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NITRIDE SEMICONDUCTOR STRUCTURE,
MULTILAYER STRUCTURE, AND NITRIDE
SEMICONDUCTOR LIGHT-EMITTING
ELEMENT

[0001] This is a continuation of International Application
No. PCT/JP2013/005887, with an international filing date of
Oct. 2, 2013, which claims priority of Japanese Patent Appli-
cation No. 2012-223035, filed on Oct. 5, 2012, the contents of
which are hereby incorporated by reference.

BACKGROUND
[0002] 1. Technical Field
[0003] The present disclosure relates to a structure to grow

nitride semiconductor layers, a multilayer structure including
such a structure, a nitride based semiconductor element
including such a multilayer structure, a light source including
such a nitride based semiconductor element, and methods of
making them.

[0004] 2. Description of the Related Art

[0005] A nitride semiconductor including nitrogen (N) as a
Group V element is a prime candidate for a material to make
alight-emitting element operating in the deep ultraviolet (200
nm) to visible radiation (approximately 650 nm) wavelength
range, because its bandgap is variable in a wide energy range.
Among other things, gallium nitride-based compound semi-
conductors (which will be referred to herein as “GaN-based
semiconductors™) have been researched and developed par-
ticularly extensively. As a result, blue-ray-emitting light-
emitting diodes (LEDs), green-ray-emitting [.LEDs and semi-
conductor laser diodes formed of GaN-based semiconductors
have already been used in actual products (see Japanese Laid-
Open Patent Publications No. 2001-308462 and No. 2003-
332697, for example).

[0006] A GaN-based semiconductor includes an Al Ga,-
In N (where 0=x, z<1, O<y=1 and x+y+z=1) semiconductor
and has a wurtzite crystal structure. FIG. 1 schematically
illustrates a unit cell of GaN. In an Al Ga In N (where O=x,
7<1,0<y=1 and x+y+z=1) semiconductor crystal, some of the
Ga atoms shown in FIG. 1 may be replaced with Al and/or In
atoms.

[0007] FIG. 2 shows four primitive vectors a,, a,, a; and ¢
which are generally used to represent planes of a wurtzite
crystal structure with four indices (i.e., hexagonal indices).
The primitive vector ¢ runs in the [0001] direction, which is
called a “c-axis”. A plane that intersects with the c-axis at
right angles is called either a “c-plane” or a “(0001) plane”. It
should be noted that the “c-axis” and the “c-plane” are some-
times referred to herein as “C-axis” and “C-plane”. In the
accompanying drawings, those axes and planes are identified
by the small letter.

[0008] In fabricating a semiconductor element using GaN-
based semiconductors, a c-plane substrate, i.e., a substrate of
which the principal surface is a (0001) plane, is generally
used as a substrate on which GaN semiconductor crystals will
be grown. In a c-plane, however, there is a slight shift in the
c-axis direction between a Ga atom layer and a nitrogen atom
layer, thus producing electrical polarization there. That is
why the c-plane is also called a “polar plane”.

[0009] There are two types of electrical polarizations,
namely, spontaneous polarization and piezoelectric polariza-
tion. Among other things, the piezoelectric polarization is
strongly correlated to strain in a crystal. For example, in an
InGaN well layer over a GaN layer, the larger the In compo-
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sition is, the greater the magnitude of the strain is and the
greater the magnitude of the electrical polarization is. As a
result of the electrical polarization, an internal electric field is
generated in the InGaN quantum well of the active layerin the
c-axis direction. Once such a piezoelectric field has been
generated in the active layer, some positional deviation occurs
in the distributions of electrons and holes in the active layer
due to the quantum confinement Stark effect of carriers. Con-
sequently, the internal quantum efficiency decreases, thus
increasing the threshold current in a semiconductor laser
diode and increasing the power dissipation and decreasing the
luminous efficiency in an LED. Meanwhile, as the density of
injected carriers increases, the piezoelectric field is screened,
thus varying the emission wavelength, too.

[0010] Thus, to overcome these problems, it has been pro-
posed that a substrate, of which the principal surface is a
non-polar plane such as a (1-100) plane that is perpendicular
to the [1-100] direction and that is called an “m-plane”, be
used. An LED, of which the principal surface is such a non-
polar plane, for example, could increase the luminous effi-
ciency more significantly than a conventional LED, of which
the principal surface is a c-plane.

[0011] In this description, “~” attached on the left-hand
side of a Miller-Bravais index in the parentheses means a
“bar” (a negative direction index). As shown in FIG. 2, the
m-plane is parallel to the c-axis (i.e., the primitive vector ¢)
and intersects with the c-plane at right angles. On the
m-plane, Ga atoms and nitrogen atoms are on the same atomic
plane. For that reason, no electrical polarization will be pro-
duced perpendicularly to the m-plane. That is why if a semi-
conductor multilayer structure is formed perpendicularly to
the m-plane, no piezoelectric field will be generated in the
active layer, thus overcoming the problems described above.
In this case, the “m-plane” is a generic term that collectively
refers to a family of planes including (1-100), (-1010), (10-
10), (-1100), (01-10) and (0-110) planes.

[0012] Also, in this description, the “X-plane growth”
means epitaxial growth that is produced perpendicularly to
the X plane (where X=c or m) of a hexagonal wurtzite struc-
ture. As for the X-plane growth, the X plane will be some-
times referred to herein as a “principal surface” or a “growing
plane”. Furthermore, a layer of semiconductor crystals that
have been formed as a result of the X-plane growth will be
sometimes referred to herein as an “X-plane semiconductor
layer”.

[0013] LEDs and laser diodes that use a nitride semicon-
ductor structure, of which the principal surface is an m-plane
that is a non-polar plane, have already been realized in labo-
ratories as a result of recent researches and developments. In
most of those researches, a GaN bulk substrate, of which the
principal surface is an m-plane, is used as a growing substrate.
That is why a nitride semiconductor element structure can be
grown to have excellent crystal quality without causing a
lattice mismatch or a difference in thermal expansion coeffi-
cient between the growing layers and the substrate, and high-
efficiency LED and laser oscillation has been achieved.

SUMMARY

[0014] As described above, by making a light-emitting ele-
ment (such as an LED or a laser diode) based on a nitride
semiconductor structure, of which the principal surface is a
non-polar plane, a decrease in transition probability due to
generation of an internal electric field can be prevented and
the performance of the device is improved in terms of effi-



US 2014/0269801 Al

ciency and lifetime compared to a conventional light-emitting
element, of which the principal surface is a c-plane (that is a
polar plane).

[0015] When a crystal-growing process is carried out to
make a nitride semiconductor element, of which the principal
surface is an m-plane, a GaN bulk wafer is used currently.
However, a GaN bulk wafer is more expensive, and harder to
increase its diagonal size, than a sapphire wafer for use in a
c-plane GaN-based LED. On the other hand, a sapphire wafer
having a diagonal size of 2 inches is as cheap as a few
thousand yen and a sapphire wafer of as large a size as six
inches or more has already been realized. Thus, if a sapphire
wafer could be used to grow nitride semiconductor crystals on
an m-plane that is a non-polar plane, it would be effective
particularly in terms of cutting down the cost. For example, if
a sapphire wafer, of which the principal surface is an m-plane
(and which will be referred to herein as an “m-plane sapphire
wafer”), is used to grow nitride semiconductor crystals
thereon, m-plane nitride semiconductors can be grown (see
PCT International Application Publication No. 2008/
047907). In addition, on an m-plane sapphire wafer, (11-22)
and (10-1-3) planes, which are semi-polar planes, can also be
formed (see Japanese Journal of Applied Physics 45, No. 6,
L.154-L157 (2006)).

[0016] However, since a sapphire wafer is different from
nitride semiconductor crystals in terms of their crystal struc-
ture, lattice constant and thermal expansion coefficient,
nitride semiconductor crystals grown on a sapphire wafer
have imperfections and dislocations at high densities. A dis-
location is a defect which has been caused as a line defect due
to a mismatch between crystal lattices. Those imperfections
and dislocations are caused chiefly due to a lattice mismatch
between the sapphire wafer and the nitride semiconductor
crystals, and the difference in their crystal structure. Those
imperfections that have been caused in the interface between
the sapphire wafer and the nitride semiconductor crystals will
reach the active layer in the nitride semiconductor crystals or
the surface of the element, thus deteriorating the performance
of the device significantly (e.g., decreasing the efficiency of
the LED or shortening its lifetime).

[0017] A nonlimiting exemplary embodiment of the
present disclosure provides a nitride semiconductor structure
of which the nitride semiconductor crystals have had their
strain relaxed, and eventually had their crystal quality
improved, by producing dislocations purposely in those
nitride semiconductor crystals having the principal surface
which is a non-polar plane that has been formed on a hetero
substrate by epitaxial growth (i.e., by hetero-epitaxial
growth).

[0018] Inone general aspect, a nitride semiconductor struc-
ture includes: a plurality of crystal growth seed regions
formed of a nitride semiconductor, of which the principal
surface is an m-plane and which extends to a range that
defines an angle of not less than O degrees and not more than
10 degrees with respect to an a-axis; and a laterally grown
region formed of a nitride semiconductor which has extended
in a c-axis direction from each of the plurality of crystal
growth seed regions. An S width that is the spacing between
adjacent ones of the plurality of crystal growth seed regions is
at least 20 um. By adopting this configuration, the lattice
strain in the laterally grown region can be relaxed and a nitride
semiconductor with reduced strain can be obtained.

[0019] According to the above aspect, in a non-polar-plane
nitride semiconductor that has been formed on a hetero sub-
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strate, the internal strain of the nitride semiconductor can be
relaxed so significantly that a novel nitride semiconductor
structure with improved crystallinity is provided.

[0020] These general and specific aspects may be imple-
mented using a method. Additional benefits and advantages
of the disclosed embodiments will be apparent from the
specification and Figures. The benefits and/or advantages
may be individually provided by the various embodiments
and features of the specification and drawings disclosure, and
need not all be provided in order to obtain one or more of the
same.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] FIG. 1 is a perspective view schematically illustrat-
ing a unit cell of GaN.

[0022] FIG. 2 is a perspective view showing the primitive
vectors a,, a,, a, and ¢ of a wurtzite crystal structure.

[0023] FIG. 3 illustrates how a crystal plane gets tilted due
to a misfit dislocation at a hetero-interface of a nitride semi-
conductor, of which the principal surface is an m-plane.
[0024] FIGS. 4A and 4B illustrate a hetero-nitride semi-
conductor substrate according to the first embodiment.
[0025] Portions (a) to (d) of FIG. 5 are cross-sectional
views illustrating respective process steps of a lateral selec-
tive growth process by the masked Pendeo method.

[0026] Portions (a) to (d) of FIG. 6 are cross-sectional
views illustrating respective process steps of a lateral selec-
tive growth process by the maskless Pendeo method.

[0027] Portions (a) to (e) of FIG. 7 are cross-sectional
views illustrating respective process steps of a lateral selec-
tive growth process by the ABLEG method.

[0028] FIG. 8 is a surface micrograph according to
Example 1.
[0029] Portions (a) to (c) of FIG. 9 are surface micrographs

of’hetero-nitride semiconductor substrates 600 with mutually
different S widths, wherein portion (a) shows Comparative
Example 2 in which the L. and S widths were set to be 5 um
and 10 um, respectively, portion (b) shows Example 1 in
which the [ and S widths were set to be 5 pm and 50 pum,
respectively, and portion (c) shows Example 2 in which the L
and S widths were set to be 5 um and 100 um, respectively.
[0030] FIGS. 10A to 10C show the results of a reciprocal
lattice mapping measurement that was carried out on a hetero-
nitride semiconductor substrate 600 according to Example 1,
wherein FIG. 10A shows a relation between the direction in
which an X-ray was incident on a striped patterned substrate
structure 510 during the reciprocal lattice mapping measure-
ment and the crystal axis of GaN, FIG. 10B shows the results
obtained when an X-ray was incident in the c-axis direction of
GaN, and FIG. 10C shows the results obtained when an X-ray
was incident in the a-axis direction of GaN.

[0031] FIGS. 11A and 11B are schematic representations
showing how the results obtained by the reciprocal lattice
mapping measurement should be interpreted when the crystal
lattice was not tilted and when the crystal lattice was tilted,
respectively.

[0032] FIG. 12 shows the results of the reciprocal lattice
mapping measurement that were obtained in Comparative
Example 1 when an X-ray was incident in the a-axis direction
of GaN.

