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[57] ABSTRACT 

A light-emitting gallium nitride-based compound semicon-
ductor device of a double-heterostructure. The double-het-
erostructure includes a light-emitting layer formed of a 
low-resistivity In„Ga, ,N (0<x<l) compound semiconduc-
tor doped with p-type and/or n-type impurity. A first clad 
layer is joined to one surface of the light-emitting layer and 
formed of an n-type gallium nitride-based compound semi-
conductor having a composition different from the light-
emitting layer. A second clad layer is joined to another 
surface of the light-emitting layer and formed of a low-
resistivity, p-type gallium nitride-based compound semicon-
ductor having a composition different from the light-eniit-
ting layer. 
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LIGHT-EMITTING GALLIUM 
NITRIDE-BASED COMPOUND 
SEMICONDUCTOR DEVICE 

5 
BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates to a light-emitting gallium 

nitride-based compound semiconductor device and, more 
particularly, to a light-emitting compound semiconductor 
device having a double-heterostructure capable of emitting 
high-power visible light ranging from near-ultraviolet to red, 
as desired, by changing the composition of a compound 
semiconductor constituting an active layer (light-emitting 
layer). 

2. Description of the Related Art 
Gallium nitride-based compound semiconductors such as 

gallium nitride (GAN), gallium aluminum nitride (GaA1N), 
indium gallium nitride (InGaN), and indium aluminum 20 
gallium nitride (InAlGaN) have a direct band gap, and their 
band gaps change in the range of 1.95 eV to 6 eV. For this 
reason, these compound semiconductors are promising as 
materials for light-emitting devices such as a light-emitting 
diode and a laser diode. 25 

For example, as a light-emitting device using a gallium 
nitride semiconductor, a blue light-emitting device in which 
a homojunction structure is formed on a substrate normally 
made of sapphire through an MN buffer layer has been 
proposed. The homojunction structure includes a light-
emitting layer formed of p-type impurity-doped GaN on an 
n-type GaN layer. As the p-type impurity doped in the 
light-emitting layer, magnesium or zinc is normally used. 
However, even when the p-type impurity is doped, the GaN 
crystal has a poor quality, and remains an i-type crystal 
having a high resistivity almost close to an insulator. That is, 
the conventional light-emitting device is substantially of a 
MIS structure. As a light-emitting device having the MIS 
structure, layered structures in which Si- and Zn-doped, 
i-type GaA1N layers (light-emitting layers) are formed on 
n-type CaAIN layers are disclosed in Jpn. Pat. Appin. 
KOKAI Publication Nos. 4-10665, 4-10666, and 4-10667. 

However, in the light-emitting device having the MIS 
structure, both luminance and light-emitting output power 
are too low to be practical. 

In addition, the light-emitting device of a homojunction is 
impractical because of the low power output by its nature. To 
obtain a practical light-emitting device having a large output 
power, it is required to realize a light-emitting device of a 
single-heterostructure, and more preferably, a double-het-
erostructure. 

However, no light-emitting semiconductor devices of a 
double-heterostructure are known, in which the double-
heterostructure is entirely formed of low-resistivity gallium 
nitride-based compound semiconductors, and at the same 
time, has a light-emitting layer consisting of low-resistivity, 
impurity-doped InGaN. 

Jpn. Pat. Appin. KOKAI Publication Nos. 4-209577, 
4-236477, and 4-236478 disclose a light-emitting device 60 
having a double-heterostructure in which an InGaN light-
emitting layer is sandwiched between an n-type InGaAlN 
clad layer and a p-type InGaAIN clad layer. However, the 
light-emitting layer is not doped with an impurity, and it is 
not disclosed or explicitly suggested that an impurity is 65 
doped into the light-emitting layer. In addition, the p-type 
clad layer is a high-resistivity layer in fact. A similar 
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2 
stracture is disclosed in Jpn. Pat. Appin. KOKAI Publication 
No. 64-17484. 

Jpn. Pat. Appin. KOKAI Publication 4-213878 discloses 
a structure in which an undoped InGaA1N light-emitting 
layer is formed on an electrically conductive ZnO substrate, 
and a high-resistivity InGaN layer is formed thereon. 

Jpn. Pat. Appin. KOKAI Publication No. 4-68579 dis-
closes a double-heterostructure having a p-type GaInN clad 
layer formed on an oxygen-doped, n-type GaInN light-
emitting layer. However, another clad layer consists of 
electrically conductive ZnO. The oxygen is doped in the 
light-emitting layer to be lattice-matched with the ZnO. The 
emission wavelength of the light-emitting device having this 
double-heterostructure is 365 to 406 nm. 

All conventional light-emitting devices are unsatisfactory 
in both output power and luminance, and have no satisfac-
tory luminosity. 

SUMMARY OF THE INVENTION 

It is an object of the present invention to provide a 
double-heterostmcture in which all of the light-emitting 
layer (active layer) and the clad layers are formed of 
low-resistivity gallium nitride-based Group com-
pound semiconductors, thereby realizing a semiconductor 
device exhibiting an improved luminance and/or light-emit-
ting output power. 

It is another object of the present invention to provide a 
light-emitting device excellent in luminosity. 

It is still another object of the present invention to provide 
an ultraviolet to red light-emitting device having a wave-
length in the region of 365 to 620 nm. 

According to the present invention, there is provided a 
light-emitting gallium nitride-based compound semiconduc-
tor device having a double-heterostructure comprising: 

a light-emitting layer (active layer) having first and sec-
ond major surfaces and formed of a low-resistivity 

(0<x<l) compound semiconductor doped 
with an impurity; 

a first clad layer joined to the first major surface of the 
light-emitting layer and formed of an n-type gallium 
nitride-based compound semiconductor having a com-
position different from that of the compound semicon-
ductor of the light-emitting layer; and 

a second clad layer joined to the second major surface of 
the light-emitting layer and formed of a low-resistivity, 
p-type gallium nitride-based compound semiconductor 
having a composition different from that of the com-
pound semiconductor of the light-emitting layer. 

In the first embodiment, the compound semiconductor of 
the light-emitting layer (active layer) is of p-type, doped 
with a p-type impurity. 

In the second embodiment, the compound semiconductor 
of the light-emitting layer (active layer) remains an n-type, 
doped with at least a p-type impurity. 

In the third embodiment, the compound semiconductor of 
the light-emitting layer (active layer) is of n-type, doped 
with an n-type impurity. 

In the present invention, the compound semiconductor of 
the first clad layer is preferably represented by the following 
formula: 

GayA1i14(0gY1) 

The compound semiconductor of the second clad layer is 
preferably represented by the following formula: 

Page 8 of 19 CURRENT Ex. 1017
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GazA11,N(05z 1) 

Additional objects and advantages of the invention will be 
set forth in the description which follows, and in part will be 
obvious from the description, or may be learned by practice 
of the invention. The objects and advantages of the invention 
may be realized and obtained by means of the instrumen-
talities and combinations particularly pointed out in the 
appended claims 

BRIEF DESCRIPTION OF THE DRAWINGS 

The accompanying drawings, which are incorporated in 
and constitute a part of the specification, illustrate presently 
preferred embodiments of the invention, and together with 
the general description given above and the detailed descrip-
tion of the preferred embodiments given below, serve to 
explain the principles of the invention. 

FIG. 1 is a view showing a basic structure of a semicon-
ductor light-emitting diode of the present invention; 

FIG. 2 is a graph showing a relationship between the light 
intensity and the thickness of a light-emitting layer in the 
light-emitting semiconductor device of the present inven-
tion; 

FIG. 3 shows a photoluminescence spectrum of a low-
resistivity, n-type InxGal_x.N light-emitting layer according 
to the second embodiment of the present invention; 

FIG. 4 shows a photoluminescence spectrum of an 
undoped InxGa,_„N light-emitting layer; 

FIG. 5 is a graph showing a relationship between a p-type 
impurity concentration in the light-emitting layer and the 
light intensity in the light-emitting semiconductor device 
according to the second embodiment of the present inven-
tion; 

FIG. 6 is a graph showing a relationship between a p-type 
impurity concentration in a p-type clad layer and the light 
emission characteristics in the light-emitting semiconductor 
device according to the second embodiment of the present 
invention; 

FIG. 7 is a graph showing a relationship between an 
electron carrier concentration in the light-emitting layer and 
the light emission characteristics in the light-emitting semi-
conductor device according to the second embodiment of the 
present invention; 

FIG. 8 is a graph showing the light emission character-
istics of the light-emitting semiconductor device according 
to the second embodiment of the present invention; 

FIG. 9 is a graph showing a relationship between an 
n-type impurity concentration in a light-emitting layer and 
the light emission characteristics in a light-emitting semi-
conductor device according to the third embodiment of the 
present invention; 

FIG. 10 is a graph showing a relationship between a 
p-type impurity concentration in a p-type clad layer and the 
light emission characteristics in the light-emitting semicon-
ductor device according to the third embodiment of the 
present invention; 

FIG. 11 shows a structure of still another light-emitting 
diode according to the present invention; and 

FIG. 12 is a view showing a structure of a laser diode of 
the present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

The present invention provides a double-heterostructure 
in which all of the light-emitting layer and clad layers 

4 
sandwiching the light-emitting layer are formed of low-
resistivity gallium nitride-based Group compound 
semiconductors, and at the same time, the light-emitting 
layer is formed of an impurity-doped, low-resistivity 

5 In„Ga,_x.N compound semiconductor, thereby realizing a 
visible light emitting semiconductor device which is excel-
lent in output power, luminance, and luminosity, for the first 
time. 

