in the atomic level by
irradiation per pulse. Thus, it can minimize the increase of
temperature due to phonon coupling. The short pulsed light source is
15 also effective to desorption of hydrogen atoms.
[0092] The temperature is not increased by heat or infrared light or the
like in order to implement dissociation of hydrogen from the p-type
dopant of magnesium. This provides the method of forming the p-type
group III nitride semiconductor region.
20 [0093] The short pulsed light source in this method is as described
above. Thereafter, an electrode film for an anode electrode is formed
on the contact film 47. An electrode film for a cathode electrode is
formed on a back surface 31 of the substrate. The irradiation with the
short pulsed laser can also be performed after formation of the

25 electrodes.

[0094] As described above, the present embodiment provides the
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37 FP05-0269-00 nethod of formng the p-type group IIl nitride

sem conduct or region by use of multiphoton absorption w thout the heating
activation of the p- type dopant in the group IIl nitride sem conductor
region. [0095] (Exanple 1) 5 1n a preferred exanple, a seni -i ndiPQF-i0299<ail
substrate is set on a susceptor, and a p-type sem conductor |ayer is
fabricated by the MWPE nethod as descri bed bel ow. The source materials
used are trimethyl gallium amonia, and bisethyl cyclo-pentadienyl

magnesi um First, hydrogen (H2) and ammonia (NH3) are introduced 10 at the

t enper at ur e @ﬁtthboéfeﬁnmg pdypagrayp IN oaNdespaicoadyetamregian bym at t he
grow h tenperature o{tiI?h150C, and thereafter a My- .doped, GGN filmis grown to
the thi cknesséop! snuktiphotentahsogpiaon withewbhthenhgangractivabion pHolssIP-The
p-type sem condu(i:t or l.ayer grown_in this manner is set, in 15 the short

pul sed | aserty®si donant ap dhe geoup | natride pemsepnducdonagion. fent osecond | aser

beam havi ng patial output of 0.4-3.8 Watts to decrease the resistance.
The l\/g-dopedf@ﬁifﬁl‘iﬁfﬁﬁf)ﬁ)bgtrat es the p- type conductivity as a result of

hol e asurenent. J 0097 Exanpl e 2) 20 In. angther exanp]e, a .sapphire
substggte is pl aceﬁ1 %Qr%\fe SEPUBIC, A5y %ggﬁéﬁ*ﬁ%@@dﬁ SEaQBr is
fabricated by the MWPE nethod as described bel ow. .The spurce naterials
used are trifBISREPIOga a0dud PalyRensami t}ﬁt%ﬁﬁyf:r d§c Wtﬁd@}éﬁﬁp

11000 to ef {MOVRRSAPHG ohdieshrivt BelpBi | CHpGOMGR anBlarmly Uaderei s
grown to 25 tr}lnl?ngﬁlytlheg%lilcl)u\l\ﬁlt] 'S ecr)gltaljrealqlfd 4 ?géth?fd Eéyc o’flptlalzlil%gier{yﬁ
magnesium. First, hydrogen () and ammonia (NH;) are introduced
10 at the temperature of 1100°C to effect cleaning. A GaN layer is grown
 to 2 um at the growth temperature of 1150°C, and thereafter a Mg- -
doped GaN film is grown to the thickness of 50 nm at the growth
temperature of 1100°C.
[0096] The p-type semiconductor layer grown in this manner is set in
15 the short pulsed laser emitter and the sample is irradiated with a
femtosecond laser beam having the spatial output of 0.4-3.8 Watts to
decrease the resistance. The Mg-doped GaN film demonstrates the p-
type conductivity as a result of hole measurement.
[0097] (Example 2)
20 In another example, a sapphire substrate is placed on a
susceptor, and a p-type semiconductor layer is fabricated by the
MOVPE method as described below. The source materials used are
trimethyl gallium, ammonia, and bisethyl -cyclo-pentadienyl
magnesium. First, hydrogen gas (H,) is introduced at the temperature
25 of 1100°C to effect cleaning, thereafter a low-temperature buffer layer is

grown to 25 nm at the growth temperature of 475°C, and a GaN layer is
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38 FP05-0269-00 grown to 2 mat the growh tenperature of 1160C
Thereafter, a My-doped GaN |l ayer is grown to the thickness of 500 nmat the
grow h tenperature of 1110C. [0098] The p-type sem conductor |ayer grown in
this manner is set in 5 the short pulsed laser light emtter 51FP8sd)24%:-00
sanple is irradiated wwth the fentosecond | aser beam having the spati al
output of 0.4-3.8 Watts to decrease the resistance. The M)-doped GaN | ayer
denonstrates the p- type conductivity as a result of hol e neasurenent.