[0033] Portions (a) to (d) of FIG. 13 show the results of the
reciprocal lattice mapping measurements that were obtained
from hetero-nitride semiconductor substrates 600 including
crystal growth seed regions and having mutually different S
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widths of 0, 10, 50 and 100 pm in Comparative Example 1,
Comparative Example 2, Example 1 and Example 2, respec-
tively.

[0034] FIG.14 shows how the XRC full width at half maxi-
mum changes with the tilt angle a of a crystal lattice.
[0035] FIG. 15 illustrates the surface morphology of a
nitride semiconductor substrate 600 according to Example 3.
[0036] FIG. 16 is a graph showing the results of a micro-
region X-ray rocking curve measurement which was carried
out on a GaN (2-200) plane of a hetero-nitride semiconductor
substrate 600 according to Example 3.

[0037] FIG.17isaschematic cross-sectional view illustrat-
ing a nitride-based semiconductor light-emitting element
according to the second embodiment.

[0038] FIG.18is across-sectional view illustrating a white
light source according to the third embodiment.

DETAILED DESCRIPTION

[0039] Before embodiments of the present disclosure are
described, it will be described with reference to FIG. 3 how
much the crystal lattice would tilt due to misfit dislocations if
crystals of m-plane GaN are grown on an m-plane sapphire
substrate. FIG. 3 shows the tilt of the crystal lattice as
observed in the c-axis direction of GaN during the growth of
m-plane GaN crystals on an m-plane sapphire substrate. If
there is a significant degree of lattice mismatch in the in-plane
direction between a nitride semiconductor layer which has
grown epitaxially and a growing substrate, misfit dislocations
with dislocation lines that run in one direction arise to resolve
the mismatch. If the growing principal surface is an m-plane,
the dislocation lines of the misfit dislocation are formed
mostly parallel to the c-axis but are hardly formed in the
a-axis direction that intersects with the c-axis at right angles.
Such a phenomenon rarely happens when crystals grow from
the principal surface that is a highly symmetric polar plane
(i.e., a c-plane) as in a conventional crystal-growing process,
and is peculiar to crystals which grow from a principal surface
that is a non-polar plane or a semi-polar plane. When such
misfit dislocations with dislocation lines that run in one direc-
tion arise, a normal to the crystal lattice of a nitride semicon-
ductor layer that has grown epitaxially will tilt with respect to
a normal to the growing substrate (see Applied Physics Let-
ters 99, 131909 (2011)). Such tilt of the crystal lattice is
caused by the addition of one layer of the crystal plane
involved with the occurrence of the misfit dislocations. As
shown in FIG. 3, while crystals of m-plane GaN grow on an
m-plane sapphire substrate, the m-axis of GaN will rotate on
the c-axis of GaN in the a-axis direction with respect to the
m-axis of sapphire.

[0040] According to Applied Physics Letters 99, 131909
(2011), supposing the lattice strain to be caused to m-plane
GaN crystals growing on an m-plane sapphire substrate has
been relaxed completely, the interval L. between adjacent
misfit dislocations at their interface depends on the degree of
lattice mismatch € [%] between the a-axis of GaN and the
c-axis of the sapphire substrate and the a-axis lattice constant
GaN_a, of GaN and is given by the following Equation (1):

GaN 1
L= E*ao x 100 M

In this Equation (1), the lattice relaxation at the interface is
supposed to have been caused via Burgers vector.
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[0041] Thetiltangle o of the crystal lattice is determined by
the interval L between adjacent misfit dislocations and the
m-axis lattice constant GaN_m,, of GaN and is given by the
following Equation (2):

GaN. my ) (2)

That is to say, the following Equation (3)

GaN_m, = ] 3)

— —1 —_
@ = tan (GaN,aO 100

is satisfied.

[0042] Since there is a significant degree of lattice mis-
match between the sapphire substrate and GaN, the crystals
will grow in the domain matching epitaxy (DME) mode (see
Journal of Applied Physics 93, 278, (2003)). If m-plane GaN
crystals are grown on an m-plane sapphire substrate, lattice
match will be found between the a-axis direction spacing
(1.5925 A) of GaN multiplied by four and the c-axis direction
spacing (2.165 A) of sapphire multiplied by three. In this
case, the a-axis direction spacing (1.5925 A) of GaN is a half
as large as the a-axis lattice constant (3.185 A) of GaN. On the
other hand, the c-axis direction spacing (2.165 A) of sapphire
is one sixth as large as the c-axis lattice constant (12.99 A) of
sapphire. As can be seen, in the case of the DME mode, the
degree of lattice mismatch s between the c-axis of sapphire
and the a-axis of GaN is approximately 1.8%. That is to say,
care should be taken when calculating the degree of lattice
mismatch €.

[0043] Supposing lattice relaxation has been achieved
completely for m-plane GaN crystals growing on an m-plane
sapphire substrate, the misfit dislocation interval L is esti-
mated to be approximately 177 A according to Equation (1).
That is to say, on such supposition, if lattice relaxation has
been achieved completely for the GaN crystal lattice in the
DME mode, the tilt angle o of the crystal lattice is estimated
to be 0.89 degrees.

[0044] For example, in the case of m-plane GaN crystals
growing on an m-plane SiC substrate, the degree of lattice
mismatch between the a-axis of SiC and the a-axis of GaN is
approximately 3%. If lattice relaxation has been achieved
completely for the GaN crystal lattice, the tilt angle o of the
crystal lattice is estimated to be 1.5 degrees.

[0045] As can be seen, when m-plane GaN crystals are
grown on an m-plane sapphire substrate, misfit dislocations
arise to reduce (and relax) the strain in the strained crystals. In
an actual hetero-epitaxial growth process, however, lattice
relaxation is rarely achieved completely in a nitride semicon-
ductor layer. That is to say, in most cases, there should be
some residual strain in the nitride semiconductor layer and
the tilt angle a of the crystal lattice should be smaller than
what is calculated by Equation (3). The percentage of the
residual strain € ,[%)] remaining in the nitride semiconduc-
tor layer is calculated by the following Equation (4):

com OB % 100[%]
85ﬁ_8_GaN7m0 anq o

@

As can be seen from this Equation (4), if m-plane GaN crys-
tals are grown on an m-plane sapphire substrate, the percent-
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age of the residual strain remaining in the m-plane GaN layer
can be estimated by measuring the tilt angle o of the crystal
lattice. In this case, the tilt angle o of the crystal lattice can be
evaluated with an X-ray diffraction analyzer. Specifically, in
measuring the tilt angle o of the crystal lattice of m-plane
GaN in the a-axis direction, the tilt angle . can be evaluated
by reciprocal lattice mapping with an X ray made to be
incident parallel to the a-axis direction.

[0046] Applied Physics Express 3, 011004 (2010) and
Applied Physics Letters 99, 131909 (2011) report that such a
tilted crystal lattice is observed in a nitride semiconductor
hetero-structure in which nitride semiconductors growing on
either a semi-polar plane or an m-plane that is a non-polar
plane have different In or Al mole fractions.

[0047] The structure described above uses a sapphire sub-
strate unlike the hetero-structure consisting of only nitride
semiconductors as disclosed in Applied Physics Express 3,
011004 (2010) and Applied Physics Letters 99, 131909
(2011). However, since lattice mismatch naturally arises at
the interface, some tilt of the crystal lattice should be
observed there.

[0048] That is why the tilt of this crystal lattice should
ordinarily depend on the degree of lattice mismatch between
the substrate and a nitride semiconductor film to grow on the
substrate and on the thickness of the nitride semiconductor
film.

[0049] The present inventors discovered that by applying a
lateral selective growing technique to the hetero-epitaxial
growth of a nitride semiconductor on an m-plane that is a
non-polar plane, the tilt angle of the crystal lattice can be
controlled.

[0050] The lateral selective growing technique is a tech-
nique for obtaining a quality nitride semiconductor film by
reducing the density of dislocations with a plurality of crystal
growth seed regions provided and with crystals allowed to
regrow selectively only from those crystal growth seed
regions.

[0051] The present inventors discovered that in the lateral
selective growth of an m-plane nitride semiconductor accord-
ing to the present disclosure, by setting the spacing (which
will be referred to herein as an “S width”) between adjacent
ones of those crystal growth seed regions to be equal to or
greater than 20 um, the tilt angle of the crystal lattice could be
increased so significantly that the lattice relaxation could be
promoted and the strain applied to the nitride semiconductor
could be reduced drastically enough to realize a hetero nitride
semiconductor multilayer structure of quality.

[0052] The crystal lattice tilt model described above is sup-
posed to be observed in an m-plane nitride semiconductor
film to grow on a sapphire substrate that is a hetero substrate
(i.e., a single film is supposed to grow on that substrate). In
that case, the magnitude of tilt of the crystal lattice changes
according to the degree of lattice mismatch, the percentage of
the strain, and the thickness of the film. That is to say, the
m-plane nitride semiconductor film is subjected to the strain
mainly at the interface with the sapphire substrate and the
strain is caused in the m-axis direction that is the growing
direction.

[0053] On the other hand, in the lateral selective growing
technique of the present disclosure, the nitride semiconductor
film is supposed to regrow laterally from the c-plane of those
crystal growth seed regions in the c-axis direction.

[0054] That is to say, the strain that has been caused at the
interface between m-planes in the case of the single film
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growth could be reduced more significantly by adopting the
selective growing technique to change the crystal growing
direction from the m-axis direction into the c-axis direction.

[0055] The present inventors also discovered that such an
effect of reducing the strain by adopting the lateral selective
growing technique could not be achieved at an S width of 5 to
10 um, which is used in a conventional lateral selective grow-
ing technique, but could be achieved significantly at a greater
S width of 20 pm or more.

[0056] The present inventors further discovered that in such
a lateral selective growing sample in which the lattice relax-
ation could be promoted (i.e., of which the strain could be
relaxed), the degree of crystallinity could be improved sig-
nificantly as well.

[0057] An embodiment of the present disclosure is as
described below.

[0058] A nitride semiconductor structure according to one
embodiment of the present disclosure includes: a plurality of
crystal growth seed regions formed of a nitride semiconduc-
tor, of which the principal surface is an m-plane and which
extends to a range that defines an angle of not less than 0
degrees and not more than 10 degrees with respect to an
a-axis; and a laterally grown region formed of a nitride semi-
conductor which has extended in a c-axis direction from each
of'the plurality of crystal growth seed regions. An S width that
is the spacing between adjacent ones of the plurality of crystal
growth seed regions is at least 20 um. By adopting this con-
figuration, the lattice strain in the laterally grown region can
be relaxed and a nitride semiconductor with reduced strain
can be obtained.

[0059] In one embodiment, the S width that is the spacing
between adjacent ones of the plurality of crystal growth seed
regions is 50 um or more. In such an embodiment, the lattice
strain in the laterally grown region can be relaxed so much
that a nitride semiconductor with good crystallinity, of which
the strain has been reduced to approximately one third, can be
obtained.

[0060] In one embodiment, the S width that is the spacing
between adjacent ones of the plurality of crystal growth seed
regions is 100 um or less. By setting the S width to be 100 pm
or less, the laterally grown regions can be combined together
more easily and a nitride semiconductor structure with good
planarity can be obtained in a short crystal growth time.

[0061] In one embodiment, the m-axis of the laterally
grown region defines a tilt angle of o degrees in the a-axis
direction of the nitride semiconductor with respect to the
m-axis of the crystal growth seed regions. The angle of a
degrees is greater than zero degrees, and has been calculated
by evaluating the crystal growth seed regions and the laterally
grown region separately from each other using a microarea
X-ray diffractometer with a small spot size.

[0062] In one embodiment, the m-axis of the laterally
grown region defines a tilt angle of o degrees in the a-axis
direction of the nitride semiconductor with respect to the
m-axis of the crystal growth seed regions. The angle of a
degrees is greater than zero degrees and equal to or smaller
than 0.35 degrees, and has been calculated by making an
X-ray incident parallel to the a-axis direction of a nitride
semiconductor layer and by detecting a difference in diffrac-
tion peak position in the nitride semiconductor layer between
the laterally grown region and the crystal growth seed regions
by X-ray reciprocal lattice mapping with respect to the dif-
fraction peak position in a growing substrate.
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[0063] Another nitride semiconductor structure according
to the present disclosure includes: a sapphire substrate, of
which the principal surface is an m-plane; a plurality of crys-
tal growth seed regions formed of a nitride semiconductor
which has been formed on the sapphire substrate, of which the
principal surface is an m-plane, and which extends to a range
that defines an angle of not less than 0 degrees and not more
than 10 degrees with respect to an a-axis; and a laterally
grown region formed of a nitride semiconductor which has
extended in a c-axis direction from each of the plurality of
crystal growth seed regions. An S width that is the spacing
between adjacent ones of the plurality of crystal growth seed
regions is at least 20 um. By adopting this configuration, the
lattice strain in the laterally grown region can be relaxed and
a nitride semiconductor with reduced strain can be obtained.
In addition, by using a sapphire substrate, the structure can
have increased mechanical strength and can be handled more
easily as well.