The semiconductor device of the present invention 
10 includes a light-emitting diode (LED) and a laser diode 

(LD). 
The present invention will be described below in detail 

with reference to the accompanying drawings. The same 
reference numerals denote the same parts throughout the 

15 drawings. 
FIG. 1 shows a basic structure of an LED to which the 

present invention is applied. As shown in FIG. 1, an LED 10 
of the present invention has a double-heterostructure 22 
comprising alight-emitting layer (active layer) 18 formed of 

20 impurity-doped, low-resistivity (LR) InxGa,_xN, a first clad 
layer 16 joined to the lower surface (first major surface) of 
the light-emitting layer 18 and formed of an n-type, low-
resistivity GaN-based BI—V Group compound semiconduc-
tor, and a second clad layer 20 joined to the upper surface 

25 (second major surface) of the light-emitting layer 18 and 
formed of a p-type, low-resistivity GaN-based III—V Group 
compound semiconductor. InxGal ,Ist of the light-emitting 
layer 18 is a gallium nitride-based III—V Group compound 
semiconductor. 

Because of the double-heterostructure, the compound 
semiconductor composition (except for impurities) of the 
first clad layer 16 is different from that of the light-emitting 
layer 18. The compound semiconductor composition of the 
second clad layer 20 is also different from that of the 35 light-emitting layer 18. The compound semiconductor com-
positions of the clad layers 16 and 20 may be the same or 
different. 

The present inventors have made extensive studies on the 
light-emitting device having all gallium nitride-based III—V 
Group compound semiconductor double-heterostru.cture 
having high light emission characteristics, and found that, 
when the light-emitting layer is formed of InxGal xN, and 
the ratio x of indium (In) is changed within the range of 
0<x<1, a light-emitting device capable of emitting visible 45 
light ranging from near-ultraviolet to red can be obtained. 
The present inventors have also found that, when an impu-
rity is doped in InxGra,,N and InxGai x.N has a low resis-
tivity, a light-emitting device having improved light emis-
sion characteristics, especially a high output power, a high 50 
luminance, and a high luminosity could be obtained. 

In the light-emitting device of the present invention, when 
the value of x in In,Ga, ;NI of the light-emitting layer is 
close to 0, the device emits ultraviolet light. When the value 

55 of x increases, the emission falls in the longer-wavelength 
region. When the value of x is close to 1, the device emits 
red light. When the value of x is in the range of 0<x<0.5, the 
light-emitting device of the present invention emits blue to 
yellow light in the wavelength range of 450 to 550 tun. 

60 In the present invention, an impurity (also called as a 
dopant) means a p- or n-type impurity, or both of them. In 
the present invention, the p-type impurity includes Group II 
elements such as cadmium, zinc, beryllium, magnesium, 
calcium, strontium, and barium. As the p-type impurity, zinc 

65 is especially preferable. The n-type impurity includes Group 
IV elements such as silicon, germanium and tin, and Group 
VI elements such as selenium, tellurium and sulfur. 

30 

40 
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In the present invention, "low-resistivity" means, when 
referred to a p-type compound semiconductor, that the 
p-type compound semiconductor has a resistivity of 1x105 
acm or less, and when referred to an n-type compound 
semiconductor, that the n-type compound semiconductor 
has a resistivity of 10 acm or less. 

Therefore, in the present invention, InxGa,_xN of the 
light-emitting layer 18 includes a low-resistivity, p-type 
In,Gai_„N doped with a p-type impurity (the first embodi-
ment to be described below in detail), a low-resistivity, 
n-type InxGa,_.,N doped with at least a p-type impurity (the 
second embodiment to be described below in detail), or an 
n-type InxGai_i_N doped with an n-type impurity (the third 
embodiment to be described below in detail). 

In the present invention, the first clad layer 16 is formed 
of a low-resistivity n-type gallium nitride-based III—V 
Group compound semiconductor. Although the n-type gal-
lium nitride-based II:1—V Group compound semiconductor 
tends to be of' an n-type even when undoped, it is preferable 
to dope an n-type impurity therein and positively make an 
n-type compound semiconductor. The compound semicon-
ductor forming the first clad layer 16 is preferably repre-
sented by the following formula: 

GayAL,14(0_4 Y 1) 

In the present invention, the second clad layer 20 is 
formed of a low-resistivity, p-type gallium nitride-based 

Group compound semiconductor doped with a p-type 
impurity. The compound semiconductor is preferably rep-
resented by the following formula: 

GazA11N(Og-zg 1) 

5 

10 

15 

20 

25 

30 

The first, n-type clad layer 16 normally has a thickness of 
0.05 to 10 gm, and preferably has a thickness of 0.1 to 4 gm. 
An n-type gallium nitride-based compound semiconductor 35 
having a thickness of less than 0.05 tends not to function as 
a clad layer. On the other hand, when the thickness exceeds 
10 gm, cracks tend to form in the layer. 

The second, p-type clad layer 20 normally has a thickness 
of 0.05 to 1.5 pm, and preferably has a thickness of 0.1 to 
1 gm. A p-type gallium nitride-based compound semicon-
ductor layer having a thickness less than 0.05 gm tends to be 
hard to function as a clad layer. On the other hand, when the 
thickness of the layer exceeds 1.5 gm, the layer tends to be 
difficult to be converted into a low-resistivity layer. 

In the present invention, the light-emitting layer 18 pref-
erably has a thickness within a range such that the light-
emitting device of the present invention provides a practical 
relative light intensity of 90% or more. In more detail, the 
light-emitting layer 18 preferably has a thickness of 10 A to 
0.5 gm, and more preferably 0.01 to 0.2 gm. FIG. 2 is a 
graph showing a measurement result of the relative light 
intensities of blue light-emitting diodes each having the 
structure shown in FIG. 1. Each blue light-emitting diode 
was prepared by forming the light-emitting layer 18 made of 
low-resistivity In0,1Gao.9N while changing the thickness. As 55 
is apparent from FIG. 2, when the thickness of the InxGai_ 

light-emitting layer is 10 A to 0.5 gm, the semiconductor 
device exhibits a practical relative light intensity of 90% or 
more. The almost same relationship between the thickness 
and the relative light intensity was obtained for the low- 60 
resistivity p-type In„Ga,_xN doped with a p-type impurity, 
the low-resistivity, n-type InGa1,N doped with at least a 
p-type impurity, and the n-type InxGai_xN doped with an 
n-type impurity. 

Referring back to FIG. 1, the double-heterostructure is 65 
normally formed on a substrate 12 through an undoped 
buffer layer 14. 

40 

45 

50 

6 
In the present invention, the substrate 12 can normally be 

formed of a material such as sapphire, silicon carbide (SIC), 
or zinc oxide (Zn0), and is most normally formed of 
sapphire. 

In the present invention, the buffer layer 14 can be formed 
of MN or a gallium nitride-based compound semiconductor. 
The buffer layer 14 is preferably formed of GamAl,,N 
(0<m..._ I). The GanzA.1,,N allows the formation of a gal-
lium nitride-based compound semiconductor (first clad layer 
16) having a better crystallinity thereon than on AN. As is 
disclosed in U.S. patent application Ser. No. 07/826,997 
filed on Jan. 28, 1992 now U.S. Pat. No. 5,290,393 by Shuji 
NAKAMURA and assigned to the same assignee, the 
Ga,,,A1,_„iN buffer layer is preferably formed at a relatively 
low temperature of 200° to 900° C., and preferably 400° to 
800° C. by the metalorganic chemical vapor deposition 
(MOCVD) method. The buffer layer 14 preferably has 
substantially the same semiconductor composition as the 
first clad layer 16 to be formed thereon. 

In the present invention, the buffer layer 14 normally has 
a thickness of 0.002 gm to 0.5 gm. 

In the present invention, the first clad layer 16, the 
light-emitting layer 18, and the second clad layer 20, all of 
which constitute the double-heterostructure, can be formed 
by any suitable method. These layers are preferably sequen-
tially formed on the buffer layer 14 by the MOCVD. The 
gallium source which can be used for the MOCVD includes 
trimethylgallium and triethylgallium. The indium source 
includes trimethylindium and triethylindium. The aluminum 
source includes trimethylaliminum and triethylaluminum. 
The nitrogen source includes ammonia and hydrazine. The 
p-type dopant source includes Group II compounds such as 
diethylcadmium, dimethylcadmium, cyclopentadienyl-mag-
nesium, and diethylzinc. The n-type dopant source includes 
Group IV compounds such as silane, and Group VI com-
pounds such as hydrogen sulfide and hydrogen selenide. 

