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(57) ABSTRACT 

A low dislocation density Al, In, GaN single crystal sub 
strate is made by forming a seed mask having parallel stripes 
regularly and periodically aligning on an underSubstrate, 
growing an Al, In, GaN crystal on a facet-growth condi 
tion, forming repetitions of parallel facet hills and facet val 
leys rooted upon the mask stripes, maintaining the facet hills 
and facet Valleys, producing Voluminous defect accumulating 
regions (H) accompanying the valleys, yielding low disloca 
tion single crystal regions (Z) following the facets, making 
C-plane growth regions (Y) following flat tops between the 
facets, gathering dislocations on the facets into the Valleys by 
the action of the growing facets, reducing dislocations in the 
low dislocation single crystal regions (Z) and the C-plane 
growth regions (Y), and accumulating the dislocations in 
cores (S) or interfaces (K) of the voluminous defect accumu 
lating regions (H). 
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Fig.1 
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Fig.2 
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Fig.3 

Prior Art 
Facet growth () gr (2) 

4 17 growing top surface 4. 
17 7 

C 16 16 
> 

growing direction 

an - - - - 7- N-12 
2 

u) 15 15 
2 bundle of dislocations 

Fig.4 

Growing method of the present invention 
(1) (2) 
24 growing top surface 

27 & 27 27 * 27 
26 

2 8-1\ 
growing direction 

/- - - - z 
-D 

Z 2. 22-1 

voluminous defect 
accumulating region H 

  

  

  

  

  

  

  

  



Patent Application Publication Mar. 19, 2009 Sheet 4 of 13 US 2009/0071394 A1 

Fig. 5 
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Fig. 6 
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Fig. 7 
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Fig. 8 
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Fig. 9 
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Fig. 10 
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Fig.11 
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Fig. 12 
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ALXNYGA1-X-YN MIXTURE CRYSTAL 
SUBSTRATE, METHOD OF GROWING 
ALXNYGA1-X-YN MIXTURE CRYSTAL 

SUBSTRATE AND METHOD OF PRODUCING 
ALXNYGA1-X-YN MIXTURE CRYSTAL 

SUBSTRATE 

BACKGROUND OF THE INVENTION 

0001 1. Field of the Invention 
0002 This invention relates to an aluminum indium gal 
lium nitride (Al, In, Ga-N: 0sxs 1,0sys1, 0<x+ys1) 
mixture crystal substrate for producing ultraviolet, blue light 
emitting diodes (LEDs) and ultraviolet, blue light laser diodes 
(LDS) composed of groups 3-5 nitride type semiconductors, a 
method of growing an aluminum indium gallium nitride (Al 
In Ga-N: 0sxs 1, 0sys1, 0<x+ys 1) mixture crystal 
Substrate, and a method of producing an aluminum indium 
gallium nitride (Al, In, Ga-N: 0sxs 1, 0sys1, 0<x+ 
ys 1) Substrate. 
0003. This application claims the priority of Japanese 
Patent Applications No. 2001-311018 filed on Oct. 9, 2001 
and No. 2002-269387 filed on Sep. 17, 2002, which are incor 
porated herein by reference. 
0004. A substrate means a thick freestanding base plate on 
which thin films are grown. A substrate should not be con 
fused with thin films of similar components. The scope of 
component ratios of the Al, In, GaN mixture crystals of 
the present invention is defined by mixture parameters X and 
y. Designated ranges are 0sXs 1, 0sys1 and 0<x+ys 1. 
When x=0, Al, In, GaN means In, GaN (0<ys1: abbr. 
InGaN). No prior art of making InGaN substrates was found. 
When y=0, Al, In, GaN means AlGaN (0<xs1: abbr. 
AlGaN). The inventors have found no prior art of making 
AlGaN substrate yet. The third inequality 0<x+ys 1 forbids 
the case that X and y simultaneously take 0 value (x=0 and 
y=0). Thus GaN is excluded from the collective expression of 
Al, In, GaN (0sxs 1,0sys1, 0<x+ys1) of the present 
invention. GaN is excluded from the scope of the present 
invention. When Xandy are not zero, Al, In, GaN is some 
times abbreviated to AlInGaN. No prior art of producing 
AlInGaN substrates has been found. 
0005. The bandgap energy Eg of a semiconductor is pro 
portional to an inverse of the wavelength of light which is 
absorbed into or emitted from the semiconductor. A simple 
inverse relation w (nm)=1239.8/Eg(eV) holds between Eg 
and W. Gallium nitride has a bandgap of 3.2 eV. Emission or 
absorption light wavelength is 387 nm for GaN. Aluminum 
nitride AlN has a high bandgap energy Eg 6.2 eV. Emission 
or absorption light wavelength is 200 nm for AlN. Indium 
nitride InN has a low bandgap energy of Eg-0.9 eV. Emission 
or absorption light wavelength is 1378 nm for InN. If light 
emitting devices having a light receiving layer composed of 
aluminum indium gallium nitride Al, In, GaN were pro 
duced, the devices could produce various light having a wide 
range wavelength between about 200 nm and about 1300 nm. 
However, such devices relying upon nitride semiconductors 
have not been made yet. The reason why such nitride semi 
conductor devices have not been made is that no pertinent 
Substrates are available. Light emitting devices (light emitting 
diodes or laser diodes) are made by preparing a substrate 
wafer, growing several semiconductor thin films on the Sub 
strate, etching some regions of some films, doping the films 
with dopants and forming electrodes. The Substrate is a start 
ing material. The lattice constant of aluminum nitride (AIN) 
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is 0.3112 nm. The lattice constant of gallium nitride (GaN) is 
0.3189 nm. The lattice constant of indium nitride (InN) is 
0.3545 nm. Sapphire (C.-AlO) which has been used as a 
substrate of InCiaN-type blue ray LEDs is not a promising 
candidate for AlInGaN devices. Sapphire is insulating and 
uncleavable. Sapphire is not a promising candidate for pro 
ducing nitride semiconductor devices thereon. Nitride semi 
conductor substrates would be preferable to sapphire as sub 
strates for making nitride light emitting devices. 
0006 Among simple nitride compounds GaN. InN and 
AlN, only GaN substrates can now be produced by the appli 
cant's endeavors. But nobody has succeeded in producing 
InN substrates or AlN substrates of good quality. Neither InN 
substrates nor AlN substrates are available at present. If 
indium nitride InN films were epitaxially grown on an obtain 
able GaN substrate, large lattice misfit would induce a lot of 
defects and strong stress in the InN films. If aluminum nitride 
AlN films were grown on an obtainable GaN substrate, the 
AlN film would be plagued with many defects. Thus GaN 
wafer is not a pertinent candidate as a Substrate of making 
Al, In, GaN films. 
10007. The most suitable substrate for making Al, In, Ga. 
x-N(0sxs 1,0sys1,0<x+ys 1) films is an Al, In, Ga-N: 
0sXs 1,0sys 1,0<X+ys 1 Substrate having the same values 
ofxandy as the epitaxial films. If an Al, In, Ga-N(0sxs1, 
0sys1, 0<x+ys1) were obtainable, Al, In, Ga-N films 
would be grown homoepitaxially on the Al, In, GaN Sub 
Strate. 

0008. The purpose of the present invention is to provide an 
Al, In, Ga-N: 0sxs 1,0sys 1, 0<x+ys 1 mixture crystal 
substrate and a method of producing an Al, In, Ga-N: 
Osxs 1,0sys 1, 0<x-ys 1 mixture crystal substrate. 
0009 2. Description of Related Art 
10010 No prior art of Al, In, Ga-N: 0sxs 1,0sys1, 
0<x+ys 1 mixture crystal substrates has been found. There 
are several references about the method of making GaN sub 
strates contrived by the inventors of the present invention. 
Although Al, In, Ga-N: 0sxs 1,0sys1, 0<x+ys 1 does 
not include GaN, some GaN-related documents are now 
described instead of Al, In, Ga-N substrates. 
0011. The inventors of the present invention contrived a 
GaAs-based epitaxial lateral overgrowth method (ELO) for 
making low-dislocation GaN crystals by preparing a GaAS 
Substrate, making an ELO mask having many Small regu 
larly-populated windows on the GaAs Substrate, and growing 
GaN films by a vapor phase growing method on the ELO 
masked GaAs substrate. The inventors had filed a series of 
patent applications based on the GaAs-based ELO methods 
for making GaN crystal bulks. 
CD Japanese Patent Application No. 9-298300 
(2) Japanese Patent Application No. 10-9008 
(3) Japanese Patent Application No. 10-102546 
(CD, 2. and (3) have been combined into a PCT application 
of WO99/23693.) 

Japanese Patent Laying Open No. 2000-012900 
(5) Japanese Patent Laying Open No. 2000-022212 
0012. The ELO method makes a thin GaN film on an 
undersubstrate by forming a mask layer (SiN or SiO) on the 
undersubstrate, etching Small dots aligning in a small regular 
pattern of an order of micrometers on the mask, forming 
regularly aligning Small windows, growing a GaN layer on 
the exposed underSubstrate in the windows in vapor phase, 
making dislocations running upward in a vertical direction at 
an early stage, turning the dislocations in horizontal direc 
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tions, inducing collisions of dislocations and reducing the 
dislocations by the collisions. The ELO method has an advan 
tage of reducing the dislocations by the twice changes to the 
extending direction of the dislocations. The ELO method 
enabled the inventors to make a thick (about 100 um) GaN 
single crystal. 
(6) Japanese Patent Laying OpenNo. 2001-102307 (Japanese 
Patent Application No. 11-273882) 
0013 GaN facet growth was proposed in the document (6) 
by the same inventors as the present invention. All the known 
GaN growing methods had been C-plane growth maintainin 
a smooth, flat C-plane as a Surface of c-axis growing GaN. 
denied the conventional C-plane growth and advocated a new 
idea of facet growth which grows GaN. makes facets on a 
growing GaN. forms pits of the facets, maintains the facets 
and pits withoutburying pits, pulls dislocations into the fac 
ets, attracts the dislocations into the pits, reduces dislocations 
outside of the pit bottoms and obtains low dislocation density 
GaN crystals. 
0014 FIG. 1 to FIG. 3 show our previous facet growth of 
GaN. FIG. 1 is an enlarged view of a facet pit on a surface of 
a GaN crystal during the facet growth. In FIGS. 1(a) and 1(b). 
a GaN crystal 2 is growing in a c-axis direction in average. 
The GaN crystal 2 has a C-plane top surface 7. Crystallo 
graphical planes inclining to the C-plane are called facets 6. 
The facet growth forms facets 6 and maintains the facets 6 
withoutburying. In the example of FIG. 1, six facets 6 appear 
and form a polygonal reverse cone pit 4 dug on the C-plane 
surface 7. The pits 4 built by the facets 6 are hexagonal cones 
or dodecagonal cones. Hexagonal pits 4 are formed by the 
six-fold rotation symmetric facets 6 of either {11-2m} or 
{1-10m (m: integer). Dodecagonal pits are composed of 
{11-2m} and {1-10m (m: integer). Although FIG. 1(a) and 
FIG. 1(b) show the hexagonal pit, dodecagonal pits appear 
prevalently. 
0015 To form facet pits, to maintain pits and not to bury 
pits are the gist of the facet growth. The facet 6 moves in a 
direction normal to the facet 6. A dislocation extends along a 
growing direction. A dislocation extending along a c-axis and 
attaining the facet 6 turns its extending direction in a horizon 
tal direction parallel to the facet 6 and reaches a crossing line 
8. The crossing lines 8 include many dislocations. As the top 
Surface 7 moves upward, the dislocations gathering on the 
crossing lines 8 make defect gathering planes which meet 
with each other at 60 degrees. Planar defect assemblies 10 are 
formed below the crossing lines 8 (FIG. 1(b)). The planar 
defect assemblies 10 are in a stable state. Some dislocations 
attaining to the crossing lines 8 turn their extending directions 
again inward, move inward along the rising slanting crossing 
lines 8 and fall into a multiple point D (FIG. 2) at a pit bottom. 
Dislocations substantially run inward in the horizontal direc 
tions. A linear defect assembly 11 is formed along the mul 
tiple point D at the pit bottom. The linear defect assembly 11 
is less stable than the planar defect assemblies 10. FIG. 3(1) 
demonstrates the function of the facet pit gathering disloca 
tions. A C-plane surface 17 has a facet pit 14 composed of 
facets 16. When the C-plane surface 17 and the facets 16 rise, 
dislocations are attracted into the facet pit 14, pulled into the 
bottom of the pit 14 and captivated into abundle 15 of dislo 
cations at the bottom of the pit 14. But the bundle 15 of 
dislocations is not everlasting. The dislocations once gather 
ing to the bottom again disperse outward. Then dislocations 
are released. FIG. 3(2) demonstrates the dispersion of dislo 
cations 15 in radial directions into Surrounding portions 12. 
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The dislocation density rises again in the Surroundings of the 
pits 14. (6) was still incompetent to make thicklow disloca 
tion AlInGaN crystals. 

SUMMARY OF THE INVENTION 

0016. This invention proposes a method of making an 
Al, In, Ga-N(0sxs 1,0sys 1,0<x+ys 1) mixture crystal 
substrate and an Al, In, GaN (0sxs 1, 0sys1, 0<x+ 
ys 1) mixture crystal substrate of low dislocation density. The 
expression of Al, In, GaN includes InN (x=0) and AIN 
(y=1) but excludes GaN (x=0, y=0, x+y=0). An Al, In, Ga. 
N crystal having a high X and high bandgap energy has a 
probability for a starting Substrate of making ultraviolet ray 
LEDs or LDs. Another Al, In, GaN having a high y and 
low bandgap energy has another probability of making new 
infrared InGaN type LEDs or LDs. There is no prior art for 
making thick Al, In, GaN mixture crystal substrates as 
explained before. 
0017. This invention produces low dislocation density Al 
In GaN mixture crystal substrates by preparing an under 
Substrate, forming regularly aligning parallel masks and par 
allel extra exposed parts on the underSubstrate, growing 
Al, In, GaN mixture crystals on the parallel linear masked 
undersubstrate, forming facet groove bottoms and Volumi 
nous defect accumulating regions (H) upon the parallel linear 
masks, forming single low dislocation density single crystal 
regions (Z) and extra single crystal regions (Y) on the extra 
exposed parts, attracting dislocations in the (Z) and (Y) 
regions via the facets into the voluminous defect accumulat 
ing regions (H), arresting the dislocations in the Voluminous 
defect accumulating regions (H) and reducing dislocation 
densities in the (Z) and (Y) regions. 
0018. The present invention succeeds in obtaining a low 
dislocation density Al, In, GaN crystal substrate by form 
ing parallel striped masks on an underSubstrate, growing Al 
In GaN crystals on the stripe masked undersubstrate, 
making parallel facet V-grooves having bottoms just upon the 
parallel stripe masks, maintaining the facet V-grooves with 
outburying the facet V-grooves by the facet growth, produc 
ing Voluminous defect accumulating regions (H) at the bot 
toms of the V-grooves just above the stripe masks, depriving 
other parts of dislocations by the facets, gathering the dislo 
cations to the Voluminous defect accumulating regions (H) at 
the valleys (bottoms) of the V-grooves and annihilating/accu 
mulating the dislocations in the Voluminous defect accumu 
lating regions (H) permanently. The formation of the stripe 
masks on the underSubstrate enables the present invention to 
form the Voluminous defect accumulating regions (H) just 
upon the pre-formed Stripe masks and to decrease disloca 
tions in the other parts except the Voluminous defect accumu 
lating regions. 
0019. The present invention can make a low dislocation 
density Al, In, GaN crystal substrate by controlling the 
positions of the Voluminous defect accumulating regions (H) 
by the linear parallel striped masks. The extra exposed parts 
produce other portions (Z) and (Y) of the Al, In, Ga-N 
Substrate. The Voluminous defect accumulating regions (H) 
attract and accumulate dislocations which have inherently 
been in other parts (Z) and (Y). The other parts (Z) and (Y) are 
low dislocation density single crystals. The dislocations are 
arrested in the narrow, linearly restricted portions (H) align 
ing regularly and periodically. The other linear wide portions 
are low-dislocation density crystals suitable for active layers 
of LDs or LEDs. The Al, In, Ga-N substrates are suitable 
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for low dislocation substrates for fabricating laser diodes 
from ultraviolet rays to infrared light. 
0020. The present invention employs a vapor phase 
growth for making Al, In, GaN. for example, an HVPE 
method, an MOCVD method, an MOC method and a subli 
mation method. These methods are described thereinafter. 

1. HVPE Method (Hydride Vapor Phase Epitaxy) 

0021 HVPE employs metal aluminum (Al), metal indium 
(In) and metal gallium (Ga) as aluminum, indium and gallium 
sources unlike MOCVD or MOC. A nitrogen source is 
ammonia gas. The HVPE apparatus contains a vertical hot 
wall furnace, Al-In- and Ga-boats Sustained at upper spots in 
the furnace, a Susceptor installed at a lower spot in the fur 
nace, top gas inlets, a gas exhausting tube and a vacuum 
pump. An undersubstrate (sapphire etc.) is put on the Suscep 
tor. Metal aluminum solids are supplied to the Al-boat. Metal 
indium solids are supplied to the In-boat. Metal Gasolids are 
supplied to the Ga-boat. The furnace is closed and is heated. 
The Al. In and Gasolids are heated into melts. Hydrogen gas 
(H)and hydrochloric acid gas (HCl) are supplied to the Al. In 
and Ga-melts. Aluminum chloride (AICl), indium chloride 
(InCl) and gallium chloride (GaCl) are produced. Gaseous 
AlCls, InCls and GaCl are carried by the hydrogen gas down 
ward to the heated underSubstrate. Hydrogen gas (H2) and 
ammonia gas (NH) are supplied to the gaseous AlCls, InCl 
and GaCl above the susceptor. Al, In, GaN is synthesized 
and is piled upon the undersubstrate for making an Al, In, Ga. 
x-N film. The HVPE has an advantage of immunity from 
carbon contamination, because the Al. In and Ga Sources are 
metallic Al. In and Ga and AlCls, InCl and GaCl are once 
synthesized as intermediates. 

2. MOCVD Method (Metallorganic Chemical Vapor Depo 
sition) 

0022. An MOCVD method is the most frequently utilized 
for growing GaN thin films on Sapphire Substrates. An 
MOCVD apparatus includes a cold wall furnace, a susceptor 
installed in the furnace, a heater contained in the Susceptor, 
gas inlets, a gas exhaustion hole and a vacuum pump. Mate 
rials for Al. In and Ga are metallorganic compounds. Usually 
trimethyl aluminum (TMA) or triethyl aluminum (TEA) is 
employed as an Al source. Usually trimethyl indium (TMI) or 
triethyl indium (TEI) is employed as an In source. Usually 
trimethyl gallium (TMG) or triethyl gallium (TEG) is 
employed as a Ga Source. The material for nitrogen is ammo 
nia gas. A Substrate is placed upon the Susceptor in the fur 
nace. TMA, TMI and TMG gases, NH gas and H gas are 
supplied to the substrate on the heated susceptor. Reaction of 
ammonia with the TMA, TMI and TMG gases make Al 
In GaN. Al, In, GaN piles upon the substrate. An Al 
In GaN film is grown on the substrate. The growing speed 
is low. If thick Al, In, GaN crystals are made by the 
MOCVD, some problems occur. One is low speed of growth. 
Another problem is low gas utility rate, which is not a prob 
lem for making thin films by consuming Small amounts of 
material gases. The MOCVD requires a large volume of 
ammonia gas. High rates of ammonia/TMA, ammonia/TMI 
and ammonia/TMG raise gas cost in the case of bulk crystal 
production due to a large consumption of gases. The low gas 
utility rate causes a serious problem in the case of making a 
thick Al, In, GaN crystal. Another serious problem is car 
bon contamination. The TMA (Al-material), TMI (In-mate 
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rial) and TMG (Ga-material) include carbon atoms. The car 
bonatoms contaminate a growing Al, In, GaN crystal. The 
carbon contamination degrades the grown Al, In, Ga-N 
crystal, because carbon makes deep donors which lower elec 
tric conductivity. The carbon contamination changes an 
inherently transparent Al, In, GaN crystal to be yellowish 
OC. 

3. MOC Method (Metallorganic Chloride Method) 
0023 Al. In and Ga materials are metallorganic materials, 
for example, TMA (trimethylaluminum), TMI (trimethylin 
dium) and TMG (trimethylgallium) like the MOCVD. In the 
MOC, however, TMA, TMI and TMG do not react directly 
with ammonia. TMA, TMI and TMG react with HCl gas in a 
hot wall furnace. The reaction yields aluminum chloride 
(AlCl), indium chloride (InCl) and gallium chloride (GaCl) 
once. Gaseous AlCls, InCl and GaCl are carried to a heated 
Substrate. AlCls, InCls and GaCl react with ammonia Sup 
plied to the substrate and Al, In, GaN is synthesized and 
piled on the substrate. Since AlCls, InCl and GaCl are made 
at the beginning step, this invention enjoys a small carbon 
contamination. This method, however, cannot overcome the 
difficulty of excess gas consumption. 

