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(57) ABSTRACT

A group III nitride semiconductor light-emitting element
having a pn junction hetero structure composed of: an n-type
aluminum gallium indium nitride layer; a light-emitting layer
disposed contacting the n-type aluminum gallium indium
nitride layer and including a gallium indium nitride layer
containing crystals having a larger lattice constant than the
n-type aluminum gallium indium nitride layer; and a p-type
aluminum gallium indium nitride layer provided on the light-
emitting layer. Further, the relative atomic concentrations of
donor impurities at either interface of the light-emitting layer
and within respective layers of the light-emitting element are
specified herein.
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GROUP III NITRIDE SEMICONDUCTOR
LIGHT-EMITTING ELEMENT AND METHOD
FOR PRODUCING SAME

TECHNICAL FIELD

[0001] The present invention relates to a group III nitride
semiconductor light-emitting element or the like including a
light-emitting layer composed of gallium indium nitride, and
in particular, relates to a group III nitride semiconductor
light-emitting diode (abbreviation: LED) or the like, which
emits short wavelength light in an ultraviolet wavelength
band or near ultraviolet wavelength band.

BACKGROUND ART

[0002] Conventionally, a group III nitride semiconductor
containing a group III element such as aluminum (chemical
symbol: Al), gallium (chemical symbol: Ga), indium (chemi-
cal symbol: In) or the like, such as aluminum nitride (AIN),
gallium nitride (GaN), gallium indium nitride (compositional
formula: GayIn, N, 0=X<1) or the like as a constituent ele-
ment has been used to configure a group III nitride semicon-
ductor light-emitting element, such as a light-emitting diode
(LED) or a laser diode (abbreviation: LD) (refer to Patent
Document 1).

[0003] For example, in an LED, a gallium indium nitride
layer is utilized as a light-emitting layer for emitting visible
light of dark green color or blue color (refer to Patent Docu-
ment 1). Moreover, for example, itis indicated that a Ga, ,In,
sN layer, in which zinc (chemical symbol: Zn) is added (dop-
ing is performed) and indium is large in composition, is useful
as a material for emitting red light (refer to Patent Document
1). Further, a gallium indium nitride layer, in which indium is
small in composition, is used as a light-emitting layer for
emitting ultraviolet light (refer to Patent Document 2).
[0004] As the conventional visible light LED or the ultra-
violet light LED is viewed in terms of a laminated structure,
a double hetero (abbreviation: DH) structure of pn junction
type is common, in which, for example, a light-emitting layer
constituted by an n-type gallium indium nitride layer is
arranged on an n-type cladding layer composed of gallium
nitride, and further, for example, a p-type cladding layer
composed of an aluminum gallium nitride (compositional
formula: Al;Ga_N, 0=d=1, O=e<1, d+e=1) layer is laminated
thereon (refer to Non-Patent Document 1).

[0005] In the gallium indium nitride layer used for a light-
emitting layer of an LED having such a structure, impurities
are intentionally added, that is, a so-called doping is carried
out in some cases for adjusting conduction resistance of a
current that drives the LED. As n-type impurities in the group
11T nitride semiconductor, silicon (chemical symbol: Si), ger-
manium (chemical symbol: Ge), tellurium (chemical symbol:
Te) and selenium (chemical symbol: Se) are exemplified (re-
fer to paragraph [0008] in Patent Document 3). Germanium is
also used as a dopant in manufacturing a layered substance
constituted by the group III nitride semiconductors having
different atomic concentrations (refer to Patent Document 4).
In addition to germanium, in Patent Document 5, sulfur
(chemical symbol: S) is described as the n-type impurity
(refer to paragraph [0022] in Patent Document 5).
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SUMMARY OF INVENTION

Technical Problem

[0012] Here, lattice constants of the group III nitride semi-
conductor materials constituting the above-described double
hetero (DH) structure will be compared. An a-axis of gallium
nitride of a hexagonal wurtzite structure is 0.318 nm (unit of
length) (Akasaki Isamu (write and edit) “Sangozoku
Kagoubutsu Handoutai (Group II-V Compound Semicon-
ductor)” May 20, 1994, published by Baifukan Co., Ltd., 1**
edition, p. 148). On the other hand, an a-axis of hexagonal
indium nitride is longer than that of the gallium nitride by
0.035 nm, and is 0.353 nm. An a-axis of gallium indium
nitride (compositional formula: Gayln, N, 0=X<1) has a
value in between gallium nitride and indium nitride, and
difference with an a-axis of aluminum nitride (a-axis=0.311
nm) exceeds 0.007 nm at minimum, and reaches 0.042 nm at
maximum.

[0013] In this manner, if there is a great difference in the
lattice constants among the group III nitride semiconductor
materials, the following problem occurs in a case where these
are laminated to constitute the DH structure of the pn junction
type. For example, on an n-type gallium nitride layer, a gal-
lium indium nitride layer containing crystals having larger
lattice constant is laminated, incorporation of indium is not
accelerated within a region of a predetermined thickness from
a mating surface between the both layers toward the inside of
the gallium indium nitride layer. For this reason, there occurs
a problem that a gallium indium nitride layer having indium
composition smaller than a preset numerical value is formed.
The smaller the indium composition, the larger the forbidden
band width of the gallium indium nitride; accordingly, wave-
length of emitted light becomes short (refer to the above-
described Patent Document 1).

[0014] It is considered that a phenomenon of pseudomor-
phism assuming that “in an initial stage of growth of a gallium
indium nitride layer, the growth is performed while a lattice
constant is inherited from a base layer thereof” (Hashiguchi
Ryukichi, Chikazumi Soshin (edit) “Hakumaku Hyoumen
Genshou (Thin Film/Surface Phenomenon)” December 15,
Showa 47 (1972), published by Asakura Publishing Co., Ltd.,
4™ edition, pp. 11-14) is a cause of the above-described phe-
nomenon. Such a phenomenon, in which incorporation or
admixture of indium is inhibited, is remarkably acknowl-
edged, for example, when a gallium indium nitride layer that
emits ultraviolet light or near-ultraviolet light with short
light-emission wavelength is grown on a gallium nitride base
layer because of small indium composition.
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[0015] As the growth of the gallium indium nitride layer
proceeds and the layer thickness is increased, effect of the
pseudomorphism is diminished, and the indium composition
within the layer is gradually increased. However, this means
that, in the vicinity of a mating surface with a cladding layer
composed of n-type gallium nitride, a region having a smaller
forbidden band width is formed on a region in a deep portion
of a light-emitting layer where a forbidden band width is
large.

[0016] The short wavelength light, such as ultraviolet light
or near-ultraviolet light, generated from a deep portion in the
light-emitting layer in the vicinity of the mating surface with
the cladding layer composed of the n-type gallium nitride is
absorbed by a light-emitting layer that is formed upwardly
with higher indium composition and smaller forbidden band
width. In other words, this means a laminated structure of the
light-emitting layer that is not suitable to efficiently extract
light to the outside.

[0017] An object of the present invention is to solve a
problem that, when a light-emitting layer composed of gal-
lium indium nitride having a lattice constant of a crystal
lattice larger than that of gallium nitride is provided on a base
layer, such as a cladding layer composed of, among group II1
nitride semiconductor materials, gallium nitride or the like,
which has relatively small lattice constant of a crystal lattice,
incorporation of indium into the light-emitting layer is not
accelerated and it is difficult to obtain the light-emitting layer
having indium composition with a preset numerical value due
to difference in the lattice constant among the group Il nitride
semiconductor materials each constituting each layer.

Solution to Problem

[0018] The present invention is an inventive idea generated
to solve the problems accompanied by the above-described
conventional techniques, and discloses a technique to provide
a group 11 nitride semiconductor light-emitting element that
includes, for example, on a gallium nitride layer, a gallium
indium nitride layer in which incorporation of indium in the
vicinity of a mating surface with the gallium nitride layer is
accelerated as a light-emitting layer, and in particular, to
provide a light-emitting layer having a configuration capable
of efficiently extracting short wavelength light emission, such
as ultraviolet light or the like, to the outside.

[0019] Thus, according to the present invention, there is
provided a group III nitride semiconductor light-emitting
element having a pn junction hetero structure, including: an
n-type aluminum gallium indium nitride layer; a light-emit-
ting layer configured with a gallium indium nitride layer that
is arranged in contact with the n-type aluminum gallium
indium nitride layer and contains a crystal having a lattice
constant larger than that of the n-type aluminum gallium
indium nitride layer; and a p-type aluminum gallium indium
nitride layer that is provided on the light-emitting layer,
wherein an atomic concentration of a donor impurity existing
in the n-type aluminum gallium indium nitride layer and
composed of an element having an atomic radius smaller than
that of indium is lower at an interface between the n-type
aluminum gallium indium nitride layer and the light-emitting
layer than in an inside of the n-type aluminum gallium indium
nitride layer, and an atomic concentration of the donor impu-
rity in the light-emitting layer is higher at an interface
between the light-emitting layer and the p-type aluminum
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gallium indium nitride layer than at the interface between the
light-emitting layer and the n-type aluminum gallium indium
nitride layer.

[0020] Inthe group Il nitride semiconductor light-emitting
element, it is preferable that the light-emitting layer is com-
posed of the gallium indium nitride in which the atomic
concentration of the donor impurity is increased from the
n-type aluminum gallium indium nitride layer toward the
p-type aluminum gallium indium nitride layer.

[0021] Itis preferable that indium composition in the light-
emitting layer is lower at the interface between the p-type
aluminum gallium indium nitride layer and the light-emitting
layer than at the interface between the n-type aluminum gal-
lium indium nitride layer and the light-emitting layer.

[0022] Itis preferable that a junction region with the n-type
aluminum gallium indium nitride layer is an undoped region
where the donor impurity is not added, the junction region
existing inside the light-emitting layer.