The gallium nitride-based HI—V Group compound semi-
conductor can be grown in the presence of the p-type 
impurity source and/or the n-type impurity source by using 
the above gas source at a temperature to 600° C. or more, 
and normally 1,200° C. or less. As a carrier gas, hydrogen, 
nitrogen or the like can be used. 

In an as-grown state, the gallium nitride-based III—V 
Group compound semiconductor doped with a p-type impu-
rity tends to exhibit a high resistivity and have no p-type 
characteristics (that is, it is not a low-resistivity semicon-
ductor) even if the compound semiconductor contains the 
p-type impurity. Therefore, as is disclosed in U.S. Ser. No. 
07/970,145 filed on Nov. 2, 1992 now U.S. Pat. No. 5,306, 
662 by Shuji NAKAMURA, Naruhito IWASA, and Mas-
ayuki SENOH and assigned to the same assignee, the grown 
compound semiconductor is preferably annealed at a tem-
perature of 400° C. or more, and preferably 600° C. or more, 
for preferably one to 20 minutes or more, or the compound 
semiconductor layer is preferably irradiated with an electron 
beam while kept heated to a temperature of 600° C. or more 
when the compound semiconductor is annealed at such a 
high temperature that the compound semiconductor may be 
decomposed, annealing is preferably performed in a com-
pressed nitrogen atmosphere to prevent the decomposition 
of the compound semiconductor. 

When annealing is performed, a p-type impurity in a form 
bonded with hydrogen, such as Mg-H and Zn-H, is released 
from the bonds with the hydrogen thermally, and the 
released hydrogen is discharged from the semiconductor 
layer. As a result, the doped p-type impurity appropriately 
functions as an acceptor to convert the high-resistivity 
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semiconductor into a low-resistivity p-type semiconductor. 
Preferably, the annealing atmosphere does not therefore 
contain a gas containing hydrogen atoms (e.g., ammonia or 
hydrogen). Preferred examples of an annealing atmosphere 
includes nitrogen and argon atmospheres. A nitrogen atmo-
sphere is most preferable. 

After the double-heterostructure is formed, as shown in 
FIG. 1, the second clad layer 20 and the light-emitting layer 
18 are partially etched away to expose the first clad layer 16. 
An n-electrode 24 is formed on the exposed surface, while 
a p-electrode 26 is formed on the surface of the first clad 
layer 20. The electrodes 24 and 26 are preferably heat-
treated to achieve ohmic contact to the semiconductor 
layers. Above-described annealing may be achieved by this 
heat treatment. 

The present invention has been generally described 
above. The first, second, and third embodiments will be 
individually described below. It should be understood that 
unique points of the respective embodiments will be par-
ticularly pointed out and explained, and the above general 
description will be applied to these embodiments unless 
otherwise specified, in the following description. 

In the first embodiment of the present invention, low-
resistivity In,Ga,„N constituting the light-emitting layer 18 
of the double-heterojunction structure shown in FIG. I is of 
p-type, doped with a p-type impurity. Condition 0<x<0.5 is 
preferable to form the light-emitting layer having a good 
crystallinity and obtain a blue to yellow light-emitting 
device excellent in the luminosity. 

In the first embodiment, the concentration of the p-type 
impurity doped in InxGal .x.N of the light-emitting layer 18 
should be higher than the electron carrier concentration of a 
particular, corresponding undoped InxGai„N (The electron 
carrier concentration of an undoped InGaN varies within a 
range of about 1017/cm3 to lx1022/cm3, depending on a 
particular growth condition used). Subject to this condition, 
the p-type impurity concentration is preferably about 1017/ 
ce to 1 x1021/cm3 from the viewpoint of light emission 
characteristics of the device. The most preferable p-type 
impurity is zinc. As described above, the p-type impurity-
doped InGaN can be converted into a low-resistivity InGaN 
by annealing (preferred) or radiating the electron beam. 

In the second embodiment of the present invention, the 
low-resistivity InxGa,„N constituting the light-emitting 
layer 18 of the structure shown in FIG. 1 is of n-type, doped 
with at least a p-type impurity. Condition 0<x<0.5 is pref-
erable to provide the light-emitting layer having a good 
crystallinity and obtain a blue to yellow light-emitting 
device excellent in the luminosity. In the second embodi-
ment, the light-emitting layer should be subjected to the 
annealing treatment described above, since it contains a 
p-type impurity. 

In the second embodiment, when only a p-type impurity 
is doped in IR,Gal .„.N layer 18, the concentration of the 
p-type impurity should be lower than the electron concen-
tration of a corresponding undoped InxGai_x.N. Subject to 
this condition, the p-type impurity concentration is prefer-
ably 1x1016/cm3 to 1x1022/cm3 from the viewpoint of the 
light-emitting characteristics of the device. Especially, when 
zinc is doped as the p-type impurity at a concentration of 
1x1017/cm3 to 1x1021/cm3, and especially lx1 018/cm3 to 
1x1020/cm3, the luminosity of the light-emitting device can 
be further improved and the luminous efficacy can be further 
increased. 

In the second embodiment, the second clad layer 20 is as 
described above. However, when magnesium is doped as the 
p-type impurity at a concentration of lx1018/cm3 to 1x1021/ 

8 
cm3, the luminous efficacy of the light-emitting layer 18 can 
be further increased. 

FIG. 3 is a diagram of the photoluminescence spectrum of 
a wafer irradiated with a 10-mw laser beam from an He-Cd 

5 laser. The wafer was prepared such that a low-resistivity 
In0.14Ga0.86N layer doped with cadmium (p-type impurity) 
was formed, according to the second embodiment, on a GaN 
layer formed on a sapphire substrate. FIG. 4 is a diagram of 
the photoluminescence spectrum of a wafer prepared fol-

10 lowing the same procedures except that the In014Ga0.86N 
layer was not doped with cadmium (undoped). 

As can be apparent from FIG. 3, the p-type impurity-
doped, low-resistivity In0.14Gao.86N layer of the present 
invention exhibits strong blue light emission near 480 nm. 

15 As can be apparent from FIG. 4, undoped In0.14Ga0.8,N 
layer not doped with a p-type impurity exhibits violet light 
emission near 400 nm. The same results as in FIG. 3 were 
obtained when zinc, beryllium, magnesium, calcium, stron-
tium, and/or barium was doped, instead of Cd, according to 

20 the present invention. Thus, when the p-type impurity is 
doped in InGaN according to the present invention, the 
luminosity is improved. 

When the p-type impurity is doped in InGaN, the photo-
luminescence intensity can be greatly increased as compared 

25 to the undoped InGaN. In the device relating to FIG. 3, blue 
luminescence centers are formed in the InGaN by the p-type 
impurity, thereby increasing the blue luminescence intensity. 
FIG. 3 shows this phenomenon. In FIG. 3, a low peak 
appearing near 400 nm is the inter-band emission peak of the 

30 undoped In0.14Ga0.86N and corresponds to the peak in FIG. 
4. Therefore, in the case of FIG. 3, the luminous intensity is 
increased by 20 times or more as compared to FIG. 4. 

FIG. 5 is a graph obtained by measuring and plotting the 
relative light intensities and the Zn concentrations of blue 

35 light-emitting devices each having the structure of FIG. 1. 
Each device was prepared such that the concentration of the 
p-type impurity Mg of the second clad layer 20 was kept at 
1 x102°/cm3, while changing the Zn concentration of the 
p-type impurity Zn-doped In0.1Ga0.9N of the light-emitting 

40 layer 18. As shown in FIG. 5, the light-emitting device 
exhibits a practical relative intensity of 90% or more in the 
Zn concentration range of 1 x1017/cm3 to 1 x1021/cm3 and 
the highest relative light intensity (almost 100%) in the Zn 
concentration range of lx1018/cm3 to lx102°/cm3. 

45 FIG. 6 is a graph obtained by measuring and plotting the 
relative light intensities and the Mg concentrations of blue 
light-emitting devices each having the structure of FIG. 1. 
Each device was prepared such that the Zn concentration of 
the p-type impurity Zn-doped In01Ga0.9N of the light-

50 emitting layer 18 was kept at 1 x102°/cm3, while changing 
the concentration of the p-type impurity Mg of the second 
clad layer 20. As shown in FIG. 6, the light intensity of the 
light-emitting device tends to rapidly increase when the Mg 
concentration of the clad layer 20 exceeds lx1017/cm3, and 

55 the light intensity tends to rapidly decrease when the Mg 
concentration exceeds 1 x1021/cm3. FIG. 6 clearly shows 
that the light-emitting device exhibits a practical relative 
intensity of 90% or more (almost 100%) when the p-type 
impurity concentration of the second clad layer 20 is in the 

60 range of 1x1018/cm3 to 1x1021/cm3. In FIGS. 5 and 6, the 
impurity concentrations were measured by a secondary ion 
mass spectrometer (SIMS). 