4. Sublimation Method 
0024. A sublimation method does not utilize gas materials 
but solid materials. The starting material is Al, In, Ga-N 
polycrystals. The sublimation method makes an Al, In, Ga 
N thin film on an underSubstrate by placing polycrystalline 
Al, In, GaN solid at a place and an undersubstrate at 
another place in a furnace, heating the furnace, yielding a 
temperature gradient in the furnace, Subliming the Solid Al 
In GaN into Al, In, GaN vapor, transferring the Al 
In GaN vapor to the substrate at a lower temperature, and 
piling Al, In, GaN on the substrate. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0025 FIGS. 1(a) and 1(b) are perspective views of a pit 
composed of facets which have been produced by the facet 
growth method, which was proposed in the previous Japanese 
Patent Laying OpenNo. 2001-102307 invented by the inven 
tors of the present invention, for growing a GaN crystal with 
maintaining facets on a growing Surface, and for clarifying 
that facets grow Slantingly inward and gather dislocations to 
corner lines. FIG. 1(a) exhibits that dislocations are swept 
inward by growing inclining facets and are stored at the 
bottom of the pit. FIG. 1(b) shows that mutual repulsion 
causes six radial planar defects hanging from the corner lines. 
0026 FIG. 2 is a plan view of a pit for showing that 
dislocations are swept and gathered to corner lines by inward 
growing facets and accumulated at dislocation confluence 
(manifold point) under the centerbottom of the pit in the facet 
growth Suggested by Japanese Patent Laying OpenNo. 2001 
102307 invented by the inventors of the present invention. 
(0027 FIGS.3(1) and 3(2) are vertically sectioned views of 
a pit for showing that dislocations are swept and gathered to 
the corner lines by inward growing facets are accumulated at 
dislocation confluence (manifold point) under the centerbot 
tom of the pit and are shaped into longitudinally extending 
bundles of dislocations hanging from the bottom in the facet 
growth Suggested by Japanese Patent Laying OpenNo. 2001 
102307 invented by the inventors of the present invention. 
FIG. 3(1) demonstrates a bundle of dislocations which are 
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formed with dislocations gathered by the facet growth. FIG. 
3(2) demonstrates that the dislocation bundle is not closed but 
open and strong repulsion releases the once gathered dislo 
cations outward into hazy dislocation dispersion. 
0028 FIGS. 4(1) and 4(2) are vertically sectioned views of 
alongitudinally extending V-groove having a valley for show 
ing that dislocations are transferred by inward growing facets 
and are formed into Voluminous defect accumulating regions 
(H) dangling from the valley of the facets. FIG. 4(1) indicates 
that the facet growth concentrates dislocations to the Volumi 
nous defect accumulating region (H) at the bottom of the 
valley. FIG. 4(2) shows the voluminous defect accumulating 
region (H) at the bottom absorb dislocations by the upward 
growth. 
0029 FIGS. 5(a) and5(b) are sectional views of a sample 
at various steps for demonstrating the steps of the present 
invention of making a linearly extending stripe mask on an 
undersubstrate, growing an Al, In, GaN crystal on the 
masked underSubstrate, producing linear facets on the Stripe 
mask, producing Voluminous defect accumulating regions 
(H) under the valleys of the facets, and growing low disloca 
tion single crystal regions (Z) neighboring the Voluminous 
defect accumulating regions (H). FIG. 5(a) shows a single 
facet case having sets of steep slope facets without shallow 
facets. FIG. 5(b) shows a double facet case having sets of 
steep slope facets followed by sets of shallow facets. 
0030 FIGS. 6(a) and 6(b) are CL (cathode luminescence) 
plan views of a stripe mask and a grown Al, In, Ga-N 
crystal for showing an Al, In, GaN growth of the present 
invention. FIG. 6(a) is a CL plan view of a sample having a 
stripe mask on an undersubstrate. FIG. 6(b) is a CL plan view 
of an Al, In, GaN crystal having a ZHZYZHZYZ struc 
ture of repetitions of a set of a Voluminous defect accumulat 
ing region (H), a low dislocation single crystal region (Z) and 
a C-plane growth region (Y). 
0031 FIG. 7 is an oblique view of a rack-shaped as-grown 
Al, In, GaN crystal having a ZHZHZ periodic structure 
of repetitions of a set of a Voluminous defect accumulating 
region (H) and a low dislocation single crystal region (Z) 
which are made by forming a stripe mask on an underSub 
strate and growing an Al, In, GaN crystal epitaxially on 
the masked underSubstrate. 
0032 FIG. 8 is a perspective CL view of a mirror polished 
Al, In, GaN crystal having a ZHZYZHZYZ"periodic 
structure of repetitions of a set of a Voluminous defect accu 
mulating region (H), a low dislocation single crystal region 
(Z) and a C-plane growth region (Y) which are made by 
forming a stripe mask on an underSubstrate and growing an 
Al, In, GaN crystal epitaxially on the masked undersub 
Strate. 

0033 FIGS. 9(a) and 9(b) are CL plan views of mirror 
polished Al, In, GaN crystals having a ZHZYZHZYZ 
periodic structure of repetitions of a set of a Voluminous 
defect accumulating region (H), a low dislocation single crys 
tal region (Z) and a C-plane growth region (Y) which are 
made by forming a stripe mask on an undersubstrate and 
growing an Al, In, GaN crystal epitaxially on the masked 
undersubstrate. FIG. 9(a) is a CL plan view of the mirror 
polished Al, In, GaN crystal having a ZHZYZHZYZ 
periodic structure which is made by forming a stripe mask in 
parallel to a <1-100> direction of Al, In, Ga-Non an under 
substrate and growing an Al, In, GaN crystal epitaxially 
on the masked undersubstrate. FIG. 9(b) is a CL plan view of 
the mirror polished Al, In, GaN crystal having a 
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ZHZYZHZYZ periodic structure which is made by form 
ing a stripe mask in parallel to a <11-20> direction of Al 
In GaN on an undersubstrate and growing an Al, In, Ga. 
a--N crystal epitaxially on the masked undersubstrate. 
0034 FIGS. 10(1) to 10(5) are sectional views of a sample 
at various steps for demonstrating the steps of Embodiment 1 
of the present invention of making a linearly extending stripe 
mask on an underSubstrate, growing an AlosGao N crystal 
on the masked Sapphire underSubstrate, producing linear fac 
ets on the stripe mask, producing Voluminous defect accumu 
lating regions (H) under Valleys of the facets, growing low 
dislocation single crystal regions (Z) neighboring the Volu 
minous defect accumulating regions (H), grinding a rugged 
faceted Surface, eliminating the underSubstrate for separating 
an AlosGaN Substrate, and lapping and polishing the Alo. 
sGao N substrate. FIG. 10(1) shows a sapphire undersub 
strate. FIG. 10(2) denotes a sample having an AlosGaoN 
epi-layer formed on the sapphire undersubstrate. FIG. 10(3) 
illustrates a stripe mask formed on the AlosGao Nepi-layer. 
FIG. 10(4) shows a CL Section of an as-grown AlosGaoN 
sample having a facetted Surface with Valleys, Voluminous 
defect accumulating regions (H) following the valleys, low 
dislocation single crystal regions (Z) under the facets and 
C-plane growth regions (Y) under the flat tops. FIG. 10(5) 
shows a section of a mirror polished AlosGao N Substrate 
having an HZYZHZYZHe structure composed of the volu 
minous defect accumulating regions (H), low dislocation 
single crystal regions (Z) and the C-plane growth regions (Y). 
0035 FIGS.11(1) to 11(5) are sectional views of a sample 
at various steps for demonstrating the steps of Embodiment 2 
of the present invention of making a linearly extending stripe 
mask on an undersubstrate, growing an InooGao. Ncrystal on 
the masked underSubstrate, producing linear facets on the 
stripe mask, producing Voluminous defect accumulating 
regions (H) under Valleys of the facets, growing low disloca 
tion single crystal regions (Z) neighboring the Voluminous 
defect accumulating regions (H), grinding a rugged faceted 
surface, eliminating the undersubstrate for separating an Inc. 
9Gao N Substrate, and lapping and polishing the InGao N 
substrate. FIG. 11(1) shows a sapphire undersubstrate. FIG. 
11(2) denotes a sample having an InGao N epi-layer 
formed on the sapphire undersubstrate. FIG.11(3) illustrates 
a stripe mask formed on the InGao Nepi-layer. FIG.11(4) 
shows a CL Section of an as-grown InooGao N sample hav 
ing a facet Surface with Valleys, Voluminous defect accumu 
lating regions (H) following the valleys, low dislocation 
single crystal regions (Z) under the facets and C-plane growth 
regions (Y) under the flat tops. FIG. 11(5) shows a section of 
a mirror polished InooGao N Substrate having an 
HZYZHZYZHe structure composed of the voluminous 
defect accumulating regions (H), low dislocation single crys 
tal regions (Z) and the C-plane growth regions (Y). 
0036 FIGS. 12(1) to 12(3) are sectional views of a sample 
at various steps for demonstrating the steps of Embodiment 3 
of the present invention of making a lineary extending stripe 
mask on an underSubstrate, growing an Alois Ino GaoN 
crystal on masked undersubstrate, producing linear facets on 
the stripe mask, producing Voluminous defect accumulating 
regions (H) under Valleys of the facets, growing low disloca 
tion single crystal regions (Z) neighboring the Voluminous 
defect accumulating regions (H), grinding a rugged faceted 
Surface, eliminating the undersubstrate for separating an Alo. 
3Ino Gao N Substrate, and lapping and polishing the Alo. 
3Ino Gao N Substrate. FIG. 12(1) shows a foreign material 
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undersubstrate with a stripe mask. FIG. 12(2) denotes a CL 
Section of an as-grown Alois Ino Gao-Nsample having a facet 
Surface with Valleys, Voluminous defect accumulating 
regions (H) following the valleys, low dislocation single crys 
tal regions (Z) under the facets and C-plane growth regions 
(Y) under the flattops. FIG. 12(3) shows a section of a mirror 
polished Alo Ino, GaoN Substrate having an 
HZYZHZYZHe structure composed of the voluminous 
defect accumulating regions (H), low dislocation single crys 
tal regions (Z) and the C-plane growth regions (Y). 
0037 FIG. 13(1) to 13(3) area series of sectional views of 
steps of making an Al, In, GaN (AIN, InN or Alo, Ino. 
4GaN) crystal Embodiment 4, 5 or 6 of the present inven 
tion by preparing an Al, In, Ga-N (Alosino 2N, InooGaoN 
or Alo Ino Gao N) seed substrate made by Embodiment 1, 2 
or 3 of the present invention, growing a thick Al, In, Ga-N 
(AIN, InN or Alo-In-GaN) epitaxial crystal on the seed 
Al, In, GaN (Alosino 2N, InooGao N or Alosinos Gao. 
4N) Substrate on the condition of facet growing, forming 
linearly extending slanting facets and linearly extending facet 
hills on parent low dislocation single crystal regions (Z) and 
parent C-plane growth regions (Y) of the Al, In, GaN seed 
Substrate, forming facet valleys just upon parent Voluminous 
defect accumulating regions (H) of the Al, In, GaN seed, 
producing Voluminous defect accumulating regions (H) 
under the bottoms of the valleys on the parent voluminous 
defect accumulating regions (H), forming low dislocation 
single crystal regions (Z) and C-plane growth regions (Y) 
under the hills and the facets on the parent low dislocation 
single crystal regions (Z) and the parent C-plane growth 
regions (Y), slicing an as-grown thick crystal into a plurality 
of as-cut Al, In, GaN wafers, grinding both surfaces of the 
as-cut Al, In, Ga-N wafers, and mirror-polishing the as-cut 
Al, In, GaN wafers into a plurality of Al, In, GaN mir 
ror wafers. FIG. 13(1) is a section of the prepared Al, In, Ga. 
a-N underSubstrate having an inherent structure 
•eeHZYZHZYZHee, which is observable in a CL image. FIG. 
13(2) is a CL-observed section of a thick-grown Al, In, Ga. 
a-Ningot having H. ZandYgrown on the H. Zand Y regions 
of the parent Al, In, GaN substrate. FIG. 13(3) is CL 
observed sections of a plurality of Al, In, GaN wafers 
sliced from the tall Al, In, GaN ingot. 
0038 FIG. 14 is a section of Embodiment 4 having a 
structure of AlN/AlsCiao N, wherein a thick AlN crystal is 
grown upon a masked underSubstrate of AlosGaN which 
has been produced by Embodiment 1. 
0039 FIG. 15 is a section of Embodiment 5 having a 
structure of InN/InGao N, wherein a thick InN crystal is 
grown upon a masked underSubstrate of InooGao N which 
has been produced by Embodiment 2. 
0040 FIG. 16 is a section of Embodiment 6 having a 
Structure of Alonoa Gao.2N/Alo Ino Gao N, wherein a 
thick Al-In-GaN crystal is grown upon a masked under 
Substrate of Alo, Ino. GaN which has been produced by 
Embodiment 3. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

0041. The present invention includes various versions. 
The present invention grows an Al, In, GaN (0sxs1, 
0.sys 1, 0<X+ys 1) crystal by making a parallel linear stripe 
mask on an undersubstrate, growing Al, In, Ga-N 
(0sXs 1,0sys 1, 0<x+ys 1) crystals in vapor phase on the 
stripe-masked underSubstrate, forming linear V-grooves (val 
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leys and hills) made of pairs of facets, maintaining the Valleys 
and hills, inducing Voluminous defect accumulating regions 
(H) under the Valleys (bottoms) and making low dislocation 
single crystal regions (Z) under the facets (except bottoms) as 
illustrated in FIG. 7. Interfaces (K) or cores (S) of the volu 
minous defect accumulating regions (H) attract dislocations 
from the low dislocation single crystal regions (Z), annihilate 
parts of dislocations, and accumulate other dislocations. 
0042. The present invention reduces dislocations by mak 
ing use of the interface (K) or the core (S) as a dislocation 
annihilation/accumulation place. 
0043. The present invention gives a method of growing an 
Al, In, GaN crystal by making linear voluminous defect 
accumulating regions (H), producing low dislocation single 
crystal regions (Z) in contact with the Voluminous defect 
accumulating regions (H), utilizing interfaces (K) or cores (S) 
of the Voluminous defect accumulating regions (H) as dislo 
cation annihilation/accumulation places, and reducing dislo 
cations in the other parts except the Voluminous defect accu 
mulating regions (H). 
0044. The present invention gives a method of growing an 
Al, In, GaN crystal by making linear voluminous defect 
accumulating regions (H), producing facet slopes in contact 
with the Voluminous defect accumulating regions (H), main 
taining the facet slopes, utilizing interfaces (K) or cores (S) of 
the Voluminous defect accumulating regions (H) as disloca 
tion annihilation/accumulation places, and reducing disloca 
tions in the other parts except the Voluminous defect accumu 
lating regions (H). 
0045. For clarifying the relation between the facet slopes 
and the Voluminous defect accumulating regions (H), the 
present invention is defined as a method of growing an Al 
In GaN crystal by making linear voluminous defect accu 
mulating regions (H), producing facet slopes with Valleys, the 
Valleys being in contact with the Voluminous defect accumu 
lating regions (H), maintaining the facet slopes, utilizing 
interfaces (K) or cores (S) of the voluminous defect accumu 
lating regions (H) as dislocation annihilation/accumulation 
places, and reducing dislocations in the other parts except the 
Voluminous defect accumulating regions (H). 
10046) Al, In, GaN crystals grow in practice with a plu 
rality of linear Voluminous defect accumulating regions (H). 
The method is defined by making a plurality of linear volu 
minous defect accumulating regions (H), producing linear 
facet slopes neighboring the Voluminous defect accumulating 
regions (H), maintaining the facet slopes, and reducing dis 
locations in the other parts except the Voluminous defect 
accumulating regions (H). 
0047 For clarifying the relation between the facet slopes 
and the Voluminous defect accumulating regions (H), the 
present invention is defined as a method of growing an Al 
In GaN crystal by making a plurality of linear volumi 
nous defect accumulating regions (H), producing linear facet 
slopes with valleys, the valleys being in contact with the 
Voluminous defect accumulating regions (H), and reducing 
dislocations in the other parts except the Voluminous defect 
accumulating regions (H). 
0048 Pairs of linearly parallel extending facets make val 
leys, which leads the Voluminous defect accumulating 
regions (H). The shape of parallel valleys looks like lying 
prisms. Sometimes the prism-shaped facet slopes are opti 
cally symmetric. 
0049. The symmetric lying prism-shaped facet slopes 
have flat tops between the pairing slopes. 
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0050. When the voluminous defect accumulating regions 
(H) extend in a <1-100> and in a <0001 a direction, the facets 
are denoted by {kk-2kn} (k,n integers). 
0051 Most prevalent facets are {11-22 planes in the case. 
The Voluminous defect accumulating regions (H) can other 
wise extend in <11-20> direction and in a <1-100> direction. 
When the Voluminous defect accumulating regions (H) 
extend in a <11-20> and in a <0001 a direction, the facets are 
denoted by {k-kOn} (k,n integers). 
0052 Most prevalent facets are {1-101} planes in the case. 
0053. In the case of the symmetric prism-shaped facet 
slopes having flattops, the extending direction of voluminous 
defect accumulating regions (H) is either a <1-100> direction 
or a <11-20> direction. The facets are {11-22 planes, 
{1-101} planes, kk-2kn} or {k-kOn} (m, k; integers). The 
flattops are (0001) planes and sometimes vary the width and 
the edge lines. 
0054 Voluminous defect accumulating regions (H) are the 
most significant parts in the present invention. The Volumi 
nous defect accumulating regions (H) are parallel continual 
planes with a definite width and extend both in a vertical 
direction and in a horizontal direction parallel to the mask 
stripes. Excess thick grown Al, In, Ga-N or anomalously 
grown Al, In, GaN has sometimes intermittent, dotted, 
discontinuous defect accumulating regions (H) with a fluctu 
ating thickness. Since the width is fluctuating, the word 
“voluminous” should be improper. 
0055 Voluminous defect accumulating regions (H) have 
Variations. One of the variations of the Voluminous defect 
accumulating regions (H) is a polycrystalline Voluminous 
defect accumulating region (H). 
0056. Otherwise the voluminous defect accumulating 
regions (H) are single crystals. A set of milder inclining facets 
appears at Valleys, following steeper facets. The Voluminous 
defect accumulating regions (H) grow just under the milder 
facets. 

0057. In this case, the voluminous defect accumulating 
region (H) has vertical interfaces (K) and (K) which coincide 
with the boundaries between the milder facets (on H) and the 
steeper facets (on Z). 
0058 Some voluminous defect accumulating regions (H) 
grow with vertical interfaces (K) composed of planar defects. 
0059. Some voluminous defect accumulating regions (H) 
grow as single crystals having an orientation slightly slanting 
to an orientation of the neighboring low dislocation single 
crystal regions (Z). 
0060 Some voluminous defect accumulating regions (H), 
which are formed by milder facets, coincide with an area of 
the milder facets at the top. Some voluminous defect accu 
mulating regions (H) grow with the same orientation as the 
milder facets. 

0061 Some voluminous defect accumulating regions (H) 
grow with planar defects under the milder facets. 
0062) A very miracle phenomenon sometimes occurs in 
Some Voluminous defect accumulating regions (H). It is inver 
sion of polarity (c-axis). The c-axis of the Voluminous defect 
accumulating regions (H) turns over into an inverse direction. 
As mentioned before, an Al, In, GaN crystal lacks inver 
sion symmetry. Al, In, GaN has (anisotropic) polarity at a 
0001 axis. A (0001) plane has a different property from a 
(000-1) plane. It is interesting that the polarity inversion 
happens in the Voluminous defect accumulating regions (H). 
In this inversion case, the Voluminous defect accumulating 

Mar. 19, 2009 

regions (H) grow with a c-axis antiparallel to the c-axis of the 
neighboring steeper facets leading the low dislocation single 
crystal regions (Z). 
0063. In the inversion case, the voluminous defect accu 
mulating regions (H) grow with a 000-1 axis, but the neigh 
boring steeper facets (on Z) grow with a 0001 axis. 
0064. When the extension of the voluminous defect accu 
mulating regions (H) is a <1-100> direction, the milder facets 
(on H) are 11-2-5 planes or {11-2-6 planes. A minus in 
index means the polarity inversion. 
0065. If no inversion takes place, the milder (shallower) 
facets (on H) are {11-25} planes or 111-26 planes for the 
Voluminous defect accumulating regions (H) extending in a 
<1-100> direction. 
0066. Optimum ranges of parameters are described. The 
width (h) of a Voluminous defect accumulating region (H) is 
available in the range of 1 um to 200 um. 
0067. The least width h of a voluminous defect accumu 
lating region (H) is 1Xm. Width (h) under 1 um are inopera 
tive. The upper limit is 200 um. Widths more than 200 um 
induce disorder of a crystal structure. The width (Z) of a low 
dislocation single crystal region (Z) is suitable in the range of 
10 um to 2000 um. 
0068 Widths Z less than 10 Lum are inoperative. Widths 
more than 2000 um induce distortion of facets or crystal 
defects. 

I0069. Practical utility as an Al, In, GaN wafer requires 
regularly and periodically aligning Voluminous defect accu 
mulating regions (H) for allowing low dislocation single crys 
tal regions (Z) to regularly and periodically align therebe 
tWeen. 