[0023] It is preferable that the n-type aluminum gallium
indium nitride layer is provided on a buffer layer deposited on
a substrate that has no lattice matching with aluminum gal-
lium indium nitride, and the buffer layer has a duplex struc-
ture of an aluminum (Al) thin film layer and an aluminum
gallium nitride layer that is provided on the thin film layer and
provides a gradient to aluminum composition.

[0024] It is preferable that the light-emitting layer is con-
figured with a gallium indium nitride layer that emits light
having continuous wavelength with a width of notless than 10
nm

[0025] It is preferable that the light-emitting layer is con-
figured with the gallium indium nitride layer that emits light
having continuous wavelength within a range of not less than
360 nm and not more than 420 nm.

[0026] Next, according to the present invention, there is
provided a method for producing a group III nitride semicon-
ductor light-emitting element having a pn junction hetero
structure, wherein the group III nitride semiconductor light-
emitting element includes: an n-type aluminum gallium
indium nitride layer; a light-emitting layer configured with a
gallium indium nitride layer that is arranged in contact with
the n-type aluminum gallium indium nitride layer and con-
tains crystal having a lattice constant larger than that of the
n-type aluminum gallium indium nitride layer; and a p-type
aluminum gallium indium nitride layer that is provided on the
light-emitting layer, wherein an atomic concentration of a
donor impurity existing in the n-type aluminum gallium
indium nitride layer and composed of an element having an
atomic radius smaller than that of indium is lower at an
interface between the n-type aluminum gallium indium
nitride layer and the light-emitting layer than in an inside of
the n-type aluminum gallium indium nitride layer, and an
atomic concentration of the donor impurity in the light-emit-
ting layer is higher at an interface between the light-emitting
layer and the p-type aluminum gallium indium nitride layer
than at the interface between the light-emitting layer and the
n-type aluminum gallium indium nitride layer, the method
including: in forming the light-emitting layer, increasing the
atomic concentration of the donor impurity to be added to an
inside of the light-emitting layer with passage of time.

[0027] Inthe method for producing a group 11 nitride semi-
conductor light-emitting element, it is preferable that the
light-emitting layer is formed by, while maintaining supply
amounts of gallium (Ga) and indium (In) to a formation
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environment constant, increasing the atomic concentration of
the donor impurity with passage of time.

[0028] Itis preferable that the light-emitting layer is formed
by, while maintaining a supply amount of gallium (Ga) to a
formation environment constant, reducing a supply amount
of indium (In) with passage of time. It is preferable that after
aregion in the light-emitting layer which joins with the n-type
aluminum gallium indium nitride layer is formed as an
undoped region where the donor impurity is not added, the
light-emitting layer is formed while increasing the atomic
concentration ofthe donor impurity to be added to an inside of
the light-emitting layer with passage of time.

Advantageous Effects of Invention

[0029] According to the present invention, a group III
nitride semiconductor light-emitting element that includes,
on a gallium nitride layer, a gallium indium nitride layer in
which incorporation of indium in the vicinity of a mating
surface with the gallium nitride layer is accelerated as a
light-emitting layer is obtained.

[0030] That is, an impurity composed of an element having
an atomic radius smaller than that of indium has property to
reduce size of a crystal lattice. For this reason, if concentra-
tion of donor impurities contained in the gallium indium
nitride layer, which are composed of elements having atomic
radius smaller than that of indium, is decreased, reduction of
the crystal lattice is suppressed. Then, incorporation of
indium into the crystals is accelerated, and thereby the gal-
lium indium nitride layer having large indium composition is
obtained.

[0031] Accordingly, there is an advantage that, when, on an
n-type aluminum gallium indium nitride (compositional for-
mula: Al,Gagln N, O=a.<1, 0=fB<1, 0=y<I, o+B+y=1) layer, a
gallium indium nitride (compositional formula: Ga,In, N,
0=X<1) layer having a lattice constant larger than that of the
group III nitride semiconductor materials constituting the
n-type aluminum gallium indium nitride layer and indium
composition reducing in the direction of the layer thickness is
provided, the gallium indium nitride layer having large
indium composition can be laminated on the n-type alumi-
num gallium indium nitride layer by providing concentration
gradient so that an atomic concentration of donor impurities
having atomic radius smaller than that of indium increases in
the direction of the layer thickness.

[0032] Moreover, on a surface of the n-type aluminum gal-
lium indium nitride layer, on which the gallium indium nitride
layer is provided, by making the atomic concentration of the
donor impurities having atomic radius smaller than that of
indium lower than that in the inside of the layer, it is possible
to obtain an effect of suppressing reduction of the crystal
lattice in a surface region of the layer.

[0033] Inaddition, when the gallium indium nitride layer is
laminated on the layer, it is possible to obtain an effect of
suppressing reduction in incorporation rate of indium owing
to diffusion of the donor impurities into the inside of the
gallium indium nitride layer. Consequently, it becomes pos-
sible to stably arrange the gallium indium nitride layer having
large indium composition on the n-type aluminum gallium
indium nitride layer. As a result, a group III nitride semicon-
ductor light-emitting element capable of efficiently extract-
ing light emission to the outside is obtained.

[0034] In particular, according to the present invention, by
continuously increasing concentration of donor impurities
having atomic radius smaller than that of indium toward a
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p-type aluminum gallium indium nitride (compositional for-
mula: Al;Ga In. N, 0=d=<1, O=exl, 0=C<1, d+e+C~1) layer, a
gallium indium nitride layer in which indium composition
decreases toward the p-type aluminum gallium indium nitride
layer in response to the change in concentration is obtained.
[0035] Consequently, in a case of an LED of p-side up, a
forbidden band width is sequentially increased in a direction
oflight emission extraction, and thereby, for example, a group
111 nitride semiconductor light-emitting element that outputs
continuous spectrum in an ultraviolet wavelength band is
obtained.

[0036] Moreover, according to the present invention, by
continuously increasing concentration of donor impurities
having atomic radius smaller than that of indium toward the
p-type aluminum gallium indium nitride layer, a lattice mis-
match with the p-type aluminum gallium indium nitride layer
having a lattice constant smaller than that of the gallium
indium nitride layer is relieved.

[0037] For this reason, by using a gallium indium nitride
layer as the light-emitting layer, in which concentration of
donor impurities is distributed to continuously increase
toward the p-type aluminum gallium indium nitride layer, on
the gallium indium nitride layer, for example, a p-type clad-
ding layer configured with a p-type aluminum gallium indium
nitride layer having small lattice distortion due to the lattice
mismatch and excellent crystallinity can be formed. As a
result, a high-voltage group 111 nitride semiconductor ultra-
violet LED with small leakage of an element operation cur-
rent and high reverse voltage is obtained.

[0038] The group III nitride semiconductor light-emitting
element according to the present invention is able to have a
configuration in which a light-emitting layer is formed by
sequentially laminating gallium indium nitride layers sequen-
tially increasing band gaps (forbidden band widths) in the
direction of increasing layer thicknesses by using a gallium
indium nitride (compositional formula: Ga,In, N, 0=X<1)
layer in which indium composition sequentially reduces
toward the direction of extracting light emission to the outside
as the light-emitting layer.

[0039] As a result, it is possible to produce a group III
nitride semiconductor LED capable of efficiently extracting
light emission in the direction of extracting light emission
corresponding to a direction in which layer thickness of the
gallium indium nitride layer is increased.

[0040] According to the present invention, for example, itis
possible to produce a group III nitride semiconductor LED
that presents light emission in a state of band spectrum of a
continuing wavelength in the ultraviolet wavelength band. An
LED that emits such a continuous spectrum can be applied to
an ink dryer or the like for solidifying, for example, ink
materials that solidify upon receiving light energy of ultra-
violet light, and in particular, for solidifying ink materials
having different absorption bands.

[0041] According to the present invention, since a width of
the continuous spectrum emitted from the light-emitting layer
is set at not less than 10 nm as a wavelength, it is possible to
provide, for example, a group III nitride semiconductor ultra-
violet LED that can be used for an ink dryer or the like
solidifying ink materials having different absorption bands as
a whole.

BRIEF DESCRIPTION OF DRAWINGS

[0042] FIG.1is a schematic view showing a vertical cross-
sectional configuration of an LED chip used in Example 1;
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[0043] FIG. 2 is an SIMS analysis graph showing distribu-
tion of atomic concentration of indium and silicon in a depth
direction of an inside of a lower cladding layer and a light-
emitting layer in the LED chip used in Example 1;

[0044] FIG. 3 shows a spectrum of light emission from the
LED used in Example 1;

[0045] FIG. 4 is a schematic view showing a vertical cross-
sectional configuration of an LED chip used in Example 2;
[0046] FIG.5is an SIMS analysis graph showing distribu-
tion of atomic concentration of indium and silicon in a depth
direction in the LED chip used in Example 2;

[0047] FIG. 6 shows a band spectrum of light emission
from the LED used in Example 2;

[0048] FIG. 7 is an SIMS analysis graph showing concen-
tration distribution of atoms of indium in a depth direction in
an LED chip used in Comparative Example 1;

[0049] FIG. 8 is an SIMS analysis graph showing concen-
tration distribution of atoms of indium in a depth direction in
an LED chip used in Comparative Example 2; and

[0050] FIG. 9 shows a photoluminescence (PL) spectrum
of a light-emitting layer of the LED used in Comparative
Example 2.

DESCRIPTION OF EMBODIMENTS

[0051] Hereinafter, an exemplary embodiment according
to the present invention will be described in detail. It should
be noted that the present invention is not limited to the fol-
lowing exemplary embodiment, but may be practiced as vari-
ous modifications within the scope of the gist thereof. More-
over, each of the figures to be used indicates an example for
illustration of the exemplary embodiment, and does not rep-
resent an actual size thereof.

