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GROUP- 1 I | LATED COVPOUND SEM CONDUCTORS BACKGROUND COF THE
| NVENTI ON 1. ” ” e Invention The present invention relates to a

met hod for grow.n -1l nitrides and rel ated conpoysd \Ng,OBINEENILEH OF S
on a substrate c% Stl ng of, for exanple, sapphire and, nore particularly,
to a nethod for grow ng epltaX|aI | ayers of group-I11 n|tr|de and rel ated

(t0 be 1o or r s LAY TRy RANIEI OB O Bk ATRERIDE AR Reored’ AT

To realize high-effi CREDQTEDICHMPOURDBSERMICONDBOTORS I avi ol et

light-emting diodes and |asers, group-Ill nitride and rel ated conpound
sem conductors have been researched and devel oped in recent years. As a
met hod for growing group-111 nitride and rel ated conpound sem conductors,

MOCVD is currently wi dely used.
BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a method for growing group-Iil nitrides and related
compound semiconductors on a substrate consisting of, for example, sapphire and, more
particularly, to a method for growing epitaxial layers of group-IIl nitride and related
compound semiconductors by means of metalorganic chemical vapor deposition (to be
referred to as MOCVD hereinafter).

2. Description of the Related Art
To realize high-efficiency, high-brightness blue and ultraviolet light-emiting diodes and
lasers, group-IIl nitride and related compound semiconductors have been researched and

developed in recent years. As a method for growing group-III nitride and related

compound semiconductors, MOCVD is currently widely used.

In a typical MOCVD process, group-III nitride and related compound semiconductors
are generally grown hetero-epitaxially on sapphire substrates. However, due to the large
differences in lattice constant and thermal expansion coefficient between the group-III
nitride and sapphire, it is really difficult to obtain high quality epitaxial layers of group-III
nitride and related compound semiconductors. In order to solve this problem, several
methods have been proposed in the past decade. The first one was demonstrated by
Amano, et al. (U. S. Patent 4,855,249, and Appl. Phys. Lett. Vol. 48, 1986, pp. 353-355)
who grew the group-Ill nitride and related compound semiconductors on a low-
temperature grown AIN single buffer layer instead of growing them directly on the
sapphire substrates. The second and now widely adopted method was proposed by
Nakamura et al. (U. S. Patent 5,290,393 amd Jpn. J. Appl. Phys. Vol. 32, 1993, pp. L16-
L.19). According to this method, a GayAl;«N (0 < x <I) single buffer layer was grown on
the sapphire substrate at low temperature prior to the growth of the group-III nitride and
related compound semiconductor films. More recently, a new method has been developed

by Uchida et al (Proceedings of the Second International Conference on Nitride
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In a typical MOCVD process, group-lI1 nitride and rel ated conpound

sem conductors are generally grown hetero-epitaxially on sapphire
substrates. However, due to the large differences in lattice constant and
t hermal expansi on coefficient between the group-I11 ni tq%dﬂo@ggbgp%@bre,
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nitride and rel ated conpound sem conductors. In order to solve this
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the single or double buffer |ayers and the thickness of the buffer |ayer
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fabricatgﬂ@gﬁb‘&“ﬂ%%‘i‘%’?&%ﬁ‘?‘%‘é‘%@&%{IS‘B‘H}CSH [des. Therefore, the crystal
growt h met hod needs to be further inproved in order to enhance the
crystallinity of the group-11l nitride and rel ated conpound sem conduct ors.

SUMMARY COF THE | NVENTI ON RievMM ARSNOF TNENNVAINTRONDeen nmade in
consideration of the above situation and has as one of its objectives, to

_provide a crystal growh nmethod for the group-I11 nitride and

The present invention has been made in consideration of the above situation and has as
one of its objectives, to provide a crystal growth method for the group-IIl nitride and
related compound semiconductors, yielding as high a crystal quality as possible while

maintaining freedom in choosing material systems for practical applications.

It is another objective of the present invention to provide a method which can grow a
p- or n-type semiconductor layer with an excellent characteristic so as to allow formation
of an excellent p-n junction for use in a nitride-based light-emitting device and a laser

diode.