0070 The optimum range of a pitch p of the voluminous 
defect accumulating regions (H) is 20 um to 2000 um. Pitches 
longer than 2000 um induce distortion of facets and crystal 
defects. 
0071 Low dislocation single crystal regions (Z) are made 
by the fundamental process of making a mask having stripes 
on an undersubstrate, growing Voluminous defect accumulat 
ing regions (H) on the stripes, and growing low dislocation 
single crystal regions (Z) on unmasked parts. 
0072 The seed mask is composed of a plurality of parallel 
linear stripes deposited upon an undersubstrate. 
0073. The seed mask induces different behavior of grow 
ing an Al, In, GaN crystal. Steeper facets grow on 
unmasked undersubstrate, leading Al, In, GaN crystals. 
Milder facets grow on mask seeds, leading Voluminous defect 
accumulating regions (H). 
0074 Candidates for a material of the seed mask are 
described. The mask can be made of silicon dioxide (SiO) or 
silicon nitride (SiN). Otherwise, the mask is made of plati 
num (Pt) or tungsten (W). 
0075 Alternatively, the mask is made of polycrystalline 
aluminum nitride (AIN) or polycrystalline gallium nitride 
(Al, In, Ga1-N). 
0076 Further, the mask can be made of SiO, covered with 
polycrystalline Al, In, GaN on the surface. All of the 
masks are useful for making Voluminous defect accumulating 
regions (H). 
0077. There are variations of methods of making the 
masks. One method is to make a mask by piling an Al, In, Ga. 
a- Nepi-layer on an underSubstrate, depositing a mask layer 
on the Al, In, Ga-Nepi-layer, patterning the mask layer 
into a suitable mask shape at positions predetermined for 
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producing Voluminous defect accumulating regions (H) by 
photolithography, and growing Al, In, GaN on the masked 
Al, In, Ga-Nepi-layer. 
0078. Another method is to make a mask by directly 
depositing a mask layer on an undersubstrate, patterning the 
mask layer into a Suitable mask shape at positions predeter 
mined for producing Voluminous defect accumulating 
regions (H) by photolithography, and growing Al, In, Ga-N 
on the masked Al, In, Ga-Nepi-layer. In the latter case, 
there are two versions for the Al, In, GaN growth. One 
version is to grow a buffer layer at a lower temperature on the 
masked undersubstrate and to grow a thick Al, In, Ga-N 
layer at a higher temperature on the buffer layer. The other is 
to grow a thick Al, In, GaN layer at a higher temperature 
directly on the masked undersubstrate. 
0079. In addition to the stripe mask as a seed for generat 
ing a Voluminous defect accumulating region (H), an ELO 
(epitaxial lateral overgrowth) mask can be made on an under 
substrate at the same time. An Al, In, GaN crystal is grown 
on an undersubstrate covered with both the ELO mask and the 
stripe seed mask. The co-operation of the ELO mask and the 
stripe seed mask can be also applied to the aforementioned 
processes. 
0080 Seed masks of the present invention should have 
parameters within favorable ranges. The optimum ranges of 
the width h of the linear voluminous defect accumulating 
region (H) are 10 Lum to 250 um. 
0081 Mask stripes align in parallel with each other with 
an equal pitch. Pitches are 20 um to 2000 um. 
I0082) An Al, In, GaN crystal substrate is made from a 
grown Al, In, GaN crystal by the following processes. An 
Al, In, GaN crystal grows with many parallel linear Volu 
minous defect accumulating regions (H), linear low disloca 
tion single crystal regions (Z) and linear C-plane growth 
regions (Y). Dislocations in the low dislocation single crystal 
regions (Z) and the C-plane growth regions (Y) are reduced 
by making the best use of the Voluminous defect accumulat 
ing regions (H) as dislocation annihilation/accumulation 
places. An as-grown Al, In, GaN crystal substrate with 
low dislocation density single crystal regions (Z) and the 
C-plane growth regions (Y) is obtained. The as-grown Al 
In GaN substrate is treated by mechanical processing 
(slicing, lapping or grinding). The Al, In, Ga-N substrate is 
finished by polishing into an Al, In, GaN mirror wafer 
with a smooth flat surface. 
0083. The present invention makes a flat, smooth Al 
In GaN substrate by forming parallel facet-building val 
leys on a growing Al, In, GaN crystal, yielding volumi 
nous defect accumulating regions (H) at the valleys, 
absorbing dislocations in Surrounding low dislocation single 
crystal regions (Z) and C-plane growth regions (Y), annihi 
lating and accumulating the dislocations in the Voluminous 
defect accumulating regions (H), processing an as-grown 
Al, In, GaN crystal by mechanical processing, and polish 
ing surfaces of the Al, In, GaN crystal. 
0084. The mechanical processing includes at least one of 
slicing, grinding, or lapping processing. 
I0085. The undersubstrate is an Al, In, Ga-N, sapphire, 
SiC, spinel, GaAs or Si substrate. 
I0086) An Al, In, GaN crystal substrate of the present 
invention has a surface including linearlow dislocation single 
crystal regions (Z) with interfaces (K) on both side and par 
allel linear Voluminous defect accumulating regions (H) in 
contact with the low dislocation single crystal regions (Z) via 
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the interface (K). This means that the Al, In, GaN crystal 
substrate has a surface having an “HKZKH' structure. Since 
the interfaces intervene between (H) and (Z), the symbol (K) 
will be omitted in symbolized expression of structures. The 
surface of the Al, In, GaN is denoted simply by a single 
“HZH" structure. Al, In, GaN is defined by the attribute of 
a Surface. 

I0087. An Al, In, GaN crystal substrate of the present 
invention has a Surface including a plurality of regular, peri 
odical repetitions of parallel linear low dislocation single 
crystal regions (Z) with interfaces on both side and parallel 
linear Voluminous defect accumulating regions (H) in contact 
with the low dislocation single crystal regions (Z) via the 
interfaces. This means an Al, In, GaN crystal substrate of 
a surface having an indefinite number of an “HZHZHZe” 
structure. The structure can be abbreviated to a -(HZ)"-struc 
ture. Al, In, GaN is defined by an attribute of a surface. 
10088. An Al, In, GaN crystal substrate of the present 
invention includes planar low dislocation single crystal 
regions (Z) extending also in a thickness direction with planar 
interfaces (K) on both side and parallel planar Voluminous 
defect accumulating regions (H) in contact with the planar 
low dislocation single crystal regions (Z) via the planar inter 
faces (K). This means that the Al, In, GaN crystal sub 
strate has a voluminous HZH structure in three dimensions. 

Al, In, GaN is defined by the attribute of a voluminous 
Structure. 

I0089. An Al, In, GaN crystal substrate of the present 
invention includes a plurality of regular, periodical repeti 
tions of planar parallel low dislocation single crystal regions 
(Z) with planar interfaces on both side and parallel planar 
Voluminous defect accumulating regions (H) in contact with 
the low dislocation single crystal regions (Z) via the inter 
faces. This means that the Al, In, GaN crystal substrate 
has an indefinite number of a voluminous “HZHZHZ 90' 
structure. The structure can be abbreviated to a -(HZ)"-struc 
ture. Al, In, GaN is defined by the attribute of a volumi 
nous Structure. 

I0090. An Al, In, GaN crystal substrate of the present 
invention has a Surface including linear C-plane growth 
regions (Y) of high resistivity, two linear low dislocation 
single crystal regions (Z) Sandwiching the C-plane growth 
regions (Y) and parallel linear Voluminous defect accumulat 
ing regions (H) in contact with the low dislocation single 
crystal regions (Z). Electric resistivity of the low dislocation 
single crystal regions (Z) is lower than that of the C-plane 
growth regions (Y). This means that the Al, In, GaN crys 
tal substrate has a surface having an “HZYZH' structure. 
Al, In, GaN is defined by the attribute of a surface. 
0091 Polarity inversion of the voluminous defect accu 
mulating regions (H) enables the Voluminous defect accumu 
lating regions (H) to control the shape of facets. The reason is 
that the polarity inversion delays the growing speed of the 
Voluminous defect accumulating regions (H). 
0092. An Al, In, GaN crystal substrate of the present 
invention has a Surface including a plurality of regular, peri 
odical repetitions of a linear C-plane growth region (Y) of 
high resistivity, two linear low dislocation single crystal 
regions (Z) Sandwiching the C-plane growth region (Y) and 
parallel linear Voluminous defect accumulating regions (H) in 
contact with the low dislocation single crystal regions (Z). 
Electric resistivity of the low dislocation single crystal 
regions (Z) is lower than that of the C-plane growth regions 
(Y). This means that the Al, In, GaN crystal substrate has 
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a surface having a “coeHZYZHZYZHZYZoo” structure. The 
surface of the Al, In, GaN is denoted simply by an indefi 
nite number of “HZYZHZ’’ structure. The abbreviated 

expression is -(HZYZ)"-. Al, In, GaN is defined by the 
attribute of a surface. 

0093. The C-plane growth regions (Y), which accompany 
flat tops, have electric resistance higher than the other parts 
(Z) growing with {11-22 planes. The variance originates 
from the difference of doping rates through different index 
planes. The C-plane is plagued by a poor doping rate. The 
facets are rich in the ability of absorbing dopants. The facet 
guided low dislocation single crystal regions (Z) are endowed 
with high conductivity. 
0094. The low dislocation single crystal regions (Z) and 
the C-plane growth regions (Y), which have the same orien 
tation, have different conductivities resulting from the grow 
ing plane difference. 
(0095) An Al, In, GaN crystal substrate of the present 
invention includes a planar C-plane growth region (Y) of high 
resistivity, two parallel planar low dislocation single crystal 
regions (Z) Sandwiching the C-plane growth region (Y) and 
parallel planar Voluminous defect accumulating regions (H) 
in contact with the low dislocation single crystal regions (Z). 
Electric resistivity of the low dislocation single crystal 
regions (Z) is lower than that of the C-plane growth regions 
(Y). This means that the Al, In, GaN crystal substrate has 
a voluminous HKZYZKH structure. The surface of the Al 
In GaN is denoted simply by a single “HZYZH" struc 
ture by omitting K. Al, In, GaN is defined by the attribute 
of a Voluminous structure. 

I0096. An Al, In, GaN crystal substrate of the present 
invention includes a plurality of regular, periodical repeti 
tions of a planar C-plane growth region (Y) of high resistivity, 
two parallel planar low dislocation single crystal regions (Z) 
sandwiching the C-plane growth region (Y) and parallel pla 
nar Voluminous defect accumulating regions (H) in contact 
with the low dislocation single crystal regions (Z). This 
means that the Al, In, GaN crystal substrate has a 
80HKZYZKHKZYZKHKZYZKHoee Structure. The Surface 

of Al, In, GaN is denoted simply by an indefinite number 
of “HZYZHZe” structure by omitting K. The abbreviated 
expression is -(HZYZ)-. All In, GaN is defined by the 
attribute of a voluminous structure. 

I0097. In the Al, In, Ga-N substrate of the present inven 
tion, the Voluminous defect accumulating regions (H) and the 
low dislocation single crystal regions (Z) penetrate the Sub 
strate from the surface to the bottom. 

(0098. The Al, In, GaN having the intermittent, discon 
tinuous defect accumulating regions (H), which enjoys low 
dislocation density of the low dislocation single crystal 
regions (Z), is included within the Scope of the present inven 
tion. 

0099 Variations and attributes of the voluminous defect 
accumulating regions (H) are described. A Voluminous defect 
accumulating region (H) is a polycrystal. A crystal boundary 
(K) as an interface intervenes between the polycrystalline 
Voluminous defect accumulating region (H) and the Sur 
rounding low dislocation single crystal region (Z). 
0100. In many cases, however, a voluminous defect accu 
mulating region (H) is a single crystal enclosed by planar 
defects as an interface (K). The planar defect intervenes 
between the single crystal Voluminous defect accumulating 
regions (H) and the low dislocation single crystal region (Z). 
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0101. A voluminous defect accumulating region (H) is a 
single crystal including threading dislocation bundles. 
0102) A voluminous defect accumulating region (H) is a 
single crystal including threading dislocations and planar 
defects. 
0103) A voluminous defect accumulating region (H) is a 
single crystal having an orientation slightly slanting to the 
orientation of the Surrounding low dislocation single crystal 
regions (Z). 
0104. A voluminous defect accumulating region (H) is a 
single crystal having threading dislocations and planar 
defects and being shielded by the planar defects as an inter 
face from the Surrounding low dislocation single crystal 
regions (Z). 
0105. A voluminous defect accumulating region (H) is a 
single crystal having planar defects extending in the length 
direction and being shielded by the planar defects as an inter 
face from the Surrounding low dislocation single crystal 
regions (Z). 
(0.106) An Al, In, GaN substrate has a surface of a 
(0001) plane (C-plane). 
0107. A voluminous defect accumulating region (H) is a 
single crystal having a c-axis antiparallel (inverse) to the 
c-axis of the Surrounding low dislocation single crystal 
regions (Z). Namely, the Voluminous defect accumulating 
regions (H) have an inverse polarity to the Surrounding 
regions (Y) and (Z). 
0108) A voluminous defect accumulating region (H) is a 
single crystal having a c-axis antiparallel (inverse) to the 
c-axis of the Surrounding low dislocation single crystal 
regions (Z) and being shielded by planar defects from the low 
dislocation single crystal regions (Z). 
0109) A voluminous defect accumulating region (H) is a 
single crystal including threading dislocations in an inner 
core (S) and having a c-axis antiparallel (inverse) to the c-axis 
of the Surrounding low dislocation single crystal regions (Z). 
0110. A voluminous defect accumulating region (H) is a 
single crystal including threading dislocations in an inner 
core (S) and having a c-axis antiparallel (inverse) to the c-axis 
of the Surrounding low dislocation single crystal regions (Z). 
0111 A voluminous defect accumulating region (H) is a 
single crystal having a c-axis slightly slanting to a direction 
antiparallel (inverse) to the c-axis of the Surrounding low 
dislocation single crystal regions (Z). 
0112 A Voluminous defect accumulating region (H) is a 
single crystal including threading dislocations and planar 
defects, having a c-axis antiparallel (inverse) to the c-axis of 
the Surrounding low dislocation single crystal regions (Z) and 
being shielded by the planar defects as an interface from the 
low dislocation single crystal regions (Z). 
0113. A voluminous defect accumulating region (H) is a 
single crystal including planar defects extending in the length 
direction, having a c-axis antiparallel (inverse) to the c-axis of 
the Surrounding low dislocation single crystal regions (Z) and 
being shielded by the planar defects as an interface from the 
low dislocation single crystal regions (Z). 
0114. A Voluminous defect accumulating region (H) is a 
single crystal having a c-axis antiparallel (inverse) to the 
c-axis of the Surrounding low dislocation single crystal 
regions (Z). The Surrounding low dislocations regions (Z) and 
(Y) have surfaces of a (0001) Gaplane. But, the voluminous 
defect accumulating regions (H) have surfaces of a (000-1)N 
plane. 
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0115. An extending direction of superficial parallel low 
dislocation single crystal regions (Z) and Superficial parallel 
Voluminous defect accumulating regions (H) appearing on an 
Al, In, GaN crystal is either a <1-100> direction or a <11 
20> direction. 
0116 Planar low dislocation single crystal regions (Z) and 
planar Voluminous defect accumulating regions (H) are par 
allel to both a <1-100> direction and a <0001 a direction. 
0117 Planar low dislocation single crystal regions (Z) and 
planar Voluminous defect accumulating regions (H) are par 
allel to both a <11-20> direction and a <0001 a direction. 
0118. The low dislocation single crystal region (Z) has a 
range from 10 um to 2000 um. An annotation is required. 
When no C-plane growth region (Y) exists, the above width 
(10 um-2000 um) signifies just the width Z of the low dislo 
cation single crystal region (Z). But, when a C-plane (Y) 
intervenes between two neighboring low dislocation single 
crystal regions (Z), the above width (10 um-2000 um) means 
the sum (2Z+y) of widths of two low dislocation single crystal 
regions (Z) and a C-plane growth region (Y). 
0119 The width of a low dislocation single crystal region 
(Z) is preferable in the range from 100 um to 800 um. A 
similar annotation is required. When no C-plane growth 
region (Y) exists, the above width (100 um-800 m) signifies 
just the width Z of the low dislocation single crystal region 
(Z). But, when a C-plane (Y) intervenes between two neigh 
boring low dislocation single crystal regions (Z), the above 
width (100 um-800 um) means the sum (2Z+y) of widths of 
two low dislocation single crystal regions (Z) and a C-plane 
growth region (Y). 
0120. The width of a voluminous defect accumulating 
region (H) is in the range from 1 um to 200 um. 
0121 The width of a voluminous defect accumulating 
region (H) is 10 um to 80 Lum. 
0122) The average of dislocation density of low disloca 
tion single crystal regions (Z) is less than 5x10 cm’. 
(0123. The dislocation density is less than 3x107 cm at 
points distanced by 30 um from the voluminous defect accu 
mulating regions (H) within the low dislocation single crystal 
regions (Z). 
012.4 Dislocation density of low dislocation single crystal 
regions (Z) is highest in the vicinity of the interface and 
decreases as a function of the distance from the interface. 

I0125) A surface of an Al, In, Ga-N substrate has cavities 
formed at the Voluminous defect accumulating regions (H). 
0126 The depth of the cavities of the voluminous defect 
accumulating regions (H) is less than 1 Jum. 
0127. A voluminous defect accumulating region (H) is a 
single crystal having a c-axis antiparallel (inverse) to the 
c-axis of the Surrounding low dislocation single crystal 
regions (Z). The low dislocation single crystal regions (Z) and 
the C-plane growth regions (Y) have (000-1) planes ((000-1) 
N planes) and the Voluminous defect accumulating regions 
(H) have (0001) planes (0.001)Ga plane. 
I0128. A surface of an Al, In, GaN substrate has cavities 
formed at the low dislocation single crystal regions (Z). 
I0129. The Al, In, Ga-N substrate includes parallel pla 
nar Voluminous defect accumulating regions (H) periodically 
and regularly aligning with a pitch p and parallel single crys 
tal regions (Z or Z&Y) sandwiched by two neighboring volu 
minous defect accumulating regions (H). The parallel single 
crystal regions are either only low dislocation single crystal 
regions (Z) or a set ZYZ of two low dislocation single crystal 
regions (Z) and a C-plane growth region (Y). 
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0.130 Parallel planar voluminous defect accumulating 
regions (H) align at a constant pitch"p" on an Al, In, Ga-N 
crystal. The pitch p is allowable in the range from 20 um to 
2000 um. 
I0131 The pitch p of the voluminous defect accumulating 
regions (H) is preferable in the range from 100 um to 1200 
lm. 
(0132) The Al, In, GaN crystal substrate enables mak 
ers to produce on-Al, In, GaN Al, In, GaN laser 
diodes. 
0.133 Most frequently appearing facets on a surface of a 
facet-grown Al, In, GaN crystal are {11-22} planes and 
{1-1011 planes. The lengths of an a-axis and a c-axis are 
denoted by “a” and “c” respectively. A slanting angle 0 of a 
{11-22} plane to a C-plane is given by 0, tan'(3'a/2c). 
Another slanting angle 0, of a 1-101} plane to a C-plane is 
given by 0, tan(a/c). 
10134) An Al, In, GaN crystal has an a axis of a=0. 
31892 nm and a c-axis of c=0.51850 nm. A slanting angle 0. 
ofa {11-22} plane to a C-plane is 0–tan'(3'a/2c)=28.043 
degrees. 
I0135 A slanting angle 0, of a 1-101} plane to a C-plane 
is 0, tan(a/c)-31.594 degrees. 
0.136. When a <1-100> extending parallel stripe mask is 
formed upon an undersubstrate as shown in FIG. 9(a), the 
facet growth makes V-grooves composed of (11-22) facets 
and (-1-122) facets. A slanting angle of the facets to a C-axis 
is 28.043 degrees. 
I0137 The depth of a v-groove is denoted by “V”. The 
width of a Voluminous defect accumulating region (H) is 
designated by “h”. The width of a pair of (11-22) and (-1- 
122) facets is given by V cosec 0. A projection of the facets, 
which is equal to a width of a low dislocation single crystal 
region (Z), is given by Z=V cot (0. 
0.138 A pitch (spatial period) of periodically aligning 
Voluminous defect accumulating regions (H) or C-plane 
growth regions (Y) is denoted by “p'. The pitch (spatial 
period) is the Sum of a Voluminous defect accumulating 
region (H) width h, twice of a facet width. Z and a C-plane 
growth region (Y) widthy. 