[0052] A group III nitride semiconductor light-emitting
element, to which the exemplary embodiment is applied, is
produced by utilizing a laminated body configured with a
group I nitride semiconductor formed on a substrate.
[0053] As the substrate, a substrate configured with a glass
substrate, a metal oxide crystal substrate, such as sapphire
(0-Al,O; single crystal), zinc oxide (ZnO) or the like, with a
crystal plane polarized or not polarized as a surface thereof, or
semiconductor crystals such as silicon carbide (SiC), silicon
(S1), gallium nitride (GaN) or the like of a hexagonal 6H type,
hexagonal 4H type or cubic 3C type can be listed for exem-
plification.

[0054] Moreover, not limited to a bulk crystal substrate, for
example, a group I1I nitride semiconductor layer composed of
GaN or the like or an epitaxial growth layer configured with
a group I1II-V compound semiconductor, such as a boron
phosphide (BP) layer can be used as the substrate.

[0055] In the exemplary embodiment, on the substrate, an
aluminum gallium indium nitride (compositional formula:
Al,Gagln N, O=a.<1,0=f=1, O=y<1, o+B+y=1) layer for con-
stituting a light-emitting element having a pn junction DH
(double hetero) structure is formed as a lower cladding layer.
[0056] For example, in a case of an LED of p-side up that
extracts light emission to the outside from the p-type semi-
conductor layer side, the lower cladding layer is configured
with the aluminum gallium indium nitride layer that indicates
conductivity of n-type.

[0057] For example, the lower cladding layer is configured
with gallium nitride (GaN) of n-type, to which donor impurity
composed of an element having atomic radius smaller than
that of indium (atomic radius=0.166 nm), such as silicon
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(atomic radius=0.132 nm), germanium (atomic radius=0.137
nm) or the like. Small atomic radius also means small cova-
lent radius.

[0058] In the exemplary embodiment, it is preferable that
the layer thickness ofthe lower cladding layer is several pm to
dozen pum. In a case where lattice mismatch in constituent
materials between the substrate and the lower cladding layer
is large, it is desirable to thicken the lower cladding layer for
suppressing propagation of defects in crystals, such as dislo-
cation or the like caused by inconsistency with the substrate,
to the light-emitting layer.

[0059] On the other hand, in a case where the lower clad-
ding layer is configured with mixed crystals of aluminum
indium nitride (compositional formula: Al In /N, 0<ox<l,
O=y<l, a+y=1) containing indium nitride (InN) having high
sublimation property, if the thickness of the lower cladding
layer is excessively large, due to sublimation of indium
nitride in the course of deposition at high temperature, there is
a tendency to have difficulty in obtaining the lower cladding
layer with flat surface.

[0060] In the exemplary embodiment, in a case where the
lower cladding layer is provided on a substrate of different
kind, which is composed of a material having a lattice con-
stant different from that of aluminum gallium indium nitride,
a buffer layer for increasing consistency between the sub-
strate and the lower cladding layer is inserted between both
layers in the vertical direction.

[0061] For example, in a case where a silicon single crystal
is used as the substrate, between the substrate and the lower
cladding layer composed of Al Gagln N (0=a<1, 0=f<I,
0=y<1, a+B+y=1), a buffer layer configured withan Al ,GagN
(0=a=1, 0=f=1, a+p=1) layer for relieving lattice mismatch
therebetween is inserted, in which a gradient is added to
aluminum composition (o) (or gallium composition (f})) in
the direction of layer thickness.

[0062] Further, between the silicon single crystal substrate
and the buffer layer configured with the Al,GagN (O=ax<l,
0=P=1, a+p=1) layer, a metal aluminum thin film layer may
be inserted.

[0063] From the viewpoint of lattice consistency, it is pref-
erable that the surface of the buffer layer that is in contact with
the lower cladding layer is configured with a material having
a lattice constant same as that of the semiconductor material
constituting the lower cladding layer.

[0064] For example, in the case where the lower cladding
layer is configured with a gallium nitride layer, it is preferable
that the metal aluminum thin film layer and a superposition
structure layer configured with the Al,GagN (0O=a<1, 0=p=<1,
a+p=1) composition gradient layer provided thereon are
assumed to be the buffer layer, and the surface of the Al ,GagN
(0=a=x1, 0=f=1, a+p=1) composition gradient layer is com-
posed of gallium nitride.

[0065] In general, the atomic concentration of the donor
impurities in the inside of the lower cladding layer is assumed
to be substantially constant; however, in the exemplary
embodiment, it is preferable to use the group III nitride semi-
conductor layer, which is formed to have the atomic concen-
tration of silicon or the like, whose atomic radius is smaller
than that of indium, to be lower on the surface thereof than in
the inside of the layer, as the lower cladding layer. In this case,
reduction in lattice of the crystals constituting the surface of
the lower cladding layer is suppressed, and incorporation of
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indium into the gallium indium nitride (compositional for-
mula: Gayln, N, 0=X<1) layer provided on the lower clad-
ding layer is accelerated.

[0066] Here, the inside of the lower cladding layer means a
region whose depth from the surface of the layer exceeds
about 120 times of lattice spacing of crystals in the group III
nitride semiconductor that constitutes the surface of the layer.
[0067] Inother words, the surface region of the lower clad-
ding layer is located within the depth from the surface about
120 times of the lattice spacing of crystals constituting the
surface. According to a study of the present inventor, it is
found that a gallium indium nitride layer, into which indium
is readily incorporated, is formed on the surface of the lower
cladding layer by reducing atomic concentration of the donor
impurities at least in the surface region.

[0068] In a case where the lower cladding layer is config-
ured with crystal surfaces of a cubic crystal which has lattice
constant “a” represented by {hkl} of Miller indices, the lattice
spacing (d,.) of crystal surfaces constituting the surface of the
lower cladding layer is obtained based on the following
expression (1) (Bunn, C. W. (write), Sasada Yoshio (trans-
late), “Kagaku Kesshougaku (Chemical Crystallography)”
June 15, Showa 45 (1970), published by Baifukan Co., Litd.,
1st edition, p. 115).

d.=al(h+k2+ )2

[0069] Moreover, in a case where the surface of the lower
cladding layer is configured with a crystal surface of a hex-
agonal crystal, in which the lengths of the a-axis and the
c-axis are a and c, respectively, the lattice spacing (d;,) is
obtained from the following expression (2) (refer to above-
described “Chemical Crystallography”, p. 118).

expression (1)

di=al{(A13) P+l Py+(a/c P R} V2

[0070] For example, in the case of the lower cladding layer
composed of gallium nitride having a wurtzite crystal struc-
ture in which a surface thereof is a (0001) crystal surface, the
lattice spacing of the C-plane (=(0001) crystal surface) con-
stituting the surface thereof is 0.26 nm. Accordingly, in this
case, the depth of 120 times of the lattice spacing (=0.26 nm)
is 31.2 nm.

[0071] Intheexemplary embodiment, itis desirable that the
atomic concentration of donor impurities configured with
elements that are contained in the above-described surface
region of the lower cladding layer and have atomic radius
smaller than that of indium is not more than % of that in the
inside region of the lower cladding layer. Specifically, for
example, in a case where the atomic concentration of silicon
in the inside of the lower cladding layer is 4x10'® cm™, it is
desirable that the atomic concentration of silicon in the sur-
face of the lower cladding layer is 6x10'7 cm™.

[0072] Further, it is desirable that the atomic concentration
of the donor impurities is not more than %o of that in the
inside region of the lower cladding layer. Specifically, for
example, in the case of the lower cladding layer composed of
n-type gallium nitride having the wurtzite crystal structure, to
which silicon is added, if the atomic concentration of silicon
in the inside region of the layer is 3x10'® cm™, it is desirable
that the atomic concentration of silicon in the surface region
from the depth of 30 nm to the surface of the layer, for
example, is not more than 6x10'® cm=, and further, more
desirably, not more than 3x10"® cm™>. The atomic concentra-
tion of the donor impurities can be measured by analyzing
methods such as a secondary ion mass spectrometry (abbre-
viation: SIMS) or the like.

expression (2)
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[0073] When the atomic concentration of the donor impu-
rities in the surface region of the lower cladding layer is
excessively low, there is a tendency that electrical resistance
in the surface region increases. Accordingly, to prevent from
becoming large electrical resistance to a forward current that
passes through the light-emitting element, usually, the atomic
concentration of the donor impurities in the surface region of
the lower cladding layer is preferably not less than 8x10'¢
cm™3.

[0074] Carrier concentration can be measured by a com-
mon capacitance-voltage (C-V) method or the like that uti-
lizes a Schottky junction electrode.

[0075] As described above, on the lower cladding layer, in
which concentration of the donor impurities is reduced in the
surface region thereof, the light-emitting layer configured
with the n-type gallium indium nitride (compositional for-
mula: Ga,In, N, 0=X<1) layer containing the donor impu-
rities is formed. This makes it possible to obtain light emis-
sion of high intensity from the n-type gallium indium nitride
layer containing donor impurities such as silicon or the like.

[0076] The indium composition (=1-X) of the gallium
indium nitride layer that forms the light-emitting layer is
appropriately selected in accordance with desired light emis-
sion wavelength. For example, as described in aforemen-
tioned Patent Document 1 (Japanese Examined Patent Appli-
cation Publication No. 55-3834), the indium composition is
determined based on relation between the indium composi-
tion and the forbidden band width (the band gap). If the
indium composition is excessively small, the forbidden band
width of gallium indium nitride becomes larger, and accord-
ingly, light emission of shorter wavelength is obtained. Actual
indium composition in the gallium indium nitride layer can be
investigated by utilizing a composition analyzing method,
such as, for example, electron probe microanalysis (abbrevia-
tion: EPMA).

