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SEMICONDUCTOR LIGHT-EMITTING 
ELEMENT 

Matter enclosed in heavy brackets [ ] appears in the 
original patent but forms no part of this reissue speci?ca 
tion; matter printed in italics indicates the additions 
made by reissue. 

BACKGROUND OF THE INVENTION 

(1) Field of the Invention 
This invention relates to a semiconductor light-emitting 

element, particularly usable for a white light-emitting diode. 
(2) Related Art Statement 
Recently, various light-emitting diodes (LEDs) are widely 

available. LEDs are expected for illuminating use as well as 
displaying use because of their low electric power 
consumption, long life time, CO2 gas reduction originated 
from the reduction of the high energy consumption such as 
the low electric power consumption, and thus, much demand 
for the LEDs are expected. 

As of now, the LEDs are made of various semi-conducting 
materials such as GaAs-based semi-conducting materials, 
AlGaAs-based semi-conducting materials, GaP-based semi 
conducting materials, GaAsP-based semi-conducting mate 
rials and InGaAlP-based semi-conducting materials, and 
thus, can emit various color lights from red to yellow-green. 
Therefore, the LEDs are employed particularly for various 
displaying uses. Recently, blue and green LEDs have been 
realized by using GaN-based semi-conducting materials. As 
a result, selecting a given LED, a given color light from red 
to blue, that is, within visible light range, can be obtained 
from the LED, and full-color displaying is also realized. 
Moreover, white light-emitting diodes (white LEDs) are 
being realized by using RGB LED chips or using two color 
light-emitting diodes composed of blue LEDs with a yellow 
?uorescent substance thereon. As a result, LED illumination 
is being realized at present. 

However, the white LED using the RGB LED chips 
requires higher cost because the plural LED chips are 
employed, so that in view of the cost, it is dif?cult to employ 
the white LED for illumination use. On the other hand, full 
color can not be recognized by the white LED using the two 
color light-emitting diode because it employs only two pri 
mary colors, not three primary colors. Moreover, in the 
white LED, the brightness of only about 25 lm/w can be 
realized, which is very small as compared with the bright 
ness of 90 lm/W ofa ?uorescent tube. 

Therefore, a white LED employing three primary colors is 
strongly desired all over the world because of the low energy 
consumption taking environmental problems into consider 
ation. In reality, such a white LED is intensely developed by 
Japanese national professions and foreign major electric 
manufacturing enterprises. 

Such an attempt is made as to fabricate a white LED using 
three or more primary colors as illuminating a three primary 
colors-?uorescent substance by an ultraviolet LED. This 
attempt is fundamentally based on the same principle as a 
?uorescent tube, and employs the ultraviolet LED as the 
ultraviolet beam from the mercury discharge in the ?uores 
cent tube. In this case, the cost of the white LED is increased 
because the three primary colors-?uorescent substance is 
additionally employed for the ultraviolet LED. Using a 
GaN-based semi-conducting material, a blue LED can be 
realized, and then, using the GaN-based semi-conducting 
material, the ultraviolet LED can be realized. However, the 
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2 
luminous e?iciency of the resulting ultraviolet LED is 
largely reduced, as compared with the blue LED. 
The luminescence reduction is considered as follows. If 

the GaN-based semiconductor ?lm is epitaxially grown on a 
substrate made of e. g., a sapphire single crystal, much mis?t 
dislocations are created at the boundary between the ?lm 
and the substrate due to the difference in lattice constant 
between the ?lm and the substrate. The mis?t dislocations 
are propagated in the ?lm and a light-emitting layer provided 
on the ?lm, and thus, many dislocations are created in the 
resulting LED. 

In a blue LED or a green LED made of GaN-based semi 
conducting materials, the light-emitting layer is made of an 
InGaN semi-conducting material. In this case, the In ele 
ments are partially located, and thus, some carriers are 
located and con?ned. Therefore, the carriers are recombined 
before they are moved and seized at the dislocations, so that 
the LED can exhibit its su?icient luminous e?iciency. 

That is, even though many dislocations are created in the 
light-emitting layer, the carriers are recombined and thus, a 
given luminescence is generated before they are moved and 
seized at the dislocation as non-luminescence centers, so 
that the blue LED or the green LED using the GaN-based 
semi-conducting materials can exhibit their high luminous 
e?iciency. 

For fabricating an ultraviolet LED, the In ratio of the 
light-emitting layer must be reduced. Therefore, the In ele 
ments are not almost located, and thus, the diffusion length 
of a carrier is elongated. As a result, the carriers are easily 
moved at and recombined with the dislocations in the light 
emitting layer. In this way, the luminous ef?ciency of the 
ultraviolet LED is reduced due to the large amount of dislo 
cations in the light-emitting layer, as compared with the blue 
LED. In this point of view, various dislocation-reducing 
methods have been researched and developed. 

For example, such an ELO technique is proposed as fabri 
cating a strip mask made of SiO2 during an epitaxial process 
and preventing the propagation of the mis?t dislocations cre 
ated at the boundary between the epitaxial ?lm and a sub 
strate. According to the ELO technique, a light-emitting 
layer having fewer dislocations can be formed above the 
substrate via strip mask. However, the ELO technique is a 
complicated means, so that the manufacturing cost is 
increased. Then, in the ELO technique, a thicker layer made 
of e.g., a GaN-based semi-conducting material is formed on 
the substrate, which results in being curved. Practically, in a 
device manufacturing process, when epitaxial ?lms are 
formed on their respective substrates by the ELO technique, 
the better half of the substrates is broken. Therefore, it is 
di?icult to employ the ELO technique in a practical device 
manufacturing process, particularly for LEDs. 