0.139. A widths of the stripe mask rules the width h of the 
Voluminous defect accumulating regions (H). The pitch p of 
the stripe mask is predetermined. The width h and pitch p of 
the Voluminous defect accumulating regions (H) are pro 
grammable on the design of the stripe mask. The width h of 
the Voluminous defect accumulating region (H) is in the range 
from 1 um to 200 um. The pitch p of the stripe mask is 20 um 
to 2000 um. The total width (y+2Z) of the single crystal 
regions Z+Y is 10 um to 2000 um. 
0140. The stripe mask widths and the pitch p determine 
the width h of the Voluminous defect accumulating region 
(H). The repetition period of a “coeHZYZHZYZoo” structure 
is equal to the mask stripe pitch p. 
0.141. A small depth of the V-groove gives a definite width 
y to the C-plane growth region (Y). The deeper the V-groove 
is, the narrower the C-plane growth region (Y) becomes. 
When the depth V of the V-groove exceeds a critical depth V. 
the C-plane growth region (Y) vanishes. For V-V, yz0. For 
V>V, y=0. The critical depth V is given by the following, 
(In the Case of a <1-100> Extending V-Groove) 
0142 

Critical depth V-(p-h)tan 0/2=0.307(p-h) 
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(In the case of a <11-20> extending V-groove) 
Critical depth V.F(p-h)tan (0/2=0.266(p-h) 

0143. Since the pitch p and the stripe widths are predeter 
mined by the mask pattern, the depth V of the V-grooves 
determines the widthy of the C-plane growth region (Y). 
0144. If the facet growth maintained V-V, the facet 
growth would make a rack-shaped surface without a flat top 
(y=0). All the embodiments described hereafter have flattops 
and C-plane growth regions (Y) with a definite widthy. 
0145. In Sample A of Embodiment 1, s=50 um, h=40 um, 
p=400 um, y=30 um, and thickness T=1250 um. For the 
values, the depth V of the V-groove is V=100 um and the 
critical V-groove depth V is V=110 um. The width Z of the 
accompanying low dislocation single crystal region (Z) is 
Z=165um. 
I0146) Evenifa grown Al, In, GaN crystal has a depthT 
which is larger than the critical thickness V, the depth V does 
not exceed the critical depth V. 
0147 Another purpose of the present invention is to pro 
pose a low cost method of producing Al, In, GaN crystal 
substrates. Such a low cost method reduces the cost by mak 
ing a thick (tall) Al, In, GaN crystal ingot, slicing the thick 
ingot into a plurality of as-cut Al, In, GaN wafers, and 
mechanically processing the as-cut wafers into a plurality of 
Al, In, GaN mirror wafers. The single epitaxial growth for 
a plurality of Al, In, GaN wafers reduces the cost for one 
wafer. Another low cost method obtains a plurality of Al 
In GaN mirror wafers by forming a striped mask on a 
foreign material undersubstrate, growing an Al, In, Ga-N 
crystal upon the masked foreign material undersubstrate, 
forming linearly extending ribbon-shaped slanting facets, 
making facet hills and facet valleys which coincide with the 
stripes, producing Voluminous defect accumulating regions 
(H) under the valleys of facets above the stripes, yielding low 
dislocation single crystal regions (Z) under the facets, making 
C-plane growth regions (Y) at flat tops between neighboring 
reciprocal facets, maintaining the facets, the Voluminous 
defect accumulating regions (H), the low dislocation single 
crystal regions (Z) and the C-plane growth regions (Y), 
attracting dislocations from the low dislocation single crystal 
regions (Z) and the C-plane growth regions (Y) into the Volu 
minous defect accumulating regions (H), reducing disloca 
tions in the low dislocation single crystal regions (Z) and the 
C-plane growth regions (Y), making a thick tall Al, In, Ga. 
N crystal ingot, slicing the tall Al, In, GaN crystal into a 
plurality of as-cut wafers, and polishing the as-cut wafers into 
Al, In, GaN mirror wafers. 
10148. An Al, In, GaN crystal substrate, which was 
made by the present invention, can be a promising candidate 
of a seed undersubstrate without stripe mask for growing an 
Al, In, GaN crystal. Namely, the present invention is uti 
lized twice. The Al, In, GaN substrate made by the present 
invention has an inherent structure HZHZHZ or 
•eeHZYZHZYZHZYZee. It was discovered that the repeti 
tions of the fundamental components play the same role as 
striped masks. The Al, In, Ga-Nsubstrate dispenses with a 
stripe mask. When an Al, In, Ga-N film crystal is grown 
upon a seed Al, In, Ga-N substrate made by the present 
invention on a facet growth condition, the Al, In, GaN film 
transcribes the Voluminous defect accumulating regions (H) 
exactly. Voluminous defect accumulating regions (H) grow 
just upon the inherent Voluminous defect accumulating 
regions (H) of the substrate Al, In, GaN. Either low dislo 
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cation single crystal regions (Z) or C-plane growth regions 
(Y) grow on either the inherent low dislocation single crystal 
regions (Z) or the inherent C-plane growth regions (Y) of the 
substrate Al, In, GaN. A child linear Voluminous defect 
accumulating region (H) precisely Succeeds a parent linear 
Voluminous defect accumulating region (H) with the same 
width and the same direction as the parent (H). A film H 
transcribes a substrate H. His a heritable feature. The prop 
erty of a growing Voluminous defect accumulating region (H) 
Succeeding a substrate Voluminous defect accumulating 
region (H) is called “H-H succession.” The H-H succession is 
perfect. Positions and sizes of the C-plane growth regions (Y) 
do not always coincide with parent inherent C-plane growth 
regions (Y) of the substrate Al, In, GaN. The sum of grow 
ing Z and Y, however, coincides with the sum of substrates Z 
and Y Z-Z succession is not perfect. Y-Y succession is not 
perfect. But, (Y--Z)-(Y+Z) succession is perfect. The volu 
minous defect accumulating region (H) has a different orien 
tation (in the case of single crystal) or a different property (in 
the case of polycrystal) from Surrounding single crystal parts. 
And the Voluminous defect accumulating region (H) is encap 
sulated by an interface (K). Clear distinctions enable a film 
Voluminous defect accumulating region (H) to Succeed a Sub 
strate Voluminous defect accumulating region (H). But, there 
is a poor distinction between a low dislocation single crystal 
region (Z) and a C-plane growth region (Y). Both Zand Y are 
single crystals having the same orientation. Crystallographi 
cally speaking, Z and Y are identical. Only dopant concen 
trations are different. The low dislocation single crystal 
regions (Z) are rich in an n-type dopant, which gives higher 
electric conductivity to Z. The C-plane growth regions (Y) are 
poor in the n-type dopant, which gives lower electric conduc 
tivity to Y. An Al, In, GaN substrate made by the present 
invention has inherently two roles as an underSubstrate and as 
a stripe mask. The Al, In, Ga-N substrate can be an under 
substrate for growing a child Al, In, GaN crystal in accor 
dance with the teaching of the present invention. 
I0149 Another low cost method obtains a plurality of Al 
In GaN mirror wafers by preparing a maskless Al 
In GaN mirror polished wafer made by the present inven 
tion as an undersubstrate, growing an Al, In, GaN crystal 
upon the maskless Al, In, GaN undersubstrate, forming 
linearly extending ribbon-shaped slanting facets, making 
facet hills and facet valleys which coincide with the inherent 
Voluminous defect accumulating regions (H) of the parent 
Al, In, GaN undersubstrate, producing voluminous defect 
accumulating regions (H) under the valleys of facets above 
the parent Voluminous defect accumulating regions (H), 
yielding low dislocation single crystal regions (Z) under the 
facets, making C-plane growth regions (Y) at flat tops 
between neighboring reciprocal facets, maintaining the fac 
ets, the Voluminous defect accumulating regions (H), the low 
dislocation single crystal regions (Z) and the C-plane growth 
regions (Y), attracting dislocations from the low dislocation 
single crystal regions (Z) and the C-plane growth regions (Y) 
into the Voluminous defect accumulating regions (H), reduc 
ing dislocations in the low dislocation single crystal regions 
(Z) and the C-plane growth regions (Y), making a thick tall 
Al, In, GaN crystal ingot, slicing the tall Al, In, Ga-N 
crystal into a plurality of as-cut wafers, and polishing the 
as-cut wafers into Al, In, GaN mirror wafers. 
0150. Another low cost method obtains a plurality of Al 
In GaN mirror wafers by preparing a maskless Al 
In GaN mirror polished wafer made by the present inven 
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tion, growing an Al, In, GaN crystal upon the maskless 
Al, In, GaN undersubstrate, forming linearly extending 
ribbon-shaped slanting facets, making facet hills and facet 
valleys which coincide with the inherent voluminous defect 
accumulating regions (H) of the parent Al, In, GaN under 
Substrate, forming less inclining shallow facets just on the 
Valleys, producing Voluminous defect accumulating regions 
(H) under the valley shallow facets above the parent volumi 
nous defect accumulating regions (H), yielding low disloca 
tion single crystal regions (Z) and C-plane growth regions (Y) 
upon the parent inherent low dislocation single crystal 
regions (Z) and the C-plane growth regions (Y), maintaining 
the facets, the Voluminous defect accumulating regions (H), 
the low dislocation single crystal regions (Z) and the C-plane 
growth regions (Y), attracting dislocations from the low dis 
location single crystal regions (Z) and the C-plane growth 
regions (Y) into the Voluminous defect accumulating regions 
(H), reducing dislocations in the low dislocation single crys 
tal regions (Z) and the C-plane growth regions (Y), making a 
thick tall Al, In, GaN crystal ingot, slicing the tall Al 
In GaN crystal into a plurality of as-cut wafers, and pol 
ishing the as-cut wafers into Al, In, GaN mirror wafers. 
Further, it is possible to grow an Al, In, GaN ingot by 
using one of the Al, In, GaN substrates as a seed crystal 
which have been sliced from the Al, In, GaN ingot made 
by the method described above. It enables makers to produce 
low cost Al, In, GaN substrates. 

Embodiment 1 

(AlosGaN (x=0.8, y=0): Sapphire Undersubstrate; 
FIG. 10) 

0151 FIG. 10 shows the steps of Embodiment 1 for mak 
ing an AlsCiao N mixture crystal substrate of the present 
invention. A sapphire single crystal is employed as an under 
substrate of a C-plane top surface. FIG. 10(1) denotes a 
C-plane Surface Sapphire underSubstrate 41. Sapphire 
belongs to trigonal symmetry system without three-fold rota 
tion symmetry. AlosGao N belongs to hexagonal symmetry 
system. 
0152. A 2 um thick AlosGao Nepi-layer 42 is grown on 
the sapphire undersubstrate 41 heteroepitaxially by an 
MOCVD method. FIG. 10(2) shows the AlosGao N epi 
layer 42 covering the sapphire undersubstrate 41. The top of 
the AlosGao Nepi-layer 42 is a C-plane (0001). 
0153. A 100 nm SiO film is deposited uniformly upon the 
AlsCiao N epi-layer 42. Parts of the SiO film are etched 
away except parallel stripes 43 by photolithography. A set of 
the parallel SiO, stripes 43 is called a stripe mask. An indi 
vidual masked part is called a “stripe 43. FIG. 10(3) shows a 
section of a mask patterned AlosGao Nepi-layer upon sap 
phire. The SiO, stripe 43 has a widths. The stripes 43 align in 
parallel at a definite pitch p. Parts of the AlosGao N epi 
layers between the neighboring stripes 43 are exposed. An 
exposed part 48 has a width t. The sum of the exposed part 
width t and the stripe width s is the pitch p (period). Five 
different patterns A, B, C, D and E of masks with different 
widths and pitches are prepared for comparing functions of 
the masks. Stripe directions are parallel to an AlsCiao N 
<1-100> direction in Patterns A, B, C and D. Namely, the 
stripes are parallel to a 11-20} plane (A-plane) in Patterns A 
to D. Pattern E has a unique stripe direction parallel to a 
<11-20> direction which is parallel to a 1-100 plane 
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(M-plane). As mentioned before, the stripe widths and the 
exposure width t satisfy an equation of p=s+t. 
Pattern A; Stripe width s=50 um, pitch p=400 um, exposure 
width t—350 um 
Pattern B; stripe width s=200 um, pitch p=400 um, exposure 
width t 200 um 
Pattern C: stripe width s=2 um, pitch p=20 Lum, exposure 
width t—18 um 
Pattern D; stripe widths=300 um, pitchp=2000 um, exposure 
width t—1700 um 
Pattern E: stripe width s=50 um, pitch p=400 um, exposure 
width t—350 um 
0154 Undersubstrates having Patterns A, B, C, D and E 
are called Undersubstrates A, B, C, D and E. Crystals grown 
upon Undersubstrates A, B, C, D and E are called Samples A. 
B, C, D and E. 

(1) Growth of Sample A and Sample B 
(O155 AlsCiao N mixture crystals are grown on Under 
substrate A of Pattern A and on Undersubstrate B of Pattern B 
by an HVPE method in an HVPE apparatus. The HVPE 
apparatus has a vertically long hot wall furnace, H. , HCl— 
and AlCl gas inlets at the top of the furnace, a Ga boat 
containing Ga metal at a higher spot, a susceptor for Support 
ing a Substrate at a lower spot, and a heater for heating the 
susceptor and the Ga boat. Undersubstrate A and Undersub 
strate B of the A- and B-patterned sapphire undersubstrates 
are laid upon the susceptor. AlsCiao N crystals are grown on 
Samples A and B on the same condition. 
0156 The Ga boat is supplied with hydrogen gas (H) and 
hydrochloric acid gas (HCl) from outer gas cylinders via the 
gas inlets at the top of the furnace. Hydrogen gas is a carrier 
gas. The susceptor is supplied with hydrogen gas (H) and 
ammonia gas (NH) via other gas inlets on the top. 
0157 Maintaining the furnace at atmospheric pressure, 
Embodiment 1 (Samples A and B) heats the Ga boat at a 
temperature higher than 800° C. and heats the A- and B-pat 
terned sapphire undersubstrates at 1050° C. Reaction of Ga 
with HCl synthesizes gallium chloride GaCl once at an upper 
portion in the vicinity of the Ga boat in the furnace. GaCl 
vapor falling toward the susceptor reacts with the introduced 
AlCls gas and ammonia gas (NH). Aluminum gallium 
nitride (AlosGaN) is piled upon the exposures 48 and mask 
stripes 43 of Samples A and B on the susceptor. 
Conditions of epitaxial growth of AlosGaN are: 

1030° C. 
0.3 atm (30 kPa) 
0.01 atm (1 kPa) 
0.04 atm (4 kPa) 
20 hours 
1200 m 

Growth temperature 
NH partial pressure 
HCl partial pressure 
AlCls partial pressure 
Growth time 
Thickness 

0158. The above HVPE process produces 1200 um thick 
AlosGao N epi-layers on UnderSubstrates A and B having 
Patterns A and B. FIG. 10(4) shows a sectional view of the 
AlosGao N-grown Samples. AlosGao.2N crystals grown on 
the Undersubstrates A and B are named Samples A and B. 

ISEM, TEM and CL Observation of Sample A 
0159. A surface of Sample A is observed by a microscope. 
Sample A has a rack-shaped surface composed of many par 
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allel V-grooves 44 (hills/valleys) aligning with a definite 
pitch. Each V-groove 44 is built by a pair of inner slanting 
facets 46 and 46. Namely, the surface looks like an assembly 
oflying triangle prisms on animage in the microscope. Some 
times, there are flat tops 47 between neighboring V-grooves 
44. The flattops 47 are parallel to a C-plane. The flattops and 
regions just under the flat tops are called now "C-plane 
growth regions”. Valleys (bottom lines) 49 of the V-grooves 
44 coincide in the vertical direction with the stripes 43 of the 
mask initially formed. The positions of the valleys (bottom 
lines) 49 are exactly predetermined by the positions of the 
stripes 43 of the initially made mask. Facets 46 and C-plane 
growth regions 47 are made upon the exposure 48 on the 
AlosGao N epi-layer 42. The mask rules the positions and 
sizes of the valleys 49 of the V-grooves 44. 
0160 The V-grooves 44 of Sample Aalign in parallel with 
each other with a definite pitch of 400 um. The 400 um groove 
pitch is equal to the stripe mask pitch p-400 um. The rack 
shaped surface is controlled by the initially prepared mask. A 
valley lies just above a stripe. Valleys and stripes have one 
to-one correspondence. The Surface is constructed by repeti 
tions of 400 um pitch wide hills and valleys. Many of the 
facets building the V-grooves 44 are {11-22 plane facets. 
Since the stripes have been prepared in parallel to a <1-100> 
direction which is parallel with a 11-20} plane, the facets are 
yielded in parallel to the extension of the stripes. 
0161 Sometimes the neighboring facets 46 and 46 have an 
intermediate flat top 47. The flat top is parallel to a C-plane 
(0001) and a mirror flat plane. The width of the C-plane 
growth region is about 30 Jum. Shallower (less inclining) 
facets exist at valleys of the V-grooves, following lower ends 
of the facet 46. A V-groove has two step facets of a pair of 
steeper facets and a pair of milder facets. Sample A is cleaved 
in cleavage plane (1-100. Cleaved sections are observed by 
a scanning electron microscope (SEM), cathode lumines 
cence (CL) and fluorescence microscope. 
0162 The observation reveals special regions 45 which 
extend in a c-axis direction and have a definite thickness at 
valleys 49 of the V-grooves 44. The valley-dangling, c-ex 
tending regions 45 are discernible from other regions. The 
c-axis extending region 45 has a width of about 40 um in 
Sample A. The CL image gives the valley-dangling regions 
darker contrast and other regions brighter contrast. The valley 
dangling regions 45 are clearly discernible in the CL picture. 
Cleaving Sample A at various spots reveals a fact that the 
c-axis extending, Valley-dangling region 45 has a three-di 
mensional Volume with a definite thickness. Thus, the region 
45 is a planar region extending both in the thickness direction 
and in the mask stripe direction. The planar regions 45 align 
in parallel with a definite pitch. 
0163 Sample A is further examined by the CL and the 
TEM (transmission electron microscope) for clarifying the 
Valley-hanging regions. Behavior of dislocations of the val 
ley-hanging region turns out to be entirely different from 
other regions. Dark interfaces 50 intervene between the val 
ley-hanging regions 45 and the other regions. The valley 
dangling region 45 enclosed by the interfaces 50 contains a 
high density of dislocations of 10 cm to 10 cm'. Thus, the 
Valley-dangling region 45 is a concentrated assembly of dis 
locations. The CL observation teaches us that the interfaces 
50 are also assemblies of dislocations. The interfaces 50 are 
Somewhere planar dislocation assemblies and elsewhere lin 
ear assemblies. No difference of crystal orientations is found 
between inner parts (valley-dangling region) of the interfaces 
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and outer parts of the interfaces. Namely, the valley-dangling 
region is a single crystal having the same orientation as the 
Surrounding single crystal regions in Sample A. The Valley 
dangling dislocation-rich region 45 is called a “voluminous 
defect accumulating region (H). 
0164. Outer regions (Z and Y) outside of the interfaces 50 
which appear as dark contrast in the CL picture have low 
dislocation density. The regions just below the facet are called 
“low dislocation single crystal regions (Z). Dislocation den 
sity shows conspicuous contrast between the inner part and 
the outer part of the interface 50. In the close vicinity of the 
interfaces, there are transient regions having a medium dis 
location density of 10 cm° to 107 cm°. The dislocation 
density falls rapidly in proportion to a distance from the 
interface in the low dislocation single crystal regions (Z). At 
a point distanced from the interface by 100 um, the disloca 
tion density reduces to 10 cm-10cm. Somepoints close 
to the interface have a similar low dislocation density of 10 
cm° to 10 cm'. Dislocation density falls outside of the 
interfaces 50 as a function of the distance from the valleys of 
the V-grooves. Electric conductivity is high in the low dislo 
cation single crystal regions (Z). 
0.165. In Sample A, the tops 47 of facets are flat surfaces 
which are parallel to a C-plane. The regions (Y) just below the 
C-plane have low dislocation density. The region is called a 
"C-plane growth region (Y). The C-plane growth region (Y) 
is a low dislocation density single crystal with high electric 
resistance. Three different regions are defined. The first is a 
Voluminous defect accumulating region (H) hanging from a 
valley of a V-groove. The second one is a low dislocation 
single crystal region (Z) following a facet and sandwiching 
the Voluminous defect accumulating region (H). The third one 
is C-plane growth region (Y) following a C-plane top. All the 
three regions are planar regions extending in parallel to the 
mask stripes. Thus, H, Y and Z are all parallel to the stripes. 
The structure is designated by repetitions of 
ooey ZHZYZHZYZHZYZHZYZHooe. It is briefly repre 
sented by -(HZYZ)-. 
0166 The low dislocation single crystal regions (Z) and 
C-plane growth regions (Y) contain a small number of dislo 
cations. Almost all of the dislocations extend in parallel to a 
C-plane in the Surrounding regions (Z) and (Y). The C-plane 
parallel extending dislocations run centripetally toward the 
Voluminous defect accumulating regions (H). The dislocation 
density in the Surrounding regions (Z) and (Y) is slightly high 
at an early stage of the growth. The dislocation density in (Z) 
and (Y) decreases with the progress of growth. It is confirmed 
that the Surrounding regions (Z) and (Y) are single crystals. 
0167. These results of this examination signify a disloca 
tion reduction function that the facet growth Sweeps disloca 
tions outside of the interfaces into the valleys of the V-grooves 
and the Swept dislocations are accumulated within the inter 
faces 50 and the inner Voluminous defect accumulating 
regions 45(H). Thus, the dislocation density is low in the low 
dislocation single crystal regions (Z) and the C-plane growth 
regions (Y) but the dislocation density is high in the volumi 
nous defect accumulating regions (H). 
0168 An inner part between two parallel neighboring 
interfaces is the Voluminous defect accumulating region 45 
(H) containing many dislocations. An outer part of two par 
allel neighboring interfaces is a single crystal with few dislo 
cations. The outer part consists of two discernible portions. 
One is apart transfixed by progressing facets 46 and is defined 
as a locus of facets. The part is a low dislocation single crystal 
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region (Z). The other is a part left untouched by the progress 
ing facets 46 but is a locus of a rising flat C-plane. The other 
is a C-plane growth region (Y). 
0169. The C-plane growth regions (Y) just under the flat 
tops (parallel to C-plane) are also ordered single crystals with 
dislocation density lower than the low dislocation single crys 
tal regions (Z). The C-plane growth region (Y) is not a part 
which facets have passed though. But, the C-plane growth 
regions (Y) are upgraded by the function of the Voluminous 
defect accumulating regions (H). Though almost all the Sur 
face of a growing AlosGaN crystal is covered with facets 
and V-grooves, some portions which are uncovered with the 
facets happen. The facet-uncovered regions are C-plane 
growth region (Y) following the flat tops of C-planes. It is 
confirmed that the C-plane growth regions (Y) are low dislo 
cation density single crystals. But, electric resistivity is high 
in the C-plane growth regions (Y). 
0170 Three regions H. Z and Y should be discriminated 
from each other. The low dislocation single crystal regions 
(Z) and the Voluminous defect accumulating regions (H) have 
final C-plane surfaces as a top, when AlsCiao N is mechani 
cally processed. Growing Surfaces of the Voluminous defect 
accumulating regions (H) and the low dislocation single crys 
tal regions (Z) are not a C-plane but a facet plane. The facets 
allow a dopant to invade into the growing AlosGao N crystal. 
The C-plane forbids the dopant from infiltrating into the 
AlosGaN crystal. The low dislocation single crystal 
regions (Z) and the Voluminous defect accumulating regions 
(H)are endowed with high electric conductivity. The C-plane 
growth regions (Y) have poor electric conduction. The low 
dislocation single crystal regions (Z) and the C-plane growth 
region (Y) are favored with low dislocation density in com 
O. 