[0077] Inthe exemplary embodiment, in the case where the
light-emitting layer is configured with the gallium indium
nitride layer that emits short wavelength light, such as ultra-
violet light or near-ultraviolet light, and has small indium
composition, it is most preferable that the layer thickness of
the light-emitting layer is not less than 50 nm and not more
than 300 nm. If the layer thickness of the light-emitting layer
is provided in the above-described range, it is possible to
eliminate a pseudomorphism-like effect caused by difference
in a crystal lattice between the light-emitting layer and the
lower cladding layer.

[0078] In the exemplary embodiment, in particular, on the
surface of the lower cladding layer composed of n-type alu-
minum gallium indium nitride, the atomic concentration of
the donor impurities configured with elements having the
atomic radius smaller than that of indium is reduced, and the
light-emitting layer configured with gallium indium nitride
(compositional formula: Ga,ln, N, 0=X<1) layer is pro-
vided on the lower cladding layer, to thereby make it possible
to obtain a gallium indium nitride layer having desired indium
composition in a proximity region of the junction interface
between in the light-emitting layer with the lower cladding
layer.

[0079] Here, the proximity region of the junction interface
(sometimes referred to as “junction region”) means an inside
region in the light-emitting layer of the order about 30 nm
from the junction interface with the lower cladding layer.



US 2014/0183580 Al

Conventionally, the proximity region of the junction interface
is a region where poor incorporation of indium remarkably
occurs.

[0080] The above-described effect remarkably appears in
particular, for example, in the case where the light-emitting
layer is formed by compounds in which an amount of indium
is relatively small than that of gallium that provides light
emission in ultraviolet wavelength band.

[0081] Conventionally, inthe case of such a gallium indium
nitride layer having small indium composition, usually, the
proximity region of the junction interface is substantially
constituted by gallium nitride (GaN) because indium is dis-
charged due to reduction of the crystal lattice caused by a
pseudomorphism-like phenomenon.

[0082] Incontrast, in the exemplary embodiment, by apply-
ing technical means for suppressing the reduction of the crys-
tal lattice to the lower cladding layer and forming the gallium
indium nitride (compositional formula: Ga,In, N, 0=X<1)
layer on the lower cladding layer, it is possible to obtain a
gallium indium nitride layer having predetermined indium
composition in the proximity region of the junction interface
of the light-emitting layer with the lower cladding layer.
[0083] Inother words, in the light-emitting layer formed on
the lower cladding layer, which is formed by a compound
having a lattice constant smaller than that in the crystals
contained in the gallium indium nitride layer constituting the
light-emitting layer, such as gallium nitride, the atomic con-
centration of the donor impurities composed of the elements
having atomic radius smaller than that of indium is increased
from the junction interface between the light-emitting layer
and the lower cladding layer toward the surface of the light-
emitting layer.

[0084] In the exemplary embodiment, it is possible to pro-
vide the junction region of the light-emitting layer with the
lower cladding layer as a so-called undoped region where
donor impurities composed of the elements having atomic
radius smaller than that of indium, such as silicon, are not
added.

[0085] In particular, in a case where other donor impurities
remain, and thereby conductivity in the proximity region of
the junction interface in the light-emitting layer is ensured
and the forward current is not increased, it is preferable that
the junction region of the light-emitting layer with the lower
cladding layer is the undoped region.

[0086] In the exemplary embodiment, in the light-emitting
layer formed on the lower cladding layer, an incorporated
amount of indium is varied in accordance with the change in
the concentration of the donor impurities composed of the
elements having atomic radius smaller than that of indium.
[0087] Accordingly, by providing concentration gradient
so that concentration of donor impurities composed of the
elements having atomic radius smaller than that of indium
sequentially increases in the direction of increase of the layer
thickness of the gallium indium nitride (compositional for-
mula: Ga,ln, N, 0=X<1) layer constituting the light-emit-
ting layer, it is possible to form the light-emitting layer so that
the indium composition is sequentially reduced toward the
surface of the gallium indium nitride layer. In this case, the
light-emitting layer can be formed as a layer in which the
forbidden band width is sequentially increased in the direc-
tion of increase of the layer thickness of the light-emitting
layer.

[0088] The concentration gradient of the donor impurities
in the light-emitting layer is not particularly limited, and a
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gradient style, such as a straight-line shape, a curved-line
shape, a staircase shape and a combination thereof, is pro-
vided.

[0089] Specifically, forexample, in a case where deposition
is performed while a supply rate of gallium and indium to a
film-formation reaction system is maintained constant to
obtain a gallium indium nitride layer having constant indium
composition, there is an advantage that the gallium indium
nitride layer in which the indium composition is sequentially
reduced toward the surface of the layer is easily formed by
simply increasing a supply amount of the donor impurities to
a growth reaction system with the passage of time of forming
the gallium indium nitride layer.

[0090] In this manner, by forming the light-emitting layer
so that the forbidden band width is increased toward the
surface of the layer and arranging the light-emitting layer so
that a layer having the large forbidden band width is located
on the surface side than on the lower cladding layer side, light
emission can be efficiently extracted to the outside.

[0091] In the exemplary embodiment, in the light-emitting
layer, it is convenient to form a p-type upper cladding layer
that is configured with aluminum gallium nitride or the like
having lattice constant smaller than that of the crystals con-
stituting the light-emitting layer and having advantage in
extracting light emission to the outside on the light-emitting
layer by providing the concentration gradient to the concen-
tration of donor impurities as described above and changing
the indium composition to be reduced toward the surface of
the light-emitting layer. In other words, by increasing the
donor impurities composed of the elements having atomic
radius smaller than that of indium and reducing the indium
composition, it is possible to form, on the surface region of
the light-emitting layer, a crystal layer having small lattice
mismatch with a p-type aluminum gallium indium nitride
(compositional formula: Al;Ga In.N, 0=d<1, O=e=<1, 0=C<1,
d+e+L=1) layer having a lattice constant smaller than that of
the crystals constituting the light-emitting layer.

[0092] In the light-emitting layer, to reduce the indium
composition in the direction of the layer thickness toward the
p-type aluminum gallium indium nitride (compositional for-
mula: AlyGaIn.N, 0=3=1, Ose=1, 0=C<1, d+e+C=1) layer,
deposition is performed while changing raw material supply
amounts of gallium and indium supplied to the deposition
environment of the light-emitting layer with passage of time.
For example, a method that reduces the supply amount of
indium to the deposition environment with passage of time
while maintaining the supply amount of gallium constant is
provided.

[0093] In the light-emitting layer, by changing the donor
impurities and the indium composition, for example, expo-
nentially or linearly toward the light-emitting layer composed
of gallium indium nitride, band-like continuous spectral light
emission is obtained.

[0094] The range of wavelength from which the band spec-
trum is obtained is expanded by increasing concentration
gradient of atomic concentration of the donor impurities.
Moreover, the range of wavelength from which the band
spectrum is obtained is expanded by increasing the changing
amount of the indium composition. Moreover, by changing
amounts of both of the concentration gradient of donor impu-
rities and the indium composition, band-like light emission
can be obtained in wider wavelength range than in the case
where one of the donor impurities and the indium composi-
tion is changed. In the exemplary embodiment, the band
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range from which the band spectrum as light of continuous
wavelength can be obtained is not less than 10 nm. Here,
“light of continuous wavelength” means light in which light
emission wavelengths are close to one another and merged to
present a band spectrum that is continued in terms of wave-
length as if there are no intervals. Specifically, definition is
given as a range in which light with intensity of not less than
80% of the maximum peak is continued.

[0095] As a method of forming the gallium indium nitride
layer, for example, similar to the n-type or p-type aluminum
gallium indium nitride layer, film forming methods such as a
chemical vapor deposition (abbreviation: CVD) method, a
physical vapor deposition (abbreviation: PVD) method, a
metal organic chemical vapor deposition method or metal
organic vapor phase epitaxy method (abbreviation: MOCVD
or MOVPE) that use trimethylgallium (molecular formula:
(CH;);Ga) as a gallium source and trimethylindium (molecu-
lar formula: (CH,),In) as an indium source and the like can be
provided. In the MOCVD method, a nitrogen-containing
compound such as ammonia (molecular formula: NH;) can
be utilized as a nitrogen (chemical symbol: N).

[0096] In the exemplary embodiment, the indium compo-
sition inside the gallium indium nitride layer is adjusted by,
for example, changing the ratio of the supply amount of
indium to the total amount of gallium and indium supplied to
the film-formation reaction system. It is preferable that the
larger the indium composition in the gallium indium nitride
layer to be formed, the larger the ratio of supply amount of the
nitrogen source to the sum total amount of supply amounts of
gallium and indium (so-called V/III ratio).

[0097] In the exemplary embodiment, as a doping source,
the following compounds are provided for example.
Examples of the doping source of silicon include: inorganic
silicon compound, such as silane (molecular formula: SiH,)
and disilane (molecular formula: Si,H); organic silicon
compound, such as methyl silane (molecular formula:
CH,SiH,); and the like.

[0098] Examples of the doping source of germanium
include: germane (molecular formula: GeH,) and the like. In
the case where the atomic concentration of donor impurities
is provided with the concentration gradient in the gallium
indium nitride layer or the n-type aluminum gallium indium
nitride layer, it is preferable, for example, to change an
amount of the doping source supplied to the film-formation
reaction system.

[0099] In the exemplary embodiment, it is possible to add
silicon and germanium together to the light-emitting layer, to
thereby form the n-type gallium indium nitride layer. Since
the atomic radius of germanium (=0.137 nm) is larger than the
atomic radius of silicon (=0.132 nm), and the radius of ger-
manium ion of tetravalent (Ge™**) (=0.053 nm) is larger than
the radius of silicon ion (Si**) (=0.042 nm), there is more
effect in incorporation of indium.