[0099] (Exanple 3) 10 In still another exanple, an n-conductivity GaN
substrate is gewncte 2 pusaéphergrawih fempeamtars wfi hbpfildde Thiereaften e i s
fabricated by the MWPE nethod as descri bed bel ow The source materials used
are trimet hyMgmlopedrfzalN jayer by greswnrtorthethiokiness lof15Q0hdinuat t '

silane, and bisethyl cyclo-pentadi enyl magnesium An n-type GaN 15 | ayer is
grown to 2 pn‘tempcnﬁéul@r@f/\lhfﬂc’éhperature of 1100C, and thereafter the
tenperature is decreased to 800C, at which a 5-MQWV active layer is grown in
a structure cH98]t Thg pitypnsehicGamd@inr dayér geywnsin this whanndri sksatsist of 1.6
urn and I no.01Gao 99N barrier layers in the thickness of 15 nm Then the

t enper &t ur e i tha sleorsgudsed taser bight emittzo Jlhiand: thepsamaple ks, irradigtedoyitd
Al 0. 12Gao. 88N |l ayer is grown to 20 urn,and a p-type contact GaN filmis
further grownth®oisntaserond lowy beam hevingsthesspasial outpet off .493 KWVatis toni s
manner is set in the  short pulsed |ight emtter and the sanple is
i rradi ated wi dpcrense thenessietend THedVigrdaped 4valNdayerdemonstrtasithen- of
0.4-3.8 Watts to 25 decrease the resistance. A sem transparent anode
el ectrode i s bHieeenduriiniteaparepdt chkoleymaasutgent.cat hode el ectrode is
fornmed on the
[0099] (Example 3)
10 In still another example, an n-conductivity GaN substrate is set
on a susceptor, and a blue-emitting diode structure is fabricated by the
MOVPE method as described below. The source materials used are
trimethyl gallium, trimethyl aluminum, trimethyl indium, ammonia,
silane, and bisethyl cyclo-pentadienyl magnesium. An n-type GaN
15 layer is grown to 2 um at the growth temperature of 1100°C, and
thereafter the temperature is decreased to 800°C, at which a 5-MQW
active layer is grown in a structure consisting of Ing;6GaggsN well layers
in the thickness of 1.6 nm and InggGaggN barrier layers in the
thickness of 15 nm. Then the temperature is increased to 1100°C. At
20 this temperature, a Mg-doped Alg1,GaggsN layer is grown to 20 nm and
a p-type contact GaN film is further grown to 50 nm.
[0100] The LED epitaxial structure grown in this manner is set in the
short pulsed light emitter and the sample is irradiated with the
femtosecond laser beam having the spatial output of 0.4-3.8 Watts to
25 decrease the resistance. A semitransparent anode electrode is formed

on the p-type GaN layer, and a cathode electrode is formed on the
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39 FP05-0269-00 opposite side to the epitaxial |layer on the GaN substrate,
thereby fabricating a blue-emtting diode. Wien an electric current was
continuously applied to this light-emtting diode, a higher optical output
was obtai ned therefromthan froma sanple which was obtai ned frdB®-0269s6e
waf er and the resistance of which was decreased by thernmal annealing

W t hout use of the short pulsed laser light. XRD neasurenent was conducted
before and after the decrease of resistance, and showed hi gher-order
satellites in the sanple activated with the short pul sed | aser beam as
conpar ed wi t IPRPOSHRpSKlemiasthel spiiaxialadayer aot thet GalNoysubstetenr thasehpd. |t