According to the present invention, there is provided a crystal growth method for the

group-III nitride and related compound semiconductors, comprising of the following steps:



rel ated conpound sem conductors, yielding as high a crystal quality as
possi ble while maintaining freedomin choosing material systens for
practical applications. It is another objective of the present invention to
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unction for use in a nitride-based light-emtting device and a | aser di ode.
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MOCVD- grown periodic or nonperiodic nufti-layered buffer on a substrate at
a first qosmeupd semconductp A land e diffeyent Jram eachather inelatiénsrcongiant, epergyof
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rel ated conpound
higlrlrcpr than the first.

According to the present invention, a group-IIl nitride or related compound

semiconductor layer can be doped n- or p-type as it is MOCVD-grown on the obtained

buffer formed on a substrate.

Additional objectives and advantages of the invention will be set forth in the
description which follows, and in part will be obvious from the description, or may be
learned by practice of the invention. The objectives and advantages of the invention may
be realized and obtained by means of the techniques and combinations thereof particularly

pointed out in the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated and constitute a part of the
specification, illustrate presently preferred embodiments of the invention, and together
with the general description given above and the detailed description of the preferred

embodiments given below, serve to explain the principles of the invention.

FIG. 1 is a schematic sectional view showing a GayAl;«N (0 < x < 1) crystal grown
on a conventional AIN single buffer layer on a sapphire substrate;

FIG. 2 is a schematic sectional view showing a GasAlj <N (0 < x < 1) crystal grown
on a conventional GayAl;yN (0 <y < 1) single buffer layer on a sapphire substrate;

FIG. 3 is a schematic sectional view showing a Ga,Al;xN (0 < x < 1) crystal grown
on a conventional GaN/GaN double buffer layers on a sapphire substrate;

FIG. 4 is a schematic sectional view showing a p-type GaN crystal grown on a
periodic and alternating GaN/GayAl;«N (0 < x < 1) multi-layered buffer on a sapphire

substrate according to Example 1 of the present invention;



sem conductor, | ayer can be doped n- or p-type as it is MOCVD-grown on the
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the presgmbrdiBY&dHdiAP to Example 2 of the present invention;
FIG. 7 is a schematic sectional view showing a p-type GayAl N (0 < x < 1) crystal
grown on a nonperiodic multi-layered buffer consisting of alternating GaN/GayAl;.yN (0 <
y < 1) in which each GaN or GayAl,yN layer has different layer thickness on a sapphire
substrate according to Example 3 of the present invention;
FIG. 8 is a schematic sectional view showing a n-type GayAl;«N (0 < x < 1) crystal
grown on a nonperiodic multi-layered buffer consisting of alternating GaN/Gayln;.,N (0 <
y < 1) in which each Gayln;yN layer has different y value, i.e. different Ga and In

composition on a sapphire substrate according to Example 4 of the present invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

According to the present invention, a periodic or nonperiodic multi-layered buffer in
which the layers alternate between two types of compound semiconductors A and B
different from each other in lattice constant and energy band gap, is grown on a sapphire
substrate by means of MOCVD at a first (low) temperature before the growth of the group-
I nitride or related compound semiconductors. Since the growth temperature for this
multi-layer buffer layer is usually much lower than the temperature at which a nitride
single crystal can be formed, the buffer layer is of an amorphous or polycrystalline state, as
confirmed by our experiment and reported by other reseach groups over the world. In fact,
this is just the reason why we name the buffer of the present invention as “multi-layered
buffer” rather than “multi-quantum wells or superlattice buffer”. Although the layered

structure of the latter is somewhat similar to that of the former, following the definition,



12t" Novenber, 2002 4 FIG 5 is a graph showing the rel ati onship between the
“normal i zed photol um nescence (PL) intensity of the p-GN (My doped) filns
and the nunber of the periods of alternating GaNNGaXAl, XN (0 <x < 1) in
the mufti-layered buffer according to Exanple 1 of the psefgQbmbBYeHdS ON.
For the purpose of conparison, the results of the p-GaN fil ns obtai ned
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12t" Novenber 2002 6 AB...... AB. Here A and B represent one of two types of
" conmpound sem conductors different fromeach other in lattice constant and
energy band gap. In the present invention, the nufti-layered buffer can be
fornmed not only on a sapphire substrate but al so on anyqjsuRgléabsr ¥bozh are
presently, already used or may be developed in the future, such as Si, SiC,
GaP, InP, and GaAs substrates. It caneven be. fornmed on the surface of the
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the PL intensity of the p-type GaN sanples grown by using the nufti-|ayered
buffer of the present invention was found to be nuch stronger than those
sanpl es grown by using conventional single or double buffers provided that