[0100] Specifically, for example, an n-type gallium nitride
layer in which germanium and silicon are contained together
in the light-emitting layer and the atomic concentration of
germanium is set higher than that of silicon in a surface region
thereof can contribute to obtain a gallium indium nitride layer
having high indium composition in a junction region.

[0101] In the exemplary embodiment, as the method of
forming the gallium indium nitride layer, the n-type alumi-
num gallium indium layer and the p-type aluminum gallium
indium layer, for example, a common high-frequency plasma
molecular beam epitaxy (abbreviation: MBE) method and the
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PVD method such as an ECR (electron cyclotron resonance)
high-frequency plasma MBE method are provided.

[0102] Further, a solid source MBE method that uses a
group Il element source and a nitrogen source is provided. As
the group III element source, for example, a simple metal
such as aluminum, gallium, indium or the like is provided. As
the nitrogen source, plasma containing a nitrogen element,
such as nitrogen plasma, is provided. As the doping source, a
simple metal of high purity silicon or germanium is used.
[0103] Inacase of an MBE method using nitrogen plasma,
nitrogen plasma, which rarely causes light emission origi-
nated from second positive molecular series of nitrogen mol-
ecules (including the case where no light is emitted), is most
suitable as the nitrogen source. Since the nitrogen plasma
does not generate nitrogen ion, it is possible to suppress
sputtering of members containing tantalum (chemical sym-
bol: Ta), molybdenum (chemical symbol: Mo) or tungsten
(chemical symbol: W) constituting a vacuum growth reaction
portion, and thereby a growth layer in which a mixing amount
of these transition metals is small is obtained.

[0104] Inthe exemplary embodiment, in the case where the
lower cladding layer is formed by the MBE method, it is
preferable that the n-type aluminum gallium indium nitride
layer, in which atomic concentration of donor impurities
composed of elements having an atomic radius smaller than
that of indium is low in a surface region, is formed by, for
example, reducing a flux amount of silicon with passage of
time while supplying raw materials of the group I1I elements.
[0105] Specifically, in the case of reducing the flux amount,
a temperature of a cell (a crucible) for containing the donor
impurities is dropped, and an evaporation amount of the dop-
ing source is reduced. The faster the temperature in the cell is
dropped and the more sharply the evaporation amount of the
doping source is reduced, the more steeply the atomic con-
centration of the donor impurities is reduced in the direction
of increasing the layer thickness of the lower cladding layer.
[0106] It should be noted that, in the MOCVD method, it is
possible to change the amount of doping source to be added to
the film-formation reaction system in the course of forming
the surface region in the n-type aluminum gallium indium
nitride layer with passage of time.

[0107] Inthe exemplary embodiment, in the case where, in
the light-emitting layer configured with the gallium indium
nitride layer, the concentration gradient is provided so that the
atomic concentration of donor impurities becomes high
toward the surface of the light-emitting layer, contrary to the
aforementioned forming method of the lower cladding layer,
the temperature in the cell for containing the donor impurities
is increased with passage of time, and the evaporation amount
of'the doping source is increased.

[0108] Inthiscase, by smoothly increasing the temperature
in the cell without any interruption, the atomic concentration
of the donor impurities is continuously changed, and as a
result, a continuous band spectrum is emitted from the light-
emitting layer configured with the gallium indium nitride
layer. When the changing amount of flux of the donor impu-
rities is increased, a changing width of the indium composi-
tion is also increased, and thereby it is possible to widen the
wavelength width of the band spectrum.

[0109] Inthe exemplary embodiment, in forming the light-
emitting layer configured with the gallium indium nitride
layer, the ratio of the supply amount of indium to the total
amount of gallium and indium supplied to the film-formation
reaction system is reduced with passage of time from a point
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in time when formation of the layer is started. This provides
the concentration gradient so that the concentration of the
indium composition becomes smaller toward the surface of
the light-emitting layer. The larger the reduction ratio of the
supply ratio of indium with passage of time, the wider the
wavelength range of the band spectrum emitted from the
gallium indium nitride layer.

[0110] Moreover, in forming the light-emitting layer con-
figured with the gallium indium nitride layer, it is possible to
provide the concentration gradient so that the concentration
of the indium composition becomes smaller toward the sur-
face of the light-emitting layer by increasing the temperature
of'the substrate with passage of time while maintaining quan-
titative ratio of gallium and indium supplied to the film-
formation reaction system constant. In the film formation by
the MOCVD method or the MBE method, it is in common
that the larger the temperature rising rate of the substrate, the
steeper the change in the indium composition.

[0111] Inthe exemplary embodiment, in the case of chang-
ing the supply ratio of the group I1I elements, or in the case of
changing the temperature of the substrate, in the junction
region of the light-emitting layer with the lower cladding
layer, a ratio or temperature by which a gallium indium nitride
layer with the highest indium composition is available is
assumed to be a starting point for changing.

[0112] Moreover, in the surface region of the light-emitting
layer, a ratio or temperature by which a gallium indium nitride
layer with the lowest indium composition is available is
assumed to be an endpoint of changing.

[0113] In the exemplary embodiment, the starting point of
changing of the supply ratio of the group III elements or the
substrate temperature does not necessarily coincide with the
point in time when formation of the gallium indium nitride
layer is started. Moreover, the endpoint of changing of the
supply ratio of the group III elements or the substrate tem-
perature does not necessarily coincide with the point in time
for ending film formation. For example, it can be allowable
that, after some time is passed from starting formation of the
gallium indium nitride layer, the temperature of the substrate
is increased, and rising of substrate temperature is terminated
prior to ending the film formation.

[0114] By use of a group III nitride semiconductor light-
emitting element employing a gallium indium nitride layer as
a light-emitting layer, to which the exemplary embodiment is
applied, a p-side up LED is configured.

[0115] In the case of configuring the p-side up LED, for
example, a positive (+) ohmic electrode is provided in elec-
trically contact with an upper cladding layer that is provided
on the light-emitting layer and is configured with a p-type
aluminum gallium indium nitride. Moreover, a negative (=)
ohmic electrode is provided in electrically contact with a
lower cladding layer that is provided under the light-emitting
layer and is configured with an n-type aluminum gallium
indium nitride. In this case, the p-type upper cladding layer
and the light emitting layer existing in a region for providing
the negative electrode are removed by a dry etching method or
the like.

[0116] It should be noted that, in the exemplary embodi-
ment, within a scope which does not affect extraction of light
emission to the outside, a transparent conductive oxide film or
the like may be arranged on the upper cladding layer to
provide the positive electrode via the film. As the conductive
oxide film or the like, for example, indium tin oxide (abbre-
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viation: ITO) film, indium zinc (chemical symbol: Zn) tin
oxide (abbreviation: IZTO) film or the like is provided.

EXAMPLES

[0117] Next, the present invention will be described in
detail by showing examples and comparative examples; how-
ever, the present invention is not limited only to these
examples.

Example 1

[0118] Hereinafter, by use of FIGS. 1 to 3, the group III
nitride semiconductor light-emitting element, to which the
exemplary embodiment is applied, will be described. Here, a
case of an LED having a pn junction DH structure, in which
an n-type gallium nitride layer with silicon having an atomic
radius smaller than that of indium added as donor impurities
is used as a lower cladding layer and a gallium indium nitride
layer provided on the lower cladding layer and provided with
a concentration gradient in concentration of atoms of silicon
is provided as a light-emitting layer, will be described.

[0119] FIG.1is a schematic view showing a vertical cross-
sectional configuration of an LED chip. FIG. 2 is an SIMS
analysis graph showing distribution of atomic concentration
of indium and silicon in a depth direction of the inside of the
lower cladding layer and the light-emitting layer. In this
Example, as shown in the SIMS analysis graph in FIG. 2, a
place where the atomic concentration of silicon (Si) reducing
toward a surface of the lower cladding layer is turned to
increase is a junction interface between the lower cladding
layer and the light-emitting layer. FIG. 3 shows a spectrum of
light emission from the LED.

[0120] On a surface of an antimony (chemical symbol:
Sb)-doped n-type (111) silicon (Si) substrate 101, in which a
(111) crystal plane is a surface, each layer of a group III
nitride semiconductor constituting an LED 10 was grown by
a molecular beam epitaxy (MBE) method. As a nitrogen
source, nitrogen plasma generated by exciting a nitrogen gas
(excitation electrical power=350 W) at high frequency (13.56
MHz) was used. An intensity of a light emission peak owing
to second positive molecular series of nitrogen molecules in a
wavelength region not less than 250 nm and not more than
370 nm was not more than Y10 of an intensity of light emission
peak of nitrogen in an atomic state with a wavelength of 745
nm. A flow rate of the nitrogen gas was appropriately adjusted
within a range of 1.5 cc to 3.0 cc per minute in each layer.

[0121] On the (111) crystal plane surface of the above-
described Si substrate 101, with an aluminum simple metal as
an aluminum source, an aluminum nitride (AIN) layer (the
layer thickness=25 nm) 102, which is undoped and of high
resistance, was grown with a base temperature of 780° C. A
pressure in an MBE growth chamber in growing was set at
4x107> Pa.