I s under st ood Lnonxthis result that the resjistance was decreased w t hout
degr adati on JRbEEcgERE| pi blysrentitiang | dmds. pr Wben| anoelackac peaent wasent i on
has been descri bed an il*éétr ted.the enbodi nents otg%he preferred

enbodi nent s, Gontimoushpapplied sa this lighisemating diose; pihighet aptisak owtpat t he

I nvention can be 15 nodified in arrangenent and detail w thout departing
fromsuch prWagoptaiged thergfremcthan {panta éampge mshwhimaﬁégatamdhg'ogl@ecific

enbodirents ip the specjfication. Details of structures of {hes deyi ces
can be nodi f 88 WG gﬁmﬁﬂro?ewamészh&c Srascderigas b}qﬁ@ﬁmalmm ng

el ements were deSfl’i bed, as the sem_conduct or devi ces ut. t he

seni conduct orAlNEG{188s WithoHbt UFg nPf e dhe hehery. pulg %%ﬁz‘i‘gdﬁiﬂﬂt s d&Bd?i bed
Semi Conduct oMeagTBas et fordietgd basarLand abiethe degteash QLIgRARGRL t he
o Conduct orchHara highs-ardbr sataliiosia 1 Sample ARCHRLRIBT thaBos, a
| east one o1 SRR eyt T SIS il 8 Rold oSSR sRET e o

10 activated by another method. It is understood from this result that the

resistance was decreased without degradation of crystallinity.
[0101] The principle of the present invention has been described and
illustrated the embodiments of the preferred embodiments, it is
appreciated by those having skill in the art that the invention can be
15 modified in arrangement and detail without departing from such
principles. The present invention is not limited to the specific
embodiments in the specification. Details of structures of these
devices can be modified as necessary. For example, the semiconductor
light-emitting elements were described as the semiconductor devices,
20 but the semiconductor devices are not limited thereto.  The
embodiments described the methods of activating the dopant in part or
in the whole of the GaN semiconductor region to form the p-type GaN
semiconductor region, but the dopant activation methods are not limited
to the activation of the GalN semiconductors and are also applicable to
25 any semiconductor made of at least one of a group III-V semiconductor,

a group II-VI semiconductor, and a group IV semiconductor. We
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40 FPO05-0269-00 therefore claimall nodifications and variations com ng
within the spirit and scope of the followi ng clainms. 41 FP0O5-0269-00 CLAI M
1. A nethod of formng a p-type sem conductor region by activating a p-type
dopant in a sem conductor, the method conprising the step of SFROPHIZGS-GD

| aser beamto a sem conductor region containing hydrogen and a p-type
dopant to activate the p-type dopant by causing a nultiphoton absorption
process, the sem conductor region being nade of one of a group Il1-V

sem conductor, a group Il1-VlI sem conductor, and a group IV sem conductor.
10 2. The netiheréferccdaitnrgdl nwodifigations andevariatiansecoming svithiotthe spagt on is a
galliumnitride conpound sem conductor region, and wherein the p-type
dopant is at andasppeiaftibe foHewdngwdajnasi um and zinc. 15 3. The net hod
according to claiml or claim2, wherein the | aser beamis a pul sed | aser