t he nunber of the periods of GaN GaXAl, xN (0 <x <1 ) in the :
mufti-layered buffer is less than 6 or the total |ayer thickness of the
nuftl-layered buffer |s thlnner than 48 nm FIG. 5 shoms the relatlonshlp
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12°" Novenber 2002 8 sanples grown by using the nufti-layered buffers are
"nmuch stronger than those grown by using conventional nethods provided that
t he nunber of the periods of GaN GaXAli XN (0 < x <1 ) mufti-Ilayered
buffer is less than 6 or the total |ayer thickness of thghﬂugghbgaygmgd
buffer is thinner than 48 nm This fact indicates that by using the
mufti-layered buffer, the crystalline guality of the group-IIl nitrides and
rel ated conpound sem conduct ors can be significantly inproved. Furthernore,
nost i nt@wghy temperagradf WAS0 Yot Butcethphrisnn wilk the-coppenticanl mathpteusing WANCh a
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of the present inventign. Referring to EFIG 6, GaN and GaXl n, (0, < x <
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GaN Gal nN nufti-Layered buffer, since the GalnNbased epitaxial |ayers are
grown on the buffer |ayer consisting of simlar material. This
characteristic indicates that the nufti-layer buffer of the present
invention is of nmuch greater flexibility in choosing the constituent
naterrals of the buffer as conpared mnth the conventronal nethods mhich
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buffer in which each GaN or GayAli _yN | ayer has different |ayer thickness
"on a sapphire substrate according to Exanpl e 3 of the present invention.
Referring to FIG 7, GaN and 12" " Novenber 2002 10 GayAl i _yN (0 <y <1
) thin filns are alternately grown at a first (low) te”ﬁ’?‘“?‘fo%ﬁ‘bﬁ fo68% 0 C
but varying nonperiodically in layer thickness on a cleaned sapphire
substrate. The filmthicknesses of Galy Gaylni _yN are set to 2 and 4 nm 3
and 5 nm and 4 and 6 nm res[)ectlvely The total |ayer thickness of the
nuf ti - | &yBPled MY By upigg fnmaltpleyered bAffp@rare Fruch strapger dhan thesergfomn buyer ed
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constituent materi fti-layer buffer of "the present Invention can
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clains an r equi val e
for the multi-layered buffer. As shown in FIG. 5, the present inventors have experimentally

found that most intense PL intensity can be obtained by using a multi-layered buffer with
three periods of GaN/GayAlxN (0 < x < 1) and a total layer thickness of 24 nm which is

near the optimized layer thickness for single and double buffer layers reported so far.



122" Novenber 2002 12 CLAIMS 1. A crystal growh nethod for the group-II
"nitride and rel ated conpound sem conductor, conprising: formng a
MOCVD- gr own periodic or nonperiodic nufti-layered buffer on a substrate at
a first tenperature in which the |ayers alternate betweepr fbvb@aet 2009
types of conpound sem conductors A and B different fromeach other in

| attice constant, energy band gap, |ay®r thickness, and conposition; and
form ng a MCvo-grown |ayer at a second .tenperature which i.s higher than
the first of a group-1Tl nitride o¥RE&d conpound seni conductor on the
formed nufti-layered buffer. 2. A crystal growh nmethod according to claim
1, further conprising doping a n- or p-type in said group-IIT nitride or
rel at ed conp¥and is ensabemdtie tseetiond! veve shawiak gndyps Gadt hostah@sowdiangat o

laim 1, whare] | coRd A ; d
et odiReRRl il bR PR LA RTRARE S & B By te? HRARL KB Sobniee™"

AB...... ABstiAie hedordiagitel Bxuinpie-2 af etecstedwnt irtxntion. R2terriig ve FIGr 6,264 ahd 4. A
crystal O&r owt h net hod accord~, ng to cla~ m 1, whexe~.n the conpound -

sezt ~i coradmedt O & %mad)Hhiy Blmy f-rérm’—anoewyl%Mﬁltwatﬁmgwan%aggmwve in
the seq . reyd ' | C r r{p a

i 1 S Jepie s Y B e R 35 aesor A Ry afefpe

wher ei n GaN wanb d¥a,bf; SNampeeind 3sieniand ridun} weechvel B, THe number.of thopeniadssequence

of pBC..,.. rein. said seguence is . alternately grown on said substrate at
oai 1 e GaliGertavey B Patrh froa o artrepayi b i fskane e s ol O
conpoundy,3RiTaGered Weter Sargiiy fbrhf 18 Bhto HE XM Rk (R BRIwth drlugd kuRlagenat ant
energy band gap, |ayer

: buffer, a 2 pm-thick Si-doped n-type GaN epitaxial layer (monocrystalline) is grown on the

surface of the formed multi-layered buffer at a second (high) temperature of 1,050 °C.