[0122] Next, on the aluminum nitride layer 102, with a
silicon (Si) simple body as a doping source, a lower cladding
layer 103 configured with a silicon (Si)-doped n-type gallium
nitride (GaN) layer was grown with a temperature of the Si
substrate 101 being 750° C. A flux amount of gallium was set
at 1.1x107* Pa. For generating nitrogen plasma to grow the
lower cladding layer having the layer thickness of 3 um, the
flow rate of the nitrogen gas was set at 3 cc per minute. The
pressure in the growth chamber in growing was set at 5x107>
Pa.
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[0123] When the lower cladding layer 103 was grown, a
temperature of a cell (crucible) for containing silicon (a sili-
con cell) was changed, and thereby a concentration gradient
was provided so that an atomic concentration of silicon inside
the lower cladding layer 103 was reduced toward a junction
interface with a light-emitting layer 104. Until 170 minutes
were passed from a point in time when the growth of the lower
cladding layer on the aluminum nitride layer 102 was started,
the temperature of the silicon cell was maintained constant at
1150° C. From a point in time when the layer thickness of the
lower cladding layer 103 reached 2.8 um, the temperature of
the silicon cell was reduced at a rate of 20° C. per minute to be
950° C. Consequently, in a region from a surface 103a of the
lower cladding layer 103 to reach a depth of 0.2 um, a surface
region 1035, in which an atomic concentration of silicon was
gradually reduced, was formed.

[0124] The atomic concentration of silicon in the surface
103a of the lower cladding layer was 2x10'7 cm™, which was
lower than the atomic concentration in a deep portion by
about two digits. The atomic concentration of silicon in the
deep portion of the lower cladding layer, which was grown
with the temperature of the silicon cell being set at 1150° C.,
was 2x10"® cm~>. Tt should be noted that the atomic concen-
tration of silicon was obtained by conversion based on ion
strength value of silicon shown in FIG. 2.

[0125] A carrier concentration in the deep portion of the
lower cladding layer 103 measured by a common C-V
method was 4x10'® cm™3, which was substantially constant.
Inresponse to a drop in the temperature of the silicon cell, the
carrier concentration was gradually and smoothly reduced in
the surface region 1035, and the carrier concentration on the
surface 103a of the lower cladding layer 103 was 1x10"7
cm™3.

[0126] An atomic arrangement structure on the surface
103a of the lower cladding layer 103 was investigated by
reflective high-energy electron diffraction (RHEED). An
RHEED pattern obtained from the surface 103a was a dif-
fraction pattern in streaks indicating that the surface 1034 was
two-dimensionally smooth. Moreover, a linear diffraction
pattern thereof indicated a (2x2) rearrangement structure
showing that gallium existed more than nitrogen.

[0127] Next, on the lower cladding layer 103, a gallium
indium nitride layer (the layer thickness=200 nm) was grown
as the light-emitting layer 104. The pressure in the growth
chamber in growing was set at 5x10~> Pa. The flux amount of
gallium was set at 1.1x107* Pa and the flux amount of indium
was set at 2.4x107° Pa. These flux amounts were maintained
constant during the growth of the light-emitting layer 104.
With these flux amounts, in a case where the atomic concen-
tration of silicon was set at 2x10'7 cm™3, which was constant,
a gallium indium nitride layer with the indium composition of
0.04 (compositional formula: Gag g¢In, (,N) was obtained.
[0128] When the growth ofthe light-emitting layer 104 was
started, the temperature of the silicon cell was set at 950° C.,
and as the layer thickness of the gallium indium nitride layer
constituting the light-emitting layer 104 was increased, the
temperature of the silicon cell was increased to 1150° C. In a
forming process of the junction region 1045 until the layer
thickness of the gallium indium nitride layer reached 30 nm
(growth time: 10 minutes), the temperature of the silicon cell
was increased at a constant rate of 2.0° C. per minute. There-
after, until the layer thickness reached 200 nm (growth time:
50 minutes), the temperature of the silicon cell was increased
at a constant rate of 3.6° C. per minute.
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[0129] The atomic concentration of silicon at the junction
interface 104a with the lower cladding layer 103 was 2x10'7
cm~>, and the atomic concentration of silicon on the surface
104¢ of the light-emitting layer 104 became 2x10*° cm™
(refer to FIG. 2). Moreover, as the added amount of silicon
was increased, the indium composition was reduced. The
indium composition was 0.04 at the junction interface 104q;
however, on the surface 104c¢, the indium composition was
0.01 due to a discharging effect of indium, which was derived
from reduction of the crystal lattice.

[0130] On the light-emitting layer 104, a magnesium-
doped p-type GaN layer (the layer thickness=90 nm) was
provided as an upper cladding layer 105 with the temperature
of'the Si substrate 101 being set at 520° C., to thereby form a
laminated body having the pn junction double hetero struc-
ture to be used for the LED 10 shown in FIG. 1. When the
upper cladding layer 105 configured with the p-type GaN
layer was grown, the MBE method, which employed nitrogen
plasma causing no light emission owing to second positive
molecular series of nitrogen molecules as a nitrogen source,
was utilized. The atomic concentration of magnesium inside
the p-type GaN layer was set at 1x10'° cm™.

[0131] Thereafter, by a common dry etching method, the
upper cladding layer 105 configured with the magnesium-
doped p-type GaN and the light-emitting layer (Ga, g6ln,
04N) 104 that existed in a portion to form an n-type ohmic
electrode 106 were removed.

[0132] On a surface of the lower cladding layer 103 con-
figured with the n-type gallium nitride, which was exposed by
removing these layers, the n-type ohmic electrode 106 was
formed. On the other hand, on a part of a surface of the upper
cladding layer 105, which was configured with the p-type
GaN layer, left after the etching, a p-type ohmic electrode 107
configured with an indium zinc tin oxide (IZTO) film and a
pad electrode 108 electrically conductive thereto were
formed. Thereafter, cutting was carried out for generating
individual elements (chips), to thereby provide the LED 10
having a square planar shape in which a length of one side was
about 350 pm.

[0133] When the forward current was set at 20 milliam-
peres (unit of a current: mA), the forward voltage became 3.6
volts (unitof a voltage: V). As shown in FIG. 3, light emission
indicating a band spectrum in an ultraviolet wavelength band
of'the wavelength of 365 nm to 377 nm was emitted from the
LED 10. The wavelength width, which indicated the band
spectrum configured by gathering of light emissions having
substantially equal intensities though having slightly differ-
ent wavelengths from one another, became 12 nm.

Example 2

[0134] In this example, description will be given of the
LED including a junction region inside the light-emitting
layer as an undoped region, in which the donor impurities
composed of elements having an atomic radius smaller than
that of indium are not added (doping is not performed), for
accelerating incorporation of indium in the junction region,
and a gallium indium nitride layer whose indium composition
is provided with a concentration gradient as the light-emitting
layer.

[0135] FIG. 4 is a schematic view showing a vertical cross-
sectional configuration of the LED chip used in this example.
FIG. 5 is an SIMS analysis graph showing distribution of
atomic concentration of indium and silicon in a depth direc-
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tion inside of the lower cladding layer and the light-emitting
layer. FIG. 6 shows a band spectrum of light emission from
the LED.

[0136] Inthelaminated body to be used for the LED, boron
(chemical symbol: B)-doped p-type silicon (Si), in which
crystal plane orientation of a surface is (111), was formed on
a substrate 201. After cleaning a surface of the substrate 201
with an inorganic acid, such as hydrofluoric acid (chemical
symbol: HF), the laminated body was transported into a
growth chamber in an MBE growth device. After transporta-
tion, inside of the growth chamber was evacuated to be ultra-
high vacuum of 7x107° Pa. Thereafter, while maintaining the
degree of vacuum inside the growth chamber, the temperature
of the substrate 201 was increased to 780° C., and was con-
tinuously heated until a rearrangement structure of a (7x7)
structure was formed on the surface of the substrate 201.
[0137] On the surface of the ((111)-silicon) substrate 201,
which had been cleaned to be capable of forming the rear-
rangement structure of the (7x7) structure, an aluminum (Al)
film (the layer thickness=5 nm) 202 was formed at 760° C. by
an MBE method using nitrogen plasma that was converted
into plasma by applying high frequency (=13.56 MHz). A
flux amount of aluminum was set at 7.2x10~° Pa. On the
aluminum film 202, an undoped aluminum gallium nitride
(Al,Ga, N) composition gradient layer 203 constituting a
buffer layer 210, which had a duplex structure with the alu-
minum film 202, was deposited.

[0138] The undoped aluminum gallium nitride (Al,Ga,_
xN) composition gradient layer 203 (the layer thickness=300
nm) was deposited at 760° C. by the above-described high-
frequency nitrogen plasma MBE method. An aluminum (Al)
composition ratio (X) in the Al,Ga, N composition gradient
layer 203 was linearly and continuously reduced from 0.30to
0 (zero) from the junction surface with the aluminum film 202
toward the surface of the composition gradient layer 203 in
proportion to the increase in the layer thickness of the com-
position gradient layer 203. During the growth of the compo-
sition gradient layer 203, the flow rate of a nitrogen gas was
set constant at 0.4 cc per minute, and the flux amount of
gallium was also set constant at 1.3x107* Pa.

[0139] On the other hand, the flux amount of aluminum was
set at 7.2x107° Pa when the growth of the undoped aluminum
gallium nitride (Al,Ga, ,N) composition gradient layer 203
was started, and then linearly reduced with passage of the
growth time. The growth of the undoped aluminum gallium
nitride (Al,Ga,_,N) composition gradient layer 203 was ter-
minated by interrupting the flux of gallium and aluminum.
The buffer layer having the duplex structure was configured
with the undoped aluminum gallium nitride (Al,Ga,; yN)
composition gradient layer 203 and the aluminum film 202
directly below thereof. Even in the period of interrupting the
flux of gallium and aluminum, irradiation of the composition
gradient layer 203, whose growth was finished, with the nitro-
gen plasma was continued.

