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1. Field of the Invention

The present invention relates to a method for growing group-III 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-III 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-III nitride and related compound semiconductors have been researched and
developed in recent years. As a method for growing group-IIl nifride and related

compound semiconductors, MOCVD is currently widely used.

In a typical MOCVD process, group-1II 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-III 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-
L19). According to this method, a Ga,Al;N (0 < x <1) 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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group-111 nitride and related conpound sém conductor filns were then grown
on t he strictly restricted (most satisfactory result reported up to date has been achieved at a
growth temperature of 450 °C and a total layer thickness of 25 nm when employing these
buffers) , but also the material combination is quite limited (so far only GaN and Ga,Al;.xN
(0 < x < 1) were used as the buffer layers), which may prevent them from meeting the
objectives of fabricating good quality optoelectronic devices. Therefore, the crystal

growth method needs to be further improved in order to enhance the crystallinity of the

group-11I nitride and related compound semiconductors.
SUMMARY OF THE INVENTION

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:
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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;xN (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 GayAl | xN (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 GayAl;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 GalN/GayAl N (0 < x < 1) multi-layered buffer on a sapphire

substrate according to Example 1 of the present invention;



According to the present invention, there is provided a crystal growth
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periodic and alternating GaN/Ga,In;..N (0 < x < 1) multi-layered buffer on a sapphire
substrate according to Example 2 of the present invention;

FIG. 7 is a schematic sectional view showing a p-type GayAl;xN (0 < x < I) 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 GazAl;.xN (0 < x < 1) crystal
grown on a nonperiodic multi-layered buffer consisting of alternating GaN/Ga,In; N (0 <
y £ 1) in which each Ga,in 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.

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-
III 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,
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recrystallizing effect to serve as seed crystal. Compared with the conventional single or
double buffer, the multi-layered buffer of the present invention demonstrates the ability to
accommodate the strain arising from the lattice mismatch between the group-III nitride-
based compound semiconductors and the sapphire substrate, and to form the seed crystal
more effectively. According to the present invention, the crystalline quality of the group-III
nitride-based compound semiconductors can be significantly enhanced by using the multi-
layered buffer because the strain-accommodating and recrystallizing effects which are of
crucial importance in improving the crystalline quality of the group-iIl nitride-based
compound semiconductors, seemed to be more profound in the multi-layered buffer than in
the single and double buffer layers. Moreover, since there is neither any limitation on
selecting the constituent semiconductors of the multi-layered buffer, nor strict restriction
on the layer thickness and the composition of each layer in the buffer, one can choose with
great freedom the appropriate material combination to form the multi-layered buffer as
convenient as possible for the subsequent growth of group-III nitride-based compound
semiconductors on the formed multi-layered buffer. Note that although the multi-layered
buffer of the present invention is amorphous (or polycrystal in some cases) and may not be
formed periodically, i.e., each layer in the buffer can have different layer thickness and
composition, there are of course optimal layer thickness and composition which depend on
the constituent semiconductors and how they form the buffer (combination). A similar
situation applies with respect to the growth conditions for the multi-layered buffer as well
as the subsequently grown group-III nitrides and related compound semiconductors.
However, in general, the preferred growth (said first or low) temperature for the buffer is
within the range of (500-550 °C). On the other hand, the second or high growth
temperature for the group-III nitride-based compound semiconductors is preferably 1,000
to 1,100 °C. Furthermore, in the case wherein the multi-layered buffer is formed

periodically on a sapphire substrate, this buffer can be expressed by the formula
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tenper at Ul’n@nﬁ&fod’icﬂh&ayel thickness and comp051t10n (Examples 2 to 4) will be described. These
examples, however, merely exemplify the method of practicing the technical concepts of
the present invention. Therefore, the method of the present invention is not particularly
limited to the following examples in terms of, for example, the growth conditions and the
combination of the materials used. Various modifications can be made for the growth

method of the present invention in accordance with the scope of claims.
Example 1

FIG. 4 shows a p-type GaN crystal grown on a periodic and alternating GalN/Ga,Al1xN
(0 < x < 1) muiti-layered buffer on a sapphire substrate according to Example 1 of the
present invention. Referring to FIG. 4, GaN and Ga,AlL1LxN (0 < x < 1) thin films are
periodically and alternately grown on a chemically cleaned sapphire substrate at a first
(low) temperature of 525 °C. The film thickness of GaN and Ga,Al; N are set to 3 nm and
5 nm, respectively. The number of the GaN/GayAl, N repeated unit is changed from 3 to
12, corresponding to a total layer thickness of the multi-layered buffer varying from 24 nm
to 96 nm. Subsequently, a 2 pm-thick Mg-doped p-type GaN epitaxial layer