[0064] In one another embodiment, the S width that is the
spacing between adjacent ones of the plurality of crystal
growth seed regions is 50 um or more. In such an embodi-
ment, the lattice strain in the laterally grown region can be
relaxed so much that a nitride semiconductor with good crys-
tallinity, of which the strain has been reduced to approxi-
mately one third, can be obtained.

[0065] In one another embodiment, the S width that is the
spacing between adjacent ones of the plurality of crystal
growth seed regions is 100 um or less. By setting the S width
to be 100 pum or less, the laterally grown regions can be
combined together more easily and a nitride semiconductor
structure with good planarity can be obtained in a short crystal
growth time.

[0066] In one another embodiment, the m-axis of the crys-
tal growth seed regions defines a tilt angle of f1 degrees in the
a-axis direction of the nitride semiconductor with respect to
the m-axis of the sapphire substrate. The m-axis of the later-
ally grown region defines a tilt angle of 2 degrees in the
a-axis direction of the nitride semiconductor with respect to
the m-axis of the sapphire substrate. The angle (2 is larger
than the angle 1. The angles 1 and 2 have been calculated
by evaluating the crystal growth seed regions and the laterally
grown region separately from each other using a microarea
X-ray diffractometer with a small spot size.

[0067] In one another embodiment, if an angle a is calcu-
lated to be (the angle p2-the angle 1), the angle « is larger
than zero degrees and equal to or smaller than 0.35 degrees.
The angles 1 and 2 have been calculated by making an
X-ray incident parallel to the a-axis direction of a nitride
semiconductor layer and by detecting a diffraction peak posi-
tion in the nitride semiconductor layer in the laterally grown
region by X-ray reciprocal lattice mapping with respect to the
diffraction peak position in the sapphire substrate.

[0068] By adopting this configuration, the lattice relaxation
can be promoted in the laterally grown region. As a result, a
nitride semiconductor with reduced strain and good crystal-
linity can be obtained.

[0069] Hereinafter, embodiments of the present disclosure
will be described in detail with reference to the accompanying
drawings. In the accompanying drawings, any pair of com-
ponents shown in multiple drawings and having substantially
the same function will be identified by the same reference
numeral for the sake of simplicity of description. It should be
noted that the present disclosure is in no way limited to the
illustrative embodiments to be described below.
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[0070] Inthe embodiments to be described below, gallium
nitride (GaN) layers are used mostly as the nitride semicon-
ductor layer, crystal growth seed regions and laterally grown
region. However, those layers may include Al, In and B. For
example, those layers may be AIN layers. Also, the nitride
semiconductor layer, crystal growth seed regions and later-
ally grown region do not have to be formed of only GaN layers
but may include a single Al,Ga, In,N (where O=x<1, O<y=lI,
0O=z=1 and x+y+7z=1) layer, an alternate stack of Al Ga In, N
(where O=x=<1, O<y=l, O=z=<l and x+y+z=1) layers with
mutually different compositions, or those layers to which
element B has been further added.

[0071] Ineachofthe embodiments to be described below, a
nitride semiconductor, of which the principal surface is an
m-plane, is supposed to grow hetero-epitaxially on an
m-plane sapphire substrate. However, this is just an example
of'the present disclosure. Rather, any substrate may be used as
a hetero-epitaxially growing substrate as long as a nitride
semiconductor layer, of which the principal surface is an
m-plane that is a non-polar plane, can grow on the substrate.
Examples of such nitride semiconductor growing substrates,
of which the principal surface is an m-plane, include an
a-plane sapphire substrate, an m-plane SiC substrate, an
m-plane ZnO substrate, an LiAlO, substrate, and a Ga,Oj,
substrate. Optionally, the surface of these growing substrates
may be subjected to a patterning process. Or the growing
substrate may also be an Si substrate.

Embodiment 1

[0072] Hereinafter, a hetero nitride semiconductor sub-
strate as a first embodiment will be described with reference
to FIG. 4A.

[0073] The hetero nitride semiconductor substrate of this
embodiment includes a growing substrate 100 of m-plane
sapphire, crystal growth seed regions 130 of a nitride semi-
conductor which have been formed on the growing substrate
100 with a buffer layer 105 interposed between them, and a
regrown nitride semiconductor layer 320 which has been
formed to cover the crystal growth seed regions 130. The
crystal growth seed regions 130 run in the a-axis direction of
the nitride semiconductor layer. However, the direction in
which the crystal growth seed regions 130 run does not have
to exactly agree with the a-axis direction of the nitride semi-
conductor layer, but may define a tilt angle of not less than 0
degrees and not more than £10 degrees with respect to the
a-axis direction in a plane that intersects with the m-axis
direction at right angles. A plurality of crystal growth seed
regions 130 have been formed, and the spacing between adja-
cent ones of the crystal growth seed regions 130 will be
referred to herein as a “space width (S width)”.

[0074] The regrown nitride semiconductor layer 320
includes vertically grown regions 320« in which crystals have
grown upward from the crystal growth seed regions 130 and
laterally grown regions 3205 in which crystals have grown
laterally from the crystal growth seed regions 130.

[0075] Ifthe S width is set to be equal to or greater than 20
um, lattice relaxation can be further promoted in the regrown
nitride semiconductor layer 310. If the S width is set to be
equal to or greater than 50 um, the lattice strain can be relaxed
sufficiently in the laterally grown regions to approximately
one third compared to a single nitride semiconductor film
with no laterally grown regions 3204. In addition, the half
width of an XRC measurement indicating the degree of crys-
tallinity decreases. In this manner, a nitride semiconductor
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with a decreased residual strain and with an increased degree
of crystallinity can be obtained.

[0076] Andifthe Swidthis settobeequal to or smaller than
100 pm, the laterally grown regions 3205 can be combined
together more easily and a regrown nitride semiconductor
layer 320 with a high degree of planarity can be obtained by
performing the crystal-growing process for just a short time.
[0077] The m-axis of the crystal growth seed regions 130
and vertically grown regions 320a defines a tilt angle 1 in the
a-axis direction of the nitride semiconductor with respect to
the m-axis of the growing substrate 100 of m-plane sapphire.
On the other hand, the m-axis of the laterally grown regions
3205 defines a tilt angle 2 in the a-axis direction of the
nitride semiconductor with respect to the m-axis of the grow-
ing substrate 100 of m-plane sapphire. Since the crystal lattice
is further relaxed in the laterally grown regions 3205, the
m-axis of the laterally grown regions 3205 defines a greater
tilt angle with respect to the m-axis of the growing substrate
100 of m-plane sapphire. That is to say, the angle 2 becomes
larger than the angle 1. Supposing the angle o is calculated
by 2-p1, the m-axis of the crystal growth seed regions 130
and vertically grown regions 320a¢ and the m-axis of the
laterally grown regions 3205 define the tilt angle o in the
a-axis direction of the nitride semiconductor, where the angle
a is a value which is larger than 0 degrees and equal to or
smaller than 0.35 degrees. In the laterally grown regions
3205, the more significantly the crystal lattice is relaxed, the
closer to 0.35 degrees the angle o becomes.

[0078] Optionally, the growing substrate 100 may be
removed as shown in FIG. 4B. In that case, the angles $1 and
[2 cannot be defined but the angle o can be defined. That is to
say, the m-axis of the crystal growth seed regions 130 and
vertically grown regions 320q and the m-axis of the laterally
grown regions 3205 define a tilt angle o in the a-axis direction
of the nitride semiconductor, where the angle o is a value
which is larger than O degrees and equal to or smaller than
0.35 degrees. In the laterally grown regions 3205, the more
significantly the crystal lattice is relaxed, the closer to 0.35
degrees the angle o becomes.

[0079] Alternatively, each of those crystal growth seed
regions 130 may be capped with a mask 120 as shown in
portion (d) of FIG. 5. In this embodiment, a junction 400 is
located over the mask 120.

[0080] Still alternatively, the crystal growth seed region
130 may have a patterned structure 131, of which the recesses
are covered with a mask 121, as shown in portion (e) of FIG.
7.

[0081] Hereinafter, it will be described with reference to
FIGS. 4A and 4B how the tilt of the crystal lattice affects the
lattice relaxation.

[0082] As described above, in the hetero-epitaxial growth
of m-plane GaN, the dislocation lines of the misfit disloca-
tions run in the c-axis direction. That is why according to this
embodiment, the crystal growth seed regions 130 are
extended to a range which defines an angle of not less than 0
degrees and not more than 10 degrees with respect to the
a-axis substantially perpendicularly to the c-axis. As a result,
a plurality of misfit dislocations can be caused in the crystal
growth seed regions 130 across the direction in which the
crystal growth seed regions 130 run. Consequently, due to
these misfit dislocations, the crystal lattice gets tilted, and the
m-axis of the crystal growth seed regions 130 tilts in the a-axis
direction of the nitride semiconductor with respect to the
m-axis of sapphire. If the vertically grown regions 320a have
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been formed over the crystal growth seed regions 130, then
the m-axis of the vertically grown regions 320q also tilts in the
a-axis direction of the nitride semiconductor with respect to
the m-axis of sapphire. In this case, the angle defined by the
respective m axes of the crystal growth seed regions 130 and
growing substrate 100 of m-plane sapphire with respect to the
a-axis direction of the nitride semiconductor is supposed to be
p1. Furthermore, according to this embodiment, by setting
the spacing (i.e., S width) between adjacent ones of the crystal
growth seed regions 130 to be sufficiently large, the lattice
relaxation can be promoted in the laterally grown regions
320a. As shown in FIGS. 4A and 4B, the laterally grown
regions 3205 are affected by the strain only where the later-
ally grown regions 3205 contact with the crystal growth seed
regions 130. That is why if the nitride semiconductor grows
laterally in the +c-axis directions of GaN from the crystal
growth seed regions 130, the laterally grown regions 3205 are
not easily affected by the growing substrate 100 of m-plane
sapphire. That is to say, the growing planes of the laterally
grown regions 3205 except for the upper and lower m- and
c-axis directions are free spaces, and therefore, are not
affected by the strain easily. That is to say, in these laterally
grown regions 3205, misfit dislocations are easily caused,
lattice relaxation arises often and the tilt of the crystal lattice
increases during an early stage of the regrowth. As aresult, the
strain in the crystals would be reduced and the crystallinity
would be improved. On the other hand, the crystal growth
seed regions 130 which are growing directly on the growing
substrate 100 of m-plane sapphire and the vertically grown
regions 320a provided over the crystal growth seed regions
130 are easily affected by the strain at the interface. The strain
is likely to remain in these regions and the lattice relaxation is
caused less easily than in the laterally grown regions 3205
described above.

[0083] That is to say, according to this embodiment, by
using crystal growth seed regions 130 that run in a predeter-
mined direction and by setting the S width to be a sufficiently
large value, the lattice relaxation is caused purposely in the
laterally grown regions 3205. As a result, the strain of the
crystals can be reduced and the crystallinity of the regrown
nitride semiconductor can be improved.

[0084] The present inventors discovered and confirmed via
experiments that such an effect of promoting the lattice relax-
ation (i.e., relaxing the strain) by such lateral growth can not
be achieved at an S width of around 10 um, which is generally
adopted in a lateral growth process (see the results obtained in
Comparative Example 2). That is to say, to promote the lattice
relaxation (i.e., to relax the strain) in the laterally grown
regions 3205, the S width is suitably not less than 20 um (see
the results obtained in Example 3) and more suitably set to be
equal to or greater than 50 um (see the results obtained in
Examples 1 and 2).

[0085] Thelateral selective growing technique to beused in
the present disclosure does not have to be any particular
method. Examples of the lateral selective growing techniques
that can be used include the (masked or maskless) Pendeo
growing method, the ABLEG method and the FLOG method.
Hereinafter, it will be described in detail how to fabricate a
nitride semiconductor structure according to this embodi-
ment by carrying out the lateral selective growth process by
any of these techniques.