[0140] Next, supply of the flux of gallium was restarted,
and deposition of a lower cladding layer 204 configured with
silicon-doped n-type gallium nitride (GaN) on the undoped
aluminum gallium nitride (Al,Ga, N) composition gradient
layer 203 (X was reduced from 0.3 to 0) was started. The layer
thickness ofthe gallium nitride layer was set at 1500 nm. Only
when the growth of the gallium nitride layer was carried out,
the nitrogen plasma was generated from two high-frequency
nitrogen plasma generating devices attached to a single MBE
growth chamber. The flow rate of the nitrogen gas was set at
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1.5 cc per minute in each generating device. The flux amount
of gallium was set constant at 1.3x10™* Pa for 120 minutes,
and the growth of the GaN layer was finished. The surface
rearrangement structure in the course of the growth of the
GaN layer and at the time of finishing thereof was a (2x2)
structure indicating that gallium existed more than nitrogen
on the surface.

[0141] When the GaN layer constituting the lower cladding
layer 204 was grown, the temperature of the silicon cell was
changed to reduce the atomic concentration of silicon inside
the lower cladding layer 204 at a surface region 2045 in the
proximity of a junction interface with a light-emitting layer
205. From a point in time when the growth of the gallium
nitride layer on the undoped aluminum gallium nitride
(Al,Ga, N) composition gradient layer 203 was started until
the layer thickness of the gallium nitride layer reached 1400
nm, the temperature of the silicon cell was maintained con-
stant at 1150° C. Thereafter, until the temperature of the
silicon cell was decreased to 950° C., supply of the flux of
silicon and gallium was suspended. After recognizing that the
temperature of the silicon cell was stabilized at 950° C.,
supply of the flux of silicon and gallium was restarted to form
the surface region 2045 of the gallium nitride layer until the
total layer thickness of gallium nitride reached a predeter-
mined value of 1500 nm.

[0142] Consequently, the lower cladding layer 204, in
which the atomic concentration of silicon in the surface
region 2045 in the depth of about 100 nm from the surface was
lower than that in the deep portion closer to the undoped
aluminum gallium nitride (Al,Ga, N) composition gradient
layer 203, was formed. As a result of the SIMS analysis, the
atomic concentration of silicon on the surface 204a of the
lower cladding layer 204 was 3x10'7 cm™~>. The atomic con-
centration of silicon in the deep portion of the lower cladding
layer 204 having been grown at the temperature of the silicon
cell being set at 1150° C. was 1x10'° cm™. Moreover, in the
measurement by an electrolytic C-V method, the carrier con-
centration in the deep portion of the gallium nitride layer was
4%10"® ¢cm™, and the carrier concentration in the surface
region 204b was 1x10'7 cm™.

[0143] Onthe surface 204q of the lower cladding layer 204
composed of the n-type GaN having the (2x2) rearrangement
structure, a gallium indium nitride layer constituting the light-
emitting layer 205 was formed. The layer thickness of the
light-emitting layer 205 was set at 200 nm. Until the layer
thickness of the light-emitting layer 205 reached 20 nm,
silicon was not added. In other words, a junction region 2056
in the proximity of a junction interface 205a with the lower
cladding layer 204 was configured as an undoped gallium
indium nitride layer. Immediately after formation of the junc-
tion region 2055 was finished, doping of silicon was started.
The temperature of the silicon cell was setat 950° C. at apoint
in time when silicon doping was started, and then linearly
increased so that the temperature reached 1150° C. at a point
in time when formation of the light-emitting layer 205 was
finished. Accordingly, the light-emitting layer 205, in which
the concentration gradient was provided so that the atomic
concentration of silicon was 3x10'7 cm™ in the junction
region 205h, and 2x10'° cm™ on the surface 205c, was
formed.

[0144] In addition to providing a gradient to the atomic
concentration of silicon in the light-emitting layer 205, the
indium composition in gallium indium nitride constituting
the light-emitting layer 205 was also changed. The junction
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region 2056 having a thickness about 20 nm from the junction
interface 205q with the lower cladding layer 204 configured
with the n-type GaN layer was configured from n-type gal-
lium indium nitride with the indium composition of 0.06
(Gag o410, ogN). While maintaining the flux amount of gal-
lium constant, the flux amount of indium was relatively
reduced so as to continuously form layers having smaller
indium compositions in a space from the junction region 2055
to the surface 205¢. This reduced the indium composition
linearly from the junction region 2055 to the surface 205¢ as
shown in FIG. 5. The indium composition was constant at
0.06 in the junction region 2055 and 0.01 on the surface 205¢.

[0145] On the light-emitting layer 205 configured with the
Ga,lIn, N layer, in which a reduction gradient was provided
to the indium composition (1-X) (1-X was reduced from 0.06
10 0.01) and an increasing gradient was provided to the atomic
concentration of silicon as the donor impurities (the atomic
concentration was increased from 3x10'7 cm™ to 2x10'®
cm™?), with the substrate temperature being 550° C., a mag-
nesium-doped p-type GaN layer (the layer thickness=100
nm) was provided as an upper cladding layer 206, to thereby
form the laminated body having the pn junction double hetero
structure to be used for the LED. Also in growing the upper
cladding layer 206 configured with the p-type GaN layer, the
MBE method, which employed nitrogen plasma causing no
light emission owing to second positive molecular series of
nitrogen molecules as a nitrogen source, was utilized. The
atomic concentration of magnesium inside the p-type GaN
layer was 9x10® cm™.

[0146] Thereafter, by a common dry etching method, the
upper cladding layer 206 composed of magnesium-doped
p-type GaN and the light-emitting layer 205 composed of
Gayln, N that existed in a portion to form an n-type ohmic
electrode 207 were removed. Further, the surface region 2045
of'the lower cladding layer 204 with atomic concentration of
silicon lower than that in the deep portion was removed, and
thereby the deep portion of the lower cladding layer 204
having high atomic concentration of silicon and high carrier
concentration was exposed. Thereafter, on the exposed sur-
face of the deep portion of the lower cladding layer 204
composed of n-type gallium nitride, the n-type ohmic elec-
trode 207 was formed. On the other hand, on a part of a
surface of the upper cladding layer 206, which was config-
ured with the p-type GaN layer, left after the etching, a p-type
ohmic electrode 208 configured with an indium tin oxide
(ITO) film and a pad electrode 209 electrically conductive
thereto were formed. Part of a bottom portion of the pad
electrode 209 (a portion corresponding to a planar area that is
about % of a bottom area of the pad electrode 209) was
provided in contact with the surface of the upper cladding
layer 206. Thereafter, cutting was carried out for generating
individual elements (chips), to thereby provide an LED 20
having a square planar shape in which a length of one side was
about 350 pm.

[0147] As shown in FIG. 6, from the LED 20 when a volt-
age 0of 3.5V was applied in a forward direction and a forward
current of 20 mA was passed, light emission indicating a band
spectrum in an ultraviolet wavelength band of the wavelength
of 365 nm to 380 nm was emitted. The wavelength width,
which indicated the band spectrum configured by gathering
of light emissions having substantially equal intensities
though having slightly different wavelengths from one
another, became 15 nm. Moreover, the intensity of the light
emission also became relatively three times as high as the
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case of Example 1 (refer to FIGS. 3 and 6). It is considered
that the widening of the width of light emission spectrum and
increasing of the light emission intensity is due to accelera-
tion of incorporation of indium in the junction region 20556 by
providing the junction region 2056 as an undoped region
where donor impurities composed of silicon having atomic
radius smaller than that of indium are not added.

Comparative Example 1

[0148] Here, description will be given of a case where,
similar to conventional techniques, a light-emitting layer con-
figured with a gallium indium nitride layer is provided on a
lower cladding layer composed of gallium nitride (GaN), in
which atomic concentration of silicon is constant in the depth
direction, as an example.

[0149] An n-type gallium nitride layer, in which atomic
concentration of silicon is constant at 2x10'® cm™ in the
depth direction, was used as a lower cladding layer, and a
gallium indium nitride layer was grown on the lower cladding
layer by a nitrogen plasma MBE method. During the growth
of the gallium indium nitride layer, silicon was continuously
added (doping was performed). The temperature of the sili-
con cell in performing doping was maintained at a constant
temperature (1150° C.).

[0150] Moreover, with an intention of forming a gallium
indium nitride layer having the indium composition of 0.04
(Gag o6y o4N), the flux amounts of gallium and indium were
set at 1.1x10™* Pa and 2.4x107° Pa, respectively, similar to
Example 1 described above. The layer thickness of the gal-
lium indium nitride layer provided as the light-emitting layer
was set at 200 nm.

[0151] FIG. 7 is an SIMS analysis graph showing distribu-
tion of atomic concentration of indium and silicon in a depth
direction of the inside of the lower cladding layer and the
light-emitting layer.

[0152] As shown in FIG. 7, the atomic concentration of
silicon in the depth direction in the inside of the lower clad-
ding layer and the light-emitting layer was constant at 2x10"°
cm™>. On the other hand, the atomic concentration of indium
was low in a region in the proximity of a junction interface
with the lower cladding layer, and the atomic concentration of
indium started to increase at a point far from the junction
interface with the lower cladding layer.

[0153] A transition distance in terms of concentration
required to reach a region where the atomic concentration of
indium was substantially constant extended for 130 nm,
which corresponded to about %3 of the layer thickness of the
gallium indium nitride layer. It should be noted that, as shown
in FIG. 7, in a region from the surface of the gallium indium
nitride layer to the depth of about 20 nm, the number of counts
of the measured atomic concentration of indium sharply
increases. However, it was determined that this did not mean
that concentration of atoms of indium was not actually
increased, and was caused by interference in analysis due to
oxygen or the like absorbed to the surface of the gallium
indium nitride layer.

[0154] Moreover, in the case where the indium composition
is monotonously reduced toward a direction of increasing the
layer thickness of the gallium indium nitride layer, there is an
advantage in extracting light emission from the surface side to
the outside; however, formation of such a gallium indium
nitride layer having gradient in the indium composition was
not achieved.
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Comparative Example 2

[0155] Here, description will be given of the case where
decrease in an amount of incorporation of indium owing to
reduction of a crystal lattice is predicted, and a gallium
indium nitride layer having indium composition higher than
desired is laminated on a lower cladding layer.