(monocrystalline) is grown on the surface of the formed multi-layered buffer at a second
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can be significantly enhanced by using the nul
photoluminescence (PL) measurement was carried out at room temperature in order to
characterize the crystalline quality of the grown p-type GaN epitaxial layers and to
compare the optical property, more specifically, the PL intensity of the p-type GaN
samples grown by using the multi-layered buffer with those samples grown by means of
the conventional buffers. According to the Hall measurement results, for example, the

majority carrier concentration, the mobility, and the resistivity of the p-type GaN sample

grown by using three periods GaN/GayAl; N (y=0.1) multi-layered buffer, are 2.2 x 1017

m-3, 14.5 cm?/Vsec., and 1.5 Qcm, respectively. These values are slightly better than the
corresponding results reported recently by Nakamura and Fasol (“The blue light laser
diode”, Springer, 1997) who used a single GaN buffer layer. On the other hand, the optical
property, more specifically, the PL intensity of the p-type GaN samples grown by using the
multi-layered buffer of the present invention was found to be much stronger than those
samples grown by using conventional single or double buffers provided that the number of
the periods of GaN/Ga,AlixN (0 < x < 1) in the multi-layered buffer is less than 6 or the
total layer thickness of the multi-layered buffer is thinner than 48 nm.

FIG. 5 shows the relationship between the normalized PL intensity of the p-GaN (Mg
doped) films and the number of the periods of alternating GaN/GayAl|xN (0 <x < 1) in the
multi-layered buffer according to Example 1 of the present invention. The results of the p-
GaN films obtained according to the conventional growth methods, i.e., using a single GaN
or GayAljyN (0 <y < 1), or GaN/GayAl; N (0 <y < 1) double buffer layers, are also
shown in this figure. As is apparent from FIG. 5, the PL intensity of the p-type GaN
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Unfortunately at the present time there is no reliable theory in terms of which one can
explain the physical mechanism of the multi-layered buffer and determine or predict the
optimal layer thickness of the multi-layered buffer for a special material combination. In
other words, the optimal value for a special material combination can now only be
determined by experiment. However, the existence of the optimal layer thickness for the
multi-layered buffer can be interpreted qualitatively as follows. Generally a buffer layer
grown at a low temperature provides seed crystals which act as nucleation sites with low
orientational fluctuation to promote the lateral growth of the group-III nitrides. A double
buffer, especially a multi-layered buffer provide additional interfaces for the misfit
dislocations to terminate. However, if the multi-layer buffer is too thin, it may neither
effectively accommodate the elastic strain due to the large lattice mismatch between the
group-III nitride crystals and the sapphire substrate nor provide sufficient amount of seed
crystals for the subsequent growth of the group-III nitrides. On the other hand, if the multi-
layered buffer is too thick, it tends to bring about excessive amount of the seed crystals
with high orientational fluctuation. Therefore, there should be an optimal layer thickness
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/GayAl N (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.



AB....AB. Here A and B represent one of two types of conpound

sem conductors different fromeach other in lattice constant and energy
band gap. In the present invention, the nmulti-Ilayered buffer can be
formed not only on a sapphire substrate but al so on any substrate which are
presently, already used or may be devel &ped in the future, such as Si, SiC,
GaP, InP, and GaAs substrates. It ca eveg ge formed on the surface of the
epitaxial |ayers of the group-I1I nd/ or related conpound

sem conductors. This characteristic inmplies that the nmulti-layered buffer
of the present invention can be applied to the regrowm h of the group-II
nitrides and/BiG- rﬁellsaﬁe?ﬁh@f@ﬁﬂomogérﬁléWnﬂ@@tmﬁ & n-type Galxgfppplesroyfn phca
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whereas GaN and Ga,In; 4N 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/Gayln;xN 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 GayAlj«N (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(.,N layer has different layer thickness on a sapphire