Note that the multi-layered buffer in Example 1 consisted of GaN and Ga,Al|«N,
whereas GaN and GayIn(N are used as the buffer here. Since the melting point of InN
(1,100 °C) is much lower than that of GaN (1,700 °C) and AIN (3,000 °C), it is easy for the
amorphous or polycrystalline GaN/Gayn; N multi-layered buffer formed at low
temperature to convert into monocrystalline as the temperature is raised to a high
temperature. In other words, seed crystals with low orientational fluctuation can be
obtained more easily by using the GaN/GalnN combination rather than by using the
GaN/AlGaN combination. In addition, an improvement in the crystalline quality of GalnN
can be expected when using such a GaN/GalnN multi-layered buffer, since the GalnN-
based epitaxial layers are grown on the buffer layer consisting of similar material. This
characteristic indicates that the multi-layer buffer of the present invention is of much
greater flexibility in choosing the constituent materials of the buffer as compared with the
conventional methods, which may play a crucial role in improving the crystalline quality of

the group-III nitride-based compound semiconductors.
Example 3

FIG. 7 is a schematic sectional view showing a p-type GaxAl|xN (0 <x <1) crystal
grown on an alternately formed but nonperiodic GaN/GayAl|yN (0 <y < 1) multi-layered
buffer in which each GaN or GayAl;.yN layer has different layer thickness on a sapphire

substrate according to Example 3 of the present invention. Referring to FIG. 7, GaN and



t hi ckness, and conposition. 6. A crystal growth nethod according to clains
"1,3, 4 or 5, whexein said substrate is nmade of sappk~ire wafer with any
possi ble orientation. 7. A crystal growth nethod according to clains 1, 3,
4 or S, wherein said first tenperature is around 525 C qu NiReRiLeF88H8E
tenperature is around 1,0S0 C. 8. A crystal growh netho accorgi ng to
claim3, wherein said 12t" Novenber {8002 14 nufti-layered buffer consists

of thre [ of r at AB units and the total |ayer thickness of said
mufti-| %ELG%‘S% &= i?g‘“ S aﬁren%-feélﬂ%}gwfﬁw aba fiast (k) tampgragie 19f 288 hod
accard~cng to clains 3, 4, or 8, wherein said conpound sem conductors A and
B are made of GaN and GaxAl1 xN (0 < x < la , respectivel.y. 10. A crystal
growt h 1ot heGiRc AHERKBMichI®y &l BlylP thlckrdss O aSblealld rs,%,m- aé@&é%@p%w.

sem condu.ctglslg?g,cbx ar?c% 18 lgrgy rradg of %aNSSandaGa(;/al r?is- NU?O u<sy < ,ﬂlm

r espect ithigkyesseslof GadlWGadml,Nyamwsdt toe2 hod Aoonrdiang % omelaadmd Spd vhangi n

(o < " SEpHNaLD e TORF e hfpidespior e mutt-nigtrs R BRIIGES Befce 17 i KB e
nitride g@bwihedothe gl IRRIGHLSEH-a QQNHURIER Mg Q658N -3 adGa, A MREWP< 9L

periodi c or nanperiadic nmufti-layered buffer on a substrate at a first
t ezri peregitaxial layentfinohosrpssalliagleiss grovme pmdhe shdaceef the féremdt multblayypds of

Conpoun%u?%piltcao&(cj:g%&ng{i%lgé‘?lﬁﬁgra%réj{)ﬁ@i%. fromeach other in lattice

constant’, ‘energy ayer ness, and CGonpoSitiori: and
Note that as compared with the Examples 1 and 2, the GaN/GayAl;,N (0 <y <1)

multi-layered buffer in this example is formed nonperiodically in layer thickness. This
feature demonstrates that besides the great flexibility in choosing the constituent materials,
the multi-layer buffer of the present invention can even be formed nonperiodically in layer
thickness. In contrast, a superlattice or a quantum wells structure must be formed strictly
periodically in layer thickness as well as the solid composition. This is another flexibility
provided by the introduction of the multi-layered buffer and an important advantage over

the conventional single or double buffer.