It is found that, more strictly, the electron carrier concen-
tration in the InGa1_N layer is preferably in the range of 

65 IX1017km3 to 5x1021/cm3 when at least a p-type impurity 
is doped in InxGal_xN to form an n-type In,Gal_xN light-
emitting layer having a low resistivity of 10 acm or less. 
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The electron carrier concentration can be measured by Hall 
effects measurements. When the electron carrier concentra-
tion exceeds 5x1021/cm3, it is difficult to obtain a light-
emitting device exhibiting a practical output power. The 
electron carrier concentration is inversely proportional to the 
resistivity. When the electron carrier concentration is less 
than 1 x1016/cm3, InGaN tends to be high-resistivity i-type 
InGaN, and the electron carrier concentration cannot be 
measured. The impurity to be doped may be only a p-type 
impurity, or both p- and n-type impurities. More preferably, 
both p- and n-type impurities are doped. In this case, zinc as 
the p-type impurity and silicon as the n-type impurity are 
preferably used. Each of zinc and silicon is preferably doped 
at a concentration of lx1017/cm3 to lx1021/cm3. When the 
concentration of zinc is lower than that of silicon, InGaN can 
be converted into preferable n-type InGaN. 

When InGaN not doped with an impurity is grown, 
nitrogen lattice vacancies are created to provide n-type 
InGaN. The residual electron carrier concentration of this 
undoped n-type InGaN is about 1 x1017/cm3 to 1 x1022/cm3 
depending on a growth condition used. By doping a p-type 
impurity serving as a luminescence center in the undoped 
n-type InGaN layer, the electron carrier concentration in the 
n-type InGaN layer is decreased. Therefore, when the p-type 
impurity is doped in InGaN such that the electron carrier 
concentration is excessively decreased, n-type InGaN is 
converted into high-resistivity i-type InGaN. When the 
electron carrier concentration is adjusted to fall within the 
above range according to the present invention, the output 
power is increased. This indicates that the p-type impurity 
serving as the luminescence center performs emission by 
forming donor-acceptor (D-A) light-emitting pairs with the 
donor impurity. The detailed mechanism has not been clari-
fied yet. However, it is found that, in the n-type InGaN in 
which both donor impurity (e.g., the n-type impurity or 
nitrogen lattice vacancy) for making some electron carriers 
and the p-type impurity serving as an acceptor impurity are 
present, the light intensity by the formation of the lumines-
cence centers is apparently increased. Since an increase in 
the number of light-emitting pairs attributes to an increase in 
light intensity as described, not only p-type impurity but also 
n-type impurity is preferably doped in InGaN. More spe-
cifically, when the n-type impurity (especially silicon) is 
doped in InGaN doped with the p-type impurity (especially 
zinc), the donor concentration is increased, and at the same 
time, a constant donor concentration with good reproduc-
ibility can be obtained, unlike in undoped InGaN in which 
the electron carrier concentration varies depending on the 
growth condition as described above, and in which the donor 
concentration having a constant residual concentration with 
good reproducibility is hardly obtained. In fact, it is found 
that, by doping silicon, the electron carrier concentration is 
increased from about lx1018/cm3 to 2x1019/cm3 by one 
figure, and the donor concentration is thus increased. There-
fore, the amount of zinc to be doped can be increased by the 
increased amount of the donor concentration, and accord-
ingly, the number of D-A light-emitting pairs can be 
increased, thereby increasing the light intensity. 

FIG. 7 is a graph obtained by measuring and plotting the 
relative output powers of blue light-emitting diodes and the 
electron carrier concentrations in the InGaN layers (mea-
sured by Hall effects measurements after growth of the 
InGaN layer). The blue light-emitting diode was prepared 
such that an Si-doped n-type GaN layer was grown on the 
sapphire substrate, a Zn-doped n-type In0.15Ga0.85N layer 
was grown thereon while changing the Zn concentration, 
and an Mg-doped p-type GaN layer was grown. The points 

10 
in FIG. 7 correspond to electron carrier concentrations of 
lx1016, 1x1017, 4x1017, 1018, lx1019, 4x1019, 1x1020, 
3x1020, 1x1021, and 5x1021/cm3 from the left, respectively. 

As shown in FIG. 7, the output power of the light-emitting 
5 device changes depending on the electron carrier concen-

tration in the n-type InGaN light-emitting layer. The output 
power starts to rapidly increase at an electron carrier con-
centration of about lx1016/cm3, reaches the maximum level 
at about 1 x1019/cm3, slowly decreases until 5x1021/cm3, 

to and rapidly decreases when the electron carrier concentra-
tion exceeds that point. As is apparent from FIG. 7, when the 
electron carrier concentration in the n-type InGaN layer is in 
the range of lx1017/cm3 to 5x1021/cm3, the light-emitting 
device exhibits an excellent output power. 

is FIG. 8 shows the light intensity when a laser beam from 
an He—Cd laser was radiated on the n-type Ino.„Gao.„N 
layer doped with only zinc at a concentration of 1x1018/cm3, 
and the n-type Ino.„Gao.„N layer doped with zinc and 
silicon at concentrations of 1x1019/cm3 and 5x1019/cm3, 

20 respectively, and the photoluminescence was measured at 
room temperature. The measurement result about the n-type 
In0.15Ga0.85N layer doped with only zinc is represented by 
a curve a, and the measurement result about the n-type 
In0.15Ga0.85N layer doped with zinc and silicon is repre-

25 sented by a curve b (in the curve b, measured intensity is 
reduced to 1/2o). Although the both InGaN layers exhibit the 
major light-emitting peaks at 490 nm, the n-type InGaN 
layer doped with both zinc and silicon exhibits a light 
intensity ten times or more that of the n-type InGaN layer 

30 doped with only zinc. 
In the third embodiment of the present invention, low-

resistivity InxGa,_,N constituting the light-emitting layer 18 
of the structure of FIG. 1 is of n-type, doped with only an 
n-type impurity. Condition 0<x--0.5 is preferable to provide 

35 a light-emitting layer semiconductor having a good crystal-
linity and obtain a blue light-emitting device excellent in the 
luminosity. 

In the third embodiment, the n-type impurity doped in 
Ih„Gal_x.N of the light-emitting layer 18 is preferably silicon 

40 (Si). The concentration of the n-type impurity is preferably 
1x1017/cm3 to 1x1021/cm3 from the viewpoint of the light 
emission characteristics, and more preferably lx1018/cm3 to 
lx102°/cm3. 

In the third embodiment, as in the second embodiment, 
45 the second clad layer 20 is as already described above. 

However, when magnesium is used as the p-type impurity, 
and is doped at a concentration of lx1018/cm3 to 1x10211 
cm3, the luminous efficacy of the light-emitting layer 18 can 
be further increased. 

50 FIG. 9 is a graph obtained by measuring and plotting the 
relative light intensities and the Si concentrations of blue 
light-emitting devices each having the structure of FIG. 1. 
Each device was prepared such that the concentration of the 
p-type impurity Mg of the second clad layer 20 was kept at 

55 1 x1019/cm3, while changing the Si concentration of the 
n-type impurity Si-doped In01Ga0.9N of the light-emitting 
layer 18. As shown in FIG. 9, the light-emitting device 
exhibits a practical relative intensity of 90% or more in the 
Si concentration range of 1x1017/cm3 to 1 x1021/cm3, and 

60 the highest relative light intensity (almost 100%) in the Si 
concentration range of lx1018/cm3 to lx102°/cm3. 

FIG. 10 is a graph obtained by measuring and plotting the 
relative light intensities and the Mg concentrations of blue 
light-emitting devices each having the structure of FIG. 1. 

65 Each device was prepared such that the Si concentration of 
the n-type impurity Si-doped Ino 1Ga0.9N of the light-emit-
ting layer 18 was kept at lx1019/cm3, while changing the 
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concentration of the p-type impurity Mg of the second clad 
layer 20. As shown in FIG. 10, the light intensity of the 
light-emitting device tends to rapidly increase when the Mg 
concentration of the second p-type clad layer 20 exceeds 
1 x1017/cm3, and to rapidly decrease when the Mg concen- 5 
tration exceeds 1x1021/cm3. FIG. 10 shows that the light-
emitting device exhibits a practical relative intensity of 90% 
or more (almost 100%) when the p-type impurity concen-
tration of the second clad layer 20 is in the range of 
1 x1018/cm3 to 1x1021/cm3. In FIGS. 9 and 10, the impurity 10 
concentrations were measured by the SIMS. 

In the third embodiment, the light-emitting device having 
the double-hetcrostructure of the present invention uses 
inter-band emission of the n-type InGaN layer. For this 
reason, the half width of the emission peak is as narrow as 15 
about 25 nm, which is V2 or less that of the conventional 
homojunction diode. In addition, the device of the present 
invention exhibits an output power four times or more that 
of the homojunction diode. Further, when the value of x of 
In„Ga,„N is changed in the range of 0.02<x<0.5, emission 20 
within the wavelength region of about 380 nm to 500 nm can 
be obtained as desired. 