[0086] Portions (a) to (d) of FIG. 5 are cross-sectional
views illustrating respective process steps of a lateral selec-
tive growth process by the masked Pendeo method. As shown
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in portion (a) of FIG. 5, after a buffer layer 105 of a nitride
semiconductor and a nitride semiconductor layer 110 have
been grown on a growing substrate 100 of m-plane sapphire,
amask 120 of a dielectric material, for example, is formed on
the upper surface of the nitride semiconductor layer 110. The
mask 120 may be either a dielectric film including oxygen,
nitrogen and carbon or a metal film including some of these
elements. For example, if the mask 120 is formed of a film
including oxygen, a film of Si0,, TiO,, Ga,O;, HfO,, Al,O,,
TaO, or ZrO may be used. On the other hand, if the mask 120
is formed of a film including nitrogen, a film of SiN, SiN_,
Si;N,, SiON, TiN or CrN may be used. If the mask 120 is
formed of a film including carbon, a diamond film or a dia-
mond-like carbon film may be used. And if the mask 120 is
formed of a metal film, a film of B, Al, Ni, W, Ti, Ag, Cuor Rh
may be used. Or the mask 120 may also be formed by pat-
terning a film including any of these materials in some por-
tion. A part of the nitride semiconductor layer 110 functions
as a crystal growth seed region 130 to be a seed crystal during
the regrowth.

[0087] The mask 120 of this embodiment has openings
which run in stripes in the direction coming out of the paper
on which FIG. 5 is drawn. The planar layout of the mask 120
is designed so as to define the shape and location of the crystal
growth seed region 130.

[0088] Inthis embodiment, the crystal growth seed regions
130 are formed so as to run in a predetermined direction
within the principal surface. In this embodiment, the prede-
termined direction is supposed to be the a-axis direction of the
nitride semiconductor. However, this “predetermined direc-
tion” does not have to be perfectly parallel to the a-axis of the
nitride semiconductor but may also be set so as to define an
angle falling within a particular narrow range. More specifi-
cally, the predetermined direction is set so as to define an
angle of not less than 0 degrees and not more than 10 degrees
with respect to the a-axis.

[0089] Next, as shown in portion (b) of FIG. 5, exposed
portions 200 of the nitride semiconductor layer 110 which
have not been covered with the mask 120 are etched away to
pattern the nitride semiconductor layer 110 into stripes.
Those exposed portions 200 are etched to the point that the
surface of the growing substrate 100 of m-plane sapphire is
partially exposed. In this manner, a plurality of crystal growth
seed regions 130 of ridged nitride semiconductor are formed
s0 as to run in the direction coming out of the paper. A recess
210 is left between adjacent ones of the crystal growth seed
regions 130. The width of each recess 210 substantially
agrees with the spacing (i.e., the S width) between the adja-
cent crystal growth seed regions. In this manner, a patterned
substrate 500, of which the surface has been patterned into a
striped unevenness, is provided. In the example illustrated in
FIG. 4B, recesses are also cut on the growing substrate 100 of
m-plane sapphire as a result of this etching process, and the
side surfaces 220 of the recesses are exposed.

[0090] Next, as shown in portion (¢) of FIG. 5, a regrown
nitride semiconductor 310 is formed on the patterned sub-
strate 500. In this description, to “regrow” means growing the
nitride semiconductor 310 from the crystal growth seed
regions 130 that have been patterned.

[0091] During this regrowth, no nitride semiconductor
grows on the mask 120 and the mask 120 serves as a regrowth
checking layer.
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[0092] No nitride semiconductor grows, either, in the
recesses 210 where the surface of the sapphire substrate has
been exposed as a result of the etching process.

[0093] Thus, in this patterned substrate 500, the nitride
semiconductor can be grown laterally from the respective
side surfaces of the crystal growth seed regions 130. This
laterally grown nitride semiconductor will be referred to
herein as a “laterally grown region 3105”. In portion (c) of
FIG. 5, illustrated are laterally grown regions 3105 which are
still growing.

[0094] Inoneembodiment, the recesses 210 are arranged at
regular intervals. However, neither the width nor the interval
(pitch) of the recesses 210 has to be constant over the entire
principal surface of the growing substrate 100 of m-plane
sapphire. Furthermore, the unevenness formed by the
recesses 210 and the crystal growth seed regions 130 does not
have to run quite straight in a predetermined direction, either.
[0095] If the growth condition for forming the regrown
nitride semiconductor 310 on the patterned substrate 500
shown in portion (b) of FIG. 5 is appropriately selected,
crystals will regrow preferentially from the side surfaces of
the crystal growth seed regions 130 so as to cover the exposed
recesses 210 of the growing substrate 100 of m-plane sap-
phire. And if the crystals are allowed to grow continuously,
adjacent laterally grown regions 3106 will soon combine
together to form junctions 410. As a result, the partially
exposed surface of the growing substrate 100 of m-plane
sapphire gets covered with the regrown nitride semiconductor
310. And if the crystals are allowed to further grow, then the
regrown nitride semiconductor 310 will start to grow perpen-
dicularly to the substrate (i.e., in the m-axis direction) in turn
to cover the mask 120 entirely. As a result, the regrown nitride
semiconductor 310 forms the junctions 400 over the mask
120, too, and eventually a flat regrown nitride semiconductor
310 is formed as shown in portion (d) of FIG. 5. Such a
structure in which a nitride semiconductor has grown in this
manner on a growing substrate which is not made of a nitride
semiconductor material will be sometimes referred to herein
as a “hetero-nitride semiconductor substrate”. In portion (d)
of FIG. 5, illustrated is such a hetero-nitride semiconductor
substrate 610.

[0096] It should be noted that the regrown nitride semicon-
ductor 310 does not have to be a single continuous film but
there may be some gaps at the junctions 400 and 410.
[0097] Asshown in portion (d) of FIG. 5, there may be gaps
with no epitaxial layer between the bottom ofthe recesses 210
and the laterally grown regions 3105. These gaps are not
necessarily required but may be almost eliminated from
between the recesses 210 and the laterally grown regions,
provided that plenty of crystal growth material is supplied.
Nevertheless, since the tilt of the crystal lattice which con-
tributes greatly to achieving a major effect of the present
disclosure could be further promoted thanks to the presence
of those gaps, the gaps are left intentionally in this embodi-
ment.

[0098] Ifthe Pendeo growth method is adopted, a configu-
ration in which the junctions 400 over the mask 120 and the
junctions 410 over the recesses 210 are arranged alternately is
realized. In the Pendeo growth process, the depth of the
recesses 210 cut by etching is suitably greater than the height
of the crystal growth seed regions 130. The reason is that a
polycrystalline nitride semiconductor of poor crystal quality
could grow from the bottom of the recesses 210 of the sub-
strate 100 during the regrowth process. In the Pendeo growth,
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the regrowth from the crystal growth seed regions 130 and the
regrowth from the bottom of the recesses 210 have mutually
different growth modes and the regrown nitride semiconduc-
tors 310 have different degrees of crystallinity, too.

[0099] Itis important to totally check the regrowth from the
bottom of the recesses 210 or to prevent the nitride semicon-
ductor that has regrown, if ever, from the bottom of the
recesses 210 from affecting the laterally regrown regions
3105. The deeper the recesses 210 and the greater the height
of'the side surfaces 220, the more difficult it is for the material
to reach the bottom of the recesses 210 during the regrowth
process. As aresult, crystals grow preferentially from only the
crystal growth seed regions 130 and the lateral selective
growth is promoted. Even if the crystals regrow from the
bottom of the recesses 210 but if the height of the side surfaces
220 is sufficient, the laterally grown regions 31056 will be
affected or interfered with only a little.

[0100] The Pendeo growth process can be carried out even
without the mask 120 formed of a dielectric material as shown
in portions (a) to (d) of FIG. 5. A Pendeo growth process that
does not use any mask is called a “maskless Pendeo growth
process”. Inthat case, since no mask of a dielectric material is
used, it is possible to prevent impurities from entering the
growing nitride semiconductor from the masking material. As
a result, no junctions 400 shown in portion (d) of FIG. 5 are
formed over the mask 120. Hereinafter, it will be described
with reference to portions (a) to (d) of FIG. 6 how to carry out
the maskless Pendeo growth process.

[0101] Portions (a) to (d) of FIG. 6 are cross-sectional
views illustrating respective process steps of a lateral selec-
tive growth process by the maskless Pendeo method. First of
all, as shown in portion (a) of FIG. 6, a mask 120 is formed
provisionally as in the masked Pendeo growth process. This
mask 120 will be used as an etching mask to form the crystal
growth seed regions 130. After the crystal growth seed
regions 130 have been formed, the mask 120 is removed to
obtain a patterned substrate 510 as shown in portion (b) of
FIG. 6. Unlike the patterned substrate 500 shown in portion
(b) of FIG. 5, the upper surface of the crystal growth seed
regions 130 is not covered with the mask on the patterned
substrate 510 as shown in portion (b) of FIG. 6. Using such a
patterned substrate 510, crystals are regrown from the sur-
faces (i.e., upper and side surfaces) of the crystal growth seed
regions 130.

[0102] As shown in portion (c) of FIG. 6, crystals grow
laterally from the side surfaces of the crystal growth seed
regions 130 to form laterally grown regions 3205, and crystal
also grow vertically from the upper surface of the crystal
growth seed regions 130 to form vertically grown regions
320aq. If the crystals are allowed to further regrow, a flat
regrown nitride semiconductor 320, and eventually, a hetero-
nitride semiconductor substrate 600, can be obtained as
shown portion (d) of in FIG. 6. According to the maskless
Pendeo growth method, the mask is removed before the crys-
tals start regrowing, no impurities will enter the crystals from
a dielectric material such as SiO, or SiN. As a result, a
regrown nitride semiconductor layer 320 of good quality can
be obtained.

[0103] Portions (a) to (d) of FIG. 7 are cross-sectional
views illustrating respective process steps of a lateral selec-
tive growth process by the ABLEG (air bridged lateral epi-
taxial growth) method.

[0104] First of all, as shown in portion (a) of FIG. 7, a
striped patterned mask 120 is formed on the nitride semicon-
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ductor layer 110. The mask 120 has a plurality of elongate
holes 200 which run in stripes. In the case of a nitride semi-
conductor to grow on an m-plane as a principal surface, the
direction in which the striped portions of the mask 120 run is
defined to be parallel to the a-axis.

[0105] Next, as shown in portion (b) of FIG. 7, striped
recesses 211 are formed by etching on the surface of the
nitride semiconductor layer 110 to form a patterned structure
131. In this process step, the etching process is not performed
until the surface of the growing substrate 100 of m-plane
sapphire gets exposed but is stopped halfway through the
nitride semiconductor layer 110. The depth of the recesses
211 is set so as to check the regrowth of the nitride semicon-
ductor layer from the recesses during the regrowth process.
The maximum depth of the recesses 211 is determined by, and
is set to be smaller than, the thickness of the nitride semicon-
ductor layer. The depth of the recesses 211 may be set to be
equal to or greater than 10 nm, e.g., 100 nm or more.

[0106] Subsequently, as shown in portion (¢) of FIG. 7, a
growth checking layer 121 of a dielectric material is formed
over the entire surface of the patterned structure 131. The
growth checking layer 121 may be formed of any material,
e.g., a dielectric material such as SiO, or SiN as described
above or any other material, as long as the growth checking
layer 121 has the function of checking the regrowth of the
nitride semiconductor.

[0107] Thereafter, as shown in portion (d) of FIG. 7, por-
tions of the growth checking layer 121 which have been
located on the projections of the patterned structure 131 are
removed to obtain a patterned substrate 520. The striped top
regions 132 of the patterned substrate 520 serve as crystal
growth seed regions.

[0108] Next, crystals are regrown from the striped top
regions 132 to obtain a regrown nitride semiconductor layer
330. If the regrown nitride semiconductor layer 330 is
allowed to grow continuously, then the crystals that have
grown from the respective top regions 132 will soon combine
together to form junctions 420. However, these junctions 420
do not have to be formed and the crystals may not combine
together. In this manner, a hetero-nitride semiconductor sub-
strate 620 is obtained as shown in portion (e) of FIG. 7.

[0109] In this modified example, a patterned substrate 520
on which the crystal growth seed regions 130 run substan-
tially parallel to the a-axis direction of the nitride semicon-
ductor is also made. In the laterally grown regions 3305, the
lattice relaxation has been further promoted and the crystal-
linity has been improved compared to the m-plane nitride
semiconductor layer that has grown directly on the sapphire
substrate.