[0156] An n-type gallium nitride layer, in which atomic
concentration of silicon is constant at 1x10' cm™ in the
depth direction, was used as a lower cladding layer, and a
gallium indium nitride layer was grown on the lower cladding
layer by the MBE method. To form a gallium indium nitride
layer containing high indium composition in a junction
region with the lower cladding layer, a supply amount (a flux
amount) of indium was increased relative to gallium. Here,
while, similar to Example 1, setting the flux amount of gal-
lium at 1.1x10™* Pa, the flux amount of indium was set at
4.8x107° Pa, which was twice.

[0157] The flux amount of indium was maintained con-
stant, and the growth of the gallium indium nitride layer,
whose layer thickness was set at 200 nm, was finished. It
should be noted that, to know an effect caused by formation of
the gallium indium nitride layer having high indium compo-
sition in the junction region, doping of silicon was not per-
formed during the period of forming the gallium indium
nitride layer.

[0158] FIG. 8is an SIMS analysis graph showing distribu-
tion of atomic concentration of indium and silicon in a depth
direction of the inside of the lower cladding layer and the
light-emitting layer. As shownin FIG. 8, it can be learned that,
in the proximity of the junction interface with the lower
cladding layer, a region where the atomic concentration of
gallium is low, and conversely, the atomic concentration of
indium is high, that is, the indium composition is high is
formed. However, though the indium composition was
increased, the indium composition remained at about %5 of
that of Example 1 in spite of the fact that the flux amount of
indium was increased twofold compared to the case of
Example 1.

[0159] As shown in FIG. 8, along with a move away from
the junction interface toward the surface, the indium compo-
sition is temporarily reduced, but thereafter, turned to
increase; accordingly, it can be learned that a gallium indium
nitride layer, in which the indium composition is continu-
ously reduced in a direction of increasing the layer thickness,
is unavailable. In other words, it can be learned that, since the
indium composition is high in the direction of extracting light
emission, gallium indium nitride having narrow forbidden
band width is arranged, and accordingly, it is impossible to
obtain an LED that is excellent in extracting light emission to
the outside. It should be noted that, as shown in FIG. 8, in a
region from the surface of the gallium indium nitride layer to
the depth of about 10 nm, the number of counts of the mea-
sured atomic concentration of indium sharply increases; how-
ever, it was determined that this did not mean that concentra-
tion of atoms of indium was not actually increased, and was
caused by interference in analysis due to oxygen or the like
absorbed to the surface of the gallium indium nitride layer.
[0160] FIG. 9 shows a photoluminescence (PL) spectrum
of the light-emitting layer. As shown in FIG. 9, it can be
learned that the intensity of luminescent light excited by
helium (chemical symbol: He)-cadmium (chemical symbol:
Cd) laser light of a short wavelength (the wavelength=325
nm) is generally small compared to the case of Example 1.
Moreover, as shown in FIG. 9, because of inflective concen-
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tration distribution of atoms of indium in the layer thickness
direction, it was impossible to obtain a band spectrum gener-
ated as a result of light emission having a wide range of
wavelength and substantially equal intensity.

INDUSTRIAL APPLICABILITY

[0161] The gallium indium nitride layer that provides the
concentration gradient to the indium composition or atomic
concentration of donor impurities composed of elements hav-
ing an atomic radius smaller than that of indium, and thereby
exerts a function to emit lights having different wavelengths
simultaneously by utilizing the concentration gradient and to
provide a band light-emission spectrum can be used as a
functional layer that absorbs plural lights having different
wavelengths. Accordingly, the gallium indium nitride layer
included in the group I1I nitride semiconductor light-emitting
element according to the present invention can be used as a
light-absorbing layer (a light-receiving layer) for photoelec-
tric conversion that efficiently absorbs not only light of single
wavelength, but also plural lights having different wave-
lengths, and for example, there is an advantage in constituting
a light-receiving element or a solar cell.

REFERENCE SIGNS LIST

[0162] 10,20...LED

[0163] 101 ... Silicon (Si) substrate

[0164] 102 ... Aluminum nitride layer
[0165] 103,204 ... Lower cladding layer
[0166] 103a, 204a . .. Surface

[0167] 1035, 2045 . .. Surface region
[0168] 104,205 ... Light-emitting layer
[0169] 104a, 205¢ . .. Junction interface
[0170] 1045, 2055 . . . Junction region
[0171] 104c, 205¢ . . . Surface

[0172] 105,206 . . . Upper cladding layer
[0173] 106, 207 . . . N-type ohmic electrode
[0174] 107,208 ... P-type ohmic electrode
[0175] 108,209 ... Pad electrode

[0176] 201 ... Substrate

[0177] 202...Aluminum film

[0178] 203 . . . Undoped aluminum gallium nitride

(Al,Ga, N) composition gradient layer
[0179] 210 ... Buffer layer

1. A group I nitride semiconductor light-emitting element

having a pn junction hetero structure, comprising:

an n-type aluminum gallium indium nitride layer;

a light-emitting layer configured with a gallium indium
nitride layer that is arranged in contact with the n-type
aluminum gallium indium nitride layer and contains a
crystal having a lattice constant larger than that of the
n-type aluminum gallium indium nitride layer; and

a p-type aluminum gallium indium nitride layer that is
provided on the light-emitting layer, wherein

an atomic concentration of a donor impurity existing in the
n-type aluminum gallium indium nitride layer and com-
posed of an element having an atomic radius smaller
than that of indium is lower at an interface between the
n-type aluminum gallium indium nitride layer and the
light-emitting layer than in an inside of the n-type alu-
minum gallium indium nitride layer, and

an atomic concentration of the donor impurity in the light-
emitting layer is higher at an interface between the light-
emitting layer and the p-type aluminum gallium indium
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nitride layer than at the interface between the light-
emitting layer and the n-type aluminum gallium indium
nitride layer.

2. The group III nitride semiconductor light-emitting ele-
ment according to claim 1, wherein the light-emitting layer is
composed of a gallium indium nitride in which the atomic
concentration of the donor impurity is increased from the
n-type aluminum gallium indium nitride layer toward the
p-type aluminum gallium indium nitride layer.

3. The group III nitride semiconductor light-emitting ele-
ment according to claim 1, wherein indium composition in
the light-emitting layer is lower at the interface between the
p-type aluminum gallium indium nitride layer and the light-
emitting layer than at the interface between the n-type alumi-
num gallium indium nitride layer and the light-emitting layer.

4. The group III nitride semiconductor light-emitting ele-
ment according to claim 1, wherein a junction region with the
n-type aluminum gallium indium nitride layer is an undoped
region where the donor impurity is not added, the junction
region existing inside the light-emitting layer.

5. The group III nitride semiconductor light-emitting ele-
ment according to claim 4, wherein

the n-type aluminum gallium indium nitride layer is pro-

vided on a buffer layer deposited on a substrate that has
no lattice matching with aluminum gallium indium
nitride, and

the buffer layer has a duplex structure of an aluminum (Al)

thin film layer and an aluminum gallium nitride layer
that is provided on the thin film layer and provides a
gradient to aluminum composition.

6. The group 111 nitride semiconductor light-emitting ele-
ment according to claim 1, wherein the light-emitting layer is
configured with a gallium indium nitride layer that emits light
having continuous wavelength with a width of notless than 10
nm.

7. The group III nitride semiconductor light-emitting ele-
ment according to claim 6, wherein the light-emitting layer is
configured with the gallium indium nitride layer that emits
light having continuous wavelength within a range of not less
than 360 nm and not more than 420 nm.

8. A method for producing a group III nitride semiconduc-
tor light-emitting element having a pn junction hetero struc-
ture, wherein

the group 111 nitride semiconductor light-emitting element

comprises:

an n-type aluminum gallium indium nitride layer;
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a light-emitting layer configured with a gallium indium
nitride layer that is arranged in contact with the n-type
aluminum gallium indium nitride layer and contains
crystal having a lattice constant larger than that of the
n-type aluminum gallium indium nitride layer; and

a p-type aluminum gallium indium nitride layer that is
provided on the light-emitting layer, wherein

an atomic concentration of a donor impurity existing in the
n-type aluminum gallium indium nitride layer and com-
posed of an element having an atomic radius smaller
than that of indium is lower at an interface between the
n-type aluminum gallium indium nitride layer and the
light-emitting layer than in an inside of the n-type alu-
minum gallium indium nitride layer, and

an atomic concentration of the donor impurity in the light-
emitting layer is higher at an interface between the light-
emitting layer and the p-type aluminum gallium indium
nitride layer than at the interface between the light-
emitting layer and the n-type aluminum gallium indium
nitride layer,

the method comprising:

in forming the light-emitting layer, increasing the atomic
concentration of the donor impurity to be added to an
inside of the light-emitting layer with passage of time.

9. The method for producing a group III nitride semicon-
ductor light-emitting element according to claim 8, wherein
the light-emitting layer is formed by, while maintaining sup-
ply amounts of gallium (Ga) and indium (In) to a formation
environment constant, increasing the atomic concentration of
the donor impurity with passage of time.

10. The method for producing a group III nitride semicon-
ductor light-emitting element according to claim 8, wherein
the light-emitting layer is formed by, while maintaining a
supply amount of gallium (Ga) to a formation environment
constant, reducing a supply amount of indium (In) with pas-
sage of time.

11. The method for producing a group III nitride semicon-
ductor light-emitting element according to claim 8, wherein,
after a region in the light-emitting layer which joins with the
n-type aluminum gallium indium nitride layer is formed as an
undoped region where the donor impurity is not added, the
light-emitting layer is formed while increasing the atomic
concentration ofthe donor impurity to be added to an inside of
the light-emitting layer with passage of time.
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