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



present invention. Referring to FIG 4, GaN and Ga[err]Al[err]N (O [err] X
[err] 1) thin filnms are periodically and alternately grown on a chemcally
cl eaned sapphire substrate at a first (low tenperature of 525 [err]C. The
filmthickness of GaN and Ga[err]Al [err]N are set to 3 nmand 5 nm
respectively. The nunber of the GaN Ga[ erip] Al I[elrr] N rsﬁeaLed unllE |”s]
changed fro t . corresponding to a total |ayer | ckness o e
nul tig-l ayerglﬁ’:}%l]ﬁ ﬁs\/’éﬁ)}i) rlil(}fﬁffﬂ%a alifenately gsopinat SdBEifroniemperagurp of 525
[err] mthiclkC.My-doped p-type GaN epitaxial |ayer (nmonocrystalline) is
grown on the surface of the formed nulti-Ilayered buffer at a second

7 (high) t esmerai i 1dykfthi 14300 sWpriiel B EAOVERY Hopal
ma'g hl)gs)us?br}g Xlaﬁtl\llﬂ %IO erflbfg\g%ﬁ%aﬁkfg}lgafeg&g}ané?% bjf I;erl,e an(Sj Gal\?%ﬁlﬁﬁ]
doubl e buf f@iknesseof $jaN/gGadnndl arecasy tou? fapd hnth, 8 shadl emGahdr4 Jaad [ nm, N

i i i hi ck f 2 ich is t ti gal
val e r epor PaeibaP L et RYEL oGS R ARy PR BREUs Menge AR Rk B
sapphire supstiabte masHeedhéd Bhffer, 4 2 @ddhick %ﬂ%d&ﬁ&i safe@d anr INVd erd £ (0

e
[err] y [err] 1) double buffers in which eac uffer' has the sane Tayer
t hi ckness ofPitRgiahhavendmpascrispldise) isdgromec es she slisfacst of e Birfriedr mntti-layered

terrperature&fgfrap%gecgfr}gggé)@et%_ﬁ%é&&%?{dleoﬁj(%) grown on sapphire substrate in

the sane way as that d et al. After the growh, a

f t a tq.d n ne .t he
hect ron ¢ propespiean as Bl A menRIT $ETSRE ANGLAILR T 258 1)

concent r at i ronlti-lapereduiiffer fiy thigrstample & efibéd wbiperiofichihe iP14PspahicRMss. This
On the ot her hand, a phot ol um nescence (PL) neasurenent

agist ?;r ?! e ldf%%eré dgmonsHates g}qbé«?sg%eﬁ,ﬂ%ﬂ graatdierahilifygn 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 Ga,Al; N (0 <x < 1) crystal
grown on a nonperiodic and alternating GaN/GayIn;.,N (0 < y < 1) multi-layered buffer in
which each Ga,In;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. Referring to FIG. 8,
GaN and GayIn; N (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;yN are set to 3 nm and 5 nm, respectively,
and the number of the periods of the GaN/Gayln;.,N is fixed at 3, corresponding to a total
layer thickness of 24 nm. On the other hand, the In composition (1-y) for the GayIn;. 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 Ga,Al 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.



characterize the crystalline quality of the grown p-type GaN epitaxi al

| ayers and to conpare the optical property, nore specifically, the PL
intensity of the p-type GaN sanples grown by using the nmulti-layered buffer
wi th those sanmples grown by neans of the conventional buffers. According to
the Hall neasurenment results, for exanplg, the najority carrier
concentration, the nobilit a t he resi t|v t N sa
grown by using f¥irceBPRERY éﬂ@g§W€§§ﬁﬂ[ér abV¥B%Tﬁ Lfy:giyaﬁﬁafﬁs er,
are 2.2 x bOf&rikkhis %ﬁxﬁ?l‘éhs fokthed pRAb&EALY ﬁﬁﬁfel thidReksd bet fSPri6@SARCHredl V-
These val ues are sli better than the corresponding results reported
recent |y byn Kekeardida canmﬁagmlthl(dumhélmlhuéfer i Gis featgier indicatbe” thatSpedidasethe
1997) who a O _t.he han th aI
oroperty. ereilydh Mo dund b hafhen HiriaF Ryl dF 5, 050Sh br <ot 48R 66

grown by usiulgidyae botfet bf tRysesst ufcheon @En tatse tw espRl doapeiidieilyvassdaund

to be nmuch stronger than thgose sanpl esﬁsg usi ng conventional single
or doubl e BeMPR§EOsIHS %Péféblhweiﬁ opkyeavai} @fordhe mwtﬁ-k%?lieé@gffélr but can never be