FIG. 11 show a structure of a more practical light-emitting 
diode 30 having a double-heterostructure of the present 
invention. 25 

The light-emitting diode 30 a double-heterostructure 22 
constituted by an impurity-doped InxGai_x.N light-emitting 
layer 18, and two clad layers sandwiching the light-emitting 
layer 18, i.e., an n-type gallium nitide-based compound 
semiconductor layer 16 and a p-type gallium nitride-based 30 
compound semiconductor layer 20, as described above in 
detail. 

A buffer layer 14 described above in detail is formed on 
a substrate 20 described above in detail. An n-type GaN 
layer 32 is formed on the buffer layer 14 to a thickness of, 35 
for example, 4 to 5 pm, and provides a contact layer for an 
n-electrode which is described below. The n-type contact 
layer 32 allows the formation of a clad layer 16 having a 
better crystallinity, and can establish a better ohmic contact 
with the n-electrode. 40 

The double-heterostructure 22 is provided on the n-type 
contact layer 32, with the clad layer 16 joined to the contact 
layer 32. 

A p-type GaN contact layer 34 is formed on the clad layer 
20 to a thickness of, for example, 500 A to 2 gm. The contact 45 
layer 34 establishes abetter ohmic contact with a p-electrode 
described below, and increases the luminous efficacy of the 
device. 

The p-type contact layer 34 and the double-heterostruc-
ture 22 are partially etched away to expose the n-type 50 
contact layer 32. 

A p-electrode is provided on the p-type contact layer 34, 
and an n-electrode is provided on the exposed surface of the 
n-type contact layer 32. 

The light-emitting diodes embodying the present inven- 55 
tion have been described above. However, the present inven-
tion should not be limited to these embodiments. The present 
invention encompasses various types of light-emitting 
devices including a laser diode, so far as those devices have 
the double-heterostructures of the present invention. 60 

FIG. 12 shows a structure of a laser diode 40 having a 
double-heterostructure of the present invention. 

The laser diode 40 has a double-heterostructure consti-
tuted by an impurity-doped In,pal x.N active layer 18 
described above in detail in association with the light- 65 
emitting diode, and two clad layers sandwiching the active 
layer 18, i.e., an n-type gallium nitride-based compound 

12 
semiconductor layer 16 and a p-type gallium nitride-based 
compound semiconductor layer 20, as described above. A 
buffer layer 14 described above in detail is formed on a 
substrate 12 described above in detail. An n-type gallium 
nitride layer 42 is formed on the buffer layer 14, providing 
a contact layer for an n-electrode described below. 

The double-heterostructure 22 is provided on the n-type 
gallium nitride contact layer 42, with the clad layer joined to 
the contact layer 42. 

A p-type GaN contact layer 44 is formed on the clad layer 
20. 

The p-type contact layer 44, the double hcterostructure 22 
and part of the n-type contact layer 42 are etched away to 
provide a protruding structure as shown. A p-electrode is 
formed on the p-type contact layer 44. A pair of n-electrodes 
24a and 24b are formed on the n-type GaN layer 42 to 
oppose each other, with the protruding structure intervening 
therebetween. 

For example, the substrate 12 is a sapphire substrate 
having a thickness of 100 gm, the buffer layer 14 is a GaN 
buffer layer having a thickness of 0.02 pm, and the n-type 
GaN contact layer 42 has a thickness of 4 pm. The first clad 
layer 16 is an n-type GaAlN clad layer having a thickness of 
0.1 gm, the second clad layer 20 is a p-type GaA1N clad 
layer having a thickness of 0.1 pm, and the active layer 18 
is an n-type layer doped with silicon or germanium. The 
p-type GaN contact layer 44 has a thickness of 0.3 pm. 

The present invention will be described below with ref-
erence to the following examples. In the examples below, a 
compound semiconductor was grown by the MOCVD 
method. An MOCVD apparatus used is a conventional 
MOCVD apparatus having a structure in which a susceptor 
for mounting a substrate thereon is arranged in a reaction 
vessel, and raw material gases can be supplied together with 
a carrier gas toward a substrate while the substrate is heated, 
thereby growing a compound semiconductor on the sub-
strate. 

EXAMPLE 1 

Cleaning of Substrate 
First, a sapphire substrate sufficiently washed was 

mounted on a susceptor in an MOCVD reaction vessel, and 
the atmosphere in the reaction vessel was sufficiently sub-
stituted with hydrogen. Subsequently, while hydrogen was 
flown, the substrate was heated to 1,050° C., and this 
temperature was held for 20 minutes, thereby cleaning the 
sapphire substrate. 
Growth of Buffer Layer 

The substrate was then cooled down to 510° C. While the 
substrate temperature was kept at 510° C., ammonia (NH3) 
as a nitrogen source, trimethylgallium (TMG) as a gallium 
source, and hydrogen as a carrier gas were kept supplied at 
flow rates of 4 liters (L)/min, 27x10-6 mol/min, and 2 L/min, 
respectively, toward the surface of the sapphire substrate for 
one minute. Thus, a GaN buffer layer having a thickness of 
about 200 A was grown on the sapphire substrate. 
Growth of First Clad Layer 

After the buffer layer was formed, only the supply of 
TMG was stopped, and the substrate was heated to 1,030° C. 
While the substrate temperature was kept at 1,030° C., the 
flow rate of TMG was switched to 54x10-6 mol/min, silane 
gas (Si1-14) as an n-type impurity was added at a flow rate of 
2x10-9 molknin, and each material gas was supplied for 60 
minutes. Thus, an n-type GaN layer, doped with Si at a 
concentration of 1 x10213/cm3, having a thickness of 4 pm 
was grown on the GaN buffer layer. 
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Growth of Light-Emitting Layer 
After the first clad layer was formed, the substrate was 

cooled down to 800° C. while flowing only the carrier gas. 
While the substrate temperature was kept at 800° C., the 
carrier gas was switched to nitrogen at a flow rate of 2 
L/min, and TMG as a gallium source, trimethylindium 
(TMI) as an indium source, ammonia as a nitrogen source, 
and diethylcadmium as a p-type impurity source were sup-
plied at flow rates of 2x10-6 mol/min, 1x10-5 mol/min, 4 
L/min, and 2x10-6 mol/min, respectively, for ten minutes. 
Thus, an n-type In0.14Ga0.86N layer, doped with Cd at a 
concentration of lx10°/ce, having a thickness of 200 A 
was grown on the first clad layer. 
Growth of Second Clad Layer 

After the light-emitting layer was formed, the substrate 15 
was heated to 1,020° C. while flowing only the carrier gas 
nitrogen. While the substrate temperature was kept at 1,020° 
C., the carrier gas was switched to hydrogen, a gallium 
source, TMG, a nitrogen source, ammonia, a p-type impurity 
source, cyclopentadienyl-magnesium (Cp,Mg), were sup- 20 
plied at flow rates of 54x10-6 mol/min, 4 L/min, 3.6x10-6 
mol/min, respectively, for 15 minutes. Thus, a p-type GaN 
layer, doped with Mg at a concentration of 1 x102°/cm3, 
having a thickness of 0.8 gm was grown on the light-
emitting layer. 
Conversion into Low-Resistivity Layer 

After the second clad layer was grown, the wafer was 
taken out of the reaction vessel. The wafer was annealed 
under nitrogen at a temperature of 700° C. or more for 20 
minutes. Thus, the second clad layer and the light-emitting 
layer were converted into low-resistivity layers. 
Fabrication of LED 

The second clad layer and the light-emitting layer of the 
wafer obtained above were partially etched away to expose 
the first clad layer. An ohmic n-electrode was formed on the 35 
exposed surface while an ohmic p-electrode was formed on 
the second clad layer. The wafer was cut into chips each 
having a size of 500 gin2, and a blue light-emitting diode 
was fabricated by a conventional method. 

The blue light-emitting diode exhibited an output power 40 
of 300 gW at 20 mA, and its emission peak wavelength was 
480 nm. The luminance of the light-emitting diode measured 
by a commercially available luminance meter was 50 or 
more times that of a light-emitting diode of Example 5 to be 
described later. 45 

EXAMPLE 2 

A blue light-emitting diode was prepared following the 
same procedures as in Example 1 except that, in the growth 
process of a buffer layer, trimethylaluminum (TMA) was 
used, instead of TMG, to form an AIN buffer layer on a 
sapphire substrate at a substrate temperature of 600° C. 

14 
rate of ammonia was not changed, the flow rate of TMG was 
switched to 54x10-6 mol/min, and an aluminum source, 
TMA, and a p-type impurity source, silane gas (Silt), were 
added at flow rates of 6x10-6 mol/min and 2x10-9 mol/min, 

5 respectively, and each gas was supplied for 30 minutes. 
Thus, an n-type Ga0.9A10.1N layer (first clad layer), doped 
with Si at a concentration of 1x1020/cm3, having a thickness 
of 2 gm was grown on the GaN buffer layer. 