0171 What is important is the relation between the volu 
minous defect accumulating regions (H) and the facets 
appearing in the V-groove. Prevalent (steeper) facets appear 
ing in the prism-shaped V-groove are {11-22 planes. The 
bottoms (valleys) have milder Slanting facets having a larger 
fourth index n. The milder facets lead and cover the Volumi 
nous defect accumulating regions (H). 
0172 Milder slanting (shallow) facets form the volumi 
nous defect accumulating regions (H) in Sample A. The Volu 
minous defect accumulating region (H) is formed by piling 
many milder facets. The Voluminous defect accumulating 
regions (H) are enclosed by the milder slanting facets 49 and 
side vertical interfaces 50 and 50 and are led by the milder 
facets growing in the vertical direction. 
0173 The tops of the milder slanting facets join the bot 
toms 49 of the steeper facets. The joint lines form a closed 
loop in the facets. The milderslanting facets meet at a definite 
obtuse angle at the lowest bottom 49, which has the maximum 
dislocation density in the Voluminous defect accumulating 
regions (H). 
0.174. The observation indicates that the steeper facets 
{11-22 gather dislocations into the valleys 44 and the volu 
minous defect accumulating regions (H) arrest the disloca 
tions with high density therein. 
0.175. The present invention reduces dislocations in the 
single crystal regions (Z) and (Y) Surrounding the Volumi 
nous defect accumulating region (H) by maintaining facets 46 
and facet valleys 44 on a growing Surface, making Volumi 
nous defect accumulating regions (H) following bottoms of 
the valleys 44 formed by the facets 46, attracting dislocations 
of peripheral regions into the Voluminous defect accumulat 
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ing regions (H), annihilating and accumulating the attracted 
dislocations in the Voluminous defect accumulating regions 
(H), and making the best use of the Voluminous defect accu 
mulating regions (H) as dislocation annihilating/accumulat 
ing regions. 

ISEM, TEM, and CL Observation of Sample B 

0176 Surfaces and cleavage planes of Sample B are 
observed by SEM (scanning electron microscope), TEM 
(transmission electron microscope) and CL (cathode lumi 
nescence). The results are similar to Sample A. 
(0177. What is different from Sample A is the widthhof the 
Voluminous defect accumulating region (H) at a valley of a 
V-groove. In Sample A, the closed defect accumulating 
region (H) has a narrow width of hi-40 um. In Sample B, the 
closed defect accumulating region (H) has a wide width of 
he 190 um. The widths of (H) correspond to the widths of the 
mask stripes (S-50 um, S, 200Lm). The fact implies that the 
stripe mask makes a striped Voluminous defect accumulating 
region (H) of a similar size. The positions and the sizes of 
Voluminous defect accumulating region (H) are predeter 
mined by the striped mask. Thus the sizes and positions of the 
Voluminous defect accumulating region (H) are program 
mable and controllable by the mask. 
0.178 The voluminous defect accumulating regions (H) of 
Sample A are homogeneous. The Voluminous defect accumu 
lating region (H) of Sample B is linear on the surface but 
inhomogeneous in inner parts. The surfaces of the Volumi 
nous defect accumulating regions (H) of Sample B have a 
plenty of shallow facets and polycrystalline hillocks beside 
the normal facets which form normal V-grooves. 
0179 The turbulent voluminous defect accumulating 
regions (H) of Sample A are scrutinized. It is found that there 
are single crystals in a closed defect accumulating region (H) 
whose orientations are slightly inclining to the orientation of 
the Surrounding single crystal regions (Z) and (Y). The com 
mon orientation of the low dislocation single crystal regions 
(Z) and the C-plane growth regions (Y) is named a “basic’ 
orientation. It is further found that there are several partial 
grains in the Voluminous defect accumulating region (H) 
having orientations different from the basic orientation. A 
further discovery is that the Voluminous defect accumulating 
regions (H) of Sample B include linear defects, planar defects 
and crystal grains slightly slanting to the basic orientation. 

Processing of Sample A and Sample B 

0180 AS-grown samples have rugged top surfaces and 
bottom undersubstrates. Bottoms of Samples A and B are 
ground for eliminating the underSubstrates. Top Surfaces are 
also ground for removing the facetted rugged Surfaces. Both 
Surfaces are polished into flat, Smooth surfaces. About 1 inch 
(p AlosGao N substrate wafers are obtained for Sample A and 
Sample B, as shown in FIG. 10(5). 
0181. The finished AlosGao N substrates are (0001) sur 
face (C-surface) wafers. The obtained AlosGao Nwafers are 
uniformly transparent for human eyesight. CL observation 
enables parts of the AlsCaoN wafers to clarify the differ 
ences of growth history as a difference of contrast. 
0182 CL examination by irradiating Samples A and B by 
a 360 nm wavelength light which is close to the bandgap of 
AlosGaoN shows a set of parallel linear Voluminous defect 
accumulating regions (H) regularly aligning with a pitch of 



US 2009/0071394 A1 

400 lum. The 400 um pitch of the voluminous defect accumu 
lating region (H) is exactly equal to the pitch of the stripe 
mask 43. 
0183 Voluminous defect accumulating regions (H) give 
dark contrast on the CL image in many cases. Some Volumi 
nous defect accumulating regions (H) exhibit bright contrast 
on the same CL image. Contrast of Voluminous defect accu 
mulating regions (H) depends upon positions in the AlosGao. 
2N crystal. 
0184) “Dark” or “bright” contrast appears only on the CL 
picture. AlosGao N is entirely uniform and transparent for 
eye sight. Differences of ZY and Hare not detected even with 
an optical microscope. The CL observation can discern Z. Y 
and H. 
0185. Low dislocation single crystal regions (Z) following 
the facets 44 appear as parallel bright contrast ribbons extend 
ing in a direction on the CL picture. Dark contrast strings are 
found just at the middles of the bright ribbons of the low 
dislocation single crystal regions (Z). The dark contrast 
strings are C-plane growth regions (Y). Parallel bright-dark 
bright ribbons turn out to be parallel “ZYZ’’ stripes. 
0186. In the CL picture, facet regions grown with 11-22} 
facets look bright. C-plane regions grown with (0001) planes 
(C-plane) look dark. For three CL-discernible regions, the CL 
gives different contrasts; 

voluminous defect accumulating regions (H) bright (partly dark) 
low dislocation single crystal regions (Z) bright 
C-plane growth regions (Y) dark. 

0187. The voluminous defect accumulating region (H) is a 
planar region having a definite thickness and extends in par 
allel with a c-axis direction and an LD stripe direction. The 
Voluminous defect accumulating regions (H) are vertical to a 
surface of the substrate and penetrate the substrate from the 
top to the bottom. 
0188 The voluminous defect accumulating regions (H), 
low dislocation single crystal regions (Z) and C-plane growth 
regions (Y) are all invisible to eye-sight but are discernible by 
the CL. 
(0189 A polished AlsCiao N crystal is a flat, smooth sub 
strate without facets as shown in FIG. 10(5). Dislocation 
density is measured on the sample Substrates. CL, etching and 
TEM can discern threading dislocations. The CL observation 
is most Suitable for examining dislocation density. 
0190. A threading dislocation looks like a dark dot in the 
CL picture. Samples A and B reveal highly concentrated 
dislocations in the Voluminous defect accumulating regions 
(H). Interfaces (K) enclosing the Voluminous defect accumu 
lating regions (H) appear as linear arrays of dislocations. 
0191 The interfaces (K) are three-dimensional planar 
defects. Dark contrast clearly discriminates the interface (K) 
50 from bright Zand bright H. The interface (K) is composed 
of planar defects or dislocation bundles. 
0.192 Sample A carrying a 50 um width mask reveals the 
occurrence of parallel striped Voluminous defect accumulat 
ing regions (H) having a 40 um width. Sample B with a 200 
um width mask reveals the occurrence of parallel striped 
Voluminous defect accumulating regions (H) having a 190um 
width. The initial mask stripe width rules the width of the 
voluminous defect accumulating regions (H). The width of H 
is equal to or slightly smaller than the width of Stripes. 
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0193 Sample A and Sample B reveal low dislocation den 
sity in the low dislocation single crystal regions (Z) and the 
C-plane growth regions (Y). Dislocations decrease in propor 
tion to a distance from the Voluminous defect accumulating 
region (H). Somewhere in the low dislocation single crystal 
regions (Z), dislocations decrease rapidly and discontinu 
ously just outside of the interfaces. The average of dislocation 
density is less than 5x10 cm in the low dislocation single 
crystal regions (Z) and the C-plane growth regions (Y) of 
Samples A and B. 
0194 In the low dislocation single crystal regions (Z) and 
the C-plane growth regions (Y), dislocations run centripetally 
toward the central Voluminous defect accumulating regions 
(H) in parallel to the C-plane in Samples A and B. Disloca 
tions are gathered, annihilated and accumulated in the Volu 
minous defect accumulating regions (H). The Voluminous 
defect accumulating regions (H) lower dislocation density in 
the other regions (Z) and (Y) by annihilating/accumulating 
dislocations. The AlosGaN Substrates of Samples A and B 
are mixture crystals with dislocations decreased by the action 
of the Voluminous defect accumulating regions (H). 
0.195 The AlosGao N substrates of Samples A and B are 
etched in a heated KOH (potassium hydroxide) solution. The 
KOH etchant has anisotropic etching rates. An A1Ga-plane 
((0001)AlGa) is difficult to etch. But, an N-plane ((000-1)N) 
is easy to etch. Anisotropy shows whether individual parts are 
an N-plane or an A1Ga-plane on an AlosGao N (0001) Sur 
face. 
(0196. The low dislocation single crystal regions (Z) and 
the C-plane growth regions (Y) are unetched. The volumi 
nous defect accumulating regions (H) are partly etched but 
partly unetched. 
0197) The etching test means that the voluminous defect 
accumulating regions (H) have (000-1)N planes as well as 
(0001)AlGaplane. The low dislocation single crystal regions 
(Z) and the C-plane growth regions (Y) have all (0001)AlGa 
planes. Namely, the Surrounding portions (Z) and (Y) are 
(0001) single crystals. 
0198 Some parts of the voluminous defect accumulating 
regions (H) are single crystals having the same polarity as (Z) 
and (Y). But, other parts of the voluminous defect accumu 
lating regions (H) are single crystals having a polarity reverse 
to the Surrounding regions (Z) and (Y). The reversed portion 
having (000-1)N-planes is deeply etched by KOH. 
0199 Sample A of a 50 um wide stripe mask and Sample 
B of a 200 um wide stripe mask reveal similar properties. 
Width h of the voluminous defect accumulating regions (H) is 
an exception. Sample A shows 40 um wide Voluminous defect 
accumulating regions (H) (h-40 um). Sample B shows 190 
um wide Voluminous defect accumulating regions (H) 
(h, 190 um). The result confirms that the widths h of the 
Voluminous defect accumulating regions (H) can be uniquely 
determined by the widths of mask stripes implanted on the 
undersubstrate. 
0200 Efficient exploitation of the substrate area requires 
narrower Voluminous defect accumulating regions (H), wider 
low dislocation single crystal regions (Z) and wider C-plane 
growth regions (Y). Excess large Voluminous defect accumu 
lating regions (H) are undesirable, because they have a ten 
dency of including abnormal intrinsic defects. The above two 
reasons favor narrower Voluminous defect accumulating 
regions (H). 
0201 The reduction of voluminous defect accumulating 
regions (H) requires the decrement of a stripe widths. Yield 
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ing facets requires a definite width S for mask Stripes. Too 
narrow stripes, however, can produce neither facets nor Volu 
minous defect accumulating regions (H). Without facets, nei 
ther Voluminous defect accumulating regions (H), nor low 
dislocation single crystal regions (Z) nor C-plane growth 
regions (Y) happen. A lower limit of the stripe width s is 
searched by following Sample C. 
Growth of Sample C (Stripe Width s=2 um, Pitch p=20 um) 
0202 Sample C starts from an undersubstrate of Pattern C 
having a set of parallel 2 um Stripes 43 aligning with a 20 um 
pitch (S-2 um, p 20 um). An AlsCiao N film is grown on the 
masked undersubstrate of Sample C by the same facet growth 
based on the HVPE method as Samples A and B. 
0203 The 2um stripes 43 of an SiO, mask are buried with 
AlsCiao N by the HVPE. Although facets occur on a grow 
ing Surface, Valleys of V-grooves happen accidentally and 
contingently here and there without definite relation with 
implanted mask stripes. The stripes cannot be seeds of valleys 
of V-grooves. Random distributing facets cover a surface of 
Sample C. The HVPE cannot control the positions of the 
valleys of V-grooves. The HVPE turns out to be inadequate 
for Pattern C which has a too narrow widths and a too narrow 
pitch p. 
0204 Then, instead of the HVPE, an AlosGaN crystal is 
grown by an MOCVD method at a low speed. Reduction of 
the growing speed aims at making parallel V-grooves having 
valleys at the stripe masks (SiO2) 43. 
0205 The MOCVD method employs metallorganic mate 

rials for Ga and Al sources, for example, trimethylgallium or 
triethylgallium (TMG, TEG) and trimethylaluminum or tri 
ethylaluminum (TMA, TEA) instead of metal gallium Ga and 
AlCl gas. Here, trimethylaluminum (TMA) and trimethyl 
gallium (TMG) are Supplied as Al and Ga Sources. Other gas 
Source materials are ammonia gas (NH gas: group 5 gas) and 
hydrogen gas (H2; carrier gas). 
0206. An AlsCiao N crystal is grown in a furnace of an 
MOCVD apparatus by laying Undersubstrate C on a suscep 
tor of the furnace, heating Undersubstrate Cup to 1030° C. 
and supplying material gases in volume ratios of TMG:TMA: 
NH=2:8:25000 to Undersubstrate C. The growing speed is 3 
um/h. The growth time is 30 hours. A90 umthick AlsCao N 
crystal having V-grooved facets is obtained. This is called 
Sample C. 
0207. In the growth, an AlosGaN crystal having parallel 
valleys 49 of V-grooves 44 just above the stripe masks 43 is 
made. Positions of the facet valleys 49 coincide with the 
positions of the striped masks 43. This means that the posi 
tions of the masks 43 enable the positions of the V-grooves to 
be controllable. Further, voluminous defect accumulating 
regions (H) are found to grow underbottoms 49 of V-grooves. 
0208 Undersubstrate C has a very small mask width of 
S-2 um. In accordance with the tiny mask width, parallel 
V-grooves produce thin Voluminous defect accumulating 
regions (H) having a 1 um width at bottoms. This fact means 
that the width of mask rules the width of voluminous defect 
accumulating region (H). 2 um is the lowest limit of mask 
width and 1 um is the least width of the voluminous defect 
accumulating region (H). Low dislocation density realized in 
the Surrounding single crystal regions (Z) and (Y) is con 
firmed by the TEM observation. Sample C features smallness 
of the Voluminous defect accumulating regions (H). It is 
confirmed that the MOCVD enables a narrow width stripe 
mask to make narrow parallel voluminous defect accumulat 
ing regions (H). The MOCVD of a low growing speed is 
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suitable for making the narrow width voluminous defect 
accumulating regions (H) instead of the HVPE of a high 
growing speed. 
Growth of Sample D (Stripe Width s–300 um, Pitch p=2000 
um) 
0209 Sample D grows an AlsCiao N crystal on Under 
substrate D with a stripe mask having many parallel 300 um 
wide stripes aligning in a vertical direction with a 2000 um 
pitch (Pattern D). Pattern D is an example of a large widths 
and a large pitch p (spatial period) for examining the upper 
limit of s and p. Sample D grows AlGao N by the HVPE 
method like Sample A and Sample B on the following con 
ditions. 

1050° C. 
0.3 atm (30 kPa) 
0.01 atm (1 kPa) 
0.04 atm (4 kPa) 
40 hours 
3500 m 

Growth temperature 
NH3 partial pressure 
HCl partial pressure 
AlCls partial pressure 
Growth time 
Thickness 

0210. The HVPE method produces a 3.5 mm thick Al 
sGao N crystal. Sample D shows a rack-shaped (V-grooved) 
Surface having parallel valleys and hills made by facets 
extending in parallel to mask Stripes. Plenty of parallel volu 
minous defect accumulating regions (H) accompany parallel 
valleys 49 of V-grooves 44 with the same pitch p=2000 um. 
Positions of the voluminous defect accumulating region (H) 
exactly coincide with the positions of initially-prepared 
stripes 43. This fact means that the stripes induce the volu 
minous defect accumulating regions (H) above them. 
0211 Some of the facets 46 building the V-grooves 44 
deform. Tiny pits and Small hillocks appear on Some of hills 
composed of facets aligning parallelly and regularly in accor 
dance with the mask stripes. 
0212 Parallel voluminous defect accumulating regions 
(H) occur with a period of 2000um which is equal to the pitch 
p=2000 um of the mask stripes. Hills and valleys maintain a 
regular rack-shape constructed by parallel lying prism-like 
columns. But, some parts are distorted. Some ends of 
V-grooves are defaced. Some facets have different index fac 
ets partially. The area of C-plane growth parts on the tops 
between neighboring V-grooves has fluctuation. 
0213. In spite of the irregularity of facets and V-grooves, 
Voluminous defect accumulating regions (H) lie at the prede 
termined lines just above the mask stripes. The width of the 
Voluminous defect accumulating region (H) is about 250 um. 
Sample D shows a tendency to decrease the width of the 
Voluminous defect accumulating region (H) in the proceeding 
of growth. 
0214. An excess large width h tends to incur abnormal 
shaped polycrystalline regions in the large Voluminous defect 
accumulating regions (H) in Sample D. The abnormal-shaped 
polycrystalline regions induce disorder of dislocations which 
overrun the Voluminous defect accumulating regions (H) into 
the Surrounding low dislocation single crystal regions (Z) and 
C-plane growth regions (Y). 
0215. The voluminous defect accumulating region (H), 
even if distorted, produces the low dislocation single crystal 
regions and C-plane growth regions on both sides. The aver 
age of dislocation density in the Surrounding low dislocation 
single crystal regions (Z) and C-plane growth regions (Y) is 
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less than 5x10 cm. The fact signifies that even deforming 
Voluminous defect accumulating region (H) has the function 
of dislocation reduction. 
0216. There are regions having bundles of dislocations 
outside of the Voluminous defect accumulating regions (H), 
where shapes of facets are seriously distorted. 
0217 Examinations of Samples A, B, C and D clarify the 
fact that the width h of the voluminous defect accumulating 
region (H) is in the range from 2 um to 200 um, the widths of 
the stripes of a mask is in the range from 2 um to 300 Lim, and 
the pitch p of the Voluminous defect accumulating region (H) 
is in the range from 20 um to 2000 um, for accomplishing the 
purposes of the present invention. 
Growth of Sample E (Stripe Direction <11-20>; Stripe 
Width s—50 um, Pitch p=400 um) 
0218 Sample E grows an AlsCao N crystal on Under 
substrate E which is covered with a mask of Pattern E having 
parallel <11-20> extending 50 um wide stripes aligning with 
a 400 umpitch. Mask pattern E is similar to Mask pattern A in 
a 50 Lim width and a 400 um pitch. But, Pattern E is different 
from Pattern A in extending directions. Pattern E has stripes 
extending in <11-20>. Stripes of Pattern A extend in <1-100>. 
Extension of the stripes of Undersubstrate E is parallel to 
cleavage planes 1-100. 
0219. Other conditions of Sample E except the stripe 
direction are similar to Sample A. An AlsCiao N crystal is 
grown on Undersubstrate E by the HVPE method on the 
following conditions. 

1030° C. 
0.3 atm (30 kPa) 
0.01 atm (1 kPa) 
0.04 atm (4 kPa) 
20 hours 
900 m 

Growth temperature 
NH partial pressure 
HCl partial pressure 
AlCls partial pressure 
Growth time 
Thickness 

0220 Growth on Pattern E is slow. Twenty hours of 
growth brings about 900 um thick AlosGaN film. Unifica 
tion of stripe-shaped crystals is difficult on Pattern E. Thus, 
the growing speed is low. A 900 Lim AlosGaN crystal is 
obtained for Sample E on Pattern E by the twenty hour 
growth. 
0221) Somewhere no unification of crystals occurs in 
Sample E and deep gaps separate neighboring grains. Thick 
nesses of Sample E are not uniform but have large fluctuation. 
Random facets appear in Sample E without dominant facets. 
0222 Somewhere crystals are unified and have uniform 
Surfaces. Slightly deformed Voluminous defect accumulating 
regions (H) are formed at Valleys of facets. At the regions 
where linear Voluminous defect accumulating regions (H) 
align, the positions of the Voluminous defect accumulating 
regions (H) coincide with the predetermined positions of the 
mask Stripes. 
0223 Crystallographical property is analyzed. In Sample 
E, the Voluminous defect accumulating regions (H) turn out to 
be polycrystalline. Sample E is different from the former 
Samples A, B, C and D at the polycrystalline voluminous 
defect accumulating regions (H). 
0224 Dislocation distribution in Sample E is examined by 
a TEM. The TEM confirms that dislocation density is very 
low in the low dislocation single crystal regions (Z) and the 
C-plane growth regions (Y) outside of the polycrystalline 
Voluminous defect accumulating regions (H). A spot quite 

Mar. 19, 2009 

close to the Voluminous defect accumulating regions (H) 
shows 7x10 cm in dislocation density. Dislocation density 
decreases in proportion to a distance from (H). The average of 
the dislocation density is less than 5x10 cm in the low 
dislocation single crystal regions (Z) and the C-plane growth 
regions (Y). The least dislocation density is 5x10 cm. 
0225. Sample E ensures that even a <11-20> direction of 
stripes takes effect in the present invention. The <11-20> 
stripe direction of Sample E has still drawbacks in compari 
son with the <1-100> stripe direction employed in Samples A, 
B, C and D. The drawbacks, however, will be overcome in 
near future. 