In addition, an attempt is made to epitaxially grow a bulky 
GaN single crystal for reducing the dislocation density of the 
resulting device, for example by using a high pressure solu 
tion growth method, a vapor phase epitaxial growth method 
or a ?ux method. As of now, however, such a single crystal 
bulky enough to be applied for the device manufacturing 
process is not grown and prospected. 

For fabricating a bulky GaN single crystal of low disloca 
tion density, an attempt is made to grow a thicker GaN single 
crystal on a substrate made of an oxide to match in lattice the 
GaN single crystal by a HVPE method, and thereafter, 
remove the substrate, to obtain only the GaN single crystal to 
be used as a substrate. However, a GaN single crystal bulky 
enough to be industrially applied for LEDs has not yet been 
fabricated. 
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As a result, the high luminous e?iciency in such a White 
LED as employing three or more primary colors through the 
illumination of a ?uorescent substance by an ultraviolet 
LED is not technically prospected. 

SUMMARY OF THE INVENTION 

It is an object of the present invention to provide a neW 
semiconductor light-emitting element preferably usable for 
a LED to emit an any color light regardless of the dislocation 
density, particularly a White LED. 

For achieving the above object, this invention relates to a 
semi-conductor light-emitting element including a substrate, 
an underlayer, formed on the substrate, made of a ?rst semi 
conducting nitride material including at least one element 
selected from the group consisting of Al, Ga and In, a ?rst 
conductive layer, formed on the underlayer, made of a sec 
ond semi-conducting nitride material including at least one 
element selected from the group consisting of Al, Ga and In, 
a ?rst cladding layer, formed on the ?rst conductive layer, 
made of a third semi-conducting nitride material including at 
least one element selected from the group consisting of Al, 
Ga and In, a light-emitting layer composed of a base layer, 
formed on the ?rst cladding layer, made of a fourth semi 
conducting nitride material including at least one element 
selected from the group consisting of Al, Ga and In and 
plural isolated island-shaped single crystal portions, embed 
ded in the base layer, made of a ?fth semi-conducting nitride 
material including at least one element selected from the 
group consisting of Al, Ga and In and having an in-plane 
lattice constant larger than that of the third semi-conducting 
nitride material, a second cladding layer, formed on the 
light-emitting layer; made of a sixth semi-conducting nitride 
material including at least one element selected from the 
group consisting of Al, Ga and In, and a second conductive 
layer, formed on the second cladding layer, made of a sev 
enth semi-conducting nitride material including at least one 
element selected from the group consisting of Al, Ga and In. 

Then, the bandgap of the third semi-conducting nitride 
material constituting the ?rst cladding layer, the bandgap of 
the fourth semi-conducting nitride material constituting the 
base layer and the bandgap of the ?fth semi-conducting 
nitride material become larger by turns. That is, the relation 
of the bandgap of the third semi-conducting nitride 
material>the bandgap of the fourth semi-conducting nitride 
material>the bandgap of the ?fth semi-conducting nitride 
material is satis?ed. Moreover, at least one element selected 
from the group consisting of rare earth metal elements and 
transition metal elements is incorporated, as an additive 
element, into at least one of the base layer and the plural 
island-shaped single crystal portions, to generate and emit 
an any color light from the Whole of the light-emitting layer. 

Recently, such a LED as to be illuminated through a light 
emitting layer having mismatched in lattice and isolated 
island-shaped single crystal portions have been intensely 
researched and developed. The inventors have paid attention 
to the potential performance of the semiconductor light 
emitting element having the light-emitting layer With island 
shaped single crystal portions, and made an attempt to real 
iZe the element by controlling the manufacturing condition. 

Regardless of the above attempt, hoWever, the semicon 
ductor light-emitting element can not exhibit the practical 
luminescence intensity and a desired color light, particularly, 
a White color. Therefore, the inventors have conceived that at 
least one element selected from the group consisting of rare 
earth metal elements and transition metal elements is incor 
porated as an additive element into the at least one of the 
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4 
island-shaped single crystal portions and the base layer to 
cover and support the island-shaped portions Which consti 
tute the light-emitting layer. 
When the rare earth metal elements and the transition 

metal elements are excited by an external energy, a given 
inherent Wavelength light (?uorescent light) is emitted from 
each of the elements. Therefore, if a rare earth metal element 
or a transition metal element is incorporated into the island 
shaped single crystals and/or the base layer constituting the 
light-emitting layer, a given inherent Wavelength light 
(?uorescent light) is emitted from the element through the 
excitation of the light emitted from the island-shaped single 
crystal portions. 

Accordingly, if a rare earth metal element or a transition 
metal element is appropriately selected, an any color light, 
particularly, a White light can be easily obtained by taking 
advantage of the ?uorescent light of the rare earth element or 
the transition element. In vieW of easy excitation and easy 
creation of any color light through the inherent ?uorescent 
light, a rare earth metal element is preferably used. 

Moreover, if different rare earth metal elements, that is, 
Tm element to generate a blue color Wavelength-region 
light, Er element to generate a green color Wavelength 
region light and Eu or Pr element to generate a red color 
Wavelength-region are incorporated into the light-emitting 
layer, a White light can be obtained only through the super 
imposition of the ?uorescent lights from the rare earth metal 
elements. 

The above invention is realiZed on the vast and long term 
research and development as mentioned above. 

This invention also relates to a semiconductor light 
emitting element including a substrate, an underlayer, 
formed on the substrate, made of a ?rst semi-conducting 
nitride material including at least one element selected from 
the group consisting of Al, Ga and In, a ?rst conductive 
layer, formed on the underlayer, made of a second semi 
conducting nitride material including at least one element 
selected from the group consisting of Al, Ga and In, a ?rst 
cladding layer, formed on the ?rst conductive layer, made of 
a third semi-conducting nitride material including at least 
one element selected from the group consisting of Al, Ga 
and In, a semi-conducting layer composed of a base layer, 
formed on the ?rst cladding layer, made of a fourth semi 
conducting nitride material including at least one element 
selected from the group consisting of Al, Ga and In and 
plural isolated island-shaped single crystal portions, embed 
ded in the base layer, made of a ?fth semi-conducting nitride 
material including at least one element selected from the 
group consisting of Al, Ga and In and having an in-plane 
lattice constant larger than that of the third semi-conducting 
nitride material, a second cladding layer, formed on the 
light-emitting layer, made of a sixth semi-conducting nitride 
material including at least one element selected from the 
group consisting of Al, Ga and In, and a second conductive 
layer, formed on the second cladding layer, made of a sev 
enth semi-conducting nitride material including at least one 
element selected from the group consisting of Al, Ga and In. 
Then, the bandgap of the third semi-conducting nitride mate 
rial constituting the ?rst cladding layer, the bandgap of the 
fourth semi-conducting nitride material constituting the base 
layer and the bandgap of the ?fth semi-conducting nitride 
material become larger by turns. That is, the relation of the 
bandgap of the third semi-conducting nitride material>the 
bandgap of the fourth semi-conducting nitride material>the 
bandgap of the ?fth semi-conducting nitride material is sat 
is?ed. Moreover, at least one element selected from the 
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group consisting of rare earth metal elements and transition 
metal elements is adsorbed, as an adsorbing element, onto at 
least one of the boundary betWeen the base layer and the 
island-shaped single crystal portions and the boundary 
betWeen the base layer and the ?rst cladding layer. 

For developing the luminescence-recombination prob 
ability of electron and electron hole in the island-shaped 
single crystal portions, it is required that the volume of each 
of the island-shaped single crystal portions is decreased as 
small as possible, and the electrons and the electron holes, 
?oWn from the outside, are con?ned in the island-shaped 
single crystal portions strongly. That is, as the volumes of the 
island-shaped single crystal portions are decreased, the 
luminescence probability is increased. 

HoWever, as the volume of the island-shaped single crys 
tal portion is decreased, the surface area thereof is increased, 
so that the number of the dangling bond of the island-shaped 
single crystal portions is increased. The carriers of electrons 
and electron holes are recombined With the dangling bonds 
in non-luminescence, and thus, the absolute number of cani 
ers to be recombined in luminescence is decreased. 

Therefore, if, according to the second semiconductor 
light-emitting element, a rare earth metal element and/or a 
transition metal element is adsorbed at the boundary 
betWeen the base layer and the island-shaped single crystal 
portions and/or the boundary betWeen the base layer and the 
?rst cladding layer, and thus, the dangling bonds at the sur 
faces of the island-shaped single crystal portions are 
reduced, the recombination in non-luminescence can be 
reduced and a desired color light can be obtained at a su?i 
cient e?iciency. 

The mode of the second semiconductor light-emitting ele 
ment may be employed in isolation or combination With the 
mode of the above-mentioned ?rst semiconductor light 
emitting element. In the combination case, the ?uorescent 
lights from the rare earth metal element and the transition 
element can be enhanced, and thus, a desired color light can 
be easily generated. Also, from the similar reason to the one 
of the ?rst semiconductor light-emitting element, a rare 
earth metal element is preferably employed. 

In the combination of the modes of the ?rst and the second 
semi-conducting elements, it is desired that the kind of the 
additive element into the base layer or the like constituting 
the light-emitting layer is the same as the kind of the adsorb 
ing element onto the boundary betWeen the island-shaped 
single crystal portions and the base layer, or the like. In this 
case, a desired color light can be generated at a higher inten 
sity. 

Particularly, if, as adsorbing elements, the same Tm ele 
ment to generate a blue color Wavelength-region light, the 
same Er element to generate a green color Wavelength 
region light and the same Eu or Pr element to generate a red 
color Wavelength-region light are employed as the additive 
elements, a White light can be easily generated at a higher 
intensity. 

In the semiconductor light-emitting element of the present 
invention, the in-plane lattice constant of the ?fth semi 
conducting nitride material constituting the island-shaped 
single crystal portion is set to be larger than the in-plane 
lattice constant of the third semi-conducting nitride material 
constituting the ?rst cladding layer. In this case, compres 
sion stress is affected on the ?fth semi-conducting nitride 
material, Which results in being shaped in a dot. That is, the 
island-shaped single crystal portions are formed on the com 
pressive stress. 

The bandgap arrangement in the third semi-conducting 
nitride material constituting the ?rst cladding layer, the 
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6 
fourth semi-conducting nitride material constituting the base 
layer and the ?fth semi-conducting nitride material consti 
tuting the island-shaped single crystal portions is required to 
con?ne the island-shaped single crystal portions energeti 
cally and emit a given Wavelength light from each of the 
single crystal portions. 

BRIEF DESCRIPTION OF THE DRAWINGS 

For a better understanding of the present invention, refer 
ence is made to the attached draWings, Wherein 

FIG. 1 is a cross sectional vieW shoWing a ?rst semicon 
ductor light-emitting element according to the present 
invention, 

FIG. 2 is an enlarged vieW shoWing the light-emitting 
layer of a ?rst semiconductor light-emitting element accord 
ing to the present invention, 

FIG. 3 is an enlarged vieW shoWing the light-emitting 
layer of another ?rst semiconductor light-emitting element 
according to the present invention, and 

FIG. 4 is an enlarged vieW shoWing the light-emitting 
layer of a second semiconductor light-emitting element 
according to the present invention. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

This invention Will be described in detail With reference to 
the accompanying draWings. 

FIG. 1 is a cross sectional vieW shoWing a ?rst semicon 
ductor light-emitting element according to the present inven 
tion. A semiconductor light-emitting element 20 depicted in 
FIG. 1 includes a substrate 1, an underlayer 2 made of AlN 
as a ?rst semi-conducting nitride material formed on the 
substrate 1, and a ?rst conductive layer 3 made of n-AlGaN 
as a second semi-conducting nitride material formed on the 
underlayer 2. Moreover, the element 20 includes a ?rst clad 
ding layer 4 made of n-AlGaN as a third semi-conducting 
nitride material formed on the ?rst conductive layer 3, a 
light-emitting layer 5 formed on the ?rst cladding layer 4, 
and a second cladding layer 6 made of p-AlGaN as a sixth 
semi-conducting nitride material. Then, a second conductive 
layer 7 made of p-GaN as a seventh semi-conducting nitride 
material is provided on the second cladding layer 6. 
The ?rst conductive layer 3 is partially removed and 

exposed, and an n-type electrode 8 of Al/Pt is provided on 
the exposed surface of the ?rst conductive layer 3. Then, a 
p-type electrode 9 of Au/Ni is provided on the second con 
ductive layer 7. 

FIG. 2 is an enlarged vieW shoWing the light-emitting 
layer 5 of the ?rst semiconductor light-emitting element 20. 
As is apparent from FIG. 2, the light-emitting layer 5 is 
composed of a base layer 17 made of i-GaN as a fourth 
semi-conducting nitride material and isolated island-shaped 
single crystal portions 12-1 through 12-5 made of 
i-AlGaInN as a ?fth semi-conducting nitride material. 

In FIGS. 1 and 2, for clarifying the characteristics of the 
semiconductor light-emitting element of the present 
invention, some constituting parts are different from the real 
ones. 

It is required in the semiconductor light-emitting element 
20 depicted in FIG. 1 that the in-plane lattice constant of the 
?fth semi-conducting nitride material constituting the 
island-shaped single crystal portions is set to be larger than 
the in-plane lattice constant of the third semi-conducting 
nitride material constituting the ?rst cladding layer 4. 
Concretely, the difference in in-plane lattice constant 
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between the semi-conducting nitride materials is set Within 
04-14%, particularly 2-8% by the ratio for the in-plane 
lattice constant of the ?rst semi-conducting nitride material. 
In this case, the island-shaped single crystal portions can be 
easily formed by a normal MOCVD method. 

Also, it is required that at least one of the base layer 17 
and the island-shaped single crystal portions 12-1 through 
12-5 Which constitute the light-emitting layer 5 includes, as 
an additive element, at least one element selected from the 
group consisting of rare earth metal elements and transition 
metal elements. The content of the additive element is not 
restricted, but appropriately selected on the kind of the addi 
tive element, the material compositions of the fourth and the 
?fth semi-conducting nitride materials constituting the base 
layer and the island-shaped single crystal portions, and a 
desired luminescence intensity. 

In the case of employing, as the fourth and the ?fth semi 
conducting nitride material, a semi-conducting nitride mate 
rial including the at least one of Al element, Ga element and 
In element, the additive element is preferably incorporated 
as much as possible into the base layer or the like. 
Concretely, the additive elements may be incorporated 
Within a range of 0.01-7 atomic percentages. In this case, 
regardless of the kind of rare earth metal element or transi 
tion metal element as the additive element, a given color 
light can be generated and emitted at a su?icient intensity of 
about 80 lm/W enough to be practically used. 
As mentioned above, in vieW of easy excitation and easy 

creation of any color light through the inherent ?uorescent 
light, a rare earth metal element is preferably used. 

The kind of rare earth metal element is not restricted, but 
appropriately selected on the kind of a desired color light. As 
mentioned above, for example, Tm element may be 
employed to generate a blue color Wavelength-region light, 
and Er element may be employed to generate a green color 
Wavelength-region light, and Eu or Pr element may be 
employed to generate a red color Wavelength-region light. 

Therefore, if these rare earth metal elements are incorpo 
rated into the base layer 17 and/or the island-shaped single 
crystal portions 12-1 through 12-5, the blue color light, the 
green color light and the red color light are superimposed, 
thereby to generate and emit an any color light or a White 
light only through the ?uorescent lights from the rare earth 
metal elements. 
As the transition metal element, Fe element, Co element, 

Mn element, Ni element, Cu element and Zn element may be 
exempli?ed. 

FIG. 3 is a schematic vieW shoWing a modi?ed embodi 
ment of the light-emitting layer shoWn in FIG. 2. In FIG. 3, 
the light-emitting layer 5 is composed of a base layer 18 and 
isolated island-shaped single crystal portions 13-1 through 
13-5, 14-1 through 14-5 and 15-1 through 15-5 Which are 
stepWisely formed. 
A rare earth metal element is incorporated into the island 

shaped single crystal portions formed stepWisely and/or the 
base layer 18 to support the island portions. In this case, a 
variety of rare earth metal elements can be incorporated 
appropriately, and thus, an any color light, particularly, a 
White light can be easily and precisely generated. 

The additive element may be incorporated into the base 
layer and the island-shaped single crystal portions by irradi 
ating molecular beam from a rare earth metal element source 
or a transition metal element source by a MBE method, at 
the same time When the island-shaped single crystal portions 
and the base layer are formed. 

In the ?rst semiconductor light-emitting element of the 
present invention, it is required that the semi-conducting 
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8 
nitride materials such as the ?rst semi-conducting nitride 
material include at least one element selected from the group 
consisting of Al, Ga and In. In addition, the semi-conducting 
nitride materials may include an additive element such as 
Ge, Si, Mg, Zn, Be, P or B as occasion demands. Moreover, 
the semi-conducting nitride materials may include a minute 
impurity contained in the raW material gases and the reactor 
or contained dependent on the forming condition. 

In the semiconductor light-emitting element of the present 
invention, the substrate may be made of an oxide single 
crystal such as sapphire single crystal, ZnO single crystal, 
LiAlO2 single crystal, LiGaO2 single crystal, MgAl2O4 
single crystal, or MgO single crystal, IV single crystal or 
IViIV single crystal such as Si single crystal or SiC single 
crystal, III-V single crystal such as GaAs single crystal, AlN 
single crystal, GaN single crystal or AlGaN single crystal, 
and boride single crystal such as ZrB2. 

Particularly, in the case of making the substrate of the 
sapphire single crystal, it is desired that a surface-nitriding 
treatment is performed on the main surface for the under 
layer or the like to be formed. The surface-nitriding treat 
ment is performed as folloWs. First of all, the sapphire single 
crystal substrate is set in a nitrogen-including atmosphere 
such as an ammonia atmosphere, and then, heated for a 
given period. The thickness of the resulting surface nitride 
layer can be adjusted by controlling the nitrogen 
concentration, the nitriding temperature and the nitriding 
period appropriately. 

If the sapphire single crystal substrate having the surface 
nitriding layer thereon is employed, the crystallinity of the 
underlayer formed directly on the main surface can be more 
enhanced. As a result, the crystallinities of the conductive 
layers, the cladding layers and the light-emitting layer can be 
more enhanced, and thus, the luminescence ef?ciency of the 
resulting semiconductor light-emitting element can be 
improved. 

It is desired that the surface-nitriding layer is formed 
thicker, for example, so that the nitrogen content of the sap 
phire single crystal substrate at the depth of 1 nm from the 
main surface is set to ?ve atomic percentages or over, in 
ESCA analysis. 

In such a semiconductor light-emitting element as shoWn 
in FIG. 1 according to the present invention, the underlayer, 
the ?rst conductive layer and the light-emitting layer may be 
formed by a normal MOCVD method or the like only if the 
above-mentioned requirements are satis?ed. 

Next, a second semiconductor light-emitting element 
according to the present invention Will be described. FIG. 4 
is an enlarged vieW shoWing the light-emitting layer of the 
second semiconductor light-emitting element. The same ref 
erence numerals are given to the similar constituting parts to 
the ones shoWn in FIGS. 1-3. For clarifying the characteris 
tics of the second semiconductor light-emitting element, in 
FIG. 4, some constituting parts are depicted, different from 
the real ones. 

The second semiconductor light-emitting element has a 
similar con?guration to the one of the ?rst semiconductor 
light-emitting element shoWn in FIG. 1. The light-emitting 
layer 5 of the second semiconductor light-emitting element 
is, as shoWn FIG. 4, composed of a base layer 17 made of 
i-GaN and plural island-shaped single crystal portions 12-1 
through 12-3 made of i-AlGaN. At least one element 19 
selected from the group consisting of rare earth metal ele 
ments and transition metal elements is adsorbed onto the 
boundary betWeen the island-shaped single crystal portions 
12-1 through 12-3 and the base layer 17 and the boundary 
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between the base layer 17 and the ?rst cladding layer 4, 
according to the present invention. 

The kind of the adsorbing element 19 is not restricted only 
if the number of the dangling bond is reduced by the adsorb 
ing element. On the other hand, since the adsorbing element 
19 is located in the light-emitting layer 5, it is excited by an 
injecting current and thus, emits a given ?uorescent light. 

That is, a given light on Which the ?uorescent light is 
superimposed is emitted from the Whole of the light-emitting 
layer 5. Therefore, since the ?uorescent light constitutes the 
light emitted from the light-emitting element, the adsorbing 
element 19 is appropriately selected so that a desired color 
light can be obtained. In vieW of easy excitation and easy 
creation of any color light through the inherent ?uorescent 
light, a rare earth metal element is preferably used. 
A rare earth metal element or a transition metal element 

may be selected as Well as the ?rst semiconductor light 
emitting element. Particularly, Tm element may be 
employed to generate a blue color Wavelength-region light, 
and Er element may be employed to generate a green color 
Wavelength-region light, and Eu or Pr element may be 
employed to generate a red color Wavelength-region light. 
Selecting these elements appropriately, a White light can be 
generated and emitted from the light-emitting layer 5. 

In the second semiconductor light-emitting element of the 
present invention, it is required that the semi-conducting 
nitride materials such as the ?rst semi-conducting nitride 
material include at least one element selected from the group 
consisting of Al, Ga and In. In addition, the semi-conducting 
nitride materials may include an additive element such as 
Ge, Si, Mg, Zn, Be, P or B as occasion demands. Moreover, 
the semi-conducting nitride materials may include a minute 
impurity contained in the raW material gases and the reactor 
or contained dependent on the forming condition. 

Moreover, the substrate may be made of a sapphire single 
crystal, etc., as Well as the ?rst semiconductor light-emitting 
element. In the case of making the substrate of the sapphire 
single crystal, the sapphire single crystal substrate is set into 
a nitrogen-including atmosphere such as an ammonia 
atmosphere, and then, heated for a given period, to nitride 
the surface of the single crystal substrate. It is desired that 
the surface-nitriding layer is formed thicker, for example, so 
that the nitrogen content of the sapphire single crystal sub 
strate at the depth of 1 nm from the main surface is set to ?ve 
atomic percentages or more, in ESCA analysis. 

In the combination of the mode of the ?rst semiconductor 
light-emitting element and the mode of the second semicon 
ductor light-emitting element, at least one element selected 
from the group consisting of rare earth metal elements and 
transition metal elements is incorporated, as an additive 
element, into the base layer 17 and/or the island-shaped 
single crystal portions 12-1 through 12-3 Which constitute 
the light-emitting layer 5 shoWn in FIG. 4. In this case, by 
the synergy effect of the adsorbing element 19 and the addi 
tive element, an any color light, particularly, a White light 
can be easily generated and emitted. 

If the adsorbing element and the additive element are 
composed of the same element, an any color light, particu 
larly a White light can be generated and emitted at a higher 
intensity. 

The additive element may be incorporated into the base 
layer and the island-shaped single crystal portions by irradi 
ating molecular beam from a rare earth metal element source 
or a transition metal element source by a MBE method, at 
the same time When the island-shaped single crystal portions 
and the base layer are formed. 
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EXAMPLE 

Example 1 

A sapphire single crystal substrate having a diameter of 2 
inches and a thickness of 430 um Was employed, and thus, 
pre-treated by H2SO4+H2O2, and set into a MOCVD appa 
ratus. To the MOCVD apparatus Was attached a gas system 
of NH3, TMA, TMG and SiH4. Then, the substrate Was 
heated to 1200° C., and an ammonia gas (NH3) Was ?oWn 
With a H2 carrier gas for ?ve minutes, to nitride the main 
surface of the substrate. In ESCA analysis, it Was turned out 
that a surface-nitriding layer Was formed on the main surface 
by the surface-nitriding treatment, and the nitrogen content 
at the depth of 1 nm from the main surface Was seven atomic 
percentages. 

Then, TMA and NH3 Were ?oWn at an average rate of 10 
m/ sec, With ?oWing H2 gas at 10 m/ sec, to form an AlN ?lm 
in a thickness of 1 pm as an underlayer. The full Width at half 
maximum in X-ray rocking curve of the AlN ?lm Was 90 
seconds, and thus, the good crystallinity of the AlN ?lm Was 
con?rmed. 

Then, for protecting the AlN ?lm, TMG and HN3 Were 
?oWn at an average rate of 10 m/ sec, to form a GaN ?lm in a 
thickness of 100 A on the AlN ?lm. Thereafter, the substrate 
having the AlN ?lm and the GaN ?lm Was taken out of the 
MOCVD apparatus, and then, set into a MBE apparatus. 

To the MBE apparatus Were attached a solid raW material 

system of 7N-Ga, 7N-ln, 6N-Al, 3N-Er, 3N-Tm, 3N-Pr, 
3N-Eu and a nitrogen gas system of atomic nitrogen gas 
generated by the high frequency plasma-generating appara 
tus from SVTA Co. Ltd. Moreover, to the MBE apparatus 
Were attached a Si doping system and a Mg doping system 
so as to dope the n-type dopant Si and the p-type dopant Mg, 
respectively. 

First of all, the substrate Was heated to 900° C., and H2 
and NH3 Were ?oWn, to remove the GaN ?lm as a protective 
layer. Thereafter, the substrate Was heated to 1000° C. and 
held for 30 minutes, to ?atten the surface of the AlN ?lm, 
and a Si-doped n-AlGaN layer as a ?rst conductive layer Was 
formed in a thickness of 1 pm at 750° C. 

Then, a Si-doped n-AlO_2GaO_8N layer Was formed, as a 
?rst cladding layer, in a thickness of 1 pm on the n-AlGaN 
layer at 780° C. Thereafter, island-shaped single crystal 
portions, to constitute a light-emitting layer, Were made of 
lnO_lGaO_9N in a thickness (height) of 200 A and an average 
diameter of 100 A at 700° C. Then, an GaN layer as a base 
layer, to constitute the light-emitting layer, Was formed in a 
thickness of 200 A at 750° C., so as to embed the isolated 
island-shaped single crystal portions. 

Then, a Mg-doped p-AlO_2GaO_8N layer Was formed, as a 
second cladding layer, in a thickness of 50 A on the GaN 
?lm at 780° C., and ?nally, a Mg-doped p-GaN layer Was 
formed, as a second conductive layer, in a thickness of 2000 
A at 780° C. 

Thereafter, the resulting multi-layered structure Was par 
tially removed, to expose partially the ?rst conductive layer 
of the Si-doped n-AlGaN layer. Then, a p-type electrode of 
Au/Ni Was provided on the second conductive layer of the 
Mg-doped p-GaN layer, and an n-type electrode of Al/ Ti Was 
provided on the exposed surface of the ?rst conductive layer. 

Thereafter, When a voltage of 3.5V Was applied betWeen 
the p-type electrode and the n-type electrode, to ?oW a cur 
rent of 20 mA through the thus obtained semiconductor 
light-emitting element, a White light Was emitted from the 
element at a high luminous ef?ciency of 80 lm/W. 



US RE40,485 E 
1 1 

Example 2 

Except that the island-shaped single crystal portions Were 
formed of Er, Tm, Pr and Eu doped InO_lGaO_9N in a thick 
ness of 20 A and a diameter of 100 A, and thereafter, Eu, Er, 
Tm elements Were irradiated and adsorbed at the boundary 
betWeen the island-shaped single crystal portions and the 
?rst cladding layer as an underlayer through the molecular 
beam irradiation from their respective solid raW material 
sources, a semiconductor light-emitting element Was fabri 
cated in the same manner as Example 1. 

Then, When a voltage of 3.5V Was applied betWeen the 
p-type electrode and the n-type electrode and thus, a current 
of 20 mA Was ?oWn through the semiconductor light 
emitting element, a White light Was generated and emitted 
from the semiconductor light-emitting element at a lumines 
cence ef?ciency of 100 lm/W. 

As is apparent from Examples 1 and 2, it is con?rmed that 
the semiconductor light-emitting element of the present 
invention is usable as a practical White LED. In Example 2 
Where rare earth metal elements such as Er are adsorbed at 
the boundary betWeen the island-shaped single crystal por 
tions and the ?rst cladding layer, in addition that the rare 
earth metal elements such as Er are incorporated into the 
island-shaped single crystals, the luminescence e?iciency of 
the White light emitted is increased. 

Although the present invention Was described in detail 
With reference to the above examples, this invention is not 
limited to the above disclosure and every kind of variation 
and modi?cation may be made Without departing from the 
scope of the present invention. 

For example, in the semiconductor light-emitting ele 
ments shoWn in FIG. 1 and Examples, the loWer side layers 
from the light-emitting layer are made of n-type semi 
conducting materials, and the upper side layers from the 
light-emitting layer are made of p-type semi-conducting 
materials, but the other Way around Will do. Moreover, in 
FIG. 3, although the island-shaped single crystal portions are 
formed in three steps, they may be formed in tWo steps or 
four or more steps. 

Moreover, the semiconductor light-emitting element may 
include a quantum Well structure. Then, although, in the 
Examples, the AlGaN conductive layer or the like Were 
formed directly on the AlN underlayer, they may be formed 
on a buffer layer or multi-layered stacking ?lms e.g., consti 
tuting a distorted superlattice structure Which is provided on 
the substrate by a given forming condition such as the form 
ing temperature, the How rate of raW material gas, the form 
ing pressure, the amount of raW material gas and the amount 
of additive material gas. 

As mentioned above, in the semiconductor light-emitting 
element of the present invention, the light-emitting layer is 
composed of isolated island-shaped single crystal portions 
and a base layer to support the island portions, and at least 
one element selected from the group consisting of rare earth 
metal elements and transition metal elements is incorporated 
into the island portions and/ or the base layer. In addition, as 
occasion demands, at least one element selected from the 
group consisting of rare earth metal elements and transition 
metal elements is adsorbed at the boundary betWeen the 
island-shaped single crystal portions and the base layer and/ 
or the boundary betWeen the single crystal portions and the 
?rst cladding layer. 

Therefore, adjusting the kinds of such additive elements 
and/or adsorbing elements appropriately, an any color light, 
particularly, a White light can be generated and emitted from 
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12 
the semiconductor light-emitting element at a practical lumi 
nescence e?iciency. 
What is claimed is: 
1. A semiconductor light-emitting element comprising: 
a substrate, 
an underlayer, formed on the substrate, made of a ?rst 

semi-conducting nitride material including at least one 
element selected from the group consisting of Al, Ga 
and In, 

a ?rst conductive layer, formed on the underlayer, made of 
a second semi-conducting nitride material including at 
least one element selected from the group consisting of 
Al, Ga and In, 

a ?rst cladding layer, formed on the ?rst conductive layer, 
made of a third semi-conducting nitride material 
including at least one element selected from the group 
consisting of Al, Ga and In, 

a light-emitting layer composed of a base layer, formed on 
the ?rst cladding layer, made of a fourth semi 
conducting nitride material including at least one ele 
ment selected from the group consisting of Al, Ga and 
In and plural isolated island-shaped single crystal 
portions, embedded in the base layer, made of a ?f‘th 
semi-conducting nitride material including at least one 
element selected from the group consisting of Al, Ga 
and In and having an in-plane lattice constant larger 
than that of the third semi-conducting nitride material, 

a second cladding layer, formed on the light-emitting 
layer, made of a sixth semi-conducting nitride material 
including at least one element selected from the group 
consisting of Al, Ga and In, and 

a second conductive layer, formed on the second cladding 
layer, made of a seventh semi-conducting nitride mate 
rial including at least one element selected from the 
group consisting of Al, Ga and In, 

[the bandgap of the third semi-conducting nitride material 
constituting the ?rst cladding layer,] the bandgap of the 
fourth semi-conducting nitride material constituting the 
base layer and the bandgap of the ?f‘th semi-conducting 
nitride material becoming larger by turns to satisfy the 
folloWing relationship: [the bandgap of the third semi 
conducting nitride material >] the bandgap of the fourth 
semi-conducting nitride material > the bandgap of the 
?f‘th semi-conducting material, 

at least one element selected from the group consisting of 
rare earth metal elements and transition metal elements 
being incorporated, as an additive element, into at least 
one of the base layer and the plural island-shaped single 
crystal portions, to generate and emit an any color light 
from the Whole of the light-emitting layer. 

2. A semiconductor light-emitting element as de?ned in 
claim 1, Wherein the difference in in-plane lattice constant 
betWeen the third semi-conducting nitride material constitut 
ing the ?rst cladding layer and the ?f‘th semi-conducting 
nitride material constituting the island-shaped single crystal 
portions is set Within 0.4*l 4% by the ratio for the in-plane 
lattice constant of the ?rst semi-conducting nitride material. 

3. A semiconductor light-emitting element as de?ned in 
claim 1, Wherein the content of the additive element is set 
Within 0.0l*7 atomic percentages. 

4. A semiconductor light-emitting element as de?ned in 
claim 1, Wherein a ?rst rare earth element to generate a blue 
color Wavelength-region light, a second rare earth element to 
generate a green color Wavelength-region light and a third 
rare earth element to generate a red color Wavelength-region 
light are incorporated, as additive elements, into at least one 
of the base layer and the plural island-shaped single crystal 
portions. 
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5. A semiconductor light-emitting element as de?ned in 
claim 1, wherein the plural island-shaped single crystal por 
tions are formed stepWisely in the base layer. 

6. A semiconductor light-emitting element as de?ned in 
claim 1, Wherein at least one element selected from the 
group consisting of rare earth metal elements and transition 
metal elements is adsorbed, as an adsorbing element, onto at 
least one of the boundary betWeen the base layer and the 
island-shaped single crystal portions and the boundary 
betWeen the base layer and the ?rst cladding layer. 

7. A semiconductor light-emitting element as de?ned in 
claim 6, Wherein a ?rst rare earth element to generate a blue 
color Wavelength-region light, a second rare earth element to 
separate a green color Wavelength-region light and a third 
rare earth element to generate a red color Wavelength-region 
light are adsorbed, as adsorbing elements, onto at least one 
of the boundary betWeen the base layer and the island 
shaped single crystal portions and the boundary betWeen the 
base layer and the ?rst cladding layer. 

8. A semiconductor light-emitting element comprising: 

a substrate, 
an underlayer, formed on the substrate, made of a ?rst 

semi-conducting nitride material including at least one 
element selected from the group consisting of Al, Ga 
and In, 

a ?rst conductive layer, formed on the underlayer, made of 
a second semi-conducting nitride material including at 
least one element selected from the group consisting of 
Al, Ga and In, 

a ?rst cladding layer, formed on the ?rst conductive layer, 
made of a third semi-conducting nitride material 
including at least one element selected from the group 
consisting of Al, Ga and In, 

a light-emitting layer composed of a base layer, formed on 
the ?rst cladding layer, made of a fourth semi 
conducting nitride material including at least one ele 
ment selected from the group consisting of Al, Ga and 
In and plural isolated island-shaped single crystal 
portions, embedded in the base layer, made of a ?fth 
semi-conducting nitride material including at least one 
element selected from the group consisting of Al, Ga 
and In and having an in-plane lattice constant larger 
than that of the third semi-conducting nitride material, 

a second cladding layer, formed on the light-emitting 
layer, made of a sixth semi-conducting nitride material 
including at least one element selected from the group 
consisting of Al, Ga and In, and 
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a second conductive layer, formed on the second cladding 

layer, made of a seventh semi-conducting nitride mate 
rial including at least one element selected from the 
group consisting of Al, Ga and In, 

[the bandgap of the third semi-conducting nitride material 
constituting the ?rst cladding layer,] the bandgap of the 
fourth semi-conducting nitride material constituting the 
base layer and the bandgap of the ?fth semi-conducting 
nitride material becoming larger by turns to satisfy the 
folloWing relationship: [the bandgap of the third semi 
conducting nitride material >] the bandgap of the fourth 
semi-conducting nitride material > the bandgap of the 
?fth semi-conducting nitride material, 

at least one element selected from the group consisting of 
rare earth metal elements and transition metal elements 
being adsorbed, as an adsorbing element, onto at least 
one of the boundary betWeen the base layer and the 
island-shaped single crystal portions and the boundary 
betWeen the base layer and the ?rst cladding layer. 

9. A semiconductor light-emitting element as de?ned in 
claim 8, Wherein the difference in in-plane lattice constant 
betWeen the third semi-conducting nitride material constitut 
ing the ?rst cladding layer and the ?fth semi-conducting 
nitride material constituting the island-shaped single crystal 
portions is set Within 0.4*l 4% by the ratio for the in-plane 
lattice constant of the ?rst semi-conducting nitride material. 

10. A semiconductor light-emitting element as de?ned in 
claim 8, Wherein a ?rst rare earth element to generate a blue 
color Wavelength-region light, a second rare earth element to 
generate a green color Wavelength-region light and a third 
rare earth element to generate a red color Wavelength-region 
light are adsorbed as adsorbing elements, onto at least one of 
the boundary betWeen the base layer and the island-shaped 
single crystal portions and the boundary betWeen the base 
layer and the ?rst cladding layer. 

11. A semiconductor light-emitting element as de?ned in 
claim 8, Wherein the plural island-shaped single crystal por 
tions are formed stepWisely in the base layer. 

12. A semiconductor light-emitting element as de?ned in 
claim 1, wherein the bandgap ofthe third semi-conducting 
nitride material > the bandgap of the fourth semi-conducting 
nitride material. 

13. A semiconductor light-emitting element as defined in 
claim 8, wherein the bandgap ofthe third semi-conducting 
nitride material > the bandgap of the fourth semi-conducting 
nitride material. 
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