A light-emitting layer was subsequently grown following 
10 the same procedures as in Example 1, to form a Cd-doped, 

n-type In0.14Ga0.86N layer having a thickness of 200 A. 
After the light-emitting layer was formed, supply of all 

the raw material gases was stopped, and the substrate was 
heated to 1,020° C. While the substrate temperature was kept 
at 1,020° C., and the flow rate of the carrier gas was not 
changed, a gallium source, TMG, an aluminum source, 
TMA, a nitrogen source, ammonia, and a p-type impurity 
source, Cp,Mg, were supplied at flow rates of 54x10-6 
mol/min, 6x10-6 mol/min, 4 Ihnin, and 3.6x10-6 mol/min, 
respectively, for 15 minutes. Thus, a p-type Ga0.9Al0.1N 
layer (second clad layer), doped with Mg at a concentration 
of 1 x102°/cm3, having a thickness of 0.8 gm was grown on 
the light-emitting layer. 

25 The annealing treatment and fabrication of a diode from 
the wafer were performed following the same procedures as 
in Example 1, to prepare a blue light-emitting diode. 

The blue light-emitting diode obtained above exhibited 
the same output power, the same emission wavelength, and 

30 the same luminance as in the diode of Example 1. 

EXAMPLE 4 

A blue light-emitting diode was prepared following the 
same procedures as in Example 1 except that, in the growth 
process of a light-emitting layer, Cp2 Mg was used instead 
of diethylcadmium at the same flow rate to grow an Mg-
doped, p-type In0.,4Ga0.86N light-emitting layer. 

The blue light-emitting layer obtained above exhibited the 
same output power, the same emission wavelength, and the 
same luminance as in the diode of Example 1. 

EXAMPLE 5 

A homojunction GaN light-emitting diode was prepared 
following the same procedures as in Example 1 except that 
no light-emitting InGaN layer was grown. 

50 The light-emitting diode exhibited an output power of 50 
AW at 20 mA. The emission peak wavelength was 430 nm, 
and the luminance was 2 milicandela (mcd). 

The blue light-emitting diode exhibited an output power 
of 80 gW at 20 mA, and its emission peak wavelength was 55 
480 nm. The luminance of the light-emitting diode was 
about 20 times that of a light-emitting diode of Example 5 
to be described later. 

EXAMPLE 3 

Cleaning of a substrate and the growth of a buffer layer 
were performed following the same procedures as in 
Example 1. 

After the buffer layer was formed, only the TMG flow was 
stopped, and the substrate was heated to 1,030° C. While the 
substrate temperature was kept at 1,030° C., and the flow 

EXAMPLE 6 

A blue light-emitting diode was prepared following the 
same procedures as in Example 1 except that, in the growth 
process of a light-emitting layer, silane gas at a flow rate of 

60 2x10-9 mol/min was used, instead of dimethylcadmium, to 
form n-type In0i4Ga0.86N light-emitting layer doped with Si 
at a concentration of 1x1020/cm3. 

The light-emitting diode exhibited an output power output 
of 120 1.1W at 20 mA. The emission peak wavelength was 

65 400 nm, and the luminance was about 1/20 that of the diode 
in Example 1. The low luminance was due to the short 
wavelength of the emission peak to lower the luminosity. 
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EXAMPLE 7 

Cleaning of a substrate, the growth of a buffer layer, and 
the growth of a first clad layer (Si-doped, n-type GaN layer) 
were performed following the same procedures as in 
Example 1. 

After the first clad layer was formed, alight-emitting layer 
was grown as in Example 1 except that diethylzinc (DEZ) at 
a flow rate of 1x10-6 mol/min was used, instead of dieth-
ylcadmium, to form an n-type In0.15Ga0.85N layer (light-
emitting layer), doped with Zn at a concentration of 1x1019/ 
cm3, having a thickness of 200 A on the first clad layer. 

A second clad layer was subsequently grown following 
the same procedures as in Example 1 , to form an Mg-doped, 
p-type GaN layer having a thickness of 0.8 pm. The anneal- 15 
ing treatment and fabrication of a diode from the wafer were 
performed following the same procedures as in Example 1 
, to prepare a blue light-emitting diode. 

The light-emitting device exhibited an output power of 
300 µW at 20 mA. The emission peak wavelength was 480 
nm, and the luminance was 400 mcd. 

EXAMPLE 8 

16 
EXAMPLE 11 

Cleaning of a substrate, the growth of a buffer layer, and 
the growth of a first clad layer (Si-doped, n-type GaN layer) 
were performed following the same procedures as in 5 Example 1. 

10 

After the first clad layer was formed, a light-emitting layer 
was grown as in Example 1 except that diethylzinc was used, 
instead of diethycadimium, to form a Zn-doped, n-type 
In0.,5Ga0.85N layer having a thickness of 100 A on the first 
clad layer. The electron carrier concentration of the n-type 
In0.15Ga0.85N layer was 1x1019/cm3. 

A second clad layer was grown following the same 
procedures as in Example 1, to form an Mg-doped, p-type 
GaN layer. The annealing treatment and fabrication of a 
diode from the wafer were performed as in Example 1, to 
prepare a light emitting diode. 

The light-emitting diode exhibited an output power of 400 
1.1W at 20 mA. The emission peak wavelength was 490 nm, 

20 and the luminance was 600 mcd. 

Cleaning of a substrate and the growth of a buffer layer 25 
were performed following the same procedures as in 
Example 1. 

A first clad layer was grown following the same proce-
dures as in Example 3, to form an Si-doped, n-type 
Ga0.9A10.1N layer having a thickness of 2 pm. 

After the first clad layer was formed, alight-emitting layer 
was grown as in Example 7, to form an n-type In0.15Ga0.85N 
layer, doped with Zn at a concentration of lx1019/cm3, 
having a thickness of 200 A. 

After the light-emitting layer was formed, a second clad 
layer was grown as in Example 3, to form a p-type Ga0.9A1 
0.1N layer, doped with Mg at a concentration of 1x1020/cm3, 
having a thickness of 0.8 µm on the light-emitting layer. 

The annealing treatment of the second clad layer and 
fabrication of a diode from the wafer were performed 
following the same procedures as in Example 1, to prepare 
a blud light-emitting diode. 

The blue light-emitting diode obtained above exhibited 
the same output power, the same emission peak wavelength, 45 
and the same luminance as in the diode of Example 7. 

EXAMPLE 9 

A blue light-emitting diode was prepared following the 
same procedures as in Example 7 except that, in the growth 
process of a light-emitting layer, the flow rate of DEZ was 
increased, to form an In0.15Ga0.85N light-emitting layer 
doped with zinc at a concentration of 1 x1022/cm3. 

The blue light-emitting diode thus obtained exhibited an 55 
output power of about 40% of that of the diode of Example 
7. 

50 

EXAMPLE 10 
60 

A blue light-emitting diode was prepared following the 
same procedures as in Example 7 except that, in the growth 
process of a second clad layer, the flow rate of Cp,Mg was 
decreased, to form a p-type GaN layer (second clad layer) 
doped with Mg at a concentration of 1 x1017/cm3. 65 

The light-emitting diode exhibited an output power of 
about 10% of that of the diode of Example 7. 

30 

35 

EXAMPLE 12 

A blue light-emitting diode was prepared following the 
same procedures as in Example 11 except that, in the growth 
process of a light-emitting layer, the flow rate of DEZ gas 
was adjusted, to form an n-type In0.15Ga0.85N layer (light-
emitting layer) having an electron carrier concentration of 
4x1017/cm3. 

The light-emitting diode exhibited an output power of 40 
p.W at 20 mA. The emission peak wavelength was 490 nm. 

EXAMPLE 13 

A blue light-emitting diode was prepared following the 
same procedures as in Example 11 except that, in the growth 
process of a light-emitting layer, the flow rate of the DEZ 

40 gas was adjusted, to form an n-type Inai,Gao.„N layer 
(light-emitting layer) having an electron carrier concentra-
tion of 1x1021/cm3. 

The light-emitting diode exhibited an output power of 40 
µW at 20 mA. The emission peak wavelength was 490 nm. 

EXAMPLE 14 

A blue light-emitting diode was prepared following the 
same procedures as in Example 11 except that, in the growth 
process of a light-emitting layer, the flow rate of the DEZ 
gas was adjusted, to form an n-type Ino.,,Gao.,,N layer 
(light-emitting layer) having an electron carrier concentra-
tion of 1x1017/cm3. 

The light-emitting diode exhibited an output power of 4 
µW at 20 mA. The emission peak wavelength was 490 nm. 

EXAMPLE 15 

A blue light-emitting diode was prepared following the 
same procedures as in Example 11 except that, in the growth 
process of a light-emitting layer, the flow rate of DEZ gas 
was adjusted, to form an n-type In0.15Ga0.85N layer having 
an electron carrier concentration of 5x1021/em3. The light-
emitting diode exhibited an output power of 4 µV/ at 20 mA. 
The emission peak wavelength was 490 nm. 
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EXAMPLE 16 

A buffer layer and an n-type GaN layer were formed on 
a sapphire substrate following the same procedures as in 
Example 11. 