GaN & er r}%‘h&éﬁﬁﬂ}éﬁggﬂk%ﬁ ﬁafirsfn]gle:]%r Ilblegeiyl ti-layered buffer is less

than 6 or e tota yer t Rhess cof t e multi-layered buffer is thinner

than 48 nm h I PL
intensity of fqr?dltmﬁ%v?ﬁggﬁopedﬁgqlfi%ﬁ%hgn E %araﬂr?%%%ﬁ% t%&t%hsgﬁ%g‘r} #t &iﬂ'f
alternati n@“h@awrésa@ermw}ehlupann Jitsl t(rﬂaa{eerasﬂects fserot Jlinfijedi o thbepenifi¢ idefadly,eaneld
buffer accordin e 1 of entlon The results of the
p- GaN fil RO e oMo SO 260 SCHIERTTERRT SHATTGE R SHS, ROgEcafons
using a si RevereGRM ARk @éﬂal’eﬁ‘l% S5t s(;ﬁ’m[ &rs%pé’of[tﬁé Ednetdl in®htive concept as
GaN Ga[err] Al [err]N (O [err errL doubl e buffer layers, are also
shown in t leegn & appRudgsCly riheif egnyd4®. 5, the PL intensity of the
Weingd byuth dedscl mﬁeﬂmé oy
p-type GaN



8 sanples grown by using the nulti-layered buffers are much stronger than
t hose grown by using conventional nethods provided that the nunber of the
periods of GaNGa[err]Al[err]N (O [err] x [err] 1) nmulti-layered buffer is
|l ess than 6 or the total l|ayer thickness of the nmulti-Ilayered buffer is
thinner than 48 nm This fact indicates iZhat by using the nulti-Iayered

buffer, the crystalline quality of the group-1Il nitrides and rel at ed
conmpound seni conductors can be significantly inproved. E“Enﬁ " ?ﬁ@”
intense PL signal was detected fromthe p-type GaN sanpl

multi-layered buffer with three perloﬁiAﬂwithGa[err]Al[err]N (0 [err] X
[err] 1) and a total |ayer thickness of 24 nm This phenonenon inplies that
t here should be optinmal values for the nunber of periods of the

GaN Ga[err]Al[err]N and the total |ayer thickness of the multi-Iayered
buffer. These optinmal val ues, of course, are strongly dependent on the

| ayer thickness and the conposition of each constituent as well as
the materidl- donisinystiadn §é@@%hedmﬂévxih§°ﬁultheléyeﬁﬁdiﬁﬁyféﬁtrlde and

Unfortunate%% at th%ﬁpresent ti there is no reliable theory in terns of
whi ch oneF@+Ht &k FFRRPUNse SR} SPRENCHRERarf SRTPHME nul ti -1 ayered buffer

Surror for Eoutind T 8 Mot SRy TBerd St bR RERSHRie CpittybipReFes”
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experlnent wever , e exli stence of the op |nal ayer ness t he

nul ti -1 aygieerRaéd %etﬁ-ﬁé’etb%ﬂ negERr @hsdt%@é i AtdotPonnds skalikewsuctensral |y
a buffer layer grown at a | ow tenperature provides seed crystals which act

as nucl eadhdnBsdt éseneth foomh oFdemiaineandln fllatttivet iconstanpy osnkegyhband
| ateral growth of the group-I1I1 nitrides. A double buffer, especially a
mul ti-| aygapd bayéertipicduics adddt compbsintenf aoes for the msfit

di sl ocations to term nate. However, if the nulti-layer buffer is too thin,

it may neithemald est Moeby- @E&»@WDQ @ bhe el Asidra stémbdrAUs-d Owk e | 250e
| attice m smatch between the group-T1Il nitride crystals and the sapphire

substrat enfighepr exagetBaf fies€ndf anogwrduf ISeed taiyist alrs ek tble conbsaguent
grow h of the group-1I1 nitrides. On the other hand, if the nmulti- |ayered
buf f er i ssepbcohdegkior ton erids fioamedi nglabold yexedduiffeeramount of the seed
crystals

2. A crystal growth method according to c¢laim 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 BAB......AB to

form said multi-layered bﬁffer.