[0110] The crystal lattice tilts more significantly in the lat-
erally grown region 3305 than in the vertically grown region
330q in which crystals have regrown right over the top regions
132. Supposing the relative crystal lattice tilt angle between
these two regions is o, the tilt angle o can be controlled within
the range of not less than 0 degrees and not more than 0.35
degrees. As can be seen, even with a different lateral growth
method adopted, if the top regions 132 functioning as the
crystal growth seed regions are formed and if crystals are
regrown from that structure, then the regrown layer is less
likely to be affected by the strain in the growing substrate or
the nitride semiconductor layer. As a result, the lattice relax-
ation can be promoted and the crystallinity can be improved
significantly.
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[0111] Optionally, in this embodiment, the growing sub-
strate 100 may be removed after that structure has been com-
pleted. That is to say, the final product may be a multilayer
structure consisting of only nitride semiconductor layers (in-
cluding the regrown nitride semiconductor 320 and the crys-
tal growth seed regions 130), of which the principal surface is
a non-polar plane and from which the growing substrate 100
has been removed. The growing substrate 100 may be
removed by some technique such as polishing or laser lift-off.

Embodiment 2

[0112] FIG. 17 is a schematic view illustrating a light-
emitting element which uses a non-polar plane hetero-nitride
semiconductor substrate as described for the first embodi-
ment. The non-polar plane hetero-nitride semiconductor sub-
strate 600 is fabricated by the method that has already been
described for the first embodiment.

[0113] The nitride semiconductor substrate 600 is com-
prised of the growing substrate 100 and a regrown nitride
semiconductor layer 320 which has been formed on the sub-
strate 100. The regrown nitride semiconductor layer 320 may
be alayerincluding Al, In and B, and may be an AIN film, for
example. In that case, in deep ultraviolet and ultraviolet light-
emitting elements which cover the wavelength range of 200
nm to 365 nm, it is possible to prevent the light emitted from
the active layer from being absorbed into the regrown nitride
semiconductor layer 320 and avoid the problem of cracks,
which is beneficial.

[0114] The regrown nitride semiconductor layer 320 does
not have to consist of a single layer such as a GaN layer or an
AIN layer but may include a single Al Ga,In N (where
O=xx1, O<y=l, 0=z=<1 and x+y+z=1) layer, an alternate stack
of Al,Ga,In N (where O=x=<1, O<y=1, O=z=1 and x+y+z=1)
layers with mutually different compositions, or those layers
to which element B has been further added.

[0115] The regrown nitride semiconductor layer 320 and
crystal growth seed regions 130 may be layers which have
gotten conductivity through doping. For example, the
regrown nitride semiconductor layer 320 and crystal growth
seed regions 130 may have gotten n-type conductivity by
being doped with Si.

[0116] Onthe principal surface of the regrown nitride semi-
conductor layer 320, a semiconductor multilayer structure 30
is formed by epitaxial growth process, which may be an
MOCVD (metal organic chemical vapor deposition) process.
For example, on the principal surface of a non-polar plane
hetero-nitride semiconductor substrate 600, an Al Ga In,N
(where O=x<1, O<y=1, O=z=1 and x+y+7=1) layeris grown as
the n-type layer 32. Silicon (Si) may be used as dopant to be
introduced into the n-type layer 32 and silane (SiH,) gas may
be used as an Si source gas. The combined thickness of the
regrown nitride semiconductor 320 and the n-type layer 32
may fall within the range of approximately 3 to 20 pm. The
regrown nitride semiconductor 320 and the n-type layer 32
may be grown at a temperature of approximately 900 to 1500
degrees Celsius.

[0117] Next, anactive layer 34 is grown on the n-type layer
32. The active layer 34 may be a multi-quantum well structure
in which Al,Ga, In,N (where O=x=l1, 0<y=1, O<z<1 and x+y+
z=1) well layers and Al Ga In N (where O=xs<l, O<ysl,
O=<z=1 and x+y+z=1) barrier layers have been stacked one
upon the other alternately. Each ofthose well layers may have
athickness of 1 to 20 nm, and each of those barrier layers may
have a thickness of 1 to 100 nm. The quantum well structure
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may have a cycle number of 1 to 20. The growth temperature
may fall within the range of 700 to 1200 degrees Celsius. The
composition of the active layer 34 may be determined so that
the emission wavelength becomes an intended wavelength.
Also, the composition of the active layer 34 is suitably con-
trolled so that the bandgap energy of the active layer 34
becomes smaller than that of the n-type layer 32.

[0118] First of all, an undoped Al,Ga In,N (where O=x<I,
O<y=l, O=z=1 and x+y+z=1) layer 36 is grown on the active
layer 34. Next, a p-type layer 35 of p-type Al,Ga, In,N (where
0=x,y, z=1 and x+y+z=1) is grown thereon. Magnesium (Mg)
may be used as the p-type dopant and Cp,Mg (cyclopentadi-
enyl magnesium) may be used as the source gas. The p-type
layer 35 may have a thickness of 10 to 500 nm and may be
grown at a temperature of 800 to 1400 degrees Celsius. In this
manner, a nitride semiconductor multilayer structure 30 is
formed.

[0119] Next, by partially removing the p-type layer 35,
active layer 34 and n-type layer 32 by photolithography and
dry etching techniques, a recess 39 is formed and the n-type
layer 32 is partially exposed. In this process step, the recess 39
and an n-side electrode 38 are suitably located over the crystal
growth seed region 130. The reason is that as the lattice strain
has not been relaxed sufficiently in the nitride semiconductor
over the crystal growth seed region 130, a part of the active
layer 34 may be removed from that region. Alternatively, the
recess 39 may also be cut through the junction between the
laterally grown regions. The reason is that the junction
between the laterally grown regions includes so many defects
that a part of the active layer 34 may be removed from that
region.

[0120] Subsequently, an n-side electrode 38 of aluminum
(Al) with a thickness of 100 to 400 nm is formed on the
exposed surface of the n-type layer 32.

[0121] Next, a p-side electrode 37 of silver (Ag) with a
thickness of 100 to 400 nm is formed on the p-type layer 35.
It should be noted that the n-side and p-side electrodes 38 and
37 could be formed in any order. In this manner, a nitride
based semiconductor light-emitting element 10 is completed.
[0122] In the nitride based semiconductor light-emitting
element 10 of this embodiment, the strain in the nitride semi-
conductor crystals has been reduced. Thus, a highly reliable
light-emitting element is provided.

Embodiment 3

[0123] FIG. 18 is a schematic representation illustrating a
white light source which uses the nitride based semiconduc-
tor light-emitting element that has been described for the
second embodiment.

[0124] This light source includes a nitride-based semicon-
ductor light-emitting element 1000 and a resin layer 2000 in
which particles of a phosphor such as YAG (yttrium alumi-
num garnet) are dispersed to change the wavelength of the
light emitted from the light-emitting element 1000 into a
longer one. The light-emitting element 1000 is mounted on a
supporting member 2200 on which a wiring pattern has been
formed. And on the supporting member 220, a reflective
member 2400 is arranged so as to surround the light-emitting
element 1000. The resin layer 2000 has been formed so as to
cover the light-emitting element 1000.

[0125] In the white light source of this embodiment, the
strain in the nitride semiconductor crystals has been reduced.
Thus, a highly reliable white light source is provided.
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EXAMPLES
Example 1

Nitride Semiconductor Multilayer Structure With an
L Width of 5 pm and an S Width of 50 um

[0126] Hereinafter, it will be described, as a first specific
example of the present disclosure, how effectively the crys-
tallinity can be improved by tilting the crystal lattice when a
nitride semiconductor structure, of which the principal sur-
face is an m-plane, is formed by lateral selective growth using
the maskless Pendeo method, for example.

[0127] In this example, an m-plane sapphire wafer was
used as the growing substrate 100 shown in portion (a) of FIG.
6. The m-plane sapphire wafer had a thickness of 430 pm and
a diameter of approximately 5.1 cm (=2 inches). And the
angle formed between a normal to the principal surface of the
m-plane sapphire wafer and a normal to the m plane was
0+£0.1 degrees.

[0128] (Cleaning m-Plane Sapphire Wafer)

[0129] The m-plane sapphire wafer was cleaned for 10
minutes with a cleaning fluid that had been heated to 100
degrees Celsius. The cleaning fluid was obtained by mixing
sulfuric acid and phosphoric acid at a volume ratio of one to
one. Subsequently, the m-plane sapphire wafer was washed
with water.

[0130] (Doing Thermal Cleaning on Sapphire Wafer)
[0131] Next, the m-plane sapphire wafer was loaded into a
metal organic chemical vapor deposition (MOCVD) system,
in which hydrogen and nitrogen gases were used as carrier
gases.

[0132] The m-plane sapphire wafer was rotated at a rota-
tional velocity of 3 rpm.

[0133] Then the m-plane sapphire wafer was heated to a
temperature of 1000 to 1100 degrees Celsius for minutes in
the MOCVD system.

[0134] (Growing Buffer Layer 105)

[0135] After the heat treatment, the temperature of the
wafer was lowered to 650 degrees Celsius, at which a buffer
layer was grown.

[0136] Thefollowing Table 1 shows the condition for grow-
ing the buffer layer.

[0137] In this Example 1, an AIN buffer layer was used as
the buffer layer. The AIN buffer layer was grown on the
sapphire wafer by supplying trimethylaluminum (TMA) and
ammonia gases.

[0138] The AIN buffer layer had a thickness of approxi-
mately 300 nm. Also, before the AIN buffer layer was grown,
the surface of the sapphire wafer was exposed to only the
TMA gas for 10 seconds.

[0139] The following Table 1 specifies the condition for
growing the buffer layer according to this Example 1:
TABLE 1
TMA flow rate 15 pmol/min
Ammonia flow rate 0.6 Vmin
Before buffer layer was grown, TMA gas 10 seconds
exposure time
AIN buffer layer’s growth rate =13 nm/min
AIN buffer layer’s growth process time 16 minutes
Growth pressure 13 kPa
TMA/ammonia supply ratio (molar ratio) <1700
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[0140] After the AIN buffer layer had been deposited, the
temperature was raised to, and maintained for one minute at,
approximately 970 degrees Celsius while the ammonia gas
was supplied continuously.

[0141] Thereafter, trimethylgallium (TMG) and ammonia
gases were supplied to deposit a nitride semiconductor layer
110 of GaN on the surface of the buffer layer. The following
Table 2 specifies the condition for growing the nitride semi-
conductor layer:

TABLE 2
TMG flow rate 68 pmol/min
Ammonia flow rate 4.0 I/min
GaN layer’s growth rate 1.5to 2 umm/hr
GaN layer’s growth process time 60 minutes
Growth pressure 67 kPa
TMG/ammonia supply ratio (molar ratio) about 2630

[0142] The GaN layer had a thickness of approximately 2
pm.

[0143] (Photolithographic Process)

[0144] Next, as shown in portion (a) of FIG. 6, a photoresist

mask 120 was formed on the GaN layer by the known pho-
tolithographic method. In this example, a typical line and
space (L & S) pattern, i.e., an elongate striped pattern, was
used as the mask.

[0145] In this example, the mask shown in portion (a) of
FIG. 6 was configured to have a constant width (L. width) of
5 um and the recess 210 was supposed to have a width of 50
um. In this case, the width of the recess 210 substantially
agrees with the spacing (S width) between adjacent crystal
growth seed regions.

[0146] When the photolithographic process ended, the
mask had a thickness of approximately 3 um. By defining the
masking pattern, the direction in which the crystal growth
seed region 130 will run is determined. In this example, this
direction is tilted by approximately 3 degrees in the c-axis
direction within the plane with respect to the a-axis direction
of the nitride semiconductor. The present inventors discov-
ered that by tilting the crystal growth seed regions within the
m-plane as the principal surface in this manner, the lateral
growth rate could be increased and the resultant nitride semi-
conductor layer could be flattened more easily.

[0147] (Etching Process)

[0148] Next, using an inductively coupled plasma (ICP)
etching system, the GaN layer that had been grown directly on
the sapphire wafer was etched through the mask. The etching
process was conducted using a chlorine based gas.

[0149] By performing this process step, the sapphire wafer
was selectively exposed. In this manner, crystal growth seed
regions 130 to be projections were formed and recesses 210
were formed between those regions. The upper part of the
sapphire wafer was etched away so as to prevent portions of
the GaN layer from being left when the recesses 210 were
formed by etching.