A high-resistivity, i-type GaN layer was grown by using 
TMG as a gallium source, ammonia as a nitrogen source, 
and DEZ as a p-type impurity source. The i-type GaN layer 
was partially etched away to expose the n-type GaN layer. 
An electrode was formed on the exposed surface, and 
another electrode was formed on the i-type GaN layer, 
thereby preparing a light-emitting diode of a MIS structure. 

The MIS structure diode exhibited a radiant power output 
of 1 RW at 20 mA and a luminance of 1 mcd. 

EXAMPLE 17 

A blue light-emitting diode was prepared following the 
same procedures as in Example 11 except that, in the growth 
process of a light-emitting layer, silane gas as an impurity 
source was added, to form an n-type Ino.,, Ga9.85N light-
emitting layer, doped with Zn and Si, having an electron 
carrier concentration of lx1019/cm3. 

The light-emitting diode exhibited an output power of 600 
g\V at 20 mA. The emission peak wavelength was 490 rim, 
and the luminance was 800 mcd. 

EXAMPLE 18 

Cleaning of a substrate, the growth of a buffer layer, and 
the growth of a first clad layer (Si-doped GaN layer) were 
performed following the same procedures as in Example 1. 

After the first clad layer was formed, alight-emitting layer 
was grown as in Example 1 except that silane and DEZ were 
used, instead of diethylcadmium, to form an n-type 
in014Ga0.85N layer, doped with Si and Zn, having a thick-
ness of 100 A on the first clad layer. The light-emitting layer 
had an electron carrier concentration of lx1018/cm3. 

A second clad layer was grown following the same 
procedures as in Example 7, to form an Mg-doped (concen- 40 
tration of 2x1020/cm3), p-type GaN layer. 

The annealing treatment and fabrication of an LED from 
the wafer were performed following the same procedures as 
in Example 1. 

The blue light-emitting diode exhibited an output power 
of 580 tiW at 20 mA. The luminance was 780 mcd, and the 
emission peak wavelength was 490 nm. 

5 

18 
having an electron carrier concentration of 4x1017/cm3. 

The blue light-emitting diode exhibited a radiant power 
output of 60 11W at 20 mA. The luminance was 80 mcd, and 
the emission peak wavelength was 490 nm. 

EXAMPLE 21 

A blue light-emitting diode was prepared following the 
10 same procedures as in Example 18 except that, in the growth 

process of a light-emitting layer, the flow rates of the silane 
gas and the DEZ gas were adjusted, to form an n-type 
In0.14Ga0.86N light-emitting layer, doped with Si and Zn, 
having an electron carrier concentration of 5x1021/cm3. 

15 The blue light-emitting diode exhibited an output power 
of 6 1.1W at 20 mA. The luminance was 10 mcd, and the 
emission peak wavelength was 490 nm. 

20 EXAMPLE 22 

A green light-emitting diode was prepared following the 
same procedures as in Example 18 except that, in the growth 
process of a light-emitting layer, the flow rate of .TMI was 
adjusted, to form an Si- and Zn-doped In0.2,Ga 035N light-

25 emitting layer. 
The green light-emitting layer exhibited an output power 

of 500 [iW at 20 mA. The luminance was 1,000 mcd, and the 
emission peak wavelength was 510 nm. 

EXAMPLE 19 

A blue light-emitting diode was prepared following the 
same procedures as in Example 18 except that, in the growth 
of a light-emitting layer, the flow rates of the silane gas and 
the DEZ gas were adjusted, to form an n-type In0.14Ga0.86N 
light-emitting layer, doped with Si and Zn, having an 55 
electron carrier concentration of lx102°/cm3. 

The blue light-emitting diode exhibited an output power 
of 590 1.1W at 20 mA. The luminance was 790 mcd, and the 
emission peak wavelength was 490 rim. 

30 
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EXAMPLE 20 
60 

A blue light-emitting diode was prepared following the 
same procedures as in Example 18 except that, in the growth 
process of a light-emitting layer, the flow rates of the silane 65 
gas and the DEZ gas were adjusted, to form an n-type 
In0.14Ga0.85N light-emitting layer, doped with Si and Zn, 

45 

EXAMPLE 23 

A buffer layer and an n-type GaN layer were formed on 
a sapphire substrate following the same procedures as in 
Example 11. 

Using 'TMG as a gallium source, ammonia as a nitrogen 
source, and silane and DEZ as impurity sources, an i-type 
GaN layer doped with Si and Zn was formed. The i-type 
GaN layer was partially etched away to expose the n-type 
GaN layer. An electrode was formed on the exposed surface, 
and another electrode was formed on the i-type GaN layer, 
thereby preparing a light-emitting diode of a MIS structure. 

The MIS structure diode exhibited an output power of 1 
1.1V/ at 20 mA, and a luminance of 1 mcd. 

EXAMPLE 24 

Cleaning of a substrate, the growth of a buffer layer, and 
the growth of a first clad layer (Si-doped, n-type GaN layer) 

50 were performed following the same procedures as in 
Example 1. 

After the first clad layer was formed, alight-emitting layer 
was grown as in Example 1 except that an n-type impurity 
source, silane, was used, instead of diethylcadmium, at an 
adjusted flow rate, and growth was conducted for 5 minutes, 
to form an n-type in0.15Ga0.85N light-emitting layer, doped 
with Si at a concentration of 1x1020/cm3, having a thickness 
of 100 A on the first clad layer. 

Then, a second clad layer was grown as in Example 1 
except that the flow rate of Cp2 Mg was adjusted, to form a 
p-type GaN layer (second clad layer) doped with Mg at a 
concentration of lx1018/cm3. The annealing treatment and 
fabrication of a diode from the wafer were performed as in 
Example 1, to prepare a blue light-emitting diode. 

The light-emitting diode exhibited an output power of 300 
12W at 20mA. The emission peak wavelength was 405 nm. 
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EXAMPLE 25 

A blue light-emitting diode was prepared following the 
same procedures as in Example 24 except that, in the growth 
process of a first clad layer, an Si-doped, n-type Ga0.8A10.IN 
layer (first clad layer) having a thickness of 2 fm was formed 
following the same procedures as in Example 3, and in the 
growth process of a second clad layer, a p-type Ga0.9Al0.IN 
layer (second clad layer), doped with Mg at a concentration 
of 1 x1018/cm3, having a thickness of 0.8 p.m was formed 
following the same procedures as in Example 3. 

The light-emitting diode exhibited the same output power 
and the same emission peak wavelength as in the light-
emitting diode of Example 24. 

EXAMPLE 26 

A blue light-emitting diode was prepared following the 
same procedures as in Example 24 except that, in the growth 
process of a light-emitting layer, the flow rate of silane gas 
was increased, to form an n-type Ing.15Gao.85N layer doped 
with Si at a concentration of 1 x1022/cm3. 

The output of the light-emitting diode was about 40% of 
that of the diode of Example 24. 

EXAMPLE 27 

20 
Then, only the aluminum source flow was stopped, and 

the growth was conducted for 7 minutes, to form an Mg-
doped GaN layer (p-type contact layer) having a thickness of 
0.3 i.trn on the second clad layer. 

5 The annealing treatment was conducted as in Example 1, 
to convert the light-emitting layer, the second clad layer and 
the p-type contact layer into low-resistivity layers. 

From the wafer, a light-emitting diode having a structure 
of FIG. 11 was fabricated. 

10 This diode exhibited an output power of 700 011 and a 
luminance of 1,400 mcd. The emission peak wavelength was 
490 nm. The forward voltage was 3.3 V at 20 mA. This 
forward voltage was about 4 V lower than that of the diode 
of Example 3, 8 or 25. This lower forward voltage is due to 

15 the better ohmic contact between the GaN contact layers and 
the electrodes. 

20 

25 

A blue light-emitting diode was prepared following the 
same procedures as in Example 24 except that, in the growth 30 
process of a second clad layer, the flow rate of Cp2Mg was 
decreased, to form a p-type GaN layer doped with Mg at a 
concentration of lx1017/cm3. 

The output of the light-emitting diode was about 20% of 35 
that of the diode of Example 24. 

EXAMPLE 28 

Cleaning of a substrate and the growth of a buffer layer 
were performed following the same procedures as in 
Example 1. 

After the buffer layer was formed, only the TMG flow was 
stopped, arid the substrate was heated to 1,030° C. While the 
substrate temperature was kept at 1,030° C., and the flow 
rate of ammonia was not changed, the flow rate of TMG was 
switched to 54x10-6 mol/min, an n-type impurity source, 
silane, was added at a flow rate of 2x10-9 mol/min, and the 
growth was conducted for 60 minutes. Thus, n-type GaN 
layer (n-type contact layer), doped with Si at a concentration 
of 1x1020/cm3, having a thickness of 4 gm was formed on 
the GaN buffer layer. 

Then, an aluminum source, TMA, at an adjusted flow rate 
was added, and the growth was conducted in a similar 
manner to that in Example 3, to form an Si-doped n-type 
Ga0.8A10.2N layer (first clad layer) having a thickness of 0.15 
1.un on the n-type contact layer. 