with high orientational fluctuation. Therefore, there should be an opti nal
| ayer thickness for the nmulti-layered buffer. As shown in FIG 5, the
present inventors have experinentally found that ;1uv;§7 E gt ensity
can be obtained by using a nulti-layered buffer wtJf a M@Jlof

GaN Ga[err]Al[err]N (O [err] x [err] 1) 1and a total |ayer thickness of 24
nm which is near the optim zed | ayer thickness for single and doubl e buffer

| ayers reported so far. . . .
9 y [%. A crystal growth method accg&%h%getQ claim %feyhgrﬁénathe

schemati ¢ _sectional view show.n -Ly [ I n I adi c
and ol t cPRAPTHRE R TRor FRE B Rer T Aottty Hnlth, B, ok e
buffer o L L ey r org t 0 Exgemd ) it I

Mnvent i on. SHEPERN S T T B Bl e T (O R 1)
thin fiIgﬁcgrgap@figﬁﬁgaﬂﬂjéamyig@LQg?gggglyugfgmm on a chemcally cl eaned
sapphire substrate at a first (low) tenperature of 525 [err]C. The film

t hi ckness of GaN and Ga[err]In[err]N are set to 3 nmand 5 nm

respectively. The nunber of the periods of the GaN Ga[err]In[err]Nis
changed from2 to 12, corresgondi n% to a total layer thickness of the

mul ti -1 aye? ed B FF¥Eitalar GFAYCH r BREBEAN ARG TSE N¥m CAfF PRI N igr BREREHE £he

mul ti-layered buffer, a 2.[err]lmthick Si;doped.n-type epit axi | ayer
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substrate at said first temperature to form said multi-layered

buffer, and wherein said compound semiconductors are different
from each other in lattice constant, energy band gap, layer

thickness, and composition.

6. A crystal growth wethod according to claims 1,3, 4 oxr 5,
wherein said substrate is made of sapphire wafer with any

posgible orientation.

7. A crystal growth method according to c¢laims 1, 3, 4 or 5,
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



whereas GaN and Ga[err]In[err]N are used as the buffer here. Since the
melting point of InN (1,100 [err]C) is nmuch |ower than that of GaN (1, 700
[err]C) and AIN (3,000 [err]C), it is easy for the anorphous or

polycrystalline GaN Ga[err]In[err]N nulti-layeredLgﬂ : | ow
tenperature to convert into nonocrystalli4sne as th { & mgéraised to
a high tenperature. In other words, seed crystals W th llowrorise tiona
fluctuation can be obtained nore easily by using the GaN Gal nN conbi nati on
rat her than by using the GaN Al GaN conbi nation. In addition, an inprovenent
in the crystalline quality of GalnN can be expected when using such a

GN GalnN nulti-layered buffer, since the GalnN- based epitaxial |ayers are
grown onphheibubtiered ayeir feensdiding «0fosi fhrae mRirdickal .offhrepeated AB
characteristic indicates that the nulti-layer buffer of the present

i nvent i omniigsokendutchegtesndr layexi bhickyesn choszidgneha doapatiadidmifer
materials of the buffer as conpared with the conventional nethods, which
may pl ay i& ePescximabedYiAdimphroving the crystalline quality of the
group-111 nitride-based conpound sem conductors.

Exanpl e 3 FIG 7 is a schematic sectional view showi ng a p-type
Ga[err]Al[err]N (O [err] x [err] 1) crystal grown on an alternately forned

but nonper odixC 5%@% e e 0 Wl ] iyl B, -layeped g,
buffer in ahigh edc &%ghﬁ%%ﬁ%é{g%%?ﬁ?[é%??ﬁhﬁgge?&%agig%g$erent yayer

t hi cknessyhired nS3RAMA compYlaH! abRis6EOEEH 4k (20 APl £rad mafdd hef s eanid
invention. Referring to FIG 7, GaN and

GazAlixN (0 < x < 1}, respectively.

10. B3 crystal growth method according to claims 3, 4, or B8,
wherein said compound semiconductors A and B are made of GaN and

GayIniyN (0 < y < 1), respectively.