Example 4

FIG. 8 is a schematic sectional view showing a n-type GayAl; 4N (0 < x < 1) crystal
grown on a nonperiodic and alternating GaN/GayIn; N (0 < y < 1) multi-layered buffer in
which each Gayln; N layer has different y value, i.e. different Ga and In composition on a
sapphire substrate according to Example 4 of the present invention. Referring to FIG. 8,
GaN and GayIn|yN (0 <y < 1) thin films are alternately grown at a first (low) temperature
of 525 °C but nonperiodic in solid composition on a chemically cleaned sapphire
substrate. The film thickness of GaN and GayIn;N are set to 3 nm and 5 nm, respectively,
and the number of the periods of the GaN/GayIn;.yN is fixed at 3, corresponding to a total
layer thickness of 24 nm. On the other hand, the In composition (1-y) for the Ga,In;.,N
layers in sequence along the direction pointing from the sapphire substrate to the surface is,
0.10, 0.15, and 0.20, respectively. After the growth of the multi-layered buffer, a 2 pm-
thick Si-doped n-type GacAl;«N (0 < x < 1) epitaxial layer (monocrystalline) is grown on

the surface of the formed multi-layered buffer at a second (high) temperature of 1,050 °C.



12°" Novenber 2002 IS a MOCVD-grown | ayer at a second tenperature which is
" hi gher than the first of a group-1~l nitxide or related conpound
sem conductor on the fornmed nmulti-|ayered buffer.
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1. A crystal growth method for the group-III nitride and
related compound semiconductors, comprising:

forming a MOCVD-grown periodic or nonperiodic multi-layered
buffer on a substrate at a first temperature in which the layers
alternate between at least two types of compound semiconductors A
and B different from each other in lattice constant, energy band

gap, layer thickness, and composition; and

forming a MOCVD-grown layer at a second temperature which is
higher than the first of a group-III nitride or related compound

semiconductor on the formed multi-layered buffer.

2. A crystal growth method according to claim 1, further
comprising doping a n- or p-type in said group-III nitride or

related compound semiconductor.

3. A crystal growth method according to claim 1, wherein the
compound semiconductors A and B are alternately and periodically
grown by MOCVD on said substrate in the sequence of AB...... AB to

form said multi-layered bhffer.
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4, A crystal growth method according to claim 1, wherein the
compound semiconductors A and B are alternately grown by MOCVD on
a substrate in the sequence of AB......AB varying in thickness of

each layer to form a multi-layered buffer.

5. A crystal growth method according to claim 1, whexein a

number of compound semiconductors A, B, C ....... form a sequence
of ABC..... vherein said sequence is alternately grown on said
substrate at said first temperature to form said multi-layered

buffer, and wherein said compound semiconductors are different

from each other in 1lattice constant, energy band gap, layer

thickness, and composition.

6. A crystal growth method according to claims 1,3, 4 or 5,

wherein said substrate is made of sapphire wafer with any

possible orientation.

7. A crystal growth method according to claims 1, 3, 4 or S,

wherein said first temperature is around 525 °C and said second

temperature is around 1,050 °C.

8. A crystal growth method according to claim 3, wherein said
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multi-layered buffer consists of three periods of repeated AB

units and the total layer thickness of said multi-layered buffer

is approximately 24 nm,

9. A crystal growth method according to claims 3, 4, or 8,
wherein said compound semiconductors A and B are made of GaN and

GaxAli-«N (0 < x < 1}, respectively,

10. A crystal growth methoed according to claims 3, 4, or 8,

wherein said compound semiconductors A and B are made of GaN and

GayIni-yN (0 < y < 1), respectively.

11. A crystal growth method according to claim 5, wherein said

compound semiconductors A, B, C, ...... are made of GaN, GayAli_4N
(0 < x <1), GayImi-yN (0 <y < 1)...... ¢ respectively.

12. A group-III nitride or related compound semiconductor,
comprising:

a MOCVD-grown periodic or nonperiodic multi-layered buffer on a
substrate at a first temperature in which the layers alternate
between at least two types of compound semiconductors A and B
different from each other in lattice constant, energy band gap,

layer thickness, and composition; and
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