Next, a light-emitting layer was grown in the same 
procedures as in Example 17, to form an n-type 
In0.,4Ga43.86N light-emitting layer, doped with Si and Zn, 
having an electron carrier concentration of lx1019/cm3 on 
the first clad layer. 

Subsequently, a second clad layer was grown for 2 
minutes in a similar manner to that Example 3, to form an 
Mg-doped Ga0.8A10.2N layer having a thickness of 0.15 gm 
on the light-emitting layer. 

40 

Additional advantages and modifications will readily 
occur to those skilled in the art. Therefore, the invention in 
its broader aspects is not limited to the specific details, and 
representative devices shown and described herein. Accord-
ingly, various modifications may be made without departing 
from the spirit or scope of the general inventive concept as 
defined by the appended claims and their equivalents. 

What is claimed is: 
1. A light-emitting gallium nitride-based compound semi-

conductor device having a double-heterostructure compris-
ing: 

a light-emitting layer having first and second major sur-
faces and formed of a low-resistivity InxGal_iN, where 
0<x<1 ductor doped with an impurity; 

a first clad layer joined to said first major surface of said 
light-emitting layer and formed of an n-type gallium 
nitride-based compound semiconductor having a com-
position different from that of said compound semicon-
ductor of said light-emitting layer; and 

a second clad layer joined to said second major surface of 
said light-emitting layer and formed of a low-resistiv-
ity, p-type gallium nitride-based compound semicon-
ductor having a composition different from that of said 
compound semiconductor of said light emitting layer; 

wherein said compound semiconductor of said light-
emitting layer is of the n-type and is doped with a 
p-type impurity. 

45 2. The device according to claim 1, wherein said impurity 
doped in said compound semiconductor of said light-emit-
ting layer comprises a p-type impurity including a Group II 
element and an n-type impurity including a Group IV or VI 
element. 

50 3. The device according to claim 1, wherein said com-
pound semiconductor of said light-emitting layer is of 
n-type, doped with an n-type impurity. 

4. The device according to claim 3, wherein said n-type 
impurity comprises a Group IV or VI element. 

55 5. The device according to claim 1, wherein said com-
pound semiconductor of said first clad layer is represented 
by the formula: GayA11_yN, where 0y 1. 

6. The device according to claim 1, wherein said com-
pound semiconductor of said second clad layer is repre-

60  by the formula: GazAl,,N, where 0 z6.1. 
7. The device according to claim 1, wherein said light-

emitting layer has a thickness of 10 A to 0.5 gm. 
8. The device according to claim 1, wherein said double-

heterostructure has an n-type GaN contact layer joined to 
65 said first clad layer, and a p-type GaN contact layer joined 

to said second clad layer. 
9. The device according to claim 1, wherein 0<x<0.5. 
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10. A light-emitting gallium nitride-based compound 
semiconductor device having a double-heterostructure com-
prising: 

a light-emitting layer having first and second major sur-
faces and formed of a low-resistivity, n-type InxGai_ 
xl‘1, where 0<x<1, compound semiconductor doped 
with at least a p-type impurity; 

a first clad layer joined to said first major surface of said 
light-emitting layer and formed of an n-type gallium 
nitride-based compound semiconductor having a com-
position different from that of said compound semicon-
ductor of said light-emitting layer; and 

a second clad layer joined to said second major surface 
and formed of a low-resistivity, p-type gallium nitride-
based compound semiconductor having a composition 
different from that of said compound semiconductor of 
said light-emitting layer. 

11. The device according to claim 10, wherein said 
compound semiconductor of said light-emitting layer has an 
electron carrier concentration of 1x10'7 to 5x1021/cm3. 

12. The device according to claim 10, wherein said 
compound semiconductor of said light-emitting layer is 
doped with not only said p-type impurity but also an n-type 
impurity. 

13. The device according to claim 10, wherein said p-type 
impurity doped in said compound semiconductor of said 
light-emitting layer comprises at least one element selected 
from the group consisting of cadmium, zinc, beryllium, 
magnesium, calcium, strontium, and barium. 

14. The device according to claim 12, wherein said n-type 
impurity doped in said compound semiconductor of said 
light-emitting layer comprises at least one element selected 
from the group consisting of silicon, germanium, and tin. 

15. The device according to claim 10, wherein said 
compound semiconductor of said first clad layer is repre-
sented by a formula: Ga yAli_yN, where Ogy g 1. 

16. The device according to claim 10, wherein said 
compound semiconductor of said second clad layer is rep-
resented by a formula: GazA11_,N, where Og zg 1. 

17. The device according to claim 12, wherein said p-type 
impurity doped in said compound semiconductor of said 
light-emitting layer comprises zinc, and said n-type impurity 
comprises silicon. 

18. The device according to claim 10, wherein said 
double-heterostructure is provided on a substrate through a 
buffer layer. 

19. The device according to claim 10, wherein said 
double-heterostructure has an n-type GaN contact layer 
joined to said first clad layer, and a p-type GaN contact layer 
joined to said second clad layer. 

20. The device according to claim 10, wherein 0<x<0.5. 
21. A light-emitting gallium nitride-based compound 

semiconductor device having a double-heterostructure com-
prising: 

a light-emitting layer having first and second major sur-
faces and formed of a low-resistivity, n-type 
xN, where 0<x<1, compound semiconductor doped 
with an n-type impurity; 

a first clad layer joined to said first major surface of said 
light-emitting layer and formed of an n-type gallium 
nitride-based compound semiconductor having a com-
position different from that of said compound semicon-
ductor of said light-emitting layer; and 

a second clad layer joined to said second major surface of 65 
said light-emitting layer and formed of a low-resistiv-
ity, p-type gallium nitride-based compound semicon-

22 
ductor having a composition different from that of said 
compound semiconductor of said light-emitting layer. 

22. The device according to claim 21, wherein said n-type 
impurity doped in said compound semiconductor of said 

5 light-emitting layer comprises silicon or germanium. 
23. The device according to claim 21, wherein said n-type 

impurity doped in said compound semiconductor of said 
light-emitting layer comprises silicon, and a concentration 
of the silicon is lx1017 to 1x1021/cm3. 

24. The device according to claim 21, wherein said 
compound semiconductor of said first clad layer is repre-
sented by a formula: GayAll_yN, where Ogygl. 

25. The device according to claim 21, wherein said 
compound semiconductor of said second clad layer is rep-
resented by a formula: GazAll_,N, where Og zg 1. 

15 26. The device according to claim 21, wherein said 
light-emitting layer has a thickness of 10 A to 0.5 gm. 

27. The device according to claim 21, wherein said 
compound semiconductor of said second clad layer is doped 
with a p-type impurity comprising magnesium, and a con-

20 centration of the magnesium is 1x10'8 to 1 x1021/cm8. 
28. The device according to claim 21, wherein said second 

clad layer has a thickness of 0.05 to 1.5 gm. 
29. A device according to claim 21, wherein said double-

heterostructure is provided on a substrate through a buffer 
25 layer. 

30. The device according to claim 21, wherein said 
double-heterostructure has an n-type GaN contact layer 
joined to said first clad layer, and a p-type GaN contact layer 
joined to said second clad layer. 

30 31. The device according to claim 21, wherein 0<x<0.5. 
32. A light-emitting gallium nitride-based compound 

semiconductor device having a double-heterostructure com-
prising: 

a light-emitting layer having first and second surfaces and 
comprising a low-resistivity III—V Group gallium 
nitride-based compound semiconductor containing 
indium, gallium and nitrogen and doped with an impu-
rity; 

40 a first clad layer joined to said first surface of said 
light-emitting layer and comprising an n-type gallium 
nitride-based compound semiconductor having a com-
position different from that of said compound semicon-
ductor of said light-emitting layer; and 

45 a second clad layer joined to said second surface of said 
light-emitting layer and comprising a low-resistivity 
p-type gallium nitride-based compound semiconductor 
having a composition different from that of said com-
pound semiconductor of said light-emitting layer; 

10 

35 

50 

55 

60 

wherein said light-emitting layer is n-type. 
33. The device according to claim 32, wherein said second 

clad layer is doped with magnesium in a concentration of 
1x1018 to 1x1021/cm3. 

34. The device according to claim 32, wherein said 
light-emitting layer is doped with both p-type and n-type 
impurities. 

35. The device according to claim 34, wherein said p-type 
impurity doped in said light-emitting layer comprises zinc, 
and said n-type impurity comprises silicon. 

36. The device according to claim 35, wherein said 
light-emitting layer has an electron carrier concentration of 
lx1017 to 5x1021/cm3. 

37. The device according to claim 32, wherein said 
light-emitting layer is n-type, doped with an n-type impurity. 

38. The device according to claim 37, wherein said n-type 
impurity doped in said light-emitting layer comprises silicon 
in a concentration of 1x10'7 to 1x1021/cm3. 
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39. The device according to claim 38, wherein said second 
clad layer is doped with magnesium in a concentration of 
lx1018 to 1x1021/cm3. 
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