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

compound semiconductors &, B, C, ...... are made of GaN, GazAli-xN

(0 <« x <1}, GayIni-yN (0 < y < 1}...... . respectively.
i2. A group-IlIl 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



10 GaAl[err]N (O [err] y [err] 1) thin filns are alternately grown at a
first (low tenperature of 525 [err]C.  but varying nonperiodically in
| ayer thickness on a cl eaned sapphire substrate. The fil mthicknesses of
GaN Gferr]In[err]N are set to 2 and 4 nm 3 and 5 nm and 4 and 6 nm

respectively. The total |ayer thickness I6f the nulti @mi 1 ﬂﬂ I

hence 24 nm After the growth of the nulti-I|ayered bi* ﬁ’ﬁ&gﬂm’ E”EEFthiCk
My- doped p-type Ga[err]Al[err]N (O [err] x [err] 1) epitéxiél 1 ayfer *
(rmonocrystalline) is growm on the surface of the fornmed nulti-|ayered
buffer at a second (high) tenperature of 1,050 [err]C Not e that as
conpared with the Exanples 1 and 2, the GaNNGa[err]Al[err]N (0 [err] vy
[err] 1) rul¥OCYRymravwh blfiyer i tdhi scogpdpltenpsrabnpedwhdaperindhéahey in
| ayer thickness. This feature denonstrates that besides the great

f1exibil PR thgoddird§ t RE AN InaPeEraf], he HRIRERY aferPsbRfer

of the present invention,can_ even be forned nonperigdically in |ayer

t hi cknesE SRR s OR %§UEQFW§§tW5 tr %Yﬁﬁﬁgﬁﬂﬁf Il s structure must be
formed strictly periodically in layer thickness as well as the solid
conposition. This is another flexibility provided by the introduction of
the multi-layered buffer and an inportant advantage over the conventi onal
single or double buffer. Exanpl e
4 FIG 8 is a schematic sectional view showing a n-type Ga[err] A
[err]N (O [err] x [err] 1) crystal grown on a nonperiodic and alternating
GaN Ga[err]In[err]N (O [err] y [err] 1) nmulti-layered buffer in which each
Ga[err]In[err]N | ayer has different y value, i.e. different Ga and In
conposition on a sapphire substrate according to Exanple 4 of the present
invention. Referring to FIG 8,



GaN and Ga[err]In[err]N (O [err] y [err] 1) thin filnms are alternately
growm at a first (low) tenperature of 525 [err]C but nonperiodic in solid
conposition on a chemcally cleaned sapphire substrate. The fil mthickness
of GaN and Ga[err]In[err]N are set to 3 nmand 5 nm respectively, and the
nunber of the periods of the GahVGa[errpﬁn[err]N is fixed at 3,
corresponding to a total |ayer thic44ﬁ i 4 nm On the other hand, the
In conposition (1-y) for the Gferr] ? | ayers in sequence al ong the
direction pointing fromthe sapphire substrate to the surface is, 0.10,

0. 15, and 0.20, respectively. After the growh of the nmulti-I|ayered buffer,
a2 [err]lm thick Si-doped n-type Ga[err]Al[err]N (0 [err] x [err] 1)

epi taxi al |ayer F@@qe ;quq{ f or med

mul ti-Iayered bu? er é4t; a seco ’Pg)l\flﬁfi‘g B@%&%@Hiﬁg 392: %@%] C

As conpared w th t he BEXRERAGEN COHOMPKE/NBYWEMIEONDBCFORN (0 [err] y [err]
1) nmulti-layered buffer in this exanple is fornmed periodically in | ayer

t hi ckness but nonperiodically varied in Ga and I n conposition through the
buffer. This feature indicates that besides the flexibility in choosing the
constituent nat élrysthis odrpoupAlll hariddharmkrésel anpemdisemigoaductoisearergtdwn bayer

buffer of the prese nventl on can_al s e for non erl dically in soI id
omposi L1 ol SHIRE G untritie o1 Sqhpeanio T SEL IS TF NBA e exs dicct

buf f er butbGRBe BV Sy RS of RBIpERH BmidShdMBick) A &EH"Be'aiﬁé?&{’Ufr&h r&kl@ offer dRuUbl e
buffer. Addi ti onal advantgges and nodifications wll readily occur to

t hose ski | latitgeicansting ang tenerghida Gﬁl@,TheImeStaﬂlelrﬁI pbthei gTOHR-HI mitodelend mipedt s
is not limted t ific detaj ent

d
and descri Oé%p%]que WICORC%%?ﬁlg{ng? o, & %‘%C?rgﬁ SP? gyl 13}’3“35 VLBES car® BOWN

significantly improved.