Embodiment 2 

(In Gao N (x=0, y=0.9): Sapphire Undersubstrate; 
FIG. 11) 

0226 FIG. 11 shows the steps of Embodiment 2 for mak 
ing an InocGao N mixture crystal Substrate of the present 
invention. A sapphire single crystal is employed as an under 
substrate of a C-plane top surface. FIG. 11 (1) denotes a 
C-plane Surface Sapphire undersubstrate 41. Sapphire 
belongs to trigonal symmetry system without three-fold rota 
tion symmetry. InooGao N belongs to hexagonal symmetry 
system. 
0227. A 2 um thick InooGao Nepi-layer 42 is grown on 
the sapphire undersubstrate 41 heteroepitaxially by an 
MOCVD method. FIG.11(2) shows the InGao Nepi-layer 
42 covering the sapphire undersubstrate 41. The top of the 
In Gao Nepi-layer 42 is a C-plane (0001). 
0228. A 100 nm SiO, film is deposited uniformly upon the 
In Gao N epi-layer 42. Parts of the SiO film are etched 
away except parallel stripes 43 by photolithography. A set of 
the parallel SiO, stripes 43 is called a stripe mask. An indi 
vidual masked part is called a “stripe 43. FIG.11(3) shows a 
section of a mask patterned InGao N epi-layer upon sap 
phire. The SiO, stripe 43 has a widths. The stripes 43 align in 
parallel with a definite pitch p. Parts of the InGao Nepi 
layers between the neighboring stripes 43 are exposed. An 
exposed part 48 has a width t. The sum of the exposed part 
width t and the stripe width s is a pitch p (period). Five 
different patterns A, B, C, D and E of masks with different 
widths and pitches are prepared for comparing functions of 
the masks. Stripe directions are parallel to an InooGao N 
<1-100> direction in Patterns A, B, C and D. Namely, the 
stripes are parallel to a 11-20 plane (A-plane) in Patterns A 
to D. Pattern E has a unique stripe direction parallel to a 
<11-20> direction which is parallel to a 1-100 plane 
(M-plane). As mentioned before, the stripe widths and the 
exposure width t satisfy an equation of p=s+t. 
Pattern A; Stripe width s=50 um, pitch p=400 um, exposure 
width t—350 um 
Pattern B; stripe width s=200 um, pitch p=400 um, exposure 
width t—200 um 
Pattern C: stripe width s=2 um, pitch p=20 Lum, exposure 
width t—18 um 
Pattern D; stripe widths=300 um, pitchp=2000 um, exposure 
width t—1700 um 
Pattern E: stripe width s=50 um, pitch p=400 um, exposure 
width t—350 um 
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0229 Undersubstrates having Patterns A, B, C, D and E 
are called Undersubstrates F, G, I, J and K. Crystals grown 
upon Undersubstrates F, G, I, Jand Kare called Samples F, G, 
I, J and K. 

(1) Growth of Sample F and Sample G 

0230. In Gao N mixture crystals are grown on Under 
substrate F of Pattern A and on Undersubstrate G of Pattern B 
by an HVPE method in an HVPE apparatus. The HVPE 
apparatus has a vertically long hot wall furnace, H- and 
HCl-gas inlets at the top of the furnace, an Inboat containing 
In metal and a Ga boat containing Ga metal at higher spots, a 
Susceptor for Supporting a substrate at a lower spot, and a 
heater for heating the Susceptor and the In and Ga boats. 
Undersubstrate F and Undersubstrate G of the A- and B-pat 
terned Sapphire underSubstrates are laid upon the Susceptor. 
In Gao. Ncrystals are grown on UnderSubstrates F and Gon 
the same conditions. 
0231. The Gaboat and the Inboat are supplied with hydro 
gen gas (H) and hydrochloric acid gas (HCl) from outer gas 
cylinders via the gas inlets at the top of the furnace. Hydrogen 
gas is a carrier gas. The Susceptor is Supplied with hydrogen 
gas (H) and ammonia gas (NH) via other gas inlet tubes on 
the top. 
0232. Maintaining the furnace at atmospheric pressure, 
Embodiment 2 (Samples F and G) heats the Ga and In boats 
at a temperature higher than 800° C. and heats the A- and 
B-patterned sapphire Undersubstrates F and G at 680° C. 
Reaction of In and Ga with HC1 synthesizes indium chloride 
InCls and gallium chloride GaCl once at upper portions in the 
vicinity of the In and Ga boats in the furnace. Falling toward 
the susceptor, InCl and GaCl vapors react with the intro 
duced ammonia gas (NH). Indium gallium nitride (In Gao 
1N) is synthesized. In Gao N is piled upon the exposures 48 
and the mask stripes 43 of Undersubstrates F and G on the 
Susceptor. 
Conditions of epitaxial growth of InooGaoN are: 

680° C. 

0.25 atm (25 kPa) 
0.02 atm (2 kPa) 
0.002 atm (200 Pa) 

Growth temperature 
NH3 partial pressure 
HCl partial pressure (In boat) 
HCl partial pressure (Ga boat) 
Growth time 35 hours 
Thickness 800 m 

0233. The above HVPE process produces 800 um thick 
In Gao N epi-layers on UnderSubstrates F and G having 
Patterns A and B. FIG. 11(4) shows a sectional view of the 
In Gao N-grown Samples. InooGao N crystals grown on 
the Undersubstrates F and G are named Samples F and G. 

ISEM, TEM and CL Observation of Sample F 
0234. A surface of Sample F is observed by a microscope. 
Sample F has a rack-shaped Surface composed of many par 
allel V-grooves 44 (hills/valleys) aligning with a definite 
pitch. Each V-groove 44 is built by a pair of inner slanting 
facets 46 and 46. Namely, the surface looks like an assembly 
oflying triangle prisms on animage in the microscope. Some 
times, there are flat tops 47 between neighboring V-grooves 
44. The flattops 47 are parallel to a C-plane. The flattops and 
regions just under the flat tops are called now "C-plane 
growth regions”. Valleys (bottom lines) 49 of the V-grooves 
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44 coincide in the vertical direction with the stripes 43 of the 
mask initially formed. The positions of the valleys (bottom 
lines) 49 are exactly predetermined by the positions of the 
stripes 43 of the initially made mask. Facets 46 and C-plane 
growth regions 47 are made upon the exposure 48 on the 
In Gao N epi-layer 42. The mask rules the positions and 
sizes of the valleys 49 of the V-grooves 44. 
0235. The V-grooves 44 of Sample Falign in parallel with 
each other with a definite pitch of 400 um. The 400 um groove 
pitch is equal to the stripe mask pitch p=400 um. The rack 
shaped surface is controlled by the initially prepared mask. A 
valley lies just above a stripe. Valleys and stripes have one 
to-one correspondence. The Surface is constructed by repeti 
tions of 400 um pitch wide hills and valleys. Many of the 
facets building the V-grooves 44 are {11-22 plane facets. 
Since the stripes have been prepared in parallel to a <1-100> 
direction which is parallel with a 11-20} plane, the facets are 
yielded in parallel to the extension of the stripes. 
0236. Sometimes the neighboring facets 46 and 46 have an 
intermediate flat top 47. The flat top is parallel to a C-plane 
(0001) and a mirror flat plane. The width of the C-plane 
growth region is about 30 Jum. Shallower (less inclining) 
facets exist at valleys of the V-grooves, following lower ends 
of the facet 46. A V-groove has two step facets of a pair of 
steeper facets and a pair of milder facets. Sample F is cleaved 
in cleavage plane {1-100. Cleaved sections are observed by 
a scanning electron microscope (SEM), cathode lumines 
cence (CL) and fluorescence microscope. 
0237. The observation reveals special regions 45 which 
extend in a c-axis direction and have a definite thickness at 
valleys 49 of the V-grooves 44. The valley-dangling, c-ex 
tending regions 45 are discernible from other regions. The 
c-axis extending region 45 has a width of about 40 um in 
Sample F. The CL image gives the valley-dangling regions 
darker contrast and other regions brighter contrast. The valley 
dangling regions 45 are clearly discernible in the CL picture. 
Cleaving Sample F at various spots reveals the fact that the 
c-axis extending, Valley-dangling region 45 has a three-di 
mensional Volume with a definite thickness. Thus, the region 
45 is a planar region extending both in the thickness direction 
and in the mask stripe direction. The planar regions 45 align 
in parallel with a definite pitch. 
0238 Sample F is further examined by the CL and the 
TEM (transmission electron microscope) for clarifying the 
Valley-hanging regions. Behavior of dislocations of the val 
ley-hanging region turns out to be entirely different from 
other regions. Dark interfaces 50 intervene between the val 
ley-hanging regions 45 and the other regions. The Valley 
dangling region 45 enclosed by the interfaces 50 contains a 
high density of dislocations of 10cm to 10 cm'. Thus, the 
Valley-dangling region 45 is a concentrated assembly of dis 
locations. The CL observation teaches us that the interfaces 
50 are also an assembly of dislocations. Some interfaces 50 
are planar dislocation assemblies and others are linear assem 
blies. No difference of crystal orientations is found between 
inner parts (valley-dangling region) of the interfaces and 
outer parts of the interfaces. Namely, the valley-dangling 
region is a single crystal having the same orientation as the 
Surrounding single crystal regions in Sample F. The Valley 
dangling dislocation-rich region 45 is called a “voluminous 
defect accumulating region (H). 
0239 Outer regions (Zand Y) outside of the interfaces 50 
which appear as dark contrast in the CL picture have low 
dislocation density. The regions just below the facet are called 
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“low dislocation single crystal regions (Z). Dislocation den 
sity shows conspicuous contrast between the inner part and 
the outer part of the interface 50. In the close vicinity of the 
interfaces, there are transient regions having a medium dis 
location density of 10 cm° to 107 cm°. The dislocation 
density falls rapidly in proportion to a distance from the 
interface in the low dislocation single crystal regions (Z). At 
a point distanced from the interface by 100 um, the disloca 
tion density reduces to 10 cm°-10 cm'. Some points close 
to the interface have a similar low dislocation density of 10 
cm° to 10 cm'. Dislocation density falls outside of the 
interfaces 50 as a function of the distance from the valleys of 
the V-grooves. Electric conductivity is high in the low dislo 
cation single crystal regions (Z). 
0240. In Sample F, the tops 47 of facets are flat surfaces 
which are parallel to a C-plane. The regions (Y) just below the 
C-plane 47 have low dislocation density. The region is called 
a "C-plane growth region (Y). The C-plane growth region 
(Y) is a low dislocation density single crystal with high elec 
tric resistance. Three different regions are defined. The first is 
a Voluminous defect accumulating region (H) hanging from a 
valley of a V-groove. The second one is a low dislocation 
single crystal region (Z) following a facet and sandwiching 
the Voluminous defect accumulating region (H). The third one 
is C-plane growth region (Y) following a C-plane top. All the 
three regions are planar regions extending in parallel to the 
mask stripes. Thus, H, Y and Z are all parallel to the stripes. 
The structure is designated by repetitions of 
co-YZHZYZHZYZHZYZHZYZHooe. It is briefly repre 
sented by -(HZYZ)-. 
0241 The low dislocation single crystal regions (Z) and 
C-plane growth regions (Y) contain a small number of dislo 
cations. Almost all of the dislocations extend in parallel to a 
C-plane in the Surrounding regions (Z) and (Y). The C-plane 
parallel extending dislocations run centripetally toward the 
Voluminous defect accumulating regions (H). The dislocation 
density in the Surrounding regions (Z) and (Y) is slightly high 
at an early stage of the growth. The dislocation density in (Z) 
and (Y) decreases with the progress of growth. It is confirmed 
that the Surrounding regions (Z) and (Y) are single crystals. 
0242. These results of this examination signify that the 
facetgrowth Sweeps dislocations outside of the interfaces into 
the valleys of the V-grooves and the swept dislocations are 
accumulated within the interfaces 50 and the inner volumi 
nous defect accumulating regions 45(H). Thus, the disloca 
tion density is low in the low dislocation single crystal regions 
(Z) and the C-plane growth regions (Y) but the dislocation 
density is high in the Voluminous defect accumulating regions 
(H). 
0243 An inner part between two parallel neighboring 
interfaces is the Voluminous defect accumulating region 45 
(H) containing many dislocations. An outer part of two par 
allel neighboring interfaces is a single crystal with few dislo 
cation. The outer part consists of two discernible portions. 
One is apart transfixed by progressing facets 46 and is defined 
as a locus of facets. The part is a low dislocation single crystal 
region (Z). The other is a part left untouched by the progress 
ing facets 46 but is a locus of a rising flat C-plane. The other 
is a C-plane growth region (Y). 
0244. The C-plane growth regions (Y) just under the flat 
tops (parallel to C-plane) are also ordered single crystals with 
dislocation density lower than the low dislocation single crys 
tal regions (Z). The C-plane growth region (Y) is not a part 
which facets have passed through. But, the C-plane growth 
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regions (Y) are upgraded by the function of the Voluminous 
defect accumulating regions (H). Though almost all the Sur 
face of a growing InooGao N crystal is covered with facets 
and V-grooves, some portions which are uncovered with the 
facets happen. The facet-uncovered regions are C-plane 
growth regions (Y) following the flat tops of C-planes. It is 
confirmed that the C-plane growth regions (Y) are low dislo 
cation density single crystals. But, electric resistivity is high 
in the C-plane growth regions (Y). 
0245 Three regions H. Z and Y should be discriminated 
from each other. The low dislocation single crystal regions 
(Z) and the Voluminous defect accumulating regions (H) have 
final C-plane surfaces as a top, when InGao N is mechani 
cally processed. Growing Surfaces of the Voluminous defect 
accumulating regions (H) and the low dislocation single crys 
tal regions (Z) are not a C-plane but a facet plane. The facets 
allow a dopant to invade into the growing Ino Gao N crystal. 
The C-plane forbids the dopant from infiltrating into the 
In Gao N crystal. The low dislocation single crystal 
regions (Z) and the Voluminous defect accumulating regions 
(H) are endowed with high electric conductivity. The C-plane 
growth regions (Y) have poor electric conduction. The low 
dislocation single crystal regions (Z) and the C-plane growth 
regions (Y) are favored with low dislocation density in com 
O. 

0246 What is important is the relation between the volu 
minous defect accumulating regions (H) and the facets 
appearing in the V-groove. Prevalent (steeper) facets appear 
ing in the prism-shaped V-groove are {11-22 planes. The 
bottoms (valleys) have milder Slanting facets having a larger 
fourth index n. The milder facets lead and cover the volumi 
nous defect accumulating regions (H). 
0247 Milder slanting (shallow) facets form the volumi 
nous defect accumulating regions (H) in Samples F. The 
Voluminous defect accumulating region (H) is formed by 
piling many milder facets. The Voluminous defect accumu 
lating regions (H) are enclosed by the milder Slanting facets 
49 and side vertical interfaces 50 and 50 and are led by the 
milder facets growing in the vertical direction. 
0248. The tops of the milder slanting facets join the bot 
toms 49 of the steeper facets. The joint line forms a closed 
loop in the facets. The milderslanting facets meet at a definite 
obtuse angle at the lowest bottom 49, which has the maximum 
dislocation density in the Voluminous defect accumulating 
regions (H). 
0249. The observation indicates that the steeper facets 
{11-22 gather dislocations into the valleys 44 and the volu 
minous defect accumulating regions (H) arrest the disloca 
tions with high density therein. 
0250. The present invention reduces dislocations in the 
single crystal regions (Z) and (Y) Surrounding the Volumi 
nous defect accumulating region (H) by maintaining facets 46 
and facet valleys 44 on a growing Surface, making Volumi 
nous defect accumulating regions (H) following bottoms of 
the valleys 44 formed by the facets 46, attracting dislocations 
of peripheral regions into the Voluminous defect accumulat 
ing regions (H), annihilating and accumulating the attracted 
dislocations in the Voluminous defect accumulating regions 
(H) and making the best use of the Voluminous defect accu 
mulating regions (H) as dislocation annihilating/accumulat 
ing regions. 
ISEM, TEM, and CL Observation of Sample G 
0251 Surfaces and cleavage planes of Sample G are 
observed by SEM (scanning electron microscope), TEM 
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(transmission electron microscope) and CL (cathode lumi 
nescence). The result is similar to Sample F. 
0252) What is different from Sample F is the width h of the 
Voluminous defect accumulating region (H) at a valley of a 
V-groove. In Sample F, the closed defect accumulating region 
(H) has a narrow width hi-40 um. In Sample G, the closed 
defect accumulating region (H) has a wide width h 190 um. 
The widths of (H) correspond to the widths of the mask stripes 
(s.50 um, s 200um). The fact implies that the stripe mask 
makes a similar size of striped Voluminous defect accumulat 
ing region (H). The positions and the sizes of Voluminous 
defect accumulating region (H) are predetermined by the 
striped mask. Thus the sizes and positions of the Voluminous 
defect accumulating region (H) are programmable and con 
trollable by the mask. 
0253) The voluminous defect accumulating regions (H) of 
Sample Fare homogeneous. The Voluminous defect accumu 
lating region (H) of Sample G is linear on the surface but 
inhomogeneous in inner parts. The Surfaces of the Volumi 
nous defect accumulating regions (H) of Sample G have a 
plenty of shallow facets and polycrystalline hillocks besides 
the normal facets which form normal V-grooves. 
0254 The turbulent voluminous defect accumulating 
regions (H) of Sample Gare scrutinized. It is found that there 
are single crystals in a closed defect accumulating region (H) 
whose orientations are slightly inclining to the orientation of 
the Surrounding single crystal regions (Z) and (Y). The com 
mon orientation of the low dislocation single crystal regions 
(Z) and the C-plane growth regions (Y) is named a “basic’ 
orientation. It is further found that there are several partial 
grains in the Voluminous defect accumulating region (H) 
having orientations different from the basic orientation. A 
further discovery is that the Voluminous defect accumulating 
regions (H) of Sample G include linear defects, planar defects 
and crystal grains slightly slanting to the basic orientation. 

Processing of Sample F and Sample G 
0255 AS-grown samples have rugged top surfaces and 
bottom undersubstrates. Bottoms of Samples F and G are 
ground for eliminating the underSubstrates. Top Surfaces are 
also ground for removing the facetted rugged Surfaces. Both 
Surfaces are polished into flat, Smooth surfaces. About 1 inch 
(p In Gao N mixture crystal substrate wafers are obtained 
for Sample F and Sample G, as shown in FIG. 11(5). 
0256 The finished Ino, Gao N substrates are (0001) sur 
face (C-Surface) wafers. The obtained InooGao Nwafers are 
uniformly transparent for human eyesight. CL observation 
enables parts of the InGaN wafers to clarify the differ 
ences of growth history as a difference of contrast. 
0257 CL examination by irradiating Samples F and G 
with 360 nm wavelength light which is close to the bandgap of 
In Gao N shows a set of parallel linear Voluminous defect 
accumulating regions (H) regularly aligning with a pitch of 
400 lum. The 400 um pitch of the voluminous defect accumu 
lating region (H) is exactly equal to the pitch of the stripe 
mask 43. 
0258 Voluminous defect accumulating regions (H) give 
dark contrast on the CL image in many cases. Some Volumi 
nous defect accumulating regions (H) exhibit bright contrast 
on the same CL image. Contrast of Voluminous defect accu 
mulating regions (H) depends upon positions in the InGao. 
1N crystal. 
0259) “Dark” or “bright” contrast appears only on the CL 
picture. InooGao N is entirely uniform and transparent for 
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eye sight. Differences between Z. Yand H can not be detected 
even with an optical microscope. The CL observation can 
discern Z, Y and H. 
0260 Low dislocation single crystal regions (Z) following 
the facets 44 appear as parallel bright contrast ribbons extend 
ing in a direction on the CL picture. Dark contrast strings are 
found just at the middles of the bright ribbons of the low 
dislocation single crystal regions (Z). The dark contrast 
strings are C-plane growth regions (Y). Parallel bright-dark 
bright ribbons turn out to be parallel “ZYZ’’ stripes. 
0261) In the CL picture, facet regions grown with 11-22} 
facets look bright. C-plane regions grown with (0001) planes 
(C-plane) look dark. For three CL-discernible regions, the CL 
gives different contrasts; 

voluminous defect accumulating regions (H) bright (partly dark) 
low dislocation single crystal regions (Z) bright 
C-plane growth regions (Y) dark. 

0262 The voluminous defect accumulating region (H) is a 
planar region having a definite thickness and extends in par 
allel with a c-axis direction and an LD stripe direction. The 
Voluminous defect accumulating regions (H) are vertical to a 
surface of a substrate and penetrate the substrate from the top 
to the bottom. 
0263. The voluminous defect accumulating regions (H), 
low dislocation single crystal regions (Z) and C-plane growth 
regions (Y) are all invisible to eye-sight but are discernible by 
the CL. 
0264. A polished InooGao N crystal is a flat, Smooth Sub 
strate without facets as shown in FIG. 11(5). Dislocation 
density is measured on the sample Substrates. CL, etching and 
TEM can discern threading dislocations. The CL observation 
is most Suitable for examining dislocation density. 
0265 A threading dislocation looks like a dark dot in the 
CL picture. Samples F and G reveal highly concentrated 
dislocations in the Voluminous defect accumulating regions 
(H). Interfaces (K) enclosing the Voluminous defect accumu 
lating regions (H) appear as linear arrays of dislocations. 
0266 The interfaces (K) are three-dimensional planar 
defects. Dark contrast clearly discriminates the interface (K) 
50 from bright Zand bright H. The interface (K) is composed 
of planar defects or dislocation bundles. 
0267 Sample F carrying a 50 um width mask reveals the 
occurrence of parallel striped Voluminous defect accumulat 
ing regions (H) with a 40 um width. Sample G with a 200 um 
width mask reveals the occurrence of parallel striped volumi 
nous defect accumulating regions (H) with a 190 um width. 
The initial mask stripe width rules the width of the volumi 
nous defect accumulating regions (H). The width of His equal 
to or slightly smaller than the width of stripes. 
0268 Sample F and Sample Greveal low dislocation den 
sity in the low dislocation single crystal regions (Z) and the 
C-plane growth regions (Y). Dislocations decreases in pro 
portion to a distance from the Voluminous defect accumulat 
ing region (H). Somewhere in the low dislocation single crys 
tal regions (Z), dislocations decreases rapidly and 
discontinuously just outside of the interfaces. The average of 
dislocation density is less than 5x10 cm' in the low dislo 
cation single crystal regions (Z) and the C-plane growth 
regions (Y) of Samples F and G. 
0269. In the low dislocation single crystal regions (Z) and 
the C-plane growth regions (Y), dislocations run centripetally 
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toward the central Voluminous defect accumulating regions 
(H) in parallel to the C-plane in Samples F and G Dislocations 
are gathered, annihilated and accumulated in the Voluminous 
defect accumulating regions (H). The Voluminous defect 
accumulating regions (H) lower dislocation density in the 
other regions (Z) and (Y) by annihilating/accumulating dis 
locations. The Ino Gao N Substrates of Samples F and G are 
mixture crystals with dislocations decreased by the action of 
the Voluminous defect accumulating regions (H). 
0270. The InGao N substrates of Samples F and G are 
etched in a heated KOH (potassium hydroxide) solution. The 
KOH etchant has anisotropic etching rates. An InGa-plane 
((0001)InGa) is difficult to etch. But, an N-plane ((000-1)N) 
is easy to etch. Anisotropy shows whether individual parts are 
an N-plane or an InGa-plane on an InooGao N (0001) Sur 
face. 

0271 The low dislocation single crystal regions (Z) and 
the C-plane growth regions (Y) are unetched. The volumi 
nous defect accumulating regions (H) are partly etched but 
partly unetched. 
0272. The etching test means that the voluminous defect 
accumulating regions (H) have (000-1)N planes as well as 
(0001) InGaplanes. The low dislocation single crystal regions 
(Z) and the C-plane growth regions (Y) have all (0001) InGa 
planes. Namely, the Surrounding portions (Z) and (Y) are 
(0001) single crystals. 
0273 Some parts of the voluminous defect accumulating 
regions (H) are single crystals having the same polarity as (Z) 
and (Y) and other parts of the voluminous defect accumulat 
ing regions (H) are single crystals having a polarity reverse to 
the Surrounding regions (Z) and (Y). The reversed portion 
having (000-1)N-planes is deeply etched by KOH. 
0274 Sample F with a 50 um wide stripe mask and Sample 
G with a 200 um wide stripe mask reveal similar properties. 
The exception is widthsh of the voluminous defect accumu 
lating regions (H). Sample F shows 40 um wide Voluminous 
defect accumulating regions (H) (ht 40 um). Sample G 
shows 190 um wide Voluminous defect accumulating regions 
(H) (h-190 um). The result confirms that the width h of the 
Voluminous defect accumulating regions (H) can be uniquely 
determined by the widths of mask stripes implanted on the 
undersubstrate. 

0275 Efficient exploitation of the substrate area requires 
narrower Voluminous defect accumulating regions (H), wider 
low dislocation single crystal regions (Z) and wider C-plane 
growth regions (Y). Excess large Voluminous defect accumu 
lating regions (H) are undesirable, because they have a ten 
dency to include abnormal intrinsic defects. The above two 
reasons favor narrower Voluminous defect accumulating 
regions (H). 
0276. The reduction of voluminous defect accumulating 
regions (H) requires to decrease a stripe width S. Yielding 
facets requires a definite widths for mask Stripes. Too narrow 
stripes, however, can produce neither facets nor Voluminous 
defect accumulating regions (H). Without facets, neither 
Voluminous defect accumulating regions (H), nor low dislo 
cation single crystal regions (Z) nor C-plane growth regions 
(Y) happen. A lower limit of the stripe widths is searched by 
the following Sample I. 
Growth of Sample I (Stripe Width s=2 um, Pitch p=20 um) 
(0277 Sample I starts from Undersubstrate I of Pattern C 
having a set of parallel 2 um Stripes 43 aligning with a 20 um 
pitch (S-2 um, p=20Lm). An InooGao N film is grown on the 
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masked Undersubstrate I by the same facet growth based on 
the HVPE method as Samples F and G. 
0278. The 2um stripes 43 of an SiO, mask are buried with 
In GaN by the HVPE. Although facets occur on a grow 
ing Surface, Valleys of V-grooves happen accidentally and 
contingently here and there without definite relation with 
implanted mask stripes. The stripes cannot be seeds of valleys 
of V-grooves. Random distributing facets cover a surface of 
Sample I. The HVPE cannot control the positions of the 
valleys of V-grooves. The HVPE turns out to be inadequate 
for Pattern C which has a too narrow widths and a too narrow 
pitch p. 
0279. Then, instead of the HVPE, an Ino Gao. Ncrystal is 
grown by an MOCVD method at a low speed. Reduction of 
the growing speed aims at making parallel V-grooves having 
valleys at the stripe masks (SiO) 43. 
0280. The MOCVD method employs metallorganic mate 
rials for In and Ga Sources, for example, trimethylgallium or 
triethylgallium (TMG, TEG) and trimethylindium or trieth 
ylindium (TMI, TEI) instead of metal Ga and metal In. Here, 
trimethylindium (TMI) and trimethylgallium (TMG) are sup 
plied as In and Ga Sources. Other gas source materials are 
ammonia gas (NH gas: group 5 gas) and hydrogen gas (H, 
carrier gas). 
0281 An InocGao N crystal is grown in a furnace of an 
MOCVD apparatus by laying Undersubstrate Iona susceptor 
of the furnace, heating Undersubstrate I up to 680° C., and 
supplying material gases in volume ratios of TMI:TMG: 
NH =9:1:30000 to Undersubstrate I. The growing speed is 1 
um/h. The growth time is 48 hours. A 50Lumthick InooGaoN 
crystal having V-grooved facets is obtained. This is called 
Sample I. 
0282. In the growth, an InGao N crystal having parallel 
valleys 49 of V-grooves 44 just above the stripe masks 43 is 
made. Positions of the facet valleys 49 coincide with the 
positions of the striped masks 43. This means that the posi 
tions of the masks 43 enable the positions of the V-grooves to 
be controllable. Further, voluminous defect accumulating 
regions (H) are found to grow under the bottoms 49 of the 
V-grooves 44. 
0283 Undersubstrate I has a very small mask width of S-2 
um. In accordance with the tiny mask width, parallel 
V-grooves produce thin Voluminous defect accumulating 
regions (H) with a 1 um width at the bottoms. This fact means 
that the width of mask rules the width of voluminous defect 
accumulating region (H). 2 um is the lowest limit of mask 
width and 1 um is the least width of the voluminous defect 
accumulating region (H). Low dislocation density realized in 
the Surrounding single crystal regions (Z) and (Y) is con 
firmed by the TEM observation. Sample I features smallness 
of the Voluminous defect accumulating regions (H). It is 
confirmed that the MOCVD enables a narrow width stripe 
mask to make narrow parallel voluminous defect accumulat 
ing regions (H). The MOCVD of a small growing speed is 
suitable for making the narrow width voluminous defect 
accumulating regions (H) instead of the HVPE of a high 
growing speed. 
Growth of Sample J (Stripe Width s–300 um, Pitch p=2000 
um) 
0284 Sample J grows an In GaN crystal on Under 
Substrate J with a stripe mask having many parallel 300 um 
wide stripes aligning in a vertical direction with a 2000 um 
pitch (Pattern D). Pattern D is an example of a large widths 
and a large pitch p (spatial period) for examining the upper 
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limits of s and p. Sample J grows In Gao N by the HVPE 
method like Sample F and Sample G on the following condi 
tions. 

650° C. 

0.3 atm (30 kPa) 
0.02 atm (2 kPa) 
0.002 atm (200 Pa) 

Growth temperature 
NH3 partial pressure 
HCl partial pressure (In boat) 
HCl partial pressure (Ga boat) 
Growth time 140 hours 
Thickness 2900 m 

0285. The HVPE method produces a 2.9 mm thick In 
9Gao N mixture crystal. Sample J shows a rack-shaped 
(V-grooved) surface having parallel valleys and hills made by 
facets extending in parallel to mask Stripes. Plenty of parallel 
Voluminous defect accumulating regions (H) accompany par 
allel valleys 49 of V-grooves 44 with the same pitch p=2000 
um. Positions of the Voluminous defect accumulating region 
(H) exactly coincide with the positions of initially-prepared 
stripes 43. This fact means that the stripes induce the volu 
minous defect accumulating regions (H) above them. 
0286 Some of the facets 46 building the V-grooves 44 
deform. Tiny pits and Small hillocks appear on Some of hills 
composed of facets aligning parallely and regularly in accor 
dance with the mask stripes. 
0287 Parallel voluminous defect accumulating regions 
(H) occur with a period of 2000um which is equal to the pitch 
p=2000 um of the mask stripes. Hills and valleys maintain a 
regular rack-shape constructed by parallel lying prism-like 
columns. But, some parts are distorted. Some ends of the 
V-grooves are defaced. Some facets have different index fac 
ets partially. The area of C-plane growth parts on the tops 
between neighboring V-grooves has fluctuation. 
0288. In spite of the irregularity of facets and V-grooves, 
Voluminous defect accumulating regions (H) lie at the prede 
termined lines just above the mask stripes. The width of the 
Voluminous defect accumulating region (H) is about 250 um. 
Sample J shows a tendency to decrease the width of the 
Voluminous defect accumulating region (H) in the proceeding 
of growth. 
0289 An excess large width h tends to incur abnormal 
shaped polycrystalline regions in the large Voluminous defect 
accumulating regions (H) in Sample J. The abnormal-shaped 
polycrystalline regions induce disorder of dislocations which 
overrun the Voluminous defect accumulating regions (H) into 
the Surrounding low dislocation single crystal regions (Z) and 
C-plane growth regions (Y). 
0290 The voluminous defect accumulating region (H), 
even if distorted, produces the low dislocation single crystal 
regions and C-plane growth regions on both sides. The aver 
age of dislocation density in the Surrounding low dislocation 
single crystal regions (Z) and C-plane growth regions (Y) is 
less than 5x10 cm. The fact signifies that even deforming 
Voluminous defect accumulating region (H) has the function 
of dislocation reduction. 
0291. There are regions having bundles of dislocations 
outside of the Voluminous defect accumulating regions (H), 
where shapes of facets are seriously distorted. 
0292 Examinations of Samples F, G, I and J clarify the 
fact that the width h of the voluminous defect accumulating 
region (H) is in the range from 2 um to 200 um, the widths of 
the stripes of a mask is in the range from 2 um to 300 Lim, and 
the pitch p of the Voluminous defect accumulating region (H) 
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is in the range from 20 um to 2000 um, for accomplishing the 
purposes of the present invention. 
Growth of Sample K (Stripe Direction <11-20>; Stripe 
Width s—50 pum, Pitch p=400 um) 
0293 Sample K grows an InGao N mixture crystal on 
Undersubstrate K which is covered with a mask of Pattern E 
having parallel <11-20> extending 50 Lim wide stripes align 
ing with a 400 um pitch. Mask pattern E is similar to Mask 
pattern A with a 50 um width and with a 400 um pitch. But, 
Pattern E is different from Pattern A in extending directions. 
Pattern E has stripes extending in <11-20>. Stripes of Pattern 
A extend in <1-100>. Extension of the stripes of Undersub 
strate K is parallel to cleavage planes {1-100. 
0294 Other conditions of Sample K except the stripe 
direction are similar to Sample F. An InooGao N crystal is 
grown on Undersubstrate K by the HVPE method on the 
following conditions. 

680° C. 
0.25 atm (25 kPa) 
0.02 atm (2 kPa) 
0.002 atm (200 Pa) 

Growth temperature 
NH3 partial pressure 
HCl partial pressure(In boat) 
HCL partial pressure (Ga boat) 
Growth time 35 hours 
Thickness 600 m 

0295 Growth on Pattern E is slow. Thirty five hour-growth 
brings about a 600 um thick In Gao N film. Unification of 
stripe-shaped crystals is difficult on Pattern E. Thus, the 
growing speed is low. A 600 um InooGao N crystal is 
obtained for Sample K on Pattern E by the thirty-five hour 
growth. 
0296. Somewhere no unification of crystals occurs in 
Sample K and deep gaps separate neighboring grains. Thick 
nesses of Sample Kare not uniform but have large fluctuation. 
Random facets appear in Sample K without dominant facets. 
0297 Somewhere crystals are unified and have uniform 
Surfaces. Slightly deformed Voluminous defect accumulating 
regions (H) are formed at Valleys of facets. At the regions 
where linear Voluminous defect accumulating regions (H) 
align, the positions of the Voluminous defect accumulating 
regions (H) coincide with the predetermined positions of the 
mask Stripes. 
0298 Crystallographical property is analyzed. In Sample 
K, the Voluminous defect accumulating regions (H) turn out 
to be polycrystalline. Sample K is different from the former 
Samples F, G, I and J in the polycrystalline voluminous defect 
accumulating regions (H). 
0299 Dislocation distribution in Sample K is examined by 
a TEM. The TEM confirms that dislocation density is very 
low in the low dislocation single crystal regions (Z) and the 
C-plane growth regions (Y) outside of the polycrystalline 
Voluminous defect accumulating regions (H). A spot quite 
close to the Voluminous defect accumulating regions (H) 
shows 7x10 cm in dislocation density. Dislocation density 
decreases in proportion to a distance from (H). The average of 
the dislocation density is less than 5x10 cm in the low 
dislocation single crystal regions (Z) and the C-plane growth 
regions (Y). The least dislocation density is 5x10 cm. 
0300 Sample Kensures that even a <11-20> direction of 
stripes takes effect of the present invention. The <11-20> 
stripe direction of Sample Khas still drawbacks in compari 
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son with the <1-100> stripe direction employed in Samples F, 
G, I and J. The drawbacks, however, will be overcome in near 
future. 

Embodiment 3 

(Al In GaN (x=0.3, y=0.3: GaAs, Si, Sapphire 
Undersubstrate; Pattern A, H(A+ELO): FIG. 12) 

0301 
Strates; 
C. GaAs (111)A-surface undersubstrate, 
B. sapphire C-plane (0001) undersubstrate, 
Y. Si(111) undersubstrate 
0302 Silicon (Si) is a diamond (C) type cubic symmetry 
crystal. Gallium arsenide (GaAs) is a zinc blende type (ZnS) 
cubic symmetry crystal. Alo Ino Gao N is a wurtzite type 
(ZnS) hexagonal symmetry crystal. AC-plane of the Wurtzite 
type has three-fold rotation symmetry. In cubic symmetry, 
only a (111) plane has three-fold rotation symmetry. In the 
case of Si, a (111) surface crystal is available for an under 
Substrate. In the case of GaAs, a (111) plane has two discern 
ible types due to lack of inversion symmetry. One (111) is a 
Surface covered with dangling Ga atoms, which is denoted by 
(111)A plane. The other (111) is a surface covered with 
dangling AS atoms, which is designated by (111) B plane. 'A' 
means group 3 element. “B” means group 5 element. A GaAS 
(111)A Surface crystal can be a candidate for an underSub 
strate. Sapphire belongs to a trigonal symmetry group. Sap 
phire lacks three-fold rotation symmetry. In the case of sap 
phire, a (0001) C-plane wafer is a candidate for an 
undersubstrate for growing an Alo, Inc. GaN crystal. 
0303 FIGS. 12(1) to 12(3) show steps of making an Alo. 

3Inc. GaN crystal upon foreign material underSubstrates of 
Embodiment 3. Embodiments 1 and 2 preparatorily form 
intermediate films on the undersubstrates. Without an inter 
mediate film, Embodiment 3 directly makes a stripe mask 53 
on an undersubstrate 51. A mask of Pattern A is prepared by 
covering the undersubstrate with a 0.1 um mask material of 
SiO, and making parallel seed stripes by photolithography. 
0304 Embodiment 3 employs a new Pattern U besides 
Pattern A. Pattern U has an ELO (epitaxial lateral overgrowth) 
mask in addition to Pattern A (U=A--ELO). The ELO mask is 
complementarily formed on parts uncovered with the stripes 
of Pattern A. The ELO mask is a hexagonal symmetric pattern 
arranging 2 um (round windows at corner points of plenty of 
equilateral triangles having a 4 um side aligning indefinitely 
in hexagonal symmetry. The direction of the ELO mask is 
determined by adjusting a side of the unit triangle in parallel 
to the stripe extension of the stripe mask. The ELO pattern, in 
general, has a smaller pitch than the stripe mask. Pattern U is 
a hybrid pattern containing the stripe mask and the ELO 
mask. 
Pattern A: stripe width s=50 um, pitch p=400 um 
Pattern U: Pattern A (s=50 um, p=400 um)+ELO mask (2 
umx4 um; 6-fold symmetry) 
0305 Since the mask is formed upon an undersubstrate 
without Alo Ino Gao N, the direction of the mask cannot be 
defined with reference to an Alo, Inc. GaN crystal. The 
direction must be defined by the orientation of the undersub 
strate crystal. In the case of a GaAS underSubstrate, the stripe 
direction is adjusted to be parallel to a <11-2> direction of the 
GaAS undersubstrate. In the case of a Sapphire underSub 
strate, the stripe direction is determined to be parallel to a 
<11-20> direction of the sapphire undersubstrate. In the case 

Embodiment 3 prepares three different undersub 
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of a silicon undersubstrate, a <11-2> direction of silicon is the 
stripe direction. Four masked underSubstrates are prepared 
with different patterns and different materials. 
0306 Undersubstrate L: a (111) GaAs undersubstrate hav 
ing a Pattern A mask 
(0307 Undersubstrate M: a (0001) sapphire undersubstrate 
having a Pattern A mask 
0308 Undersubstrate N: a (111) Si undersubstrate having 
a Pattern A mask 
(0309 Undersubstrate O: a (111) GaAs undersubstrate 
having a Pattern U (A+ELO) mask 
0310 FIG. 12(1) demonstrates an undersubstrate 51 with 
mask stripes 53. Similarly to Embodiment 1, an HVPE appa 
ratus grows Alo Ino. GaN layers on the masked underSub 
strate 51 of Samples L to O in Embodiment 3. The HVPE 
apparatus has a hot wall tall furnace, an In-boat and a Ga-boat 
Sustained at upper spots in the furnace, a susceptor positioned 
at a lower spot in the furnace, H-, HCl-, NH- and AlCl-gas 
inlets for Supplying H, HCl and NH gases, a gas exhausting 
outlet, a heater and a vacuum pump. Supplying H2 and HCl 
gases via the gas inlets to the Ga-boat produces gallium 
chloride (GaCl) by a reaction of 2HC1+2Ga->2GaCl--H. 
Supplying H and HCl gases via the gas inlets to the In-boat 
produces indium chloride (InCl) by another reaction of 
6HC1+2In->2InCl+3H. Falling down toward the heated 
Susceptor, InCls and GaCl gasses react with ammonia (NH). 
Alois Ino Gao N is synthesized. Synthesized Alois Ino Gao. 
4N piles upon the masked undersubstrates. Two step growth 
produces a thin Alo Ino, Gao N buffer layer at a lower tem 
perature and a thick Alo, In, Gao N epi-layer at a higher 
temperature upon the undersubstrates. 

(1. Growth of an Alo Ino Gao N Buffer Layer) 
0311. A thin Al In GaN buffer layer is grown on an 
undersubstrate of GaAs, sapphire or Sibyan HVPE method 
under the following conditions. 

Ammonia (NH) partial pressure 
AlCls partial pressure 
HCl partial pressure (In boat) 
HCl partial pressure (Ga boat) 

0.3 atm (30 kPa) 
0.002 atm (200 Pa) 
0.002 atm (200 Pa) 
0.001 atm (100 Pa) 

Growth temperature 350° C. 
Growth time 20 minutes 
Thickness 30 mm 

(2. Growth of an Alo Ino Gao N Epi-Layer) 
0312 The HVPE method produces an Al InGaN 
epitaxial layer on the low-temperature grown Alo, Ino Gao. 
4N buffer layer at a high temperature under the following 
conditions. 

Ammonia (NH) partial pressure 
AlCls partial pressure 
HCl partial pressure (In boat) 
HCl partial pressure (Ga boat) 
Growth temperature 
Growth time 
Thickness 

0.3 atm (30 kPa) 
0.03 atm (3 kPa) 
0.03 atm (3 kPa) 
0.01 atm (1 kPa) 
700° C. 
65 hours 
about 900 m (0.9 mm) 

0313 Samples L to O all yield transparent 0.9 mm thick 
Alo Ino, GaoN crystals. Appearances are similar to the 
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samples of Embodiment 1. The transparent Alo Ino, GaoN 
crystals look like a glass plate. The Surfaces are occupied by 
assemblies of facets. 

0314 Samples L to O have {11-22 planes as the most 
prevailing facets 56. Mirror flat tops 57 appear on hills 
between the neighboring 11-22} facets 56. The mirror flat 
tops 57 have a 20 to 40 um width. Shallower facets appear at 
bottoms between the neighboring 11-22} facets. A double 
facet structure occurs also in Samples L to O. Embodiment 3 
is similar to Embodiment 1 in appearance. 
0315 Four samples L to O are mechanically processed. 
Grinding eliminates the undersubstrates of GaAs, Si or sap 
phire from the bottoms of the grown-substrates. Lapping 
removes the rugged morphology on the top Surfaces. 
Mechanical processing of the GaAS underSubstrates 
(Samples L and O) and the Si undersubstrate (Sample N) is 
more facile than the sapphire undersubstrate (Sample M). 
Following polishing makes flat mirror Alo Ino Gao N Sub 
strates of a 2 inch diameter. FIG. 12(3) demonstrates the 
section of the mirror polished wafer. 
0316 The grown Alo, Ino Gao N crystals of Samples L 

to Oare (0001) C-plane substrates. The substrate crystals are 
transparent, flat and Smooth. Top Surfaces are covered with 
linear Voluminous defect accumulating regions (H) regularly 
and periodically aligning in parallel. The width of the volu 
minous defect accumulating regions (H) is 40 um. Low dis 
location single crystal regions (Z) and C-plane growth 
regions (Y) align in parallel between the neighboring Volu 
minous defect accumulating regions (H). Samples L to O 
carry a cyclic structure of"ZHZYZHZYZHe” repeating in a 
direction perpendicular to the extending direction of the volu 
minous defect accumulating regions (H). 
0317 Dislocation density is small in the low dislocation 
single crystal regions (Z) and the C-plane growth regions (Y). 
Dislocations decrease in proportion to a distance from the 
interface (K) in the low dislocation single crystal regions (Z). 
Somewhere dislocations rapidly decrease by a quite short 
distance from the interface in the low dislocation single crys 
tal regions (Z). Averages of the dislocation density in the low 
dislocation single crystal regions (Z) and the C-plane growth 
regions (Y) are less than 5x10 cm for all the samples L., M. 
N and O. The averages of the samples are: 
0318 Sample L (GaAs undersubstrate): 2x10 cm’ 
0319 Sample M (sapphire undersubstrate): 1x10 cm’ 
0320 Sample N (Si undersubstrate): 3x10 cm’ 
0321 Sample O (GaAs undersubstrate): 9x10 cm. 
0322 Sample O, which is based upon the ELO-including 
hybrid mask, is endowed with the least dislocation density 
(0.9x10 cm'). The state of the voluminous defect accumu 
lating regions (H) of Samples L to O is similar to Sample A of 
Embodiment 1. The Voluminous defect accumulating regions 
(H) stand just upon the mask stripes 53 in Samples L., M. N. 
and O. Linear facets 56 with a definite width grow into 
grooves on both sides of valleys 59 lying upon the volumi 
nous defect accumulating regions (H). Growth of the facets 
gathers dislocations on the facets into the valley-hanging 
Voluminous defect accumulating regions (H) in all the 
samples L to O. 
0323 Fluorescence microscope observes the voluminous 
defect accumulating regions (H) appearing on the Surface of 
Samples L to O. It is confirmed that the voluminous defect 
accumulating regions (H) penetrate the Substrate from the top 
to the bottom in all the samples L to O. 
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0324. The ELO-carrying Sample O is further examined. 
Etching Sample O at 200°C. with a mixture of sulfuric acid 
(HSO) and nitric acid (HNO) produces parallel striped 
cavities just upon the Voluminous defect accumulating 
regions (H) on the top surface. Other portions (Z and Y) are 
unetched on the top surface. 
0325 On the bottom surface, the voluminous defect accu 
mulating regions (H) are left unetched but the other portions 
(Z and Y) are etched into cavities. The etchant (HSO+ 
HNO) has selectivity of etching. A (0001)Ga plane has 
strong resistance but a (000-1)N plane has weak resistance 
against the etchant. Selective etching examination signifies 
that the Voluminous defect accumulating regions (H) are 
single crystals having a c-axis antiparallel (inverse) to the 
c-axis of the other (Z and Y) portions. 
0326 In Sample O, the shallower facets leading the volu 
minous defect accumulating regions (H) should have inverse 
facet planes (11-2-5) or (11-2-6) and should have grown in a 
c-axis direction <000-1>. 

0327. Two specimens L1 and L2 are made for Sample L 
having a (111) GaAs undersubstrate. Specimen L1 is a good 
Alo Ino GaN crystal. Specimen L2 shows some defaults. 
0328 Specimen L2 contains parts having neither 
V-grooves nor linear facets upon the stripes. Instead of 
V-grooves, an array of inverse dodecagonal pits aligns on the 
stripes in L2. 
0329 L2 contains prism-shaped facets 56 having 
V-grooves on other parts. But, the CL observation reveals that 
no voluminous defect accumulating region (H) exists under 
valleys of the facet grooves. The facet grooves are vacant. The 
Voluminous defect accumulating regions (H) should be pro 
duced under the valleys of facets in the teaching of the present 
invention. L2 deviates from the scope of the present inven 
tion. The reason why Such vacant V-grooves are formed in L2 
is not clarified yet. 
0330. Some reason prevents voluminous defect accumu 
lating regions (H) from occurring on the stripes. Lack of the 
linear Voluminous defect accumulating region (H) prohibits 
linear facets from happening. Extinction of the linear Volu 
minous defect accumulating regions (H) induces conical 
round pits of facets instead of V-grooves. Appearance of 
unexpected discrete facet pits contradicts the purpose of the 
present invention. Why are undesired discrete conical facet 
pits produced instead of liner parallel V-grooves? 
0331 Specimen L2 of Sample L requires a detailed exami 
nation. The areas bearing many discrete facet pits are plagued 
with dispersion of once-converged dislocations in a wide 
range. Dislocation density of L2 (Sample L) is 7x10 cm 
which is higher than other samples having Voluminous defect 
accumulating regions (H) following the valleys of facet 
V-grooves. 
0332. In L2, the CL observation confirms the existence of 
planar defects, which root in facet pit centers and extend 
radially in six directions spaced by 60 degrees of rotation. The 
radial planar defects extend farther by a distance longer than 
100 um somewhere. The planar defects are similar to the 
planar defects 10 shown in FIG. 1(b). Vacant V-grooves carry 
dislocation arrays without Voluminous defect accumulating 
region (H) under the Valleys (bottoms), the dislocation arrays 
being planar defects in a three-dimensional view. 
0333. It is confirmed that the facets lose the clear prism 
shape and degrade to an amorphous shape, when the closed 
defect accumulating region (H) is vanished like Sample L2. 
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The closed defect accumulating region (H) is indispensable 
for maintaining the prism regular shape of the facets (repeti 
tion of valleys and hills). 
0334. The closed defect accumulating region (H) acts as a 
dislocation annihilation/accumulation region. When the 
closed defect accumulating region (H) is not formed (vacant 
bottom), assembling of dislocations is disturbed, once gath 
ered dislocations diffuse again and sometimes planar dislo 
cation assemblies happen. Sample L clarifies the significance 
of the Voluminous defect accumulating region (H). 
0335 Lack of the voluminous defect accumulating region 
(H) disturbs assembling of dislocations and prevents the 
growing Alo Ino Gao N crystal from forming low disloca 
tion regions, even if the facets form a set of the rack-shaped 
parallel hills and valleys. The voluminous defect accumulat 
ing region (H) is important. The Voluminous defect accumu 
lating region (H) under the bottoms of prism shaped facets is 
an essential requirement of the present invention. 

Embodiment 4 

Growth of Thick AlN (x=1, y=0) on AlsCiao N 
Undersubstrate: FIGS. 13, 14; Sample P) 

0336 FIG. 13 demonstrates a common method of making 
thick AlInGaN crystals upon AlInGaN undersubstrates 
(Samples A, F and O) which has been made by Embodiments 
1, 2 and 3 of the present invention. FIG. 13 is common to 
Embodiments 4, 5 and 6. FIG. 13(1) shows an AlInGaN 
undersubstrate which has been made by the present invention, 
has been sliced and polished into mirror flatness. The under 
substrate has a tzHYZHZYet structure. FIG. 13(2) shows 
a thick facetted AlInGaN crystal grown on the AlInGaN 
undersubstrate. The tall grown AlInGaN crystal has the same 
eZHYZHZYee structure. FIG. 13(3) shows a plurality of 
AlInGaN wafers sliced from the thick AlInGaN crystal. The 
AlInGaN wafer crystal has the same eZHYZHZYet struc 
ture as the undersubstrate. FIG. 14 shows a layered structure 
of Embodiment 4. Thick AlN (x=1, y=0) crystals are made by 
the method of the present invention. An undersubstrate is 
prepared by eliminating the Sapphire underSubstrate from 
Sample A (AlosGao N/sapphire) substrate which has been 
already produced by Embodiment 1 and polishing the top 
surface of Sample A. The starting undersubstrate is here 
named Undersubstrate P(AlosGao N: abbr. AlGaN). An AlN 
((aluminum nitride) thick crystal (Sample P) is grown on 
Undersubstrate P (AlGaN) by the HVPE method. The HVPE 
apparatus has a hot-wall furnace, H and HCl gas inlets at a 
top of the furnace, an Al-boat having an Al-melt at a higher 
position, a Susceptor at a lower position, and heaters for 
heating the Al-melt and the susceptor. Undersubstrate P is laid 
upon the Susceptor. The Al-boat and the Susceptor are heated. 
HCl+H gases are introduced via the top gas inlets to the 
Al-melt. HCl gas reacts with Al and produces AlCls (alumi 
num chloride) gas. The AlCl gas falls from the Al-boat 
toward Undersubstrate P on the susceptor. Ammonia (NH) 
gas is introduced near the susceptor. NH gas reacts with 
AlCls gas and produces aluminum nitride (AIN). Synthesized 
AlNadheres to Undersubstrate P. An AlN layer is formed on 
Undersubstrate P (Sample A). The HVPE growth conditions 
are as follows: 
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1050° C. 
0.02 atm (2 kPa) 
0.3 atm (30 kPa) 

Growth Temperature (susceptor) 
HCl partial pressure (Al-boat) 
NH3 partial pressure 
Growth Time 140 hours 
AIN thickness 8000 m (8 mm) 

0337 The 140 hour HVPE growth makes an 8 mm thick 
AlN (aluminum nitride) crystal (Sample P) on Undersub 
strate PCL observation shows Sample P (AlN/A1GaN) has a 
patternaligning regularly a set of parallel facet groove?valleys 
having a 400 um spatial period. The groove?valley pattern of 
Sample P exactly transcribes the original groove?valley pat 
tern of Undersubstrate P (AlGaN). Six AlN crystal wafers are 
obtained by cutting the AlNingot in the direction vertical to 
the c-axis by an inner blade slicer. TEM observation measures 
the dislocation density. Except the (H) regions, dislocations 
are sufficiently decreased. The average of dislocation density 
is 7x10 cm in the (Z) regions and (Y) regions. Sample Pis 
an excellent AlN substrate of low dislocation density. 

Embodiment 5 

(Growth of Thick InN (x=0, y=1) on InGao N 
Undersubstrate: FIGS. 13, 15; Sample Q) 

0338 Embodiment 5 makes a thick InN crystal upon an 
InGaN undersubstrate which has been made by Embodiment 
2 by the processes shown in FIG. 13. FIG. 15 shows a layered 
structure of Embodiment 5. Thick InN (x=0, y=1) crystals are 
made by the method of the present invention. An undersub 
strate is prepared by eliminating the Sapphire undersubstrate 
from Sample F (InocGao N/sapphire) Substrate which has 
been already produced by Embodiment 2 and polishing the 
top surface of Sample F. The starting undersubstrate prepared 
from Sample Fishere named Undersubstrate Q (In Gao N: 
abbr. InGaN). An InN (indium nitride) thick crystal is grown 
on Undersubstrate Q (InGaN) by the HVPE method. The 
HVPE apparatus has a hot-wall furnace, H and HCl gas inlets 
at a top of the furnace, an In-boat having an In-melt at a higher 
position, a Susceptor at a lower position, and heaters for 
heating the In-melt and the Susceptor. Undersubstrate Q is 
laid upon the Susceptor. The In-boat and the Susceptor are 
heated. HCl+H gases are introduced via the top gas inlets to 
the In-melt. HCl gas reacts with In and produces InCls (in 
dium chloride) gas. The InCl gas falls from the In-boat 
toward Undersubstrate Q on the susceptor. Ammonia (NH) 
gas is introduced near the Susceptor. NH gas reacts with 
InCl gas and produces indium nitride (InN). Synthesized 
InN adheres to Undersubstrate Q. An InN layer is formed on 
Undersubstrate Q. The HVPE growth conditions are as fol 
lows: 

650° C. 
0.02 atm (2 kPa) 
0.3 atm (30 kPa) 

Growth Temperature (susceptor) 
HCl partial pressure (In-boat) 
NH3 partial pressure 
Growth Time 140 hours 
InN thickness 4200 m 

0339. The 140 hour HVPE growth makes a 4.2 mm thick 
InN (indium nitride) crystal (Sample Q) on Undersubstrate Q. 
CL observation shows Sample Q (InN/InGaN) has a pattern 
aligning regularly a set of parallel facet groove?valleys having 



US 2009/0071394 A1 

a 400 um spatial period. The groove/valley pattern of Sample 
Q exactly transcribes the original groove?valley pattern of 
Undersubstrate Q (InGaN). Four InN crystal wafers are 
obtained by cutting the InN ingot in the direction vertical to 
the c-axis by an inner blade slicer. TEM observation measures 
the dislocation density. Except the (H) regions, dislocations 
are sufficiently decreased. The average of dislocation density 
is 8x10 cm in the (Z) regions and (Y) regions. Sample Q is 
an excellent InN substrate of low dislocation density. 

Embodiment 6 

(Growth of Thick Alo-In-GaN (x=0.4, y=0.4) on 
Alo Ino GaN Undersubstrate (O); FIGS. 13, 16; 

Sample R) 

0340 FIG.16 shows a layered structure of Embodiment 6. 
FIG. 13 demonstrates the steps of making an AlInGaN crystal 
upon an AlInGaN undersubstrate. Thick Alo-In-GaN (x=0. 
4, y=0.4) crystals are made by the method of the present 
invention. An underSubstrate is prepared by eliminating the 
GaAS underSubstrate from Sample O (Al...In Gao N/ 
GaAs) substrate which has been already produced by 
Embodiment 3 and polishing the top surface of Sample O. 
The starting undersubstrate is here named Undersubstrate O 
(Alo Ino Gao N: abbr. AlInGaN). An Alo-In-Gao Nthick 
crystal is grown on Undersubstrate O (Al. In GaN) by 
the HVPE method. The HVPE apparatus has a hot-wall fur 
nace, H2, AlCls and HCl gas inlets at a top of the furnace, an 
In-boat having an In-melt and a Ga-boat having a Ga-melt at 
higher positions, a Susceptor at a lower position, and heaters 
for heating the In- and Ga-melts and the Susceptor. Under 
Substrate O (Alos Ino. GaN) is laid upon the Susceptor. The 
In-boat, Ga-boat and the susceptor are heated. HC1+H gases 
are introduced via the top gas inlets to the In-melt. HCl gas 
reacts with In and produces InCls (indium chloride) gas. The 
InCl gas falls from the In-boat toward Undersubstrate O on 
the Susceptor. Ammonia (NH) gas and AlCl gas are intro 
duced near the Susceptor. NH gas reacts with InCl, AlCl 
and GaCl gases. The reaction produces aluminum indium 
gallium nitride (Al-In-GaN) mixture crystal. Synthe 
sized Alo-In-Gao Nadheres to Undersubstrate O (Al...In 
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3GaoN). An Alo-In-Gao N layer is formed on UnderSub 
strate O. The HVPE growth conditions are as follows: 

690° C. 
0.02 atm (2 kPa) 
0.01 atm (1 kPa) 

Growth Temperature (susceptor) 
HCl partial pressure (In-boat) 
HCl partial pressure (Ga-boat) 
AlCls partial pressure 0.02 atm (2 kPa) 
NH3 partial pressure 0.3 atm (30 kPa) 
Growth Time 160 hours 
Aloino Gao 2N thickness 4100m 

(0341 The 160 hour HVPE growth makes a 4.1 mm thick 
AloInc.Gao N crystal (Sample R) on Undersubstrate O.CL 
observation shows Sample R (Al-In-Gao N/Alo, Inc. 
3GaN) has a patternaligning regularly a set of parallel facet 
groove?valleys having a 400 um spatial period. The groove/ 
valley pattern of Sample R exactly transcribes the original 
groove?valley pattern of UnderSubstrate O (Alosino Gao. 
4N). Four Al-In-GaN crystal wafers are obtained by 
cutting the Alo-In-Gao N ingot in the direction vertical to 
the c-axis by an inner blade slicer. TEM observation measures 
the dislocation density. Except the (H) regions, dislocations 
are sufficiently decreased. The average of dislocation density 
is 1x10 cm in the (Z) regions and (Y) regions. Sample Ris 
an excellent Alo-Ino, Gao N Substrate of low dislocation 
density. 
0342 Table 1 shows embodiment numbers, AlInGaN 
materials, stripe mask widths S (um), Voluminous defect 
accumulating region (H) widthsh (Lm), mask stripe pitches p 
(Lm), C-plane growth region (Y) widths y (Lm), film thick 
nesses T(um) and values of 2Z+y of Samples A to R of 
Embodiments 1, 2, 3, 4, 5 and 6. 

Table 1 
Table of the Embodiment Numbers, (AlInGaN) Materials, 
Stripe Mask Widths s, Voluminous Defect Accumulating 
Region (H) Widths h, Mask Pitches p, C-Plane Growth 
Region (Y) Widths y, AlInGaN Layer Thicknesses T, and 

Values of 2Z+y According to Embodiments 1 to 6 
0343 

Symbol 
of 

Samples Embodiments Materials 

A. 1 AlosGao.2N 
B AloisCao.2N 
C AlosGao.2N 
D AlosGao.2N 
E AloisCao.2N 
F 2 InooGao. IN 
G InooGao. IN 
I InogGao. IN 
J InooGao. IN 
K InooGao. IN 
L 3 Alo.3 Ino.3Gao.4N 
M Alo.3 Ino.3Gao.4N 
N Alo.3 Ino.3Gao.4N 
O Alo.3 Ino.3Gao.4N 
P 4 AIN 
Q 5 InN 
R 6 Alo.4 Ino.4Gao.2N 

S h p y T 2Z +y 
underSubstrate pattern (lm) (Lm) (Lm) (Lm) (Lm) (Lm) 

Sapphire A. 50 40 400 30 1200 360 
Sapphire B 2OO 190 400 1200 210 
Sapphire C 2 1 2O 90 19 
Sapphire D 3OO 2SO 2000 3500 1750 
Sapphire E 50 400 900 
Sapphire A. 50 40 400 30 800 360 
Sapphire B 2OO 190 400 800 210 
Sapphire C 2 1 2O 50 19 
Sapphire D 3OO 2SO 2000 2900 1750 
Sapphire E 50 400 600 
GaAs A. 50 40 4OO 20-40 900 360 
Sapphire A. 50 40 4OO 20-40 900 360 
Si A. 50 40 4OO 20-40 900 360 
GaAs U 50 40 4OO 20-40 900 360 
AlGaN A. 50 40 400 30-50 8000 360 
InGaN A. 50 40 400 30-50 4200 360 
AInGaN U 50 40 400 30-50 4100 360 



US 2009/0071394 A1 

1-92. (canceled) 
93. A method of growing an AlGaN (0sxs 1) mixture 

crystal comprising the steps of 
preparing an undersubstrate; 
supplying the undersubstrate with GaCl prepared by blow 

ing HCl gas to a Ga-melt as a Ga material. AlCl gas as 
an Al material, and NH gas as a nitrogen material; 

growing a set (HZH) of a linear low dislocation single 
crystal region (Z) and two linear Voluminous defect 
accumulating regions (H) including plenty of disloca 
tions and being in contact with the low dislocation single 
crystal region (Z) on the undersubstrate; 

attracting dislocations existing in the low dislocation 
single crystal region (Z) to the Voluminous defect accu 
mulating regions (H): 

making use of a core (S) or an interface (K) of the Volumi 
nous defect accumulating regions (H) as an annihilation/ 
accumulation place of dislocations; and 

reducing dislocations in the low dislocation single crystal 
region (Z). 

94. A method of growing an AlGaN (0sxs 1) mixture 
crystal comprising the steps of 

preparing an undersubstrate; 
Supplying the underSubstrate with trimethylgallium 
(TMG) as a Ga material, trimethylaluminum (TMA) as 
an Al material and NH gas as nitrogen material; 

growing a set (HZH) of a linear low dislocation single 
crystal region (Z) and two linear Voluminous defect 
accumulating regions (H) including plenty of disloca 
tions and being in contact with the low dislocation single 
crystal region (Z) on the undersubstrate; 

attracting dislocations existing in the low dislocation 
single crystal regions (Z) to the Voluminous defect accu 
mulating regions (H): 

making use of a core (S) or an interface (K) of the Volumi 
nous defect accumulating regions (H) as an annihilation/ 
accumulation place of dislocations; and 

reducing dislocations in the low dislocation single crystal 
regions (Z). 
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95. A method of growing an In GaN (0sys1) mixture 
crystal comprising the steps of 

preparing an undersubstrate; 
supplying the undersubstrate with InC1 prepared by blow 

ing HCl gas to an In-melt as an In material, GaCl pre 
pared by blowing HCl to a Ga-melt as a Ga material, and 
NH gas as a nitrogen material; 

growing a set (HZH) of a linear low dislocation single 
crystal region (Z) and two linear Voluminous defect 
accumulating regions (H) including plenty of disloca 
tions and being in contact with the low dislocation single 
crystal region (Z) on the underSubstrate; 

attracting dislocations existing in the low dislocation 
single crystal regions (Z) to the Voluminous defect accu 
mulating regions (H): 

making use of a core (S) or an interface (K) of the Volumi 
nous defect accumulating regions (H) as an annihilation/ 
accumulation place of dislocations; and 

reducing dislocations in the low dislocation single crystal 
regions (Z). 

96. A method of growing an In GaN (0sys1) mixture 
crystal comprising the steps of 

preparing an undersubstrate; 
supplying the undersubstrate with trimethylindium (TMI) 

as an indium material, trimethylgallium (TMG) as a 
gallium material and NH gas as nitrogen material; 

growing a set (HZH) of a linear low dislocation single 
crystal region (Z) and two linear Voluminous defect 
accumulating regions (H) including plenty of disloca 
tions and being in contact with the low dislocation single 
crystal region (Z) on the underSubstrate; 

attracting dislocations existing in the low dislocation 
single crystal regions (Z) to the Voluminous defect accu 
mulating regions (H): 

making use of a core (S) or an interface (K) of the Volumi 
nous defect accumulating regions (H) as an annihilation/ 
accumulation place of dislocations; and 

reducing dislocations in the low dislocation single crystal 
regions (Z). 