" beam having a pulse wdth of not nore than 100 nanoseconds. 4. The net hod

according to claiml1l or claim?2, wherein the |laser beamis a pul sed | aser
beam having a pulse 20 width of not nore than 10000 fentoseconds. 5. The
nmet hod according to any one of clainms 1 to 4, wherein, in the step of
activating the p-type dopant, at |east
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either one of an electric field and a magnetic field is applied to the
sem conductor region. 25 6. The nethod according to any one of clains 1 to
5, wherein a wavel ength of the | aser beamis |onger than a 42 FP05-0269-00
wavel engt h corresponding to a bandgap energy of material of the FP05-0269-00
sem conductor region. 7. The method according to any one of clains 1 to 6,
wherein an intensity of the |laser beamis not less than 104 5 Wcne. 8. The
met hod according to any one of clains 1 to 7, wherein the step of activating
the p-type dopant conprises performng direct witing with the |aser beam
to pattern an activated region in théisA]EMSnduct or region. 10 9. A
sem conduct or devi ce conprising: a_sem conductor |ayer containing hydrogen
and a p-type dopantl. #henethed efdierungl ayprtypacsamtiosmdalctor segiosgbyn, t he
first region containing the p-type dopant activated by a nultiphoton
absorption padtesngy piypelidepash inia kemicerdictbhahe methodsompiisivgduct or
| ayer 15 being nade of one of a group IIl-V sem conductor, a group [I-VI
seni conduct ort, eaﬁ’i@p@fgroup | V sem conductor. 10. The sem conductor device
according to claim9, wherein the sem conductor |ayer includes a second
regi ond having a hyPRIyEE coiasert beamoto | arsgarconductdrnyrgiogeporioyiag: r at i on
20 of the first region. 11. The_sem conductor device according to_ claim 10,
wherei n the fhydtogeagnshaipstyne depanidoiactivate thepeype dapant by causing a
multiphoton absorption process, the semiconductor region being made
of one of a group III-V semiconductor, a group II-VI semiconductor,
and a group IV semiconductor.
10 2. The method according to claim 1,
wherein the semiconductor region is a gallium nitride compound
semiconductor region, and
wherein the p-type dopant is at least either one of magnesium
and zinc.
15 3. The method according to claim 1 or claim 2,
wherein the laser beam is a pulsed laser beam having a pulse
width of not more than 100 nanoseconds.
4. The method according to claim 1 or claim 2,
wherein the laser beam is a pulsed laser beam having a pulse
20 width of not more than 10000 femtoseconds.
5. The method according to any one of claims 1 to 4,
wherein, in the step of activating the p-type dopant, at least
either one of an electric field and a magnetic field is applied to the
semiconductor region.
25 6. The method according to any one of claims 1 toIS,

wherein a wavelength of the laser beam is longer than a
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sem conductor layer, in an interior of the sem conductor |ayer, and in
of the surface and the interior.

bot h

25 12. The sem conduct or devi ce accordi ng

to claim 10, wherein a carrier concentration of the first regi on |s | ar
than a 43 FP05-0269-00 carrier concentration of the second regP 2@9( OBhe
sem conductor device according to claim9 or claim 10, wherein the

sem conductor layer is a group Ill nitride 5 sem conductor |ayer, and the
p-type dopant is at | east either one of rragnesi umand zinc. 14. The

sem conduct or dei/ accord to any f clainms 9.to 13, further
conpri sing: ¥AVA eﬂ@é ﬁ‘i’ltr?$ ding; E‘brﬁd gaPECTEW R TBatekialcof ViRel ayer

pI’OVI ded bet vvee&pé}lrae Iype nitride sem conductor |ayer and the
semi conduct o .UCEQF cglon.

10

15

20

25

7. The method according to any one of claims 1 to 6,

wherein an intensity of the laser beam is not less than 10
W/em’.

8. The method according to any one of claims 1 to 7,

wherein the step of activating the p-type dopant comprises
performing direct writing with the laser beam to pattern an activated
region in the semiconductor region.

9. A semiconductor device comprising;:

a semiconductor layer containing hydrogen and a p-type dopant,

the semiconductor layer including a first region, the first region

containing the p-type dopant activated by a multiphoton absorption -

process by irradiation with a laser beam, and the semiconductor layer
being made of one of a group II-V semiconductor, a group II-VI
semiconductor, and a group IV semiconductor.

10. The semiconductor device according to claim 9,

wherein the semiconductor layer includes a second region
having a hydrogen concentration larger than a hydrogen concentration
of the first region.

11. The semiconductor device according to claim 10,

wherein the first region is patterned in a surface of the
semiconductor layer, in an interior of the semiconductor layer, and in
both of the surface and the interior.

12. The semiconductor device according to claim 10,

wherein a carrier concentration of the first region is larger than a
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carrier concentration of the second region.

13. The semiconductor device according to claim 9 or claim
10,

wherein the semiconductor layer is a group III nitride
semiconductor layer, and the p-type dopant is at least either one of
magnesium and zinc.

14. The semiconductor device according to any one of claims
0 to 13, further comprising;:

an n-type nitride semiconductor layer; and

an active layer provided between the n-type nitride

semiconductor layer and the semiconductor layer.
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