Fig.4 is to be published.



may be made wit hout departing fromthe spirit or scope of the general
I nventive concept as defined by the appended clains and their equival ents.
12 CLAI M5 1. A crystal growth nethod

for the group-111 nitride and related conpound semi conductors, conpri'sing:

form ng a MOCVD- grown periodic or nonperhbdic mul ti-layered buffer on a™
substrate at a first tenperature in which the layers alternate between at

| east two types of conpound sem conductors A

T'Ga,Al,N (0<x < 1) CRYSTAL

AN SINGLE BUFFER LAYER

. -~ SAPPHIRE SUBSTRATE

FIG. 1

Ga,Al, N (0 <x<1) CRYSTAL

Ga,Al, N (0<y<1)
SINGLE BUFFER LAYER

SAPPHIRE SUBSTRATE

FIG. 2



and B different fromeach other in lattice constant, energy band gap,

| ayer thickness, and conpositien; and formng a MOCVD-grown | ayer at a
second tenperature which is hi-gher than the first of a ‘group-1I1 nitride
or related conpound semiconductor on the formed nulti-layered buffer.

2. A crystal growth nethod accor di ng tg claim1, further conprising
doping a n- or p-type in said group-Ill fiitride or related conpound

sem conduct or. 3. Acrystal growth nethod according to claimi1,
wherein the conpound semiconductors A and B are alternately and
periodically grown by MOCVD on said substrate in the sequence of AB
..... ABto formsaid nulti-Ilayered buffer.

gl
sl
.,Dz
8 3
< ]
— L .
{ gu: F
Z I
< 0
0
'é |
- o
> o
3 Li
. - V]
C < | % |5
vi 1O |G
=)
Z)(
EX
(40]
Q)




13 4. A crystal growh nethod according to claim1, wherein the
conpound sem conductors A and B are alternately grown by MOCVD on a

substrate in the sequence of AB ...... AB varying in thickness of each

| ayer to forma multi-layered buffer. 5. A crystal growth nmethod
according to claim1l1, wherein a nunber ,of conpound sem conductors A B, C
....... forma sequence of ABC. ... mhe?ein said sequence is alternately

grown on said substrate at said first tenperature to formsaid
mul ti-Iayered

THREE PERIODS -+

GaN/Ga, Al N (0 <x< 1)
MULTI-LAYERED BUFFER
FIG. 4
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buffer, and wherein said conpound sem conductors are different from each
other in lattice constant;, energy band gap, |ayer -thjckness, and

conposi tion. 6. A crystal growh nmethod according to clains 1,3, 4 or
5, wherein said substrate i's made of sapphire wafer with any possible
orientation.- 7. A crystal growth nmethod according to clains 1, 3, 4
or 5, wherein said first tenperature is “around 525 [err]C and said second
tenperature is around 1,050 [err]C 8. A crystal grovwh method
according to claim3, wherein said ?: .
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14 mul ti-layered buffer consists of three periods of repeated AB
units and the total l|ayer thickness of said nmulti-layered buffer is
approxi mately 24 nm 9. A crystal growth nethod according to clains
3, 4, or 8, wherein said conpound sem conductors A and B are nmade of GaN
and Ga[err]Al[err]N (O [err] x [err] 1)5, respectively.
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10. A crystal growh nethod according to clains 3, 4, or 8 wherein said
conpound sem conductors A and B are nmade of GaN and Ga[err]In[err]N (O

[err] y [err] 1), respectively 11. A crystal growh nmethod according
to claimb5, wherein said conpound sem conductors A, B, C ...... are nade
of GaN, Ga[err]Al[err]N (O [err] x [err]6 1) , Gaferr]Iin[err]N (O [err] vy
[err] 1) ....... respectively. 12. A group-I1l nitride or related
conmpound sem conductor, conpri sing: .a MOCVD- grown peri odi c-or :
nonperiodic multi-layered buffer on a - substrate at a first tenperature

in which the layers alternate between aj~l east two types of conpound
sem conductors A and B different fron1e h other in lattice constant, .
ener gy band gap, :
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Iayér t hi ckness, and conposition; and a MOCVD- grown | ayer
at a second tenperature which is higher than the first of a group-II

nitride or related conpound sem conductor on the fornmed nulti-layered. . .

buf f er.
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