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(57) ABSTRACT 

Asemiconductor device comprises a single crystal substrate, 
a nucleus formation buffer layer formed on the single crystal 
substrate, and a lamination layer including a plurality of 
Al1_x_yGaxInyN (Oéxé 1, Oéyé 1, X+y§ 1) layers laminated 
above the nucleus formation buffer layer. The nucleus for 
mation buffer layer is formed of Al1_S_,GaSIn,N (Oésé 1, 
0§t§ 1, s+t§ 1) and is formed on a surface of the substrate 
such that the nucleus formation buffer layer has a number of 
pinholes for control of polarity and formation of nuclei. A 
method of fabricating a semiconductor device comprises the 
steps of: forming, above an Al1_x_yGaxInyN (Oéxé 1, 
Oéyé 1, X+y§ 1) semiconductor layer doped With a p-type 
dopant, a cap layer for preventing evaporation of a constitu 
ent element of the semiconductor layer, the cap layer being 
formed of one of AlN in Which a p-type dopant is added and 
A1203, subjecting the semiconductor layer to heat treatment, 
and removing at least a part of the cap layer. 

90 Claims, 6 Drawing Sheets 
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SEMICONDUCTOR DEVICE AND METHOD 
OF FABRICATING THE SAME 

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

This is a Continuation of application Ser. No. 08/400, 
865, ?led on Mar. 8, 1995, now US. Pat. No. 5,656,832. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates to a semiconductor device 

using an AlGaInN-based material and a method of fabricat 
ing the same, and relates to an improvement of a buffer layer 
provided betWeen a substrate and a semiconductor device 
layer structure, a semiconductor device having a p-type 
semiconductor layer With reduced resistance and a method 
of fabricating the same. 

2. Description of the Related Art 
One of nitrogen-containing III-V group compound 

semiconductors, i.e. GaN, Which has a large band gap of 3.4 
eV and is of direct transition type, has been regarded as a 
prospective material of a short-Wavelength light emitting 
device. Since there is no substrate With good lattice match 
ing With this type of material, the material is often groWn on 
a sapphire substrate. HoWever, since the possibility of non 
matching betWeen sapphire and GaN is high, i.e. about 15%, 
the material tends to groW in an insular shape. Furthermore, 
if the thickness of a GaN layer is increased to enhance the 
quality thereof, a difference in thermal expansion between a 
sapphire substrate and GaN or Al1_x_yGaxInyN (Where 
02x21, 0§y§1, x+y§1, hereinafter referred to as 
AlGaInN-based material) and lattice non-matching result in 
an increase in dislocation or cracks at the time of groWing 
and/or cooling. Consequently, it is difficult to groW a high 
quality ?lm. 
On the other hand, in order to reduce the in?uence of 

lattice non-matching, there is a knoWn method in Which a 
very thin ?lm of amorphous or polycrystal AlN or GaN is 
formed as a buffer layer on a sapphire substrate by loW 
temperature groWth. In this case, it is considered that the 
amorphous or polycrystal buffer layer reduces thermal 
distortion, small crystals contained in the buffer layer 
become oriented seeds at high temperature of 1000° C., and 
the crystal quality of the GaN layer is enhanced. 

In the case of adopting this method, the crystal quality 
represented by, eg a full Width at half maximum of x-ray 
diffraction depends greatly on the groWth conditions of the 
buffer layer. Speci?cally, When the thickness of the buffer 
layer is great, the orientation of the seeds, Which become the 
nuclei of the ?lm formation, are disturbed and the crystal 
quality deteriorates. On the other hand, although the full 
Width at half maximum decreases as the thickness of the 
buffer layer decreases, the function of the buffer layer is 
completely lost by an excessively small thickness of the 
buffer layer and the surface condition of the crystal deterio 
rates suddenly. In other Words, the groWth conditions of the 
buffer layer are strictly limited and the crystal quality is not 
satisfactory. 
As has been stated above, in the prior art, it is dif?cult to 

crystal-grow a high-quality AlGaInN-based think ?lm on the 
sapphire substrate. Moreover, even if the amorphous or 
polycrystal buffer layer is used, the groWth conditions of the 
buffer layer are strictly limited and the crystal quality of the 
AlGaInN-based thin ?lm formed on the buffer layer is not 
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2 
satisfactory. Therefore, it is dif?cult to fabricate a semicon 
ductor light emitting device With high luminance and short 
Wavelength by using the AlGaInN-based material. 
When this type of semiconductor device is used as a 

semiconductor laser, etc., it is necessary to provide means 
for forming a low-resistance p-type layer. In the prior art, it 
is difficult to groW a low-resistance p-type layer With GaN. 
Recently, hoWever, the resistance of the GaN layer can be 
decreased by radiating an electron beam or by heating in a 
nitrogen gas atmosphere the GaN layer to Which Mg is 
added. It appears that the resistance can be decreased by 
virtue of dissociation of hydrogen from the crystal. 

The inventors of the present invention, hoWever, have 
discovered that the electrical activation ratio of Mg in the 
GaN layer is still loW, and it is necessary to add Mg at a very 
high concentration of about 1019 cm“3 to about 1020 cm“3 in 
order to obtain a loW-resistive p-type layer of 1 Qcm or less 
Which is necessary to fabricate a high-performance device 
such as a semiconductor laser. The addition of Mg at high 
concentration results in an increase in crystal defects and 
deterioration in surface ?atness. Thus, it is not possible to 
achieve a high-performance, short-Wavelength semiconduc 
tor laser, etc. 
On the other hand, Jap. Pat. Appln. KOKAI Publication 

No. 5-183189 proposes a method of a low-resistance p-type 
GaN layer by forming an AlN layer as a cap layer on a GaN 
layer to Which Mg is added, and then annealing the resultant. 
In this method, hoWever, the electrical activation of Mg is 
not fully achieved. 
As has been described above, in the prior art, When a 

semiconductor layer of an AlGaInN-based compound (a 
nitride-series Group III-V compound semiconductor layer) 
is groWn, it is necessary to add Mg (acceptor impurity) 
excessively as a dopant in order to low-resistance p-type 
layer. As a result, crystal defects increase and surface 
?atness deteriorates. 

SUMMARY OF THE INVENTION 

An object of the present invention is to provide a semi 
conductor device and a method of fabricating the same, 
Wherein a high-quality AlGaInN semiconductor layer can be 
formed With high reproducibility on a substrate having no 
lattice match and, for example, a high-luminance, short 
Wavelength semiconductor light emitting device can be 
realized. 

Another object of the invention is to provide a method of 
fabricating a semiconductor device, Wherein the electrical 
activation ratio of acceptor impurity in the semiconductor 
layer is increased, thereby to form a low-resistance p-type 
layer, and a high-performance, short-Wavelength semicon 
ductor laser, etc. can be realized. 

In order to achieve the above object, the present invention 
has the constructions stated beloW. 
A semiconductor device according to a ?rst aspect of the 

invention comprises: 
a single crystal substrate; 
a nucleus formation buffer layer formed on the single 

crystal substrate; and 
a lamination layer including of a plurality of Al1_x_y 

GaxInyN (Oéxé 1, 0§y§ 1, x+y§ 1) layers laminated above 
the nucleus formation buffer layer, 

Wherein the nucleus formation buffer layer is formed of 
Al1_S_tGaSIn,N (Oésé 1, 0§t§ 1, s+t§ 1) and is formed on a 
surface of the substrate such that the nucleus formation 
buffer layer has a number of pinholes for control of polarity 
and formation of nuclei. 
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The following are desirable modes for Working the inven 
tion of the ?rst aspect: 

(1) The nucleus formation buffer layer is loosely formed 
on the surface of the substrate to a very small thickness such 
that the buffer layer has a number of pinholes, and an 
average thickness of the buffer layer is 3—10 nm. 

(2) The nucleus formation buffer layer is composed of 
AlN. 

(3) A thermal distortion reducing buffer layer of InN or 
GaInN is provided on the nucleus formation buffer layer. 

(4) A cap layer for preventing evaporation of In of the 
buffer layer is formed on the thermal distortion reducing 
buffer layer. 

(5) The groWth temperature of the buffer layer for forming 
nuclei and reducing thermal distortion is 350 to 800° C., and 
preferably 500 to 700° C. 

(6) A temperature raising process after the formation of 
the buffer layer and before the start of groWth of a semi 
conductor device layer is performed in an ammonia-free 
atmosphere. 

(7) The groWth of the semiconductor device layer is 
performed at 70 Torr or beloW, and preferably 1 to 40 Torr. 

(8) The single crystal substrate is a sapphire substrate, 
preferably a sapphire substrate With a C face. 

(9) The semiconductor layer formed on the buffer layer 
constitutes a light emitting diode With a double-hetero 
structure having an active layer sandWiched by p-type and 
n-type cladding layers. 
A method of fabricating a semiconductor device, accord 

ing to a second aspect of the invention, comprises the step 
of forming a p-type layer of Al1_x_yGaxInyN (Oéxé 1, 
0§y§ 1, X+y§ 1) above a single crystal substrate, 

Wherein after the p-type layer is formed, the resultant 
structure is cooled in a higher temperature range betWeen a 
groWth temperature thereof and 850° C. to 700° C. in 
ammonia containing atmosphere to curb dissociation of 
nitrogen atom and is cooled in a loWer temperature range 
under the higher temperature range in an ammonia-free gas 
to curb miXing of hydrogen atom during cooling. 
A method of fabricating a semiconductor device, accord 

ing to a third aspect of the invention, comprises the steps of: 
forming a p-type layer of Al1_x_yGaxInyN (Oéxé 1, 

0§y§ 1, X+y§ 1) above a single crystal substrate; 
subjecting the p-type layer to heat treatment in an active 

nitride, thereby increasing an activation ratio of a p-type 
dopant of the p-type layer. 
A method of fabricating a semiconductor device, accord 

ing to a fourth aspect of the invention, comprises the steps 
of: 

forming, above an Al1_x_yGaxInyN (Oéxé 1, 0§y§ 1, 
X+y§ 1) semiconductor layer doped With a p-type dopant, a 
cap layer for preventing evaporation of a constituent element 
of the semiconductor layer, the cap layer being formed of 
one of AlN in Which a p-type dopant is added and A1203; 

subjecting the semiconductor layer to heat treatment; and 
removing at least a part of the cap layer. 
The folloWing are desirable modes for Working the inven 

tion: 
(1) The cap layer is formed of AlN in Which a p-type 

dopant (acceptor) is added, and the concentration of doped 
acceptor in AlN is 1017 to 1020 cm_3. 

(2) The heat treatment temperature is 700° C. to 1200° C. 
(3) The semiconductor layer is formed of GaN or AlGaN, 

and the acceptor impurity is Mg. 
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4 
(4) A method of fabricating a semiconductor device 

comprises the steps of: 
forming a buffer layer of Al1_x_yGaxInyN (Oéxé 1, 

0§y§ 1, X+y§ 1) on a single crystal substrate; and 
successively forming, on the buffer layer, an n-type clad 

ding layer, an active layer, a p-type cladding layer and a 
p-type contact layer Which are all formed of Al1_S_tGaSIn,N 
(Oésél, 0§t§1, s+t§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 speci?cation, 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 characteristic graph shoWing the relationship 
betWeen the thickness of an AlN buffer layer and the full 
Width at half maXimum at X-ray diffraction of a GaN layer; 

FIG. 2 is a cross-sectional vieW shoWing the device 
structure of a light emitting diode according to a ?rst 
embodiment of the invention; 

FIGS. 3A to 3E are cross-sectional vieWs of light-emitting 
diodes according to modi?cations of the ?rst embodiment; 

FIG. 4 is a cross-sectional vieW shoWing schematically 
the structure of a growing apparatus used in fabricating the 
device of the ?rst embodiment; 

FIG. 5 is a cross-sectional vieW shoWing schematically 
the structure of an annealing apparatus used in the ?rst 
embodiment; 

FIG. 6 is a cross-sectional vieW shoWing the device 
structure of a light-emitting diode according to a second 
embodiment of the invention; 

FIGS. 7 and 8 are cross-sectional vieWs of light-emitting 
diodes according to modi?cations of the second embodi 
ment; 

FIG. 9 is a characteristic graph shoWing the relationship 
betWeen the How rate of ammonia and the groWth rate at the 
time of groWing GaN; 

FIG. 10 is a characteristic graph shoWing the relationship 
betWeen the temperature for thermal treatment of GaN and 
the hydrogen concentration in GaN; 

FIG. 11 is a characteristic graph shoWing the relationship 
betWeen the temperature for thermal treatment and resis 
tance value in GaN to Which Mg is added; 

FIG. 12 is a characteristic graph shoWing the relationship 
betWeen the Mg concentration and the resistance of ?lm 
When a GaN layer Was subjected to heat treatment in an Ar 
atmosphere; 

FIG. 13 is a cross-sectional vieW shoWing schematically 
the structure of a semiconductor laser according to a third 
embodiment of the invention; and 

FIG. 14 is a cross-sectional vieW of a semiconductor laser 
in the state in Which an AlN cap layer is formed for a process 
of hydrogen removal. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

Prior to describing embodiments of the present invention, 
a description Will ?rst be given of a buffer layer betWeen a 
substrate and a semiconductor device lamination structure. 
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The inventors of the present invention discovered through 
researches that nucleus formation for controlling polarity of 
groWth surface is substantially important as a function of a 
buffer layer, in addition to reduction of lattice non-matching, 
Which has been conventionally thought. Speci?cally, if a 
GaN layer is directly groWn on a sapphire substrate Without 
providing a buffer layer, nitrogen material reacts With sub 
strate crystals. Since sapphire has a nonpolar crystal 
structure, the polarity of a produced nitride is disturbed. 
On the other hand, When a buffer layer is groWn at loW 

temperatures beloW 700° C., material molecules functioning 
as an N (nitrogen) supply source of Group V element or a 
decomposed substance thereof stay on the substrate surface 
effectively, and an N atom surface is ?rst formed. Thereby, 
the groWth surface is controlled to surface Aon Which Group 
III atoms appear. Accordingly, When ammonia With loW 
decomposition ratio is used as N material, the formation of 
a Group V atomic surface (surface B), Which may become 
unstable due to de?ciency of N material, can be curbed. This 
is a principal reason Why the quality of crystals in the buffer 
layer formed by loW-temperature groWth can be improved. 

Therefore, the nucleus formation for polarity control of 
the groWth surface is important as a function of the buffer 
layer. It is not necessary that the nuclei having this function 
be present as a complete ?lm. Rather, it is desirable that the 
nuclei be formed as a ?lm With many pinholes. This 
enhances the crystal quality, independent of groWth 
conditions, thickness, etc. of the buffer layer. Normally, at 
the substrate temperature above 800° C., nucleic of GaN do 
not easily form on the surface of the sapphire substrate. If a 
loW-temperature groWth buffer layer is provided, GaN 
groWs from nuclei preformed at loW temperatures in a 
horizontal direction along the surface of the substrate. It is 
considered that there is substantially no crystal defects due 
to lattice non-matching in a region groWn from the nuclei 
horiZontally. 

In the prior art, in the case Where the buffer layer is thin, 
sudden degradation in crystal quality is considered to occur 
due to the fact that the substrate reacts directly With nitrogen 
material and a portion With disturbed polarity forms. 
Speci?cally, in the case Where a GaN layer for forming a 
semiconductor device is groWn on a sapphire substrate with, 
eg an AlN buffer layer interposed, a Group III material, eg 
TMA (tri-methyl-aluminum), and a Group V material, eg 
NH3, are supplied to form a buffer layer. Then, the supply of 
the Group III material is stopped, and the resultant is heated 
up to a predetermined temperature. Subsequently, another 
Group III material, eg TMG (tri-methyl-gallium), is sup 
plied to start the groWth of a GaN layer. At this time, since 
the Group V material is kept being supplied, the substrate 
reacts directly With ammonia or the Group V material in the 
temperature-increasing process if the buffer layer is thin. 
By contrast, if the temperature-increasing process is per 

formed in an atmosphere containing a small amount of 
nitrogen material alone for preventing dissociation of nitro 
gen atoms, and containing no ammonia, for example in a 
hydrogen atmosphere, the nuclei can be formed Without 
nitriding the surface of the substrate. In this case, hoWever, 
gases having sharply different thermal qualities, such as 
hydrogen and ammonia, are interchanged after the tempera 
ture is raised and the thermal quality of the atmospheric gas 
is varied. Consequently, the surface temperature of the 
substrate varies. The inventors discovered the fact that it is 
important that the groWth be performed under a reduced 
pressure of 70 Torr or less, preferably 1—40 Torr, at Which 
the thermal conductivity of gases decreases steeply. 

FIG. 1 shoWs the relationship betWeen the thickness of an 
AlN buffer layer heated in hydrogen and the full Width at 
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6 
half maximum at X-ray diffraction of a GaN layer groWn on 
the AlN buffer layer. When the thickness of the buffer layer 
is less than 10 nm, ie in the range of 3—8 nm, an epitaxial 
layer of much higher quality than in the prior art is obtained. 
In this case, the buffer layer is not a complete ?lm, but a ?lm 
With many pinholes and loosely formed small AlN crystals. 
The fact that a high-quality epitaxial layer can be obtained 
With the thickness of the buffer layer being less than 10 nm 
means that the conditions for groWth of the buffer layer are 
relaxed, and this contributes to higher productivity. 
When a buffer layer With many pinholes is formed, layer 

portions groWing on those areas of the substrate surface, 
Which are exposed by pinholes, groW from small nuclei. 
Thus, lateral groWth is facilitated and a layer With small 
defect can be groWn. When it is needed to more facilitate 
lateral crystal groWth, the best result Will be obtained by 
using a substrate having a sapphire C face. If a substrate With 
a variance in the face orientation or With surface defects is 
used, it is effective to use a substrate With an inclination of 
05° to 10° (preferably 1° to 5°) from C face to A face. By 
using such an inclined-face substrate, a ?lm With higher 
quality can be obtained. 

The interval of AlN small crystals functioning as nuclei is 
determined by the temperature for groWth, and this interval 
increases as the temperature rises. For smooth lateral 
groWth, high temperatures at Which the interval of nuclei 
increases are desirable. HoWever, in high-temperature 
groWth the polarity of nuclei is disturbed and the tempera 
ture for groWth of the buffer layer is limited. Good results 
Were obtained in the range of 350° C. to 800° C., preferably 
in the range of 500° C. to 700° C. 

In this method, too, if the thickness of a GaN layer is 
increased to enhance the quality thereof, the groWth tem 
perature of the GaN is set high at about 1000° C. Thus, a 
dislocation Will increase at the time of cooling oWing to a 
difference in thermal expansion betWeen the sapphire sub 
strate and GaN (or AlGaInN) or cracks Will occur. 
Accordingly, in order to reduce thermal distortion, it is 
necessary to thicken the buffer layer, loWer the groWth 
temperature, and reduce the distortion due to the difference 
in temperature. HoWever, if the ?rst buffer layer for forming 
nuclei is thickened, the orientation of the seeds Which 
become groWth nuclei is disturbed, resulting in degradation 
in crystal quality. Thus, in the present invention, a second 
buffer layer for reducing thermal distortion is laminated on 
the ?rst buffer layer for forming the groWth nuclei. 

It is not necessary that the buffer layer for reducing 
thermal distortion be amorphous or polycrystalline. 
Accordingly, a material containing In (indium) as a con 
stituent element, Which has been considered to tend to 
become a single crystal because of its loW crystalliZation 
temperature, may be used as a second buffer layer. 
Speci?cally, a bonding force acting betWeen In and N is 
Weak and In has ?exibility in relation to AlN. Thus, a buffer 
layer containing In as a constituent element can effectively 
reduce distortion. It should be noted, hoWever, that the 
second buffer layer may be formed of, other than the 
material containing In as a constituent element, a material 
having a Wider band gap than the ?rst buffer layer, Which has 
generally good ?exibility. In this case, it is more effective to 
use a buffer layer of substantially a single crystal Which 
permits an increase in ?lm thickness. 

The effective thickness of the second buffer layer for 
reducing thermal distortion is in a range of 50 nm to 1000 
nm. When the In composition is 10 atom % to 90 atom %, 
the layer groWs most easily. Although In has a high mobility 
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and can be formed in a Wide temperature range of 300° C. 
to 1100° C., nuclei are dif?cult to form. Thus, in order to 
grow a buffer layer of a material including a great quantity 
of In as a constituent element, it is desirable to groW in 
advance a layer having a small In composition. 
As has been described above, in order to form small 

groWth nuclei, it is effective that the ?rst buffer layer for 
forming the nuclei is made of a material having a Wide band 
gap and, eg a greatAl composition. It is also effective that 
the second buffer layer for reducing thermal distortion is 
formed of a material having a narroW band gap and, eg a 
great In composition. When a device structure is formed of 
an AlGaInN-based material on the second buffer layer for 
reducing thermal distortion, it is desirable that a cap layer 
not containing In, such as GaN, AlN or AlGaN, be pre 
formed in a substrate temperature range of 500° C. to 800° 
C. at Which dissociation of In is not quick, thereby prevent 
ing dissociation of In of the second buffer layer. It is 
desirable that the thickness of the cap layer be in a range of 
50 nm to 1000 nm. 

In the present invention, the term “buffer layer” refers to 
a layer having a ?lm shape or many pinholes for the purpose 
of formation of nuclei, control of polarity, reduction in 
thermal distortion, etc. 

According to the present invention, a buffer layer of AlN, 
etc. having many pinholes is formed on a single crystal 
substrate of sapphire etc., so that AlN small crystals are 
loosely formed on the substrate. These small crystals 
become nuclei for lateral epitaxial groWth of a semiconduc 
tor layer. After the buffer layer is formed, the resultant is 
heated in, eg a hydrogen atmosphere containing no ammo 
nia until the groWth of a plurality of semiconductor layers is 
started to form a semiconductor device. Thereby, a reaction 
betWeen the substrate surface and nitrogen can be prevented 
and the disturbance in polarity of the substrate surface can 
be prevented. Therefore, the crystal quality and reproduc 
ibility of the plural semiconductor layers formed on the 
buffer layer can be enhanced. As a result, an AlGaInN layer 
With less defects can be groWn, and a high-luminance 
short-Wavelength light emitting device can be realiZed. 

Besides, by forming a second buffer layer of InN, GaInN, 
etc. on a ?rst buffer layer of AlN, etc., the second buffer layer 
can function as a thermal distortion reducing layer and the 
crystal quality of a plurality of semiconductor layers formed 
on the buffer layer can be enhanced effectively. 

Embodiments of the present invention Will noW be 
described With reference to the accompanying draWings. 
(Embodiment 1) 

FIG. 2 is a cross-sectional vieW shoWing a device struc 
ture of a blue light emitting diode according to a ?rst 
embodiment of the invention. Speci?cally, an AlN ?rst 
buffer layer 11 (9 nm) for forming groWth nuclei and 
controlling polarity is formed on a C face of a sapphire 
substrate (single crystal substrate) 10 at 580° C. An InN 
second buffer layer 12 (0.5 pm) for reducing thermal dis 
tortion is formed on the resultant at 500° C. A GaN gap layer 
13 (0.1 pm) for preventing evaporation on of In is formed on 
the resultant. 

After the layers 11—13 are formed, the resultant is heated 
up to 1050° C. in an ammonia-free hydrogen atmosphere, 
and the folloWing layers are successively formed: an 
GaO_7InO_3N defect reducing layer 14 (3.0 pm) for reducing 
a lattice defect; an Si-doped n-type AlO_2GaO_45In0_35N clad 
ding layer 15 (1.0 pm) functioning as a light emitter; a 
GaO_7InO_3N active layer 16 (0.5 pm); an Mg-doped p-type 
AlO_2GaO_45In0_35N cladding layer 17 (1.0 pm); and an 
Mg-doped p-type GaN contact layer 18 (0.5 pm). 
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8 
An Au/Cr/Pd layer is formed as a p-side electrode 21 on 

the contact layer 18. An Au/AuGe layer is formed as an 
n-side electrode 22 on the defect reducing layer 14. 

In this structure, the AlN ?rst buffer layer 11 is loosely 
formed on the substrate 10 and has many pinholes. The AlN 
?rst buffer layer 11 becomes effective nuclei for groWth of 
an AlGaInN-based semiconductor layer for fabricating a 
device in a subsequent process. Further, the InN second 
buffer layer 12 functions as a thermal distortion reducing 
layer and can prevent dislocation and cracks due to a 
difference in thermal expansion betWeen the AlGaInN-based 
semiconductor layer and the substrate 10. Speci?cally, a 
high-quality AlGaInN-based semiconductor layer can be 
formed by virtue of the functions of the tWo buffer layers 11 
and 12, and a high-luminance short-Wavelength light emit 
ting diode can be realiZed. 

FIGS. 3A and 3B shoW structures Wherein the band gap 
of the active layer 16 is varied to alter the Wavelength of 
emitted light. FIG. 3A shoWs an example of a green light 
emitting diode Wherein the composition of a defect reducing 
layer 14‘ is GaO_5InO_5N, the composition of cladding layers 
15‘ and 17‘ is AlO_2GaO_25InO_55N, and the composition of an 
active layer 16‘ is GaO_5InO_5N. FIG. 3B shoWs an example of 
a red light emitting diode Wherein the composition of a 
defect reducing layer 14“ is GaO_3InO_7N, the composition of 
cladding layers 15“ and 17“ is AlO_2GaO_O5InO_75N, and the 
composition of an active layer 16“ is GaO_3InO_7N. 

FIG. 3C shoWs a structure Wherein a GaO_5InO_5N mixed 
crystal is used as a second buffer layer 32 for reducing 
thermal distortion and AlGaN is used as a cap layer 33. In 
this structure, the ?rst buffer layer 11 for forming nuclei may 
be omitted, as shown in FIG. 3D. Another mixed crystal of 
AlO_5InO_5N, etc. may be similarly used as thermal distortion 
reducing buffer layer 32. In the case Where a mixed crystal 
is used as a second buffer layer 32, the cap layer 33 for 
preventing evaporation of In may be omitted, as shoWn in 
FIG. 3E, since evaporation of In is sloW. 

FIG. 4 shoWs schematically the structure of a groWing 
apparatus used in fabricating the device of this embodiment. 
Reference numeral 41 is a reaction tube of quartZ into Which 
a material mixture gas is introduced from a gas introducing 
port 42. The gas Within the reaction tube 41 is exhausted 
from a gas exhaust port 43. 
A susceptor of carbon 44 is disposed Within the reaction 

tube 41, and a substrate 47 is mounted on the susceptor 44. 
The susceptor 44 is heated by induction using a high 
frequency coil 45. The temperature of the substrate 47 is 
measured by a thermocouple 46 and controlled by a control 
apparatus (not shoWn). 

Adescription Will noW be given of a method of fabricating 
a light emitting diode With use of the groWing apparatus 
(shoWn in FIG. 4). At ?rst, the substrate 47 (sapphire 
substrate 10 in FIG. 2) is mounted on the susceptor 44. 
High-purity hydrogen is introduced from the gas introducing 
port 42 at a rate of 1 l/min., and the gas Within the reaction 
tube 41 is replaced. Then, the gas exhaust port 43 is 
connected to a rotary pump and the pressure Within the 
reaction tube 41 is reduced to 20 to 70 Torr. 

Subsequently, the substrate 47 is heated Within hydrogen 
at 1100° C. and the surface of the substrate 47 is cleaned. 
FolloWing this, the temperature of the substrate is loWered to 
450 to 900° C., and H2 gas is changed to NH3 gas, NZH4 gas, 
or an N-containing organic compound, eg (CH3)2N2H2. In 
addition, an organic metal compound according to a layer to 
be groWn is introduced, thereby forming the layer. When the 
AlN buffer layer 11 is formed, for example, an organic metal 
Al compound, eg Al(CH3)3 or Al(C2H5)3 is introduced. 
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When the GaN second buffer layer 12, active layer 14 and 
contact layer 16 are formed, an organic Ga compound, eg 
Ga(CH3)3 or Ga(C2H5)3 is introduced to form them. When 
the AlGaN cladding layers 13 and 15 are formed, both of an 
organic metal Al compound and an organic metal Ga com 
pound are introduced to form them. In order to narroW the 
band gap of the GaN active layer 14. In (indium) may be 
added. In this case, In is added by introducing an organic 
metal In compound, eg In(CH3)3 or In(C2H5)3. 
When doping is carried out, a doping material is intro 

duced simultaneously. An n-type doping material for form 
ing the cladding layer 13 is an Si hydride such as SiH4 or an 
organic metal Si compound such as Si(CH3)4. A p-type 
doping material for forming the cladding layer 15 and 
contact layer 16 is an organic metal Mg compound such as 
(C5H5)2Mg or an organic metal Zn compound such as 
Zn(CH3)2, etc. In order to improve the ratio of incorporated 
In, a layer containing In is groWn in an atmosphere con 
taining no nitrogen, Ar, etc., and (CH3)2N2H2 having a 
higher decomposition ratio than ammonia is used as mate 
rial. 

In order to increase the ratio of activation of p-type 
dopant, it is necessary to prevent miXing of hydrogen into a 
crystal. For this purpose, in the higher temperature range 
betWeen the groWth temperature and 850° C. to 700° C., the 
substrate is cooled in ammonia in order to prevent disso 
ciation of nitrogen. In the loWer temperature range under 
850° C. to 700° C., the substrate is cooled With a gas 
containing no NH3 in order to prevent miXture of hydrogen 
from NH3 or a carrier gas in the cooling process. 
Furthermore, When it is necessary to increase the ratio of 
activation of p-type dopant, thermal treatment is effected in 
a nitrogen radical produced by an RF plasma. This is for the 
reason that heat treatment can be performed at high tem 
peratures of 900° C. to 1200° C., oWing to the fact that 
dissociation of nitrogen atoms from the crystal can be 
prevented perfectly, and crystalline defects such as nitrogen 
cavities can be eliminated. 

Speci?cally, ?lms are groWn such that NH3 is introduced 
as material at a rate of 1x10“3 mol/min., Ga(CH3)3 is 
introduced at a rate of 11x10‘5 mol/min., and Al(CH3)3 is 
introduced at a rate of 1x10“6 mol/min. The temperature of 
the substrate is 1050° C., the pressure is 38 Torr, the total 
?oW amount of material gas is 1 l/min., the n-type dopant is 
Si, and the p-type dopant is Mg. The materials are Si(CH3)4 
and (C5H5)2Mg, respectively. 

The thus obtained semiconductor substrate Was evaluated 
by X-ray diffraction. It Was found that the crystalline defect 
reduced remarkably, and realiZation of high-luminance, 
short-Wavelength light emitting devices could be eXpected. 
On the other hand, it is possible to curb release of N in 
annealing and reduce the resistance of p-type layers 17 and 
18, by annealing the semiconductor substrate in a nitrogen 
radical at 400° C. to 1200° C. (preferably 700° C. to 1000° 
C.). FIG. 5 shoWs schematically an annealing apparatus. 
Reference numeral 91 denotes a reaction tube, numeral 92 a 
Wafer, 93 a susceptor With an additional function of a heater, 
94 a high-frequency coil for activating a gas, and 95 a 
high-frequency poWer supply. Speci?cally, the semiconduc 
tor substrate Was annealed Within the shoWn apparatus at 
1000° C. for 30 minutes. 

It is also effective that annealing is performed in a 
nitrogen-containing compound (an active nitride) Which 
releases no active hydrogen. Speci?cally, if annealing is 
carried out in an organic compound having an aZide group, 
eg ethyl aZide, dissociation of N can be prevented in the 
annealing and H is not incorporated. Thus, the resistance of 
the p-type layer can be further reduced. 
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10 
(Embodiment 2) 

FIG. 6 is a cross-sectional vieW shoWing the device 
structure of a light emitting diode according to a second 
embodiment of the present invention. In this embodiment, a 
contact layer is provided not only on the p-side but also on 
the n-side, thereby further enhancing the efficiency. 
An AlN ?rst buffer layer 51 (9 nm) for forming a groWth 

nucleus and controlling polarity is formed on the C face of 
a sapphire substrate 50 at 350° C., and then a GaO_5InO_5N 
second buffer layer 52 (0.5 pm) for reducing thermal dis 
tortion is formed at 550° C. AGaN cap layer 53 (0.5 pm) for 
preventing In evaporation is formed on the second buffer 
layer 52 at 650° C. 

After the layers 51 to 53 are formed, the resultant is heated 
up to 1050° C. in an ammonia-free hydrogen atmosphere 
and the folloWing layers are successively formed; an Se or 
S doped n-type GaN contact layer 54 (2.0 pm); an Se or S 
doped GaInN (from GaN to GaO_7InO_3N) composition grad 
ing layer 55 (1.0 pm) for reducing lattice mismatch; an Se 
or S doped GaO_7InO_3N defect-reducing layer 56 (4.0 pm) for 
reducing crystalline defect; an Se or S doped (1x1018 cm-3 
n-type AlO_1GaO_55InO_35N cladding layer 57 (1.0 pm) func 
tioning as a light emitter; a GaO_7InO_3N active layer 58 (0.5 
pm); an Mg or Zn doped (1><1018 cm_3) p-type 
AlO_1GaO_55In0_35N cladding layer 59 (1.0 pm); and an Mg or 
Zn doped (5x1018 cm_3) p-type GaN contact layer 60 (0.5 
pm). 

Subsequently, Pd: 500 nm, Cr: 100 nm and Au: 500 nm 
are formed on the contact layer 60, and AuGe: 100 nm, and 
Au: 500 nm are formed on the contact layer 54. The resultant 
is subjected to heat treatment at 400° C. to 800° C. in an inert 
gas or N2, thus forming ohmic electrodes (p-side electrode 
61 and n-side electrode 62). 
With this structure, too, a high-quality AlGaInN-based 

semiconductor layer can be formed by virtue of the func 
tions of the AlN ?rst buffer layer 51 and GaInN second 
buffer layer 52, and the same advantage as With the ?rst 
embodiment can be obtained. In addition, in the present 
embodiment, since a lattice mismatch of 0.3% is provided 
betWeen the active layer 58 and cladding layers 57 and 59, 
the light emission Wavelength is increased and the degree of 
absorption can be reduced. 

In the present embodiment, the composition grading layer 
55 is provided for reducing lattice mismatch. HoWever, 
grading is not necessarily required. The thermal distortion 
reducing layer is not limited to GaInN, and GaN can also be 
used, as shoWn in FIG. 7. In this case, an AlN ?rst buffer 
layer 51 (9 nm) for forming groWth nuclei and controlling 
polarity is groWn on a C face of a sapphire substrate 50 at 
350° C. A GaN second buffer layer 72 (0.5 pm) for reducing 
thermal distortion is groWn on the ?rst buffer layer 51 at 
550° C. Subsequently, layers 54 to 60 are formed similarly 
With the structure as shoWn in FIG. 6. 
No buffer layer for reducing thermal distortion may be 

provided, as shoWn in FIG. 8. An AlN ?rst buffer layer 51 
(average thickness: 5 nm) for forming groWth nuclei and 
controlling polarity is groWn on a substrate 50 Which is set 
off by 5° from a C face to an A face of sapphire. 
Subsequently, layers 54—60 are formed similarly With the 
structure as shoWn in FIG. 6. 

In order to form nuclei, a layer having many pinholes 
formed loosely is desirable, since it facilitates groWth in a 
lateral direction and as a result a high-quality layer can be 
formed. When groWth is effected on an A face of sapphire, 
stripes may often appear on the groWn surface. HoWever, by 
using a buffer layer With pin holes, mirror-surface groWth 
can be realiZed. In addition, GaN may be used as buffer layer 
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for forming the nuclei. In this case, dissociation of nitrogen 
can be prevented by introducing a very small amount of 
ammonia to the last limit at Which GaN groWs. 

FIG. 9 is a graph shoWing the relationship betWeen the 
How rate of ammonia and the speed of groWth at the time of 
groWing GaN. Even if the How rate of ammonia is reduced 
to 1/200 (5 ml/min.) of the total ?oW rate, GaN groWs. When 
the How rate of ammonia is about 1/50 (20 ml/min.), the ?lm 
thickness becomes the greatest. When ammonia of about 1/50 
to 1/200 of the total ?oW rate is introduced, the dissociation of 
nitrogen is most reduced. Under such conditions, GaN can 
be used as a buffer layer material for forming the nuclei. 

The present invention is not limited to the above embodi 
ments. The device structures are not limited to those shoWn 
in the embodiments and can be modi?ed Where necessary. In 
brief, the present invention is applicable to the case Where a 
semiconductor layer of AlGaInN material is formed on a 
single crystal substrate to form a light emitting element, etc. 
Besides, the substrate is not necessarily limited to a sapphire 
substrate, and a single crystal of an SiC or other material 
may be used. The present invention is not necessarily limited 
to a light emitting device, can be applicable to, eg a 
high-temperature operable semiconductor device. Other 
modi?cations may be made Without departing from the spirit 
of the present invention. 
As has been described above in detail, according to the 

present invention, the crystalline quality and reproducibility 
of a semiconductor layer for forming a device made of an 
AlGaInN-based material can be improved. As a result, an 
AlGaInN-based semiconductor layer of small defect can be 
groWn, and a high-luminance, short-Wavelength light emit 
ting device, etc. can be fabricated. 
NoW consideration Will be given of Mg used as a p-type 

dopant (acceptor impurity) of a nitride-based Group III-V 
compound semiconductor. If the activation ratio of Mg can 
be increased, it becomes possible to reduce the amount of 
added Mg and obtain a p-type layer With good surface 
?atness, small defect and loW resistance. The inventors of 
the present invention examined the hydrogen concentration 
in a crystal, Which is considered to be closely related to a 
decrease in activation ratio of Mg. As a result, it Was found 
that hydrogen of a concentration substantially equal to a 
high Mg concentration Was mixed in a doped layer, as 
compared to an undoped layer, and that the amount of mixed 
hydrogen could be reduced by heat treatment. 

FIG. 10 is a graph shoWing the relationship betWeen the 
temperature for heat treatment and hydrogen concentration 
When the heat treatment Was performed at various tempera 
tures. A sample is Mg-doped GaN. The hydrogen concen 
tration can be decreased by performing heat treatment at 
temperatures of 700° C. or above. In the case of a device 
requiring exact control of carrier concentration as in a 
semiconductor laser, it is necessary to limit the hydrogen 
concentration to 10% or less of the saturation concentration. 
In this case, treatment needs to be performed at 1000° C. or 
above. HoWever, if treatment is performed at 800° C. or so, 
the degree of evaporation of a constituent element such as 
nitrogen increases steeply and the crystalline surface dete 
riorates considerably. 

In order to prevent the deterioration of the surface due to 
high-temperature treatment, it is important to prevent evapo 
ration of a constituent element such as nitrogen. According 
to the study by the inventors, it Was found that evaporation 
of the constituent element can be curbed in a high tempera 
ture region Where hydrogen can be removed, by choosing a 
proper method. Speci?cally, the surface is coated With 
another material (cap layer) and then subjected to heat 
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treatment. It is important that the cap layer has heat 
resistance, does not include an element (eg donor type 
impurity such as Si or Se) adversely affecting the formation 
of p-type nitride layer due to diffusion, has good hydrogen 
permeability, has a lattice constant close to that of a nitride 
and no thermal distortion, and is a dense ?lm non-permeable 
to nitrogen or Ga. In addition, since a cap layer is removed 
after completion of heat treatment, it is desirable that the cap 
layer be formed of a material Which can be etched selec 
tively in relation to an underlying nitride layer. 
Of these conditions, the most important condition is that 

the cap layer includes no impurities forming a donor type or 
deep level Which is a factor of an increase in resistance. 
Thus, a Group III-V compound semiconductor is suitable. 
Of the III-V compound semiconductors, those having lattice 
constant close to the lattice constant of a nitride are a nitride 
itself and BP (boron phosphide). HoWever, BