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NITRIDE SEMICONDUCTOR
LIGHT-EMITTING ELEMENT AND METHOD
FOR PRODUCING SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation of U.S. patent
application Ser. No. 13/579,714, filed Aug. 15,2012, which is
a national phase filing under 35 U.S.C. §371 of International
Application No. PCT/JP2011/053358, filed on Feb. 17,2011,
and which claims priority to Japanese Patent Application No.
2010-034919, filed on Feb. 19, 2010, the contents of which
prior applications are incorporated herein by reference.

FIELD OF THE INVENTION

[0002] The present invention relates to a nitride semicon-
ductor light-emitting element and a method for producing a
nitride semiconductor light-emitting element.

BACKGROUND OF THE INVENTION

[0003] A nitride semiconductor light-emitting element pre-
pared by employing an AlGalnN-based nitride semiconduc-
tor is capable of emitting short-wavelength light such as blue
light in high efficiency, and hence a light-emitting device
emitting white light can be obtained by combining the same
with a fluorescent material. A light-emitting device overstrid-
ing luminous efficiency a fluorescent lamp is increasingly
obtained as a light-emitting device emitting white light, and
hence such a light-emitting device is considered as playing
the leading part in future illumination.

[0004] As to a light-emitting device emitting white light
with such a nitride semiconductor light-emitting element, on
the other hand, further improvement of luminous efficiency
and resulting development of energy saving are expected.
[0005] The principle of light emission in the nitride semi-
conductor light-emitting element resides in recombination of
holes and electrons, and hence it is important to properly
prepare a p-type nitride semiconductor layer and an n-type
nitride semiconductor layer. In a production process for the
nitride semiconductor light-emitting element, however, there
are various heat treatment steps disturbing distribution of a
p-type impurity such as Mg doped into the p-type nitride
semiconductor layer.

[0006] First, there is an epitaxial growth step of forming the
p-type nitride semiconductor layer itself, which is generally
carried out at a high temperature exceeding 1000° C. Second,
there is an annealing step for prompting control of the p-type
nitride semiconductor layer to the p-type. Third, there is a
heat treatment step for improving contactness between an
electrode and a nitride semiconductor and the characteristics
of the electrode itself after formation of the electrode.
[0007] As aresultof the heat history in these heat treatment
steps, difference arises between the doping quantity of the
p-type impurity during epitaxial growth of the p-type nitride
semiconductor layer and the doping profile of the p-type
nitride semiconductor layer obtained by the doping of the
p-type impurity.

[0008] Various technical developments for improving the
characteristics of a nitride semiconductor light-emitting ele-
ment by solving such a problem are conducted.

[0009] In PTL 1 (Japanese Patent Laying-Open No. 2009-
130097), for example, there is disclosed a technique of form-
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ing a multilayer structure of an Mg-doped p-type Al ;5Ga,
35N blocking layer and an Mg-doped p-type GaN layer on an
active region.

[0010] InPTL 2 (Japanese Patent Laying-Open No. 2000-
164922), for example, there is disclosed a technique of
improving contactness with a positive electrode by increasing
an Mg impurity concentration in an outermost portion of a
p-type contact layer in contact with the positive electrode.
[0011] InPTL 3 (Japanese Patent Laying-Open No. 2001-
148507), further, there is disclosed a technique of bringing a
p-type nitride semiconductor layer on an active layer into a
structure obtained by stacking three layers including a p-type
cladding layer doped with a p-type impurity in a middle
concentration, a p-type low-concentration doping layer
doped with the p-type impurity in a low concentration and a
p-type contact layer doped with the p-type impurity in a high
concentration in this order.

[0012] In Example 7 of PTL 3, there is disclosed a tech-
nique of forming a p-type cladding layer made of p-type
Al, 4Ga, ¢sN doped with Mg by 5x10'° atoms/cm’ as a
p-type layer doped with Mg in a middle concentration, form-
ing a low-concentration doping layer made of undoped GaN
as a p-type layer doped with Mg in a low concentration and
forming a high-concentration doping layer doped with Mg by
1x10%° atoms/cm” as a p-type layer doped with Mg in a high
concentration.

PATENT LITERATURE

[0013] PTL 1: Japanese Patent Laying-Open No. 2009-
130097

[0014] PTL 2: Japanese Patent Laying-Open No. 2000-
164922

[0015] PTL 3: Japanese Patent Laying-Open No. 2001-
148507

SUMMARY OF THE INVENTION
[0016] However, further improvement of the characteris-

tics of a nitride semiconductor light-emitting element is
required, due to the recent raising of consciousness about
environmental problems.

[0017] In consideration of the aforementioned circum-
stances, an object of the present invention is to provide a
nitride semiconductor light-emitting element excellent in
characteristics and a method for producing a nitride semicon-
ductor light-emitting element.

[0018] The present invention provides a nitride semicon-
ductor light-emitting element including an n-type nitride
semiconductor layer, a nitride semiconductor active layer
provided on the n-type nitride semiconductor layer and a
p-type nitride semiconductor layer provided on the nitride
semiconductor active layer, in which the p-type nitride semi-
conductor layer includes a first p-type nitride semiconductor
layer, a second p-type nitride semiconductor layer and a third
p-type nitride semiconductor layer in this order from the side
of the nitride semiconductor active layer, the first p-type
nitride semiconductor layer and the second p-type nitride
semiconductor layer contain Al (aluminum) respectively, an
average Al composition in the first p-type nitride semicon-
ductor layer and an average Al composition in the second
p-type nitride semiconductor layer are equivalent to each
other, the third p-type nitride semiconductor layer has a
smaller band gap than the second p-type nitride semiconduc-
tor layer, and the p-type impurity concentration in the second
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p-type nitride semiconductor layer and the p-type impurity
concentration in the third p-type nitride semiconductor layer
are lower than the p-type impurity concentration in the first
p-type nitride semiconductor layer respectively.

[0019] Preferably in the nitride semiconductor light-emit-
ting element according to the present invention, the p-type
nitride semiconductor layer further includes a fourth p-type
nitride semiconductor layer on a side of the third p-type
nitride semiconductor layer opposite to the side where the
nitride semiconductor active layer is set, the fourth p-type
nitride semiconductor layer has a smaller band gap than the
second p-type nitride semiconductor layer, and the p-type
impurity concentration in the fourth p-type nitride semicon-
ductor layer is higher than the p-type impurity concentration
in the third p-type nitride semiconductor layer.

[0020] Preferably in the nitride semiconductor light-emit-
ting element according to the present invention, the nitride
semiconductor active layer has a multiple quantum well
structure including a plurality of nitride semiconductor quan-
tum well layers and a plurality of nitride semiconductor bar-
rier layers, and a nitride semiconductor barrier layer, included
in the plurality of nitride semiconductor barrier layers, other
than a nitride semiconductor barrier layer in contact with the
p-type nitride semiconductor layer contains an n-type impu-
rity.

[0021] Preferably in the nitride semiconductor light-emit-
ting element according to the present invention, the n-type
nitride semiconductor layer includes an n-type nitride semi-
conductor contact layer and an n-type nitride semiconductor
superlattice layer, the n-type nitride semiconductor superlat-
tice layer is positioned between the n-type nitride semicon-
ductor contact layer and the nitride semiconductor active
layer, and an average n-type impurity concentration in the
n-type nitride semiconductor superlattice layer is at least
1x10*® atoms/cm’.

[0022] The present invention further provides a method for
producing a nitride semiconductor light-emitting element,
including the steps of vapor-phase-growing a nitride semi-
conductor active layer on an n-type nitride semiconductor
layer, vapor-phase-growing a first p-type nitride semiconduc-
tor layer on the nitride semiconductor active layer, vapor-
phase-growing a second p-type nitride semiconductor layer
having an equivalent average Al composition to the first
p-type nitride semiconductor layer on the first p-type nitride
semiconductor layer, and vapor-phase-growing a third p-type
nitride semiconductor layer having a smaller average Al com-
position than the first p-type nitride semiconductor layer on
the second p-type nitride semiconductor layer, in which the
second p-type nitride semiconductor layer and the third
p-type nitride semiconductor layer are doped with a p-type
impurity in lower concentrations than the first p-type nitride
semiconductor layer respectively.

[0023] Preferably in the method for producing a nitride
semiconductor light-emitting element according to the
present invention, the vapor phase growth is interrupted after
the step of vapor-phase-growing the second p-type nitride
semiconductor layer and before the step of vapor-phase-
growing the third p-type nitride semiconductor layer.

[0024] Preferably in the method for producing a nitride
semiconductor light-emitting element according to the
present invention, the pressure of the vapor phase is changed
in the interruption of the vapor phase growth.

[0025] Preferably, the method for producing a nitride semi-
conductor light-emitting element according to the present
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invention further includes a step of vapor-phase-growing a
fourth nitride semiconductor layer doped with the p-type
impurity in a higher concentration than the third p-type
nitride semiconductor layer on the third p-type nitride semi-
conductor layer after the step of vapor-phase-growing the
third p-type nitride semiconductor layer.

[0026] Preferably, the nitride semiconductor light-emitting
element according to the present invention further includes a
nitride semiconductor layer containing Al between the nitride
semiconductor active layer and the first p-type nitride semi-
conductor layer.

[0027] According to the present invention, a nitride semi-
conductor light-emitting element excellent in characteristics
and a method for producing a nitride semiconductor light-
emitting element can be provided.

BRIEF DESCRIPTION OF THE DRAWINGS

[0028] FIG. 1 is a schematic sectional view of a nitride
semiconductor light-emitting element according to an
embodiment.

[0029] FIG. 2 is a schematic top plan view of the nitride
semiconductor light-emitting element according to the
embodiment.

[0030] FIG. 3 is a diagram showing atomic concentration
profiles of nitride semiconductor light-emitting diode ele-
ments according to Example and comparative example.
[0031] FIG. 4 is a schematic sectional view of a nitride
semiconductor light-emitting diode element according to
Example 4.

[0032] FIG. 5 is a schematic top plan view of the nitride
semiconductor light-emitting diode element according to
Example 4.

[0033] FIG. 6 is a diagram showing atomic concentration
profiles of the nitride semiconductor light-emitting diode ele-
ment according to Example 4 and a nitride semiconductor
light-emitting diode element prepared by a production
method similar to that in Example 1.

DETAILED DESCRIPTION OF THE INVENTION

[0034] An embodiment of the present invention is now
described. In the drawings of the present invention, it is
assumed that the same reference signs show the same portions
or corresponding portions.

[0035] FIG. 1 shows a schematic sectional view of a nitride
semiconductor light-emitting element according to this
embodiment. In a nitride semiconductor light-emitting ele-
ment 100 according to this embodiment, a nitride semicon-
ductor buffer layer 102 made of MN, a nitride semiconductor
intermediate layer 103 made of undoped GaN and an n-type
nitride semiconductor underlayer 104 made of n-type GaN
are stacked in this order on a sapphire substrate 101 whose
surface is irregularized, as shown in FIG. 1.

[0036] Inthis specification, a laminate of sapphire substrate
101, nitride semiconductor buffer layer 102, nitride semicon-
ductor intermediate layer 103 and n-type nitride semiconduc-
tor underlayer 104 is employed as a template substrate. In
place of the template substrate, a substrate obtained by form-
ing nitride semiconductor layers on a substrate different from
a nitride semiconductor or a substrate made of a nitride semi-
conductor, for example, can also be employed.

[0037] An n-type nitride semiconductor contact layer 105
made of n-type GaN and an n-type nitride semiconductor
superlattice layer 106 in which n-type GaN layers and n-type
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InGaN layers are alternately stacked are stacked in this order
on n-type nitride semiconductor underlayer 104 of the tem-
plate substrate.

[0038] N-type nitride semiconductor contact layer 105 is
not restricted to the layer made of n-type GaN, but a layer
prepared by doping an n-type impurity into a nitride semi-
conductor layer made of a group III nitride semiconductor
expressed in a formula Al,,Ga,,In, N (0=x1<l1, O=yl=<I,
O=<zl<1, and x1+y1+z1=0) or the like can be stacked, for
example.

[0039] Inparticular, a nitride semiconductor layer in which
silicon is doped into a group III nitride semiconductor
expressed in a formula Al ,Ga, ,N (0=x2xl, preferably
0=x2=<0.5, and more preferably 0=x2<0.1) as an n-type impu-
rity is preferably employed as n-type nitride semiconductor
contact layer 105. In this case, there is a tendency that the
doping concentration of the n-type impurity can be increased
while ensuring excellent crystallinity of n-type nitride semi-
conductor contact layer 105.

[0040] The doping concentration of the n-type impurity in
n-type nitride semiconductor contact layer 105 is preferably
set to at least 5x10*7 atoms/cm® and not more than 5x10"°
atoms/cm®. In a case where the doping concentration of the
n-type impurity in n-type nitride semiconductor contact layer
105 is at least 5x10"” atoms/cm® and not more than 5x10"°
atoms/cm?, there is a tendency that excellent ohmic contact
with an n-side pad electrode 117 described later can be
ensured while there is a tendency that occurrence of cracking
in n-type nitride semiconductor contact layer 105 can be
suppressed, and there is also a tendency that excellent crys-
tallinity of n-type nitride semiconductor contact layer 105 can
be ensured.

[0041] Thetotal ofthe thicknesses of nitride semiconductor
intermediate layer 103 made of undoped GaN, n-type nitride
semiconductor underlayer 104 made of n-type GaN and
n-type nitride semiconductor contact layer 105 made of
n-type GaN is preferably at least 4 um and not more than 20
m, more preferably atleast 4 um and not more than 15 pm, and
further preferably at least 6 pum and not more than 15 pm, in
view of ensuring excellent crystallinity of these layers. In a
case where the total of the thicknesses of these layers is less
than 4 pm, there is an apprehension that the crystallinity of
these layers deteriorates or pits are formed on the surfaces of
these layers. In a case where the total of the thicknesses of
these layers exceeds 20 um, there is an apprehension that
warpage of sapphire substrate 101 so enlarges that various
problems arise in a production process. In a case where the
total of the thicknesses of these layers is at least 4 um and not
more than 15 pum, particularly in a case where the same is at
least 6 pm and not more than 15 pum, there is a tendency that
the crystallinity of these layers can be rendered excellent. In
the total of the thicknesses of these layers, the upper limit of
the thickness of n-type nitride semiconductor contact layer
105 is not particularly restricted.

[0042] While the thickness of n-type nitride semiconductor
superlattice layer 106 is not particularly restricted, the same is
preferably at least 0.005 um and not more than 0.5 pm, and
more preferably at least 0.01 um and not more than 0.1 pm. In
a case where the thickness of n-type nitride semiconductor
superlattice layer 106 is at least 0.005 um and not more than
0.5 um, particularly in a case where the same is at least 0.01
um and not more than 0.1 um, there are tendencies that n-type
nitride semiconductor superlattice layer 106 reduces the
number of crystal defects extending from n-type nitride semi-

Aug. 21,2014

conductor contact layer 105 which is the underlayer and that
new crystal defects hardly arise in n-type nitride semiconduc-
tor superlattice layer 106.

[0043] As to a doping profile of the n-type impurity in
n-type nitride semiconductor superlattice layer 106, the
n-type impurity is doped only into the GaN layers, and a set
impurity concentration thereof is preferably at least 5x10'°
atoms/cm’ and not more than 1x10%° atoms/cm®, in view of
ensuring excellent crystallinity and reducing operating volt-
age for the element. The structure of n-type nitride semicon-
ductor superlattice layer 106 is not restricted to any of the
aforementioned structures.

[0044] An average n-type impurity concentration in n-type
nitride semiconductor superlattice layer 106 is preferably at
least 1x10'® atoms/cm®, more preferably at least 3x10'®
atoms/cm®, and further preferably 5x10'® atoms/cm®. In a
case where the n-type impurity concentration in the layers of
n-type nitride semiconductor superlattice layer 106 doped
with the n-type impurity is the aforementioned value, a deple-
tion layer of p-n junction hardly spreads, whereby there are
tendencies that electrostatic capacity of nitride semiconduc-
tor light-emitting element 100 increases, that breakage (elec-
trostatic discharge damage) resulting from electrostatic dis-
charge (Electrostatic Discharge) hardly takes place, and that
an electrostatic discharge threshold improves. The average
n-type impurity concentration is a value obtained by dividing
the total atomic weight of the n-type impurity in n-type nitride
semiconductor superlattice layer 106 by the volume of n-type
nitride semiconductor superlattice layer 106.

[0045] A nitride semiconductor active layer 107, in which
n-type nitride semiconductor barrier layers made of n-type
GaN and undoped InGaN nitride semiconductor quantum
well layers are alternately stacked in this order from the side
of n-type nitride semiconductor superlattice layer 106, pre-
pared by stacking a nitride semiconductor barrier layer made
of undoped GaN as the uppermost layer is stacked on n-type
nitride semiconductor superlattice layer 106. Layers holding
the quantum well layers therebetween are formed by the
barrier layers, and hence the number of the barrier layers is the
number of the quantum well layers+1. Thus, combined posi-
tions of holes and electrons can be made to exist in multiple
quantum wells (MQW) by doping an n-type impurity into the
barrier layers other than the uppermost layer of n-type semi-
conductor active layer 107 and rendering the uppermost bar-
rier layer undoped, whereby carrier injection efficiency
increases, and a nitride semiconductor light-emitting element
having such high luminous efficiency that electrons do not
overflow also in a case of injecting current of particularly high
current density.

[0046] A substance having an MQW structure prepared by
employing nitride semiconductor layers made of a group 111
nitride semiconductor expressed in a formula Ga,_,In_N
(0<z4<0.4) as quantum well layers, employing nitride semi-
conductor layers made of a nitride semiconductor expressed
in a formula Al ;Ga ;In ;N (0=x3<1, O<y3x<l, 0=<z3<l, and
x3+y3+73=0) having a larger band gap than these quantum
well layers as barrier layers and alternately stacking the quan-
tum well layers and the barrier layers one by one, for example,
can be employed as nitride semiconductor active layer 107, in
place of the above.

[0047] In a case where nitride semiconductor active layer
107 consists of a multiple quantum well (MQW) structure
having nitride semiconductor layers made of the group III
nitride semiconductor expressed in the formula Ga, __,In_,N
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(0<z4<0.4) as quantum well layers, for example, the In com-
position in nitride semiconductor active layer 107 and the
thickness thereof can be controlled to obtain a desired emis-
sion wavelength.

[0048] A first p-type nitride semiconductor layer 108 made
of p-type AlGaN, a second p-type nitride semiconductor 109
made of undoped AlGaN, a third p-type nitride semiconduc-
tor layer 110 made of undoped GaN and a fourth p-type
nitride semiconductor layer 111 made of p* GaN doped with
a p-type impurity in a high concentration are stacked in this
order on nitride semiconductor active layer 107.

[0049] As first p-type nitride semiconductor layer 108, a
layer prepared by doping a p-type impurity such as Mg, for
example, into a nitride semiconductor layer made of an Al-
containing group III nitride semiconductor expressed in a
formula Al _;Ga sIn, ;N (0<x5sl1, Osy5=l, and 0<z5<1), for
example, in place of p-type AlGaN can be stacked.

[0050] Assecond p-type nitride semiconductor layer 109, a
layer prepared by doping a p-type impurity such as Mg, for
example, into a nitride semiconductor layer made of an Al-
containing group III nitride semiconductor expressed in a
formula Al sGa,¢In, (N (0<x6=1, O<y6<l, and 0=<z6<l), for
example, in place of undoped AlGaN can be stacked.

[0051] The band gaps of the respective ones of first p-type
nitride semiconductor layer 108 and second p-type nitride
semiconductor layer 109 are preferably rendered larger than
the band gap of nitride semiconductor active layer 107, in
order to suppress overflowing of electrons. Therefore, nitride
semiconductor layers containing Al can be employed for first
p-type nitride semiconductor layer 108 and second p-type
nitride semiconductor layer 109 respectively.

[0052] The average Al composition (x5) in first p-type
nitride semiconductor layer 108 and the average Al compo-
sition (x6) in second p-type nitride semiconductor layer 109
are equivalent to each other. The average Al composition (x5)
in first p-type nitride semiconductor layer 108 and the average
Al composition (x6) in second p-type nitride semiconductor
layer 109 are so rendered equivalent to each other that dis-
persion in incorporability of the p-type impurity such as Mg
can be suppressed, whereby dispersion in in-plane distribu-
tion of the p-type impurity or between wafers can be sup-
pressed.

[0053] While the average Al composition (x5) in first
p-type nitride semiconductor layer 108 and the average Al
composition (x6) in second p-type nitride semiconductor
layer 109 reach the Al compositions x5 and x6 respectively in
a case where the Al compositions in the respective layers are
uniform, the average compositions Al Ga,sIn N (0<x5<1,
0O<y5=1, and 0=z5<1) and Al ;Ga,¢In, (N (0<x6<1, O=<y6=I,
and 0=z6=<1) can be obtained by obtaining the ratios of the
total atomic weight of Al, the total atomic weight of Ga, the
total atomic weight of In and the total atomic weight of N with
respect to the volumes of the respective layers and dividing
these by the ratio of the total atomic weight of N respectively
in a case where the same are nonuniform along the layer
thickness direction.

[0054] In order that the average Al composition (x5) in first
p-type nitride semiconductor layer 108 and the average Al
composition (x6) in second p-type nitride semiconductor
layer 109 are equivalent to each other, the absolute value of
the difference between the average Al composition (x5) in
first p-type nitride semiconductor layer 108 and the average
Al composition (x6) in second p-type nitride semiconductor
layer 109 may simply be not more than 0.02.
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[0055] The p-type impurity concentration in second p-type
nitride semiconductor layer 109 is lower than the p-type
impurity concentration in first p-type nitride semiconductor
layer 108. In a case where the p-type impurity concentration
in first p-type nitride semiconductor layer 108 on the side
close to nitride semiconductor active layer 107 is low as
compared with the p-type impurity concentration in second
p-type nitride semiconductor layer 109, barriers of holes in
nitride semiconductor active layer 107 so heighten that the
hole injection efficiency deteriorates and the luminous effi-
ciency of the element lowers.

[0056] Inacase where the p-type impurity concentration in
first p-type nitride semiconductor layer 108 on the side close
to nitride semiconductor active layer 107 is low and the p-type
impurity concentration in second p-type nitride semiconduc-
tor layer 109 is high, a depletion layer spreads up to second
p-type nitride semiconductor layer 109 in a case where high
reverse voltage of static electricity or the like is applied. At
this time, electrostatic discharge damage takes placein a case
where a portion having a low electrostatic discharge threshold
is present even in one spot of the spreading depletion layer,
and hence nitride semiconductor light-emitting element 100
enters a structure having a weak electrostatic discharge
threshold.

[0057] Inacase where the p-type impurity concentration in
first p-type nitride semiconductor layer 108 is high and the
n-type impurity concentration in n-type nitride semiconduc-
tor superlattice layer 106 is high, on the other hand, a deple-
tion layer hardly spreads outside first p-type nitride semicon-
ductor layer 108 and n-type nitride semiconductor
superlattice layer 106, and hence the electrostatic discharge
threshold heightens.

[0058] In a case of rendering the p-type impurity concen-
tration in second p-type nitride semiconductor layer 109 iden-
tical to the p-type impurity concentration in first p-type
nitride semiconductor layer 108 or in excess thereof, the
p-type impurity such as Mg so deposits in the subsequent
stacking of third p-type nitride semiconductor layer 110 that
a layer whose p-type impurity concentration locally height-
ens is formed between second p-type nitride semiconductor
layer 109 and third p-type nitride semiconductor layer 110.
Such a layer lowers the hole injection efficiency into nitride
semiconductor active layer 107 and lowers the luminous effi-
ciency of the element, and hence the p-type impurity concen-
tration in second p-type nitride semiconductor layer 109 is
rendered lower than the p-type impurity concentration in first
p-type nitride semiconductor layer 108.

[0059] The p-type impurity concentrations (atomic con-
centrations) in the layers can be obtained by SIMS (Second-
ary lon Mass Spectrometry).

[0060] First p-type nitride semiconductor layer 108 and
second p-type nitride semiconductor layer 109 may have
superlattice structures obtained by alternately stacking
AlGaN layers and GaN layers (may be InGaN layers), for
example, respectively. In a case where first p-type nitride
semiconductor layer 108 and/or second p-type nitride semi-
conductor layer 109 has a superlattice structure, it is assumed
that the average Al composition is the average composition of
Al in the superlattice structure.

[0061] While the total of the thicknesses of first p-type
nitride semiconductor layer 108 and second p-type nitride
semiconductor layer 109 is not particularly restricted, the
same is preferably at least 0.005 um and not more than 0.4 um,
and more preferably at least 0.001 um and not more than 0.1
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um. In a case where the total of the thicknesses of these layers
is at least 0.005 um and not more than 0.4 um, particularly in
a case where the same is at least 0.001 um and not more than
0.1 um, there is a tendency that diffusion of the p-type impu-
rity into nitride semiconductor active layer 107 which is a low
temperature growth layer or alteration resulting from a heat
history can be suppressed by minimizing growth times of the
p-type nitride semiconductor layers which are high tempera-
ture growth layers while maintaining functions as the p-type
nitride semiconductor layers.

[0062] As third p-type nitride semiconductor layer 110, a
layer prepared by doping a p-type impurity such as Mg, for
example, into a nitride semiconductor layer made of a group
IIl nitride semiconductor expressed in a formula
Al,GagIn,,N (0=x7<l1, O<y7<l, O=z7<l, and x7+y'7+
77=0), for example, in place of undoped GaN can be stacked.

[0063] The average Al composition in third p-type nitride
semiconductor layer 110 is preferably smaller than the aver-
age Al composition in the first p-type nitride semiconductor
layer. In a case where the average Al composition in third
p-type nitride semiconductor layer 110 is smaller than the
average Al composition in the first p-type nitride semicon-
ductor layer, the average Al composition is so small that
characteristics as the p-type nitride semiconductor layer
improve. Al may not be contained in third p-type nitride
semiconductor layer 110.

[0064] The band gap of third p-type nitride semiconductor
layer 110 is rendered smaller than the band gap of second
p-type nitride semiconductor layer 109. While the function as
the p-type nitride semiconductor layer is important for third
p-type nitride semiconductor layer 110 and hence largeness
of the band gap is not particularly required thereto, the band
gap of second p-type nitride semiconductor layer 109 must be
enlarged in order to prevent overflowing of electrons from
nitride semiconductor active layer 107 to the p-side.

[0065] The p-type impurity concentration in third p-type
nitride semiconductor layer 110 is rendered lower than the
p-type impurity concentration in first p-type nitride semicon-
ductor layer 108. In the case where the p-type impurity con-
centration in third p-type nitride semiconductor layer 110 is
lower than the p-type impurity concentration in first p-type
nitride semiconductor layer 108, there are such tendencies
that a portion whose p-type impurity concentration heightens
is hardly formed between second p-type nitride semiconduc-
tor layer 109 and third p-type nitride semiconductor layer 110
and that diffusion of the p-type impurity into nitride semicon-
ductor active layer 107 hardly takes place.

[0066] As fourth p-type nitride semiconductor layer 111, a
layer prepared by doping a p-type impurity such as Mg, for
example, into a nitride semiconductor layer made of a group
IIl nitride semiconductor expressed in a formula
AlsGagIn (N (0=x8<1, Os<y8<l, 0=z8<l, and x8+y8&+
78=0), for example, in place of p* GaN can be stacked.

[0067] Theband gap of fourth p-type nitride semiconductor
layer 111 is preferably smaller than the band gap of second
p-type nitride semiconductor layer 109. This is because the
function as the p-type nitride semiconductor layer is impor-
tant for fourth p-type nitride semiconductor layer 111 and
hence largeness of the band gap is not particularly required
thereto, while the band gap of first p-type nitride semicon-
ductor layer 108 must preferably be enlarged in order to
prevent overflowing of electrons from nitride semiconductor
active layer 107 to the p-side.
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[0068] The p-type impurity concentration in fourth p-type
nitride semiconductor layer 111 is preferably higher than the
p-type impurity concentration in third p-type nitride semicon-
ductor layer 110. In a case where the p-type impurity concen-
tration in fourth p-type nitride semiconductor layer 111 is
higher than the p-type impurity concentration in third p-type
nitride semiconductor layer 110, there is a tendency that the
total quantity of the diffusing p-type impurity can be sup-
pressed while keeping contact resistance between fourth
p-type nitride semiconductor layer 111 and a transparent
electrode 115 described later sufficiently low.

[0069] While the thickness of fourth p-type nitride semi-
conductor layer 111 is not particularly restricted, the same is
preferably at least 0.01 um and not more than 0.5 um, and
more preferably at least 0.05 um and not more than 0.2 um. In
a case where the thickness of fourth p-type nitride semicon-
ductor layer 111 is at least 0.01 um and not more than 0.5 pm,
particularly in a case where the same is at least 0.05 pm and
not more than 0.2 pm, there is a tendency that an emission
output of the nitride semiconductor light-emitting element
improves.

[0070] Transparent electrode 115 is formed on part of the
surface of fourth p-type nitride semiconductor layer 111. A
p-side pad electrode 116 is formed on part of the surface of
transparent electrode 115 to be electrically connected thereto,
and an n-side pad electrode 117 is formed on part of the
surface of n-type nitride semiconductor contact layer 105 to
be electrically connected thereto.

[0071] FIG. 2 shows a schematic top plan view of the
nitride semiconductor light-emitting element according to
this embodiment. As shown in FIG. 2, p-side pad electrode
116 is formed within the surface of transparent electrode 116.
[0072] As the material for transparent electrode 115, ITO
(Indium Tin Oxide), tin oxide, indium oxide, zinc oxide,
gallium oxide, IZO (Indium Zinc Oxide), AZO (Aluminum
Zinc Oxide) or GZO (gallium Zinc Oxide), for example, can
be employed.

[0073] The thickness of transparent electrode 115 is pref-
erably set to at least 10 nm and not more than 1000 nm, and
more preferably set to at least 50 nm and not more than 500
nm. In a case where the thickness of transparent electrode 115
is at least 10 nm and not more than 1000 nm, particularly in a
case where the same is at least 50 nm and not more than 500
nm, there are tendencies that balance between an effect of
prompting diffusion of current by reducing specific resistance
of transparent electrode 115 and an effect of improving light
extraction efficiency by ensuring light transmittance of trans-
parent electrode 115 is excellent and that the light output can
be maximized.

[0074] As p-side pad electrode 116 and n-side pad elec-
trode 117, laminates of Ni layers and Au layers, laminates of
Ti layers and Al layers, laminates of Ti—Al alloy layers, Hf
layers and Al layers or Hf—Al alloy layers can be employed,
for example.

[0075] As p-side pad electrode 116 and n-side pad elec-
trode 117, transparent conductive films of ITO or the like may
also be employed, and a flip chip type light-emitting element
can be obtained by employing metals of high reflectance.
[0076] An example of a method for producing the nitride
semiconductor light-emitting element according to this
embodiment is now described. First, the template substrate is
formed by vapor-phase-growing nitride semiconductor
buffer layer 102 made of AIN, for example, nitride semicon-
ductor intermediate layer 103 made of undoped GaN, for
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example, and n-type nitride semiconductor underlayer 104
made of n-type GaN, for example, on sapphire substrate 101
in this order by MOCVD (Metal Organic Chemical Vapor
Deposition), for example.

[0077] Then, n-type nitride semiconductor contact layer
105 made of n-type GaN, for example, and n-type nitride
semiconductor superlattice layer 106 in which n-type GaN
layers and undoped InGaN layers are alternately stacked, for
example, are vapor-phase-grown on n-type nitride semicon-
ductor underlayer 104 of the template substrate in this order
by MOCVD, for example.

[0078] Then, nitride semiconductor active layer 107, in
which n-type nitride semiconductor barrier layers made of
n-type GaN and undoped InGaN nitride semiconductor quan-
tum well layers are alternately stacked in this order from the
side of n-type nitride semiconductor superlattice layer 106,
prepared by stacking a nitride semiconductor barrier layer
made of undoped GaN as the uppermost layer, for example, is
vapor-phase-grown on n-type nitride semiconductor super-
lattice layer 106 by MOCVD, for example.

[0079] Inthe case where nitride semiconductor active layer
107 consists of the multiple quantum well (MQW) structure
having the nitride semiconductor layers made of the group 111
nitride semiconductor expressed in the formula Ga, _,In_,N
(0<z4<0.4) as the quantum well layers, for example, there is
an apprehension that crystallinity deteriorates if the tempera-
ture of the template substrate at the time of the vapor phase
growth of nitride semiconductor active layer 107 is low, while
there is an apprehension that sublimation of InN is so remark-
able that incorporation efficiency of In into a solid phase
lowers and the In composition fluctuates if the temperature of
the template substrate at the time of the vapor phase growth of
nitride semiconductor active layer 107 is high. In the case
where nitride semiconductor active layer 107 consists of the
multiple quantum well (MQW) structure having the nitride
semiconductor layers made of the group III nitride semicon-
ductor expressed in the formula Ga,__,In_,N (0<z4<0.4) as
the quantum well layers, for example, therefore, the tempera-
ture of the template substrate in the formation of nitride
semiconductor active layer 107 is preferably at least 700° C.
and not more than 900° C.

[0080] Then, Al-containing first p-type nitride semicon-
ductor layer 108 of p-type AlGaN or the like, for example, is
vapor-phase-grown on nitride semiconductor active layer 107
by MOCVD, for example. In a case where first p-type nitride
semiconductor layer 108 is made of p-type AlGaN, a uniform
film of high quality can be obtained by growing first p-type
nitride semiconductor layer 108 with high pressure while
growing the same without fluctuating the quantity of group 111
source gas and the quantity of group V source gas.

[0081] Then, Al-containing second p-type nitride semicon-
ductor layer 109 of undoped AlGaN, for example, is vapor-
phase-grown on first p-type nitride semiconductor layer 108
by MOCVD, for example. In this specification, undoped
denotes that no impurity is intentionally introduced in vapor
phase growth, and an impurity may be contained even in an
undoped layer due to a reason such as diffusion. In a case
where second p-type nitride semiconductor layer 109 is made
of p-type AlGaN, a uniform film of high quality can be
obtained by growing second p-type nitride semiconductor
layer 109 with low pressure while growing the same without
fluctuating the quantity of group III source gas and the quan-
tity of group V source gas.
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[0082] As hereinabove described, second p-type nitride
semiconductor layer 109 is so formed that the average Al
composition is lower than that in first p-type nitride semicon-
ductor layer 108, and formed by doping the p-type impurity
thereinto so that the p-type impurity concentration is lower
than that in first p-type nitride semiconductor layer 108.
[0083] Then, second p-type nitride semiconductor layer
109 consisting of third p-type nitride semiconductor layer
110 made of undoped GaN, for example, is vapor-phase-
grown on second p-type nitride semiconductor layer 109 by
MOCVD, for example. Third p-type nitride semiconductor
layer 110 is preferably so formed that the average Al compo-
sition is lower than that in first p-type nitride semiconductor
layer 108. Further, third p-type nitride semiconductor layer
110 is preferably formed by doping the p-type impurity there-
into so that the p-type impurity concentration is lower than
that in first p-type nitride semiconductor layer 108.

[0084] The vapor phase growth is preferably interrupted
after vapor-phase-growing second p-type nitride semicon-
ductor layer 109 and before vapor-phase-growing third
p-type nitride semiconductor layer 110. In this case, there is a
tendency that the pressure can be changed to pressure of the
vapor phase suitable to the growth rate of third p-type nitride
semiconductor layer 110 during the interruption of the vapor
phase growth.

[0085] Then, fourth p-type nitride semiconductor layer 111
made of p* GaN, for example, is vapor-phase-grown on third
p-type nitride semiconductor layer 110 by MOCVD, for
example. Fourth p-type nitride semiconductor layer 111 is
preferably formed by doping the p-type impurity thereinto so
that the p-type impurity concentration is higher than that in
third p-type nitride semiconductor layer 110.

[0086] Then, transparent electrode 115 made of ITO, for
example, is formed on part of the surface of fourth p-type
nitride semiconductor layer 111 by sputtering or vacuum
evaporation, for example.

[0087] Then, part of the surface of n-type nitride semicon-
ductor contact layer 105 is exposed by removing part of a
wafer after the formation of transparent electrode 115 by
etching.

[0088] Then, p-side pad electrode 116 is formed on part of
the surface of transparent electrode 115, while n-side pad
electrode 117 is formed on part of the surface of n-type nitride
semiconductor contact layer 105. Thereafter the nitride semi-
conductor light-emitting element (nitride semiconductor
light-emitting diode element) according to this embodiment
is obtained by dividing the wafer into individual elements by
scribing or the like.

[0089] In the nitride semiconductor light-emitting element
according to this embodiment, it is possible to compatibly
attain such generally conflictive structures that the p-type
impurity can be inhibited from diffusing into nitride semicon-
ductor active layer 107 and p-type nitride semiconductor
layers of high p-type impurity concentrations can be set in the
vicinity of nitride semiconductor active layer 107 also after
through heat treatment steps in the production process for the
nitride semiconductor light-emitting element. Thus, a nitride
semiconductor light-emitting element of high luminous effi-
ciency can be implemented.

EXAMPLES

[0090] As a nitride semiconductor light-emitting diode ele-
ment according to Example 1, an AIN buffer layer 102, an
undoped GaN layer 103, an n-type GaN underlayer 104
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(n-type impurity (Si) concentration: 6x10'® atoms/cm®), an
n-type GaN contact layer 105 (n-type impurity (Si) concen-
tration: 6x10'® atoms/cm>, thickness: 1.5 um), an n-type
superlattice layer 106 formed by alternately stacking
Si-doped n-type GaN layers (n-type impurity (Si) concentra-
tion: 5x10'® atoms/cm>, thickness: 1.75 nm) and Si-doped
InGaN layers (n-type impurity (Si) concentration: 5x10'®
atoms/cm®, thickness: 1.75 nm) by 20 cycles, a nitride semi-
conductor active layer 107 formed by stacking an undoped
GaN barrier layer after alternately stacking Si-doped n-type
GaN barrier layers (n-type impurity (Si) concentration:
4x10"7 atoms/cm®, thickness: 6.5 nm) and undoped InGaN
quantum well layers (thickness: 3.5 nm) by six cycles, a first
p-type nitride semiconductor layer 108 (p-type impurity (Mg)
concentration: 2x10'® atoms/cm>, thickness: 11.75nm) made
ot Mg-doped p-type AlGaN, a second p-type nitride semicon-
ductor layer 109 (p-type impurity (Mg) concentration:
1x10'° atoms/cm?, thickness: 3.75 nm) made of undoped
AlGaN, a third p-type nitride semiconductor layer 110
(p-type impurity (Mg) concentration: 1x10"° atoms/cm?,
thickness: 60 nm) made of undoped GaN and a fourth p-type
nitride semiconductor layer 111 (p-type impurity (Mg) con-
centration: 3x10*® atoms/cm?, thickness: 20 nm) made of p*
GaN are stacked in this order on a sapphire substrate 101
whose surface is irregularized, as shown in FIGS. 1 and 2.
[0091] A transparent electrode 115 made of ITO is formed
on part of the surface of fourth p-type nitride semiconductor
layer 107, a p-side pad electrode 116 consisting of a laminate
of an Ni layer and an Au layer from the side close to trans-
parent electrode 115 is formed on part of the surface of
transparent electrode 115, and an n-side pad electrode 117
consisting of a laminate of an Ni layer and an Au layer is
formed on part of the surface of n-type GaN contact layer 105.
[0092] The nitride semiconductor light-emitting diode ele-
ment according to Example 1 having the aforementioned
structure was prepared as follows:

[0093] First, a template substrate was prepared by forming
AIN buffer layer 102 on sapphire substrate 101 whose surface
was irregularized by sputtering or MOCVD, and stacking
undoped GaN layer 103 and Si-doped n-type GaN underlayer
104 (n-type impurity (Si) concentration: 6x10'® atoms/cm®)
in this order on AIN buffer layer 102. The Si doping concen-
tration in n-type GaN underlayer was set to 6x10"® atoms/
cm’.

[0094] Then, the template substrate was set in an MOCVD
apparatus which was a vapor phase growth apparatus, and the
pressure of a vapor phase in the MOCVD apparatus was
controlled to 2x10* Pa. Then, the temperature of the template
substrate was raised to 1195° C. while feeding H, gas as
carrier gas and NH, gas as a group V raw material into the
MOCVD apparatus, to vapor-phase-grow n-type GaN con-
tact layer 105 (n-type impurity (Si) concentration: 6x10'®
atoms/cm?) on n-type GaN underlayer 104 of the template
substrate into the thickness of 1.5 um. SiH,, gas was employed
for an Si dopant raw material employed for the vapor phase
growth of n-type GaN contact layer 105, and the Si doping
concentration was set to 6x10'® atoms/cm®.

[0095] Then, after the vapor phase growth of n-type GaN
contact layer 105, the carrier gas was switched from the H,
gas to N, gas, and the temperature of the template substrate
was lowered to 870° C.

[0096] Then, n-type superlattice layer 106 having a total
thickness of 70 nm was stacked by alternately stacking 20
pairs of the Si-doped n-type GaN layers of 1.75 nm in thick-
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ness and the n-type InGaN layers of 1.75 nm in thickness.
SiH, gas was employed for the Si dopant raw material. N-type
superlattice layer 106 is rendered highly doped in this manner
so that a depletion layer does not spread up to n-type GaN
contact layer 105 below n-type superlattice layer 106 or
n-type GaN underlayer 104 of the template substrate even if
high reverse voltage of static electricity or the like is applied,
whereby an electrostatic discharge threshold heightens. This
is because, while a crystal deteriorates in crystal quality as
approaching the substrate and there exists a portion weak
against electrostatic electricity or the like, the same is not
electrostatically broken if the depletion layer does not spread
thereto.

[0097] After vapor-phase-growing n-type superlattice
layer 106, the temperature of the template substrate was low-
ered to 850° C. Then, n-type semiconductor active layer 107
having an MQW structure whose total thickness was 66.5 nm
was formed by stacking six pairs of Si-doped n-type GaN
barrier layers of 6.5 nm in thickness and undoped InGaN
quantum well layers of 3.5 nm in thickness, thereafter raising
the temperature of the template substrate to 860° C. and
stacking an undoped GaN barrier layer of 6.5 nm in thickness.
SiH, gas was employed for the Si dopant raw material
employed for the vapor phase growth of the Si-doped n-type
GaN barrier layers.

[0098] Thus, combined positions of holes and electrons can
be set in the MQW of nitride semiconductor active layer 107
by doping Si into the first six layers included in the barrier
layers constituting nitride-semiconductor active layer 107
and rendering the last barrier layer undoped, and a nitride
semiconductor light-emitting element having high luminous
efficiency with no overflowing of electrons also in a case of
injecting high current is obtained.

[0099] While the temperature of the template substrate is
raised in order to grow p-type layers described later after
vapor-phase-growing nitride semiconductor active layer 107,
the undoped GaN barrier layer forming the uppermost layer
of nitride semiconductor active layer 107 is easily damaged.
However, the undoped GaN barrier layer forming the upper-
most layer is rendered undoped and the undoped GaN barrier
layer forming the uppermost layer is vapor-phase-grown after
raising the temperature of the template substrate to 860°,
whereby crystal quality of the undoped GaN barrier layer
forming the uppermost layer improves, and damage resulting
from the temperature rise of the temperate substrate can be
prevented.

[0100] Then, the pressure of the vapor phase in the
MOCVD apparatus was lowered to 1x10* Pa, while the tem-
perature of the template substrate was raised to 1110° C.
Dispersion of Al compositions in AlGaN layers described
later between wafers and dispersion of Al compositions in the
wafers in the MOCVD apparatus capable of growing a large
number of wafers can be suppressed and the yield of elements
can be improved by lowering the pressure of the vapor phase
in the MOCVD apparatus to 1x10* Pa.

[0101] Then, the carrier gas supplied into the MOCVD
apparatus was switched from the N, gas to H, gas, for vapor-
phase-growing first p-type nitride semiconductor layer 108 (p
type impurity (Mg) concentration: 2x10"° atoms/cm>) made
of Mg-doped p-type Al,,,Ga, ;N having a thickness of
11.25 nm while vapor-phase-growing second p-type nitride
semiconductor layer 109 (p-type impurity (Mg) concentra-
tion: 1x10*° atoms/cm>) consisting of an undoped Al, ;,Ga,,
33N layer having the thickness of 3.75 nm.
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[0102] The average Al composition in first p-type nitride
semiconductor layer 108 was set to 17%, while Cp,Mg (bis-
cyclopentadienyl magnesium) gas was employed as an Mg
dopant raw material for first p-type nitride semiconductor
layer 108 and the Mg doping concentration was set to 2x10"°
atoms/cm®.

[0103] Theaverage Al composition in second p-type nitride
semiconductor layer 109 was set to 17%, and no Cp,Mg gas
was fed during the vapor phase growth of second p-type
nitride semiconductor layer 109. However, Mg was incorpo-
rated into actually grown second p-type semiconductor layer
109 made of undoped AlGaN due to diffusion, and the Mg
atomic concentration in second p-type nitride semiconductor
layer 109 was 1x10'® atoms/cm>.

[0104] Then, the vapor phase growth was temporarily inter-
rupted and the pressure of the vapor phase in the MOCVD
apparatus was raised to 2x10* Pa. Thereafter vapor phase
growth was started, to vapor-phase-grow third p-type nitride
semiconductor layer 110 (p-type impurity (Mg) concentra-
tion: 1x10'? atoms/cm®) made of undoped GaN having the
thickness of 60 nm and to vapor-phase-grow fourth p-type
nitride semiconductor layer 111 (p-type impurity (Mg) con-
centration: 3x10'° atoms/cm®) made of p* GaN having a
thickness of 30 nm. The reason for returning the pressure of
the vapor phase in the MOCVD apparatus to 2x10* Pa is that
the rate of activation of Mg improves and operating voltage
for the element can be lowered.

[0105] No Cp,Mg gas was fed during the vapor phase
growth of third p-type nitride semiconductor layer 110. How-
ever, Mg was incorporated into actually grown third p-type
nitride semiconductor layer 110 made of undoped GaN due to
diffusion, and the Mg atomic concentration in third p-type
nitride semiconductor layer 110 was 1x10'® atoms/cm®.
[0106] The Mg doping concentration in fourth p-type
nitride semiconductor layer 111 made of p* GaN was set to
3x10"° atoms/cm’. The Mg doping concentration in fourth
p-type nitride semiconductor layer 111 is so set to the highly
doped level of 3x10"° atoms/cm® that contact resistance
between fourth p-type nitride semiconductor layer 111 and
transparent electrode 115 made of ITO described later,
whereby driving voltage for the element can be reduced.
[0107] Then, annealing at 950° C. was performed in an N,
gas atmosphere, in order to prompt control of first p-type
nitride semiconductor layer 108, second p-type nitride semi-
conductor layer 109, third p-type nitride semiconductor layer
110 and fourth p-type nitride semiconductor layer 111 to the
p types.

[0108] Then, transparent electrode 115 made of ITO was
formed on part of the surface of fourth p-type nitride semi-
conductor layer 111 by sputtering. Then, annealing at 500° C.
was performed on the wafer after the formation of transparent
electrode 115 in an atmosphere containing oxygen, in order to
improve characteristics of ITO.

[0109] Thereafter part of the surface of n-type GaN contact
layer 105 was exposed by removing part of the wafer after the
formation of transparent electrode 115 by etching. Then,
p-side pad electrode 116 and n-side pad electrode 117 con-
sisting of the Ni layers and the Au layers were simultaneously
formed on the surface of transparent electrode 115 and on the
surface of n-type GaN contact layer 105 respectively by
vacuum evaporation.

[0110] Thereafter a protective film (not shown) covering
the whole other than p-side pad electrode 116 and n-side pad
electrode 117 was formed, and heat treatment at 300° C. was
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performed in the state forming the protective film, in order to
reduce contact resistance between p-side pad electrode 116
and transparent electrode 115 and contact resistance between
the n-side pad electrode 113 and n-type GaN contact layer
105 respectively. Thereafter the nitride semiconductor light-
emitting diode element according to Example 1 was obtained
by dividing the wafer into individual elements by scribing and
application of bending stress.

[0111] As aresultoftesting 10 samples of the nitride semi-
conductor light-emitting diode element according to
Example 1 obtained in the aforementioned manner in chip
states (before packaging by resin sealing), an emission output
was 37 mW on the average with operating current of 30 mA.
Electrostatic discharge thresholds of the samples of the
nitride semiconductor light-emitting diode element accord-
ing to Example 1 were excellent in all of the samples as a
result of testing the same by an HBM (Human Body Model)
method with application of 1500V, and hence the same were
at least 1500 V. Therefore, the nitride semiconductor light-
emitting diode element according to Example 1 was excellent
in both emission characteristics and electrostatic discharge
threshold.

[0112] A nitride semiconductor light-emitting diode ele-
ment according to comparative example was prepared as
follows: First, elements up to a nitride semiconductor active
layer 107 were prepared similarly to Example 1. Then, carrier
gas was switched from N, gas to H, gas, for vapor-phase-
growing a p-type AlGaN layer on nitride semiconductor
active layer 107 into a thickness of 15 nm (growth conditions
were identical to those for first p-type nitride semiconductor
layer 108).

[0113] Then, after raising the pressure of a vapor phase in
anMOCVD apparatus up to 2x10* Pa, a p-type GaN layer was
vapor-phase-grown into a thickness of 60 nm (growth condi-
tions were identical to those for third p-type nitride semicon-
ductor layer 110). Then, a p* GaN layer was vapor-phase-
grown into a thickness of 30 nm (growth conditions were
identical to those for fourth p-type nitride semiconductor
layer 111). Thereafter the nitride semiconductor light-emit-
ting diode element according to comparative example was
prepared similarly to Example 1.

[0114] In the nitride semiconductor light-emitting diode
element according to comparative example obtained in the
aforementioned manner, an emission output was 33 mW with
operating current of 30 mA, and the emission output was
lower by about 10 percent as compared with the nitride semi-
conductor light-emitting diode element according to
Example 1.

[0115] FIG. 3 shows atomic concentration profiles of the
nitride semiconductor light-emitting diode element accord-
ing to Example 1 and the nitride semiconductor light-emitting
diode element according to comparative example by SIMS
(Secondary Ion Mass Spectrometry). The axis of abscissas in
FIG. 3 shows depths (depth (a.u.)), and the axis of ordinates
shows atomic concentrations (concentration (a.u.)). Refer-
ring to FIG. 3, 1-Mg denotes the Mg atomic concentration in
Example 1, 0-Mg denotes the Mg atomic concentration in
comparative example, Al denotes relative Al atomic concen-
trations (substantially coinciding in Example 1 and compara-
tive example), and In denotes relative In atomic concentra-
tions (substantially coinciding in Example 1 and comparative
example).

[0116] The first feature in FIG. 3 resides in Mg atomic
concentrations in uppermost quantum well layers in nitride
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semiconductor active layers 107. A vertical line is drawn on a
portion corresponding to the uppermost layers of the quantum
well layers of six cycles in FIG. 3, and it is assumed that YO
and Y1 represent the Mg atomic concentration in comparative
example and the Mg concentration in Example 1 on the por-
tion respectively. Comparing both of the Mg atomic concen-
tration of YO and the Mg atomic concentration of Y1 with
each other, it is understood that the nitride semiconductor
light-emitting diode element according to Example 1 was
capable of reducing the Mg concentration in the uppermost
layer of the quantum well layers to about half as compared
with the nitride semiconductor light-emitting diode element
according to comparative example.

[0117] The second feature in FIG. 3 resides in the presence
of a point X where the Mg concentration heightens between
the p-type AlGaN layer and the p-type GaN layer in the Mg
atomic concentration profile of comparative example. The
inventors have noted that a portion of a high concentration is
present on this interface in comparative example, and found
that it is effective to perform vapor phase growth lowering a
carrier concentration in the vicinity of this interface, i.e., in
second p-type nitride semiconductor layer 109 which is an
upper portion of the p-type AlGaN layer and preferably in
third p-type nitride semiconductor layer 110 which is a lower
portion of the p-type GaN layer. This vapor phase growth
method is particularly effective in a case of interrupting the
vapor phase growth between the vapor phase growth of sec-
ond p-type nitride semiconductor layer 109 and the vapor
phase growth of third p-type nitride semiconductor layer 110
by changing the pressure of the vapor phase or the like.
[0118] A nitride semiconductor light-emitting diode ele-
ment according to Example 2 was prepared similarly to
Example 1 except that a third p-type nitride semiconductor
layer 110 was not undoped but doped with Mg and the p-type
impurity (Mg) concentration in third p-type nitride semicon-
ductor layer 110 was set to 4x10'® atoms/cm®.

[0119] In the nitride semiconductor light-emitting diode
element according to Example 2 prepared in the aforemen-
tioned manner, the p-type impurity (Mg) concentration in a
fourth p-type nitride semiconductor layer 111 can be height-
ened to 5x10'° atoms/cm® even at the same Cp,Mg flow rate
as in Example 1.

[0120] Thus, contact resistance between fourth p-type
nitride semiconductor layer 111 and a transparent electrode
115 was reduced in the nitride semiconductor light-emitting
diode element according to Example 2, and it was possible to
reduce operating voltage for the element.

[0121] A nitride semiconductor light-emitting diode ele-
ment according to Example 3 was prepared similarly to
Example 1 except that TMI (trimethyl indium) was further
supplied as gas for vapor phase growth of a third p-type
nitride semiconductor layer 110.

[0122] While the temperature of a template substrate dur-
ing the vapor phase growth of third p-type nitride semicon-
ductor layer 110 is at a high level of 1110° C. and hence In is
notincorporated into third p-type nitride semiconductor layer
110, the rate of activation of Mg in third p-type nitride semi-
conductor layer 110 can be raised, and hence it was possible
to reduce operating voltage for the element.

[0123] AsshowninFIGS. 4 and 5, an AIN buffer layer 202,
an undoped GaN layer 203, an n-type GaN underlayer 204
(n-type impurity (Si) concentration: 6x10'® atoms/cm?), an
n-type GaN contact layer 205 (n-type impurity (Si) concen-
tration: 6x10'® atoms/cm>, thickness: 1.5 um), an n-type
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superlattice layer 206 prepared by alternately stacking Si-
doped n-type GaN layers (n-type impurity (Si) concentration:
5x10'® atoms/cm?, thickness: 1.75 nm) and Si-doped InGaN
layers (n-type impurity (Si) concentration: 5x10'® atoms/
cm?®, thickness: 1.75 nm) by 20 cycles, a nitride semiconduc-
tor active layer 207 prepared by alternately stacking Si-doped
n-type GaN barrier layers (n-type impurity (Si) concentra-
tion: 4x10'7 atoms/cm®, thickness: 6.5 nm) and undoped
InGaN quantum well layers (thickness: 3.5 nm) by six cycles
and thereafter stacking an undoped GaN barrier layer, an
undoped AlGaN layer 218 (thickness: 2 nm), a first p-type
nitride semiconductor layer 208 (p-type impurity (Mg) con-
centration: 2x10'° atoms/cm?, thickness: 1.75 nm) made of
Mg-doped p-type AlGaN, a second p-type nitride semicon-
ductor layer 209 (p-type impurity (Mg) concentration:
1x10'° atoms/cm?, thickness: 3.75 nm) made of undoped
AlGaN, a third p-type nitride semiconductor layer 210
(p-type impurity (Mg) concentration: 1x10'° atoms/cm?,
thickness: 60 nm) made of undoped GaN and a fourth p-type
nitride semiconductor layer 211 (p-type impurity (Mg) con-
centration: 3x10'® atoms/cm®, thickness: 20 nm) made of p*
GaN are stacked in this order on a sapphire substrate 201
whose surface is irregularized, as a nitride semiconductor
light-emitting diode element 200 according to Example 4.

[0124] A transparent electrode 215 made of ITO is formed
on part of the surface of fourth p-type nitride semiconductor
layer 211, a p-side pad electrode 216 consisting of a laminate
of an Ni layer and an Au layer from the side close to trans-
parent electrode 215 is formed on part of the surface of
transparent electrode 215, and an n-side pad electrode 217
consisting of a laminate of an Ni layer and an Au layer is
formed on part of the surface of n-type GaN contact layer 205.

[0125] The nitride semiconductor light-emitting diode ele-
ment according to Example 4 having the aforementioned
structure was prepared as follows:

[0126] First, the elements up to nitride semiconductor
active layer 207 were prepared similarly to Example 1.

[0127] Then, the pressure of a vapor phase in an MOCVD
apparatus was lowered to 1x107 Pa, while the temperature of
a template substrate was raised to 1110° C. Dispersion of Al
compositions in AlGaN layers described later between wafers
and dispersion of Al compositions in the wafers in the
MOCVD apparatus capable of growing a large number of
wafers can be suppressed and the yield of elements can be
improved by lowering the pressure of the vapor phase in the
MOCVD apparatus to 1x10* Pa.

[0128] Then, carrier gas supplied into the MOCVD appa-
ratus was switched from N, gas to H, gas for vapor-phase-
growing undoped Al ,,Ga, ;N layer 218 having the thick-
ness of 2 nm, and first p-type nitride semiconductor layer 208
(p-type impurity (Mg) concentration: 2x10*° atoms/cm®)
made of Mg-doped p-type Al ;,Ga, 55N having a thickness
of 11.25 nm was then vapor-phase-grown, while second
p-type nitride semiconductor layer 209 (p-type impurity (Mg)
concentration: 1x10'° atoms/cm®) consisting of an undoped
Al ,Ga, ¢5N layer having the thickness of 3.75 nm was
vapor-phase-grown.

[0129] The average Al composition in undoped Al, |,Ga,

33N layer 218 was set to 17%, and no impurity source gas was
fed.

[0130] The average Al composition in first p-type nitride
semiconductor layer 208 was set to 17%, while Cp,Mg (bis-
cyclopentadienyl magnesium) gas was employed as an Mg
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dopant raw material for first p-type nitride semiconductor
layer 208 and the Mg doping concentration was set to 2x10*°
atoms/cm”.

[0131] Theaverage Al composition in second p-type nitride
semiconductor layer 209 was set to 17%, and no Cp,Mg gas
was fed during the vapor phase growth of second p-type
nitride semiconductor layer 209.

[0132] Then, the vapor phase growth was temporarily inter-
rupted and the pressure of the vapor phase in the MOCVD
apparatus was raised to 2x10* Pa. Thereafter vapor phase
growth was started, to vapor-phase-grow third p-type nitride
semiconductor layer 210 (p-type impurity (Mg) concentra-
tion: 1x10'? atoms/cm®) made of undoped GaN having the
thickness of 60 nm, and to vapor-phase-grow fourth p-type
nitride semiconductor layer 211 (p-type impurity (Mg) con-
centration: 3x10"° atoms/cm®) made of p' GaN having a
thickness of 30 nm.

[0133] Actual impurity concentrations in the p-type layers
grown in this manner are as follows: In actually grown
undoped Al, ,,Ga, ¢;N layer 218, Mg is incorporated due to
diffusion. While this is because Mg diffuses from first p-type
nitride semiconductor layer 208, this Mg diffusion takes
place during the growth of first p-type nitride semiconductor
layer 208, and subsequent second p-type nitride semiconduc-
tor layer 209 is so grown that the diffusion from first p-type
nitride semiconductor layer 208 into undoped Al ,,Ga, ;N
layer 218 stops, and the Mg diffusion is prevented by second
p-type nitride semiconductor layer 209 grown without feed-
ing impurity source gas in practice during the subsequent
growth of third p-type nitride semiconductor layer 210 and
fourth p-type nitride semiconductor layer 211. While the
thickness of undoped Al, ;,Ga, 43N layer 218 is small and it
is difficult to detect the Mg concentration in this layer, the Mg
concentration steeply changes in this undoped Al ;,Ga, g3N
layer 218, the Mg concentration in the well layer forming the
uppermost layer of nitride-semiconductor active layer 207
reaches 2x10'® atoms/cm> due to the presence of undoped
Al ;,Ga, 43N layer 218, and it follows that the Mg diffusion
into the active layer has been further suppressed than the case
of Example 1.

[0134] Undoped Al ,,Ga, 43N layer 218 plays the role of
Mg diffusion prevention, and it can be said that the same
serves a function similar to that of second p-type nitride
semiconductor layer 209. If only undoped Al, ,,Ga, ¢;N
layer 218 is formed and second p-type nitride semiconductor
layer 209 prepared substantially in an undoped state is elimi-
nated, the Mg diffusion preventing function lowers. If the
thickness of undoped Al ,,Ga, ;N layer 218 is not set to 2
nm but further increased in order to compensate for this, the
driving voltage for the element rises although the Mg diffu-
sion preventing effect rises. Therefore, it is important to keep
the thickness of undoped Al, , ,Ga, 53N layer 218 to the mini-
mum thickness. On that account, the Mg diffusion prevention
and suppression of driving voltage rising can be compatibly
attained by combining the same with second p-type nitride
semiconductor layer 209 prepared in the undoped state in
practice.

[0135] FIG. 6 shows atomic concentration profiles of the
nitride semiconductor light-emitting diode element (herein-
after referred to as “element according to Example 4)
according to Example 4 and a nitride semiconductor light-
emitting diode element (hereinafter referred to as “element
according to Example 17) prepared by a production method
similar to that in Example 1 by SIMS. The axis of abscissas in
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FIG. 6 shows depths (depth (a.u.)), and the axis of ordinates
shows atomic concentrations (concentration (a.u.)). Refer-
ring to FIG. 6, 2-Mg denotes the Mg atomic concentration in
the element according to Example 1, 3-Mg denotes the Mg
atomic concentration in the element according to Example 4,
Al denotes relative Al atomic concentrations (substantially
coinciding in the element according to Example 4 and the
element according to Example 1), and In denotes relative In
atomic concentrations (substantially coinciding in the ele-
ment according to Example 4 and the element according to
Example 1).

[0136] A vertical line is drawn on a portion corresponding
to the uppermost layers of the quantum well layers of six
cycles in FIG. 6, and it is assumed that Y2 and Y3 represent
the Mg atomic concentration in the element according to
Example 1 and the Mg concentration in the element accord-
ing to Example 4 on the portion respectively. Comparing the
Mg atomic concentration of Y2 and the Mg atomic concen-
tration of Y3 with each other, the Mg atomic concentration of
Y3 reaches 3x10"® atoms/cm® while the Mg atomic concen-
tration of Y2 is 7x10'® atoms/cm?>, and it has been confirmed
that Mg diffusion can be further suppressed.

[0137] The driving voltage for the element according to
Example 4 was 2.9V with operating current of 30 mA similar
to that for the element according to Example 1. As to an
emission output of the element according to Example 4, 45
mW was obtained with operating current of 30 mA.

[0138] When an electrostatic discharge threshold test of
-1500V was conducted in an HBM model as to the element
according to Example 4, only 2% was electrostatically broken
in the electrostatic discharge threshold test on 30000 samples,
and it has been understood that the electrostatic discharge
threshold is also excellent.

[0139] The embodiment and Examples disclosed this time
must be considered as illustrative in all points and not restric-
tive. The range of the present invention is shown not by the
above description but by the scope of claims for patent, and it
is intended that all modifications within the meaning and
range equivalent to the scope of claims for patent are
included.

[0140] The present invention can be utilized for a nitride
semiconductor light-emitting element and a method for pro-
ducing a nitride semiconductor light-emitting element.

REFERENCE SIGNS LIST

[0141] 100 nitride semiconductor light-emitting element,
101 sapphire substrate, 102 nitride semiconductor buffer
layer, 103 nitride semiconductor intermediate layer, 104
n-type nitride semiconductor underlayer, 105 n-type nitride
semiconductor contact layer, 106 nitride semiconductor
superlattice layer, 107 nitride semiconductor active layer, 108
first p-type nitride semiconductor layer, 109 second p-type
nitride semiconductor layer, 110 third p-type nitride semicon-
ductor layer, 111 fourth p-type nitride semiconductor layer,
115 transparent electrode, 116 p-side pad electrode, 117
n-side pad electrode, 200 nitride semiconductor light-emit-
ting diode element, 201 sapphire substrate, 202 MN buffer
layer, 203 undoped GaN layer, 204 n-type GaN underlayer,
205 n-type GaN contact layer, 206 n-type superlattice layer,
207 nitride semiconductor active layer, 208 first p-type nitride
semiconductor layer, 209 second p-type nitride semiconduc-
tor layer, 210 third p-type nitride semiconductor layer, 211
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fourth p-type nitride semiconductor layer, 215 transparent
electrode, 216 p-side pad electrode, 217 n-side pad electrode,
218 undoped AlGaN layer.

1-9. (canceled)

10. A nitride semiconductor light-emitting element com-

prising:

an n-type nitride semiconductor layer;

a nitride semiconductor active layer provided on said
n-type nitride semiconductor layer;

a p-type nitride semiconductor layer provided on said
nitride semiconductor active layer, said p-type nitride
semiconductor layer including a first p-type nitride
semiconductor layer, a second p-type nitride semicon-
ductor layer and a third p-type nitride semiconductor
layer in this order from the side of said nitride semicon-
ductor active layer, said first p-type nitride semiconduc-
tor layer and said second p-type nitride semiconductor
layer containing Al respectively, said third p-type nitride
semiconductor layer having a smaller band gap than said
second p-type nitride semiconductor layer; and

an undoped Al Ga,, N layer between said nitride semi-
conductor active layer and said first p-type nitride semi-
conductor layer.

11. The nitride semiconductor light-emitting element

according to claim 10, wherein

said p-type nitride semiconductor layer further includes a
fourth p-type nitride semiconductor layer on a side of
said third p-type nitride semiconductor layer opposite to
the side where said nitride semiconductor active layer is
set,
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said fourth p-type nitride semiconductor layer has a
smaller band gap than said second p-type nitride semi-
conductor layer, and

the p-type impurity concentration in said fourth p-type
nitride semiconductor layer is higher than the p-type
impurity concentration in said third p-type nitride semi-
conductor layer.

12. A method for producing a nitride semiconductor light-

emitting element, comprising the steps of:

vapor-phase-growing a nitride semiconductor active layer
on an n-type nitride semiconductor layer;

vapor-phase-growing an undoped Al,Ga, N layer on
said nitride semiconductor active layer;

vapor-phase-growing a first p-type nitride semiconductor
layer containing Al on said undoped Al Ga,, N layer;

vapor-phase-growing a second p-type nitride semiconduc-
tor layer, containing Al, having an equivalent average Al
composition to said first p-type nitride semiconductor
layer on said first p-type nitride semiconductor layer;

vapor-phase-growing a third p-type nitride semiconductor
layer having a smaller average Al composition than said
first p-type nitride semiconductor layer on said second
p-type nitride semiconductor layer; and

vapor-phase-growing a fourth p-type nitride semiconduc-
tor layer on said third p-type nitride semiconductor layer
after vapor-phase-growing said third p-type nitride
semiconductor layer, the p-type impurity concentration
in said fourth p-type nitride semiconductor layer being
higher than the p-type impurity concentration in said
third p-type nitride semiconductor layer.

#* #* #* #* #*