[0150] After that, the mask was removed from the crystal
growth seed regions to obtain the patterned substrate 510
shown in portion (b) of FIG. 5.

[0151] (Re-Growing Nitride Semiconductor Layer 320)
[0152] Next, a nitride semiconductor layer 320 of GaN was
regrown on the patterned substrate 510. For that purpose, the
patterned substrate 510 was loaded into the metal organic
chemical vapor deposition system again, and then a regrowth
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process was carried out with the regrowth temperature set to
be approximately 950 degrees Celsius.

[0153] The following Table 3 specifies a detailed condition
for forming the regrown nitride semiconductor 320:
TABLE 3
TMG flow rate 136 pumol/min
Ammonia flow rate 3 l/min
Regrown GaN layer’s growth rate 3to4 pmm/hr
Regrown GaN layer’s growth process time 90 minutes
Growth pressure 67 kPa
TMG/ammonia supply ratio (molar ratio) about 980

[0154] Inthis example, ahetero-nitride semiconductor sub-
strate 600, of which the principal surface was an m-plane, was
obtained by setting the growth process time to be 3 hours and
by depositing a regrown GaN layer to a thickness of approxi-
mately 5 to 6 pm.

Example 2

Nitride Semiconductor Multilayer Structure With an
L Width of 5 pm and an S Width of 100 pm

[0155] Experiments were carried out in quite the same way
as in Example 1 except that the S width was changed from 50
pum into 100 pm.

Comparative Example 1

m-Plane GaN Single-Film Layer on m-Plane
Sapphire Wafer

[0156] A nitride semiconductor layer 110 of GaN was
formed in the same way as in Example 1.

[0157] A nitride semiconductor layer 320 of GaN was
regrown on a GaN layer without performing a photolitho-
graphic process or an etching process (i.e., without forming
crystal growth seed regions 130). The regrown GaN layer thus
formed was a single GaN film and included no laterally grown
regions at all.

Comparative Example 2

Nitride Semiconductor Multilayer Structure with an
L Width of 5 pm and an S Width of 10 um

[0158] Experiments were carried out in the same way as in
Example 1 except that the S width was changed from 50 um
into 10 pm.

[0159] (Evaluation Result: Surface Morphology of
Example 1)
[0160] FIG. 8 is a micrograph of a hetero-nitride semicon-

ductor substrate according to Example 1 as viewed from over
its surface (i.e., in the m-axis direction). It can be seen that
striped regrown nitride semiconductor structure 320 was
formed in the a-axis direction of GaN. The striped structure
had a width of approximately 15 um. That is to say, the present
inventors confirmed that a GaN film was regrown to a thick-
ness of 5 um in each of xc-axis directions, because the [ width
was 5 pm.

[0161] Inthe structure of this example, the nitride semicon-
ductor layers 320 that had regrown from respective crystal
growth seed regions 130 did not combine together and the
surface of the underlying sapphire substrate was exposed.
However, the regrown nitride semiconductor layers 320 could
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be combined together and a flat film that would make the
surface of the sapphire substrate invisible could be formed by
optimizing the S width with the regrowth process time
extended as will be described later for Example 4.

[0162] Portions (a) to (c) of FIG. 9 show the surface mor-
phologies of other examples for the purpose of comparison.
Portion (a) of FIG. 9 shows the results obtained in Compara-
tive Example 2 in which the S width was set to be 10 pm.
Portion (b) of FIG. 9 shows the results obtained in Example 1
in which the S width was set to be 50 um. And portion (¢) of
FIG. 9 shows the results obtained in Example 2 in which the
S width was set to be 100 um. In each of these samples, the
laterally grown regions that had regrown from multiple crys-
tal growth seed regions 130 did not combine together.
[0163] (Evaluation Result: Comparison of X-Ray Rocking
Curve Half Widths of Symmetrical Planes)

[0164] Next, the degree of crystallinity of Example 1 was
evaluated through X-ray diffraction measurement. Specifi-
cally, the degree of crystallinity was evaluated by the half
width of the X-ray omega rocking curve (XRC) of'a (10-10)
plane, which is the symmetrical plane of m-plane GaN.
[0165] The X-ray diffraction measurement was carried out
using SL.X-2000 (produced by Rigaku Corporation). As the
X-ray source, a rotating anticathode X-ray tube, of which the
anticathode was formed of Cu, was used. And the focus of the
X-ray was supposed to be a line focus. The tube was driven
with a voltage of 50 kV and a current of 250 mA. As for
optical systems, a dielectric multilayer mirror and a dual-
crystal optical system of Ge (220) were used on the light
incoming end and an open slit was used on the light receiving
end.

[0166] Since an XRC measurement should be carried out,
the 2 0 angle was fixed at 32.416 degrees, which is the angle
of diffraction of a (10-10) plane of GaN, and indexing and
scanning were carried out at a o angle of around 16.208
degrees. In this manner, a rocking curve measurement was
carried out on a peak of diffraction and the XRC full width at
half maximum was evaluated. The X-ray incoming direction
was supposed to be parallel to the a-axis of GaN.

[0167] The following Table 4 shows the result of measure-
ment of the XRC full width at half maximum. The result
obtained from the m-plane single GaN film that had been
grown on an m-plane sapphire substrate as Comparative
Example 1 is also shown for the purpose of comparison:

TABLE 4

XRC full width at half maximum

835 seconds
473 seconds

Comparative Example 1
Example 1

[0168] The half width of the m-plane GaN layer which had
been grown directly on the m-plane sapphire substrate in
Comparative Example 1 was as high as 800 seconds, which
indicates that a film that had been grown directly without
adopting the lateral selective growth had a high dislocation
density and poor crystallinity.

[0169] On the other hand, if m-plane GaN had been
regrown as in Example 1 after the patterned substrate 510 had
been formed, the XRC full width at half maximum decreased
to the order of 400 seconds. Thus, the present inventors con-
firmed that the dislocation density could be reduced and the
crystallinity could be improved significantly by adopting the
maskless Pendeo growth of this example.
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[0170] As can be seen, the effect of improving the crystal-
linity significantly by the lateral selective growth was con-
firmed by measuring the XRC full width at half maximum.
[0171] (Evaluation Result: Evaluation of Crystal Lattice’s
Tilt By Reciprocal Lattice Mapping)

[0172] Next, the tilt of the crystal lattice of Example 1 was
evaluated.
[0173] Thetiltofa crystal lattice can be evaluated easily by

reciprocal lattice mapping using the X-ray diffraction
method.

[0174] Thereciprocal lattice mapping was carried out using
SL.X-2000 (produced by Rigaku Corporation). As the X-ray
source, a rotating anticathode X-ray tube, of which the anti-
cathode was made of Cu, was used. And the focus of the X-ray
was supposed to be a line focus. The tube was driven with a
voltage of 50 kV and a current of 250 mA. As for optical
systems, a dielectric multilayer mirror and a dual-crystal opti-
cal system of Ge (220) were used on the light incoming end
and a quarter slit was used on the light receiving end.

[0175] In the reciprocal lattice mapping measurement, the
(30-30) plane diffraction of m-plane sapphire and the (20-20)
plane diffraction of m-plane GaN were compared to each
other to evaluate the tilt of the crystal lattice of the GaN layer
with an origin set on the sapphire substrate.

[0176] The angles of diffraction of the (30-30) plane of
m-plane sapphire and the (20-20) plane of m-plane GaN were
20 68.295 degrees and 20 67.866 degrees, respectively, which
are relatively close to each other. That is why by making
measurements on these two points of diffraction at the same
time, the relative percentages of strain of sapphire and GaN,
and eventually the tilt of the crystal lattice, can be evaluated.
[0177] Inmakingthe measurements, an offset angle was set
for the w angle so as to detect the diffraction of the sapphire
(30-30) plane and the GaN (20-20) plane and 20-w was mea-
sured a number of times with the offset angle varied (i.e., by
Aw) to carry out the reciprocal lattice mapping measurement.
[0178] When this measurement was carried out, the X-ray
incoming directions were set to be the c-axis and a-axis direc-
tions of GaN. That is to say, the reciprocal lattice mapping
measurement was carried out with the w angle offset direction
changed into the c-axis and a-axis directions, respectively.
[0179] By making these measurements, the tilt of the crys-
tal lattice can be evaluated in each of the c-axis and a-axis
directions of GaN.

[0180] FIGS.10A to 10C show the results of the reciprocal
lattice mapping measurement that was carried out on a sample
with an L width of' S pm and an S width of 50 um according to
Example 1.

[0181] FIG. 10A is a schematic representation illustrating
the structure of the sample as viewed from over its surface and
showing the direction in which the crystal growth seed
regions 130 grew and the direction from which the X-ray
came. The crystal growth seed regions 130 were formed in
stripes substantially parallel to the a-axis direction of GaN.
FIG. 10B shows the results of the reciprocal lattice mapping
measurement in a situation where an X-ray was incident
parallel to the c-axis of GaN. On the other hand, FIG. 10C
shows the results of the reciprocal lattice mapping measure-
ment in a situation where an X-ray was incident parallel to the
a-axis of GaN. The reciprocal lattice mapping data was
obtained by making measurement around a peak of diffrac-
tion of an m-plane that is the principal surface in the vicinity
of'the (3-300) plane of the m-plane sapphire substrate and the
(2-200) plane of m-plane GaN.
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[0182] The results of the reciprocal lattice mapping mea-
surement will be described with reference to FIGS. 11A and
11B. These results of the reciprocal lattice mapping are
obtained by performing a coordinate transformation on the
results of Aw and 260-m measurements thus obtained into Qx
and Qy that are the spatial axes of the reciprocal lattice. In the
reciprocal lattice mapping measurement, the unit of the coor-
dinates Qy and abscissas Qx is the inverse number of the
lattice constant. As shown in FIG. 11A, if the crystal lattice
does not tilt between the growing substrate and the growing
layer, there is no difference between the respective peak Qx
values of sapphire and GaN. On the other hand, if the crystal
lattice does tilt in the GaN layer, there is a difference between
the respective peak Qx values of sapphire and GaN as shown
in FIG. 11B. As can be seen from FIG. 11B, the tilt angle §
satisfies tan p=Qx/Qy.

[0183] According to the results of the reciprocal lattice
mapping measurement shown in FIG. 10B, when an X-ray
was incident in the c-axis direction of GaN, the respective
peak Qx values of sapphire and GaN were almost equal to
each other, which indicates that the tilt of the crystal lattice as
viewed in this direction was almost zero. That is to say, the
present inventors discovered that the m-axis of GaN was
hardly tilted in the c-axis direction.

[0184] On the other hand, the results shown in FIG. 10C
revealed that sapphire and GaN had quite different Qx values.
This means that since the X-ray was incident in the a-axis
direction of GaN, the m-axis of GaN was tilted in the a-axis
direction of GaN with respect to the m-axis of sapphire as the
growing substrate. At the peak of GaN, the Qx value was 9E-3
(1/A) and the Qy value was 0.724 (1/A). That is to say, the tilt
angle of the crystal lattice of Example 1 was estimated to be
approximately 0.69 degrees.

[0185] As can be seen, in a non-polar-plane nitride semi-
conductor, the crystal lattice will tilt in a particular direction
due to the asymmetry of the crystal axis in the growing plane.
In the case of GaN, of which the principal surface is an
m-plane, lattice constants in its growing plane are defined in
the a-axis direction and in the c-axis direction. In this case,
GaN has an a-axis lattice constant of 0.3189 nm and a c-axis
lattice constant of 0.5185 nm, which are significantly difter-
ent from each other. That is why the decrease in strain and the
lattice relaxation process also become asymmetric within the
plane. And in a nitride semiconductor, of which the principal
surface is an m-plane, dislocation lines are easily formed
parallel to the c-axis. In that case, misfit dislocations with
dislocation lines extending in the c-axis direction would be
generated easily at the interface but dislocations with dislo-
cation lines extending in the a-axis direction that intersects
with the c-axis direction at right angles would not be gener-
ated easily due to the lattice relaxation.

[0186] According to the results shown in FIGS. 10A to
10C, the tilt of the crystal lattice would have been observed
only when the X-ray was incident in the a-axis direction,
because dislocation lines were formed asymmetrically only
in the c-axis direction.

[0187] Thus, the present inventors discovered that in the
maskless Pendeo grown sample (with an S width of 50 um)
according to Example 1, there was a significant crystal lattice
tilt of 0.69 degrees. The present inventors also confirmed that
this tilt angle of the crystal lattice was not observed when the
X-ray was incident in the c-axis direction of the nitride semi-
conductor but was observed only when the X-ray was inci-
dent in the a-axis direction.
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[0188] (Evaluation Result: Comparative Example 1)
[0189] To make a comparative evaluation of the crystal
lattice’s tilt value that was observed in Example 1, the results
obtained for Comparative Example 1, which is a single GaN
film with no laterally grown regions, will be described.
[0190] FIG. 12 shows the result of the reciprocal lattice
mapping measurement that was carried out on Comparative
Example 1. Only the results that were obtained by making the
X-ray incident in the a-axis direction of GaN are shown in
FIG. 12. On the other hand, when the X-ray was incident in
the c-axis direction of GaN, no tilt of the crystal lattice was
observed as already described for Example 1.

[0191] As shown in FIG. 12, the present inventors discov-
ered that even in Comparative Example 1 in which no lateral
selective growth was carried out, the peak Qx value of GaN
also shifted from the peak Qx value of the sapphire substrate.
[0192] That is to say, the present inventors confirmed that
the crystal axis also tilted in Comparative Example 1, too.
[0193] According to the results shown in FIG. 12, the tilt
angle of the crystal lattice was estimated to be approximately
0.34 degrees.

[0194] These results were obtained probably because lat-
tice relaxation would have been caused according to the
degree of lattice mismatch at the interface between sapphire
and the GaN layer and the crystal lattice would have tilted
there. That is to say, as long as sapphire and GaN have mutu-
ally different lattice constants or crystal structures and as long
as there is in-plane crystal axis anisotropy that is peculiarto a
non-polar plane, such tilt of the crystal lattice should be
observed quite a little.

[0195] In this example, the dislocation lines of the misfit
dislocation due to the lattice relaxation are formed easily in
the c-axis direction but are not formed easily in the a-axis
direction. That is why such a tilt of the crystal lattice is unique
to a non-polar-plane nitride semiconductor and would never
be seen in any conventional c-plane nitride semiconductor
with a sufficient degree of symmetry.

[0196] In Comparative Example 1, the tilt value of the
crystal lattice was as small as a half or less of that of Example
1.

[0197] As described above, if m-plane GaN is supposed to
grow in the DME mode on an m-plane sapphire substrate and
if the lattice strain has been relaxed completely, the crystal
lattice will have a tilt angle of 0.89 degrees.

[0198] That isto say, it can be seen that in both of the single
film growth in Comparative Example 1 and the selective
growth in Example 1, the crystal lattice had a tilt angle ofless
than 0.89 degrees and there was some residual strain.

[0199] Also, such strain could vary according to the growth
condition.
[0200] Example 1 and Comparative Example 1 adopted

quite the same condition such as the growth process time
except that the etching process was carried out in Example 1
to produce the lateral selective growth.

[0201] It turned out that even though the growth process
had been performed under almost the same condition, the tilt
of the crystal lattice was substantially doubled in Example 1
compared to the single film structure and the lattice relaxation
was promoted.

[0202] And such promotion of the lattice relaxation would
have contributed effectively to improving the crystallinity
significantly as shown in Table 4.

[0203] That is to say, the present inventors discovered that
by carrying out the lateral selective growth with the S width
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increased as in Example 1, the tilt angle of the crystal lattice
could be increased, the strain reducing effect could be pro-
moted, and eventually, the degree of crystallinity could be
increased significantly.

[0204] The present inventors carried out experiments to
find specifically in what ranges the S width and the crystal
lattice tilt angle should fall to achieve such lattice relaxation
(or strain reduction) promoting effect and the crystallinity
improving effect. The results are as follows.

[0205] (Evaluation Result: S Width Dependence)

[0206] Based on the results of Example 1 described above,
X-ray reciprocal lattice mapping measurements were carried
out in Example 2, Comparative Example 2 and Comparative
Example 1 with the S width changed. And the results thus
obtained were compared to each other to make an evaluation.
[0207] Portions (a), (b), (c) and (d) of FIG. 13 show the
results of the reciprocal lattice mapping measurements that
were carried out in Comparative Example 1, Comparative
Example 2 (at an S width of 10 um), Example 1 (at an S width
of 50 um) and Example 2 (at an S width of 100 pm), respec-
tively. The X-ray was supposed to be incident in the a-axis
direction of GaN. Although no results are shown for the c-axis
direction, no tilt of the crystal lattice was observed.

[0208] The results obtained in Comparative Example 1 as
shown inportion (a) of FIG. 13 are the same as the ones shown
in FIG. 12. Thus, the crystal lattice tilt angle was also esti-
mated to be approximately 0.34 degrees.

[0209] Next, if the S width was 10 um as in Comparative
Example 2 shown in portion (b) of FIG. 13, the crystal lattice
had a tilt angle of approximately 0.31 degrees, which was not
significantly different from that of Comparative Example 1.
That is to say, it turned out that if the S width was 10 um as in
Comparative Example 2, the crystal lattice tilt angle and the
degree of lattice relaxation were almost the same as in the
single film growth of Comparative Example 1.

[0210] These results reveal that if the S width was approxi-
mately 10 um when m-plane GaN was grown laterally and
selectively, the crystal lattice’s tilt angle was not significantly
different from that of the single-film structure and the crystal
lattice relaxation and strain reduction were not promoted.
[0211] On the other hand, as shown in portions (c) and (d)
of FIG. 13, as the S width was increased to 50 um in Example
1 and then to 100 pm in Example 2, the crystal lattice’s tilt
angle increased steeply and estimated to be 0.69 degrees in
both of these two examples.

[0212] That is to say, the present inventors discovered that
by setting the S width to be greater than 10 um, the lattice
relaxation could be promoted and the crystal lattice’s tilt
angle could be almost doubled.

[0213] Furthermore, the crystal lattice’s tilt angles were not
significantly different from, but substantially equal to, each
other in Examples 1 and 2.

[0214] Furthermore, the length of the laterally grown
region as measured in the c-axis direction was approximately
15 pm in Example 1 and approximately 30 um in Example 2
(seeportions (b) and (¢) of FIG. 9). Even though the length of
the laterally grown region as measured in the c-axis direction
in Example 2 was almost twice as large as that of Example 1,
there was no significant difference in crystal lattice’s tilt angle
between Examples 1 and 2. These results reveal that the
increase in the tilt angle of the crystal lattice does not depend
on the c-axis length of the laterally grown region. Further-
more, the tilt angle of the crystal lattice is not proportional to
the S width but starts to increase steeply at a certain S width.
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Based on these results of measurements, the present inventors
confirmed that the tilt of the crystal lattice could be promoted
effectively when the S width was within the range of more
than 10 pm and not less than 50 pm.

[0215] In conclusion, these results are summarized as fol-
lows:
[0216] (1) With the laterally and selectively grown struc-

ture of this example, the lattice relaxation can be pro-
moted and the degree of crystallinity can be improved.
To achieve these effects, however, it is important to
control the S width. When the S width fell within the
range of 50 um or more, the tilt angle of the crystal lattice
turned out to be approximately twice or more as large as
in a single-film sample or a sample with a small S width;
and
[0217] (2) Judging from the S width dependence of the

crystal lattice’s tilt angle, the tilt angle of the crystal
lattice actually does not depend on the S width, but the
effect of promoting the lattice relaxation (or strain
reduction) could be achieved at or over a certain S width
setting.

[0218] (Evaluation Result: Relation Between Crystal Lat-

tice’s Tilt Angle and Crystallinity)

[0219] The following Table 5 summarizes the relation

between the crystal lattice’s tilt angle and the degree of crys-

tallinity that was obtained based on the results shown in

portions (a) to (d) of FIG. 13:

TABLE 5
Crystal
lattice’s tilt XRC full width
angle p (deg) Crystal  at half maximum
with respect to  lattice’s (arcsec): Residual

m-axis of tilt angle incident in a- strain

sapphire B (deg) axis direction eeff (%)
Comparative 0.34 (B1) — 835 1.12
Example 1
(single GaN
film)
Comparative 0.31 (B2) -0.03 553 1.18
Example 2
(S width:
10 pm)
Example 1 0.69 (B2) 0.35 473 0.41
(S width:
50 pm)
Example 2 0.69 (B2) 0.35 465 0.41
(S width:
100 pm)
[0220] Since the crystal growth seed region is obtained by

patterning a single GaN film, the angle defined by the m-axis
of'the crystal growth seed region with respect to the m-axis of
sapphire would be equal to the angle defined by the m-axis of
the single GaN film to the m-axis of sapphire. That is to say,
in the results shown in this Table 5, the tilt angle  of the
crystal lattice with respect to the m-axis of sapphire in Com-
parative Example 1 corresponds to f1 shown in FIGS. 4A and
4B.

[0221] The nitride semiconductor layer in the vertically
grown region 320aq inherits the high-density dislocations in
the underlying crystal growth seed region 130 as they are, and
therefore, comes to have a low degree of crystallinity and a
low diftraction peak intensity in the XRC measurement. That
is why the peak of diffraction of the nitride semiconductor
layer 320 obtained by the reciprocal lattice mapping as
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already described with reference to portions (a) to (d) of FIG.
13 would mirror a lot of information about the laterally grown
region 3205 with a high degree of crystallinity and a high
diffraction peak intensity. That is to say, in the results shown
in Table 5, the tilt angles [} of the crystal lattice with respect to
the m-axis of sapphire in Comparative Example 2 and
Examples 1 and 2 corresponds to 2 shown in FIGS. 4A and
4B.

[0222] Inthe results shown in Table 5, the tilt angle o of the
crystal lattice is the angle defined by the respective m axes of
the crystal growth seed region and laterally grown region with
respect to the a-axis direction of GaN and is obtained by
calculating p2-p1.

[0223] Also, in the results shown in Table 5, the XRC full
width at half maximum is the half width of a rocking curve
representing a peak of diffraction to be measured by making
an X-ray incident in the a-axis direction of GaN. The smaller
the XRC full width at half maximum is, the better the crys-
tallinity of GaN should be.

[0224] Furthermore, in the results shown in Table 5, the
residual strain €eff is the percentage of strain of GaN to be
calculated by Equation (4). In this case, calculations were
made on the supposition that an ideal percentage of strain of
1.8% should be obtained when crystals grow in the DME
mode. The strain estimated based on the crystal lattice’s tilt
angle that had been obtained by measurement turned outto be
relatively large in the single GaN film of Comparative
Example 1 and in Comparative Example 2 in which the S
width was as narrow as 10 um. That is to say, in those cases,
the lattice relaxation was insufficient and there was a residual
strain of 1.1% or more. On the other hand, in Examples 1 and
2 in which the S width was large, the percentage of strain
could be reduced to 0.41%.

[0225] That is to say, by increasing the crystal lattice’s tilt
angle B2 with respect to the m-axis of sapphire to 0.69
degrees, the strain of the GaN layer could be reduced signifi-
cantly to approximately one third. And it turned out that the
degree of crystallinity could be improved eventually.

[0226] The degree of crystallinity could be improved in
Comparative Examples 1 and 2 because the dislocation den-
sity had been reduced by the selective growth. In those case,
the strain of the crystals could not be reduced.

[0227] Onthe other hand, in Examples 1 and 2 in which the
S width was equal to or greater than 50 pum, not just could the
degree of crystallinity be improved but also could the lattice
relaxation (strain reduction) be promoted by the lateral
growth as well. Consequently, the residual strain in the crys-
tals could be reduced significantly. On top of that, compared
to Comparative Example 2, the XRC full width at half maxi-
mum could be further reduced by approximately 100 seconds
in Examples 1 and 2.

[0228] FIG. 14 shows how the XRC full width at half maxi-
mum changed with the crystal lattice’s tilt angle a.. If o was
increased, the XRC full width at half maximum could be
reduced.

[0229] Such a crystallinity improving effect is closely cor-
related to the crystal lattice’s tilt angle a. If the relative tilt
angle o of the crystal lattice was 0.35 degrees, the XRC full
width at half maximum could be reduced to the order of 400
seconds and the degree of crystallinity could be improved.
That is to say, the present inventors discovered that it is
important to set the crystal lattice’s tilt angle o to be larger
than zero degrees and also discovered that the crystal lattice’s
tilt angle o should be close to 0.35 degrees.
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Example 3

[0230] When the maskless Pendeo lateral regrowth is
adopted, the tilt angle of the crystal lattice of m-plane GaN
should increase in a sample with a large S width in a nitride
semiconductor that has regrown laterally from the crystal
growth seed region 130 (i.e., in the laterally grown region
3206 shown in portions (a) to (d) of FIG. 6) preferentially.
[0231] The nitride semiconductor that has regrown verti-
cally from the upper surface of the crystal growth seed region
130 (i.e., the vertically grown region 320a) should easily
inherit the crystal structure of the underlying nitride semicon-
ductor film 110 as itis. That is why the tilt of the crystal lattice
should be almost the same as the single film (i.e., Compara-
tive Example 1).

[0232] On the other hand, the nitride semiconductor 3205
that has regrown mostly laterally from the crystal growth seed
region 130 has so large a degree of freedom that the tilt of the
crystal lattice should be promoted and the strain should be
reduced.

[0233] In this example, these effects were confirmed by
carrying out an X-ray diffraction analysis on a micro-region.

Structure of Example 3

[0234] In this example, a sample was made in the same
procedure as in Example 1 except that the S width was set to
be 20 um. In this embodiment, a GaN layer was regrown
under not only the condition shown in Table 3 but also the
condition shown in the following Table 6:

TABLE 6
TMG flow rate 136 pumol/min
Ammonia flow rate 0.5 V/min
GaN layer’s growth rate 3to4 pmm/hr
GaN layer’s growth process time 90 minutes
Growth pressure 13 kPa
TMG/ammonia supply ratio (molar ratio) about 160

[0235] (Evaluation Result: X-Ray Diffraction Analysis on
Micro-Region)
[0236] In this example, a micro-region X-ray diffraction

analysis was carried out on an m-plane GaN film which had
been regrown by the Pendeo growing method to have an S
width of 20 pm on an m-plane sapphire substrate to compare
the respective X-ray diffraction peaks of the vertically grown
region 320q and laterally grown region 3204 to each other.
[0237] FIG. 15 is a micrograph of a sample according to
this example as viewed from over its surface. In FIG. 15,
shown are the vertically grown regions 320a, laterally grown
regions 3205 and junctions 410. Even though only some of
them are shown in FIG. 15, these vertically grown regions
320a, laterally grown regions 3205 and junctions 410 are
arranged periodically in the c-axis direction of GaN.

[0238] The present inventors discovered that according to
this Example 4, no gaps were seen between nitride semicon-
ductor films 320 that had regrown from a plurality of crystal
growth seed regions 130 and those regrown films were com-
bined together almost completely to form a highly flat
regrown film, compared to the sample of Example 1 shown in
FIG. 8. This result was obtained because the regrowth process
was continued for 90 more minutes under the condition of
Example 1.

[0239] In this example, an X-ray diffraction analysis was
carried out on a micro-region of this sample to estimate a

Sep. 18,2014

difference in the crystal lattice’s tilt between the vertically
grown region 320a and laterally grown region 3205 of the
regrown nitride semiconductor layer 320. The X-ray diffrac-
tion analysis was carried out on the micro-region using Spring
8 Beam Line (BL13XU). The beam spot size ® was set to be
1 um or less. The condition was set so that the crystal lattice’s
tilt of the sample structure according to this example (in
which the L. width was set to be 5 um and the S width was set
to be 20 um) could be estimated sufficiently accurately.

[0240] The X-ray had a wavelength of 8 keV (0.154 nm).
The beam was made to be incident parallel to the a-axis
direction of GaN. And the measurement was made with the
spot of measurement moved in the c-axis direction of GaN.

[0241] The results of the micro-region X-ray diffraction
analysis on the samples of this example are shown in FIG. 16.
The micro-regions that were actually subjected to the mea-
surement are indicated by A through F, of which the specific
locations are shown in FIG. 15.

[0242] Specifically, A and B indicate the laterally grown
region 3205, C and D indicate the vertically grown region
320q, and E and F indicate the laterally grown region 3205
opposite from the one indicated by A and B.

[0243] Also, the results of measurement shown in FIG. 16
are the spectra of the w rocking curves at the respective points
shown in FIG. 15. Each of the o rocking curves was obtained
by evaluating a peak ofa (2-200) plane of m-plane GaN. It can
be seen that the diffraction peaks of the  rocking curves of a
(2-200) plane of GaN shown in FIG. 16 change their positions
and shapes according to the locations A through F. Further-
more, the spectra of the o rocking curves shown in FIG. 16
were all measured with the diffraction peak position of a
(30-30) plane of m-plane sapphire set to be the origin. That is
why the peak positions of the w rocking curve spectra of
m-plane GaN that were measured at the respective points A
through F can be compared to each other to make an evalua-
tion.

[0244] First, the diffraction peak of the vertically grown
region 320q indicated by C and D will be described.

[0245] It can be seen that the diffraction peak of the verti-
cally grown region 320q indicated by C and D was certainly
a single peak but had a lower peak intensity and was located
in a smaller angle range overall, compared to the diffraction
peaks of the laterally grown regions 3204.

[0246] The vertically grown region 320aq easily inherits the
crystallinity of the underlying nitride semiconductor layer
110, i.e., the crystal growth seed region 130.

[0247] The nitride semiconductor layer 110 and the crystal
growth seed region 130 are a single film yet to be subjected to
the lateral selective growth and had a high dislocation density
and a low degree of crystallinity. That is why their o rocking
curve spectra were broad and had a low diffraction intensity.

[0248] On the other hand, the diffraction peaks of the lat-
erally grown regions 3205 indicated by A, B, E and F had
relatively high diffraction intensity and were double peaks.

[0249] That is to say, these results reveal that there was a
shift in plane orientation, i.e., a region with a tilted crystal
lattice, in the laterally grown regions 3204.

[0250] As can be easily expected from the results of Com-
parative Example 1, in the vertically grown region 320q indi-
cated by C and D, the crystal lattice would have tilted due to
a lattice mismatch between the m-plane sapphire substrate
and the m-plane GaN layer. That is to say, the diffraction peak



US 2014/0269801 Al

indicated by C and D would represent the crystal lattice’s tilt
angle 1 when described with reference to portions (a) to (e)
of FIG. 7.

[0251] On the other hand, at each of the points A, B, E and
F indicating the diffraction peaks of the laterally grown
regions 3205, there was a second diffraction peak in a larger
angle range, compared to the points C and D.

[0252] That is to say, this peak in the larger angle range
would represent the crystal lattice’s tilt angle f2 shown in
portions (a)to (d) of FIG. 6. And the crystal lattice would have
tilted to such a greater angle 2 than in the vertically grown
region 320a, because the strain reduction and lattice relax-
ation would have been promoted by the lateral selective
growth.

[0253] Based on these results of experiment of Example 3,
the present inventors discovered and confirmed that

[0254] (1) when the S width was 10 um in Comparative
Example 2, the crystal lattice tilted to almost the same
degree as in Comparative Example 1 but when the S
width was 20 pm in Example 3, the crystal lattice’s tilt
had been promoted; and

[0255] (2) the crystal lattice’s tilt would not have been
promoted in the vertically grown region 320a consider-
ing the results obtained in Example 3 but the effect of
promoting the crystal lattice’s tilt was achieved signifi-
cantly in the laterally grown regions 32064.

[0256] The results of Example 3 were obtained because the
tilt of the crystal lattice was promoted by the lateral selective
growth method. That effect was enhanced in a range where
the S width was equal to or greater than 20 um and was
achieved more significantly when the S width was equal to or
greater than 50 um. The tilt of the crystal lattice means that the
lattice relaxation had been caused. Consequently, a non-po-
lar-plane nitride semiconductor layer with little strain and
good crystallinity was realized.

[0257] The nitride semiconductor structure of the present
disclosure has had its crystallinity improved greatly enough
to be applied to an AllnGaN based semiconductor light-emit-
ting element such as a light-emitting diode or a laser diode.
Such a light-emitting element is expected to be applied to the
fields of display, illumination and optical information pro-
cessing and can also be used as an electronic device, too.
[0258] While the present disclosure has been described
with respect to preferred embodiments thereof, it will be
apparent to those skilled in the art that the disclosed disclo-
sure may be modified in numerous ways and may assume
many embodiments other than those specifically described
above. Accordingly, it is intended by the appended claims to
cover all modifications of the disclosure that fall within the
true spirit and scope of the disclosure.

What is claimed is:
1. A nitride semiconductor structure comprising:

a plurality of crystal growth seed regions formed of a
nitride semiconductor, of which the principal surface is
an m-plane and which extends to a range that defines an
angle of not less than 0 degrees and not more than 10
degrees with respect to an a-axis, wherein an S width
that is the spacing between adjacent ones of the plurality
of crystal growth seed regions is at least 50 um; and

alaterally grown region formed of a nitride semiconductor
which has extended in a c-axis direction from each of the
plurality of crystal growth seed regions.
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2. The nitride semiconductor structure of claim 1, wherein
the S width that is the spacing between adjacent ones of the
plurality of crystal growth seed regions is 100 um or less.

3. The nitride semiconductor structure of claim 1, wherein
the m-axis of the laterally grown region defines a tilt angle of
a degrees in the a-axis direction of the nitride semiconductor
with respect to the m-axis of the crystal growth seed regions,
and

the angle of o degrees is greater than zero degrees, and has
been calculated by evaluating the crystal growth seed
regions and the laterally grown region separately from
each other using a microarea X-ray diffractometer with
a small spot size.

4. The nitride semiconductor structure of claim 1, wherein
the m-axis of the laterally grown region defines a tilt angle of
a degrees in the a-axis direction of the nitride semiconductor
with respect to the m-axis of the crystal growth seed regions,
and

the angle of o degrees is greater than zero degrees and
equal to or smaller than 0.35 degrees, and has been
calculated by making an X-ray incident parallel to the
a-axis direction of a nitride semiconductor layer and by
detecting a difference in diffraction peak position in the
nitride semiconductor layer between the laterally grown
region and the crystal growth seed regions by X-ray
reciprocal lattice mapping with respect to the diffraction
peak position in a growing substrate.

5. A nitride semiconductor structure comprising:

a sapphire substrate having a principal surface that is an
m-plane;

a plurality of crystal growth seed regions formed of a
nitride semiconductor which has been formed on the
sapphire substrate, of which the principal surface is an
m-plane, and which extends to a range that defines an
angle of not less than 0 degrees and not more than 10
degrees with respect to an a-axis, wherein an S width
that is the spacing between adjacent ones of the plurality
of crystal growth seed regions is at least 20 um; and

a laterally grown region formed of a nitride semiconductor
which has extended in a c-axis direction from each of the
plurality of crystal growth seed regions.

6. The nitride semiconductor structure of claim 5, wherein
the S width that is the spacing between adjacent ones of the
plurality of crystal growth seed regions is 50 pm or more.

7. The nitride semiconductor structure of claim 5, wherein
the S width that is the spacing between adjacent ones of the
plurality of crystal growth seed regions is 100 um or less.

8. The nitride semiconductor structure of claim 5, wherein
the m-axis of the crystal growth seed regions defines a tilt
angle of B1 degrees in the a-axis direction of the nitride
semiconductor with respect to the m-axis of the sapphire
substrate,

the m-axis of the laterally grown region defines a tilt, angle
of B2 degrees in the a-axis direction of the nitride semi-
conductor with respect to the m-axis of the sapphire
substrate,

the angle (2 is larger than the angle 1, and

the angles 1 and 2 have been calculated by evaluating the
crystal growth seed regions and the laterally grown
region separately from each other using a microarea
X-ray diffractometer with a small spot size.

9. The nitride semiconductor structure of claim 5, wherein

the m-axis of the crystal growth seed regions defines a tilt
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angle of Pl degrees in the a-axis direction of the nitride
semiconductor with respect to the m-axis of the sapphire
substrate,
the m-axis of the laterally grown region defines a tilt angle
of p2 degrees in the a-axis direction of the nitride semi-
conductor with respect to the m-axis of the sapphire
substrate,
the angle 2 is larger than the angle 1,
an angle o is defined by a difference between the angle 32
and the angle 1, the angle c is larger than zero degrees
and equal to or smaller than 0.35 degrees, and
the angles 1 and 2 have been calculated by making an
X-ray incident parallel to the a-axis direction of a nitride
semiconductor layer and by detecting a diffraction peak
position in the nitride semiconductor layer in the later-
ally grown region by X-ray reciprocal lattice mapping
with respect to the diffraction peak position in the sap-
phire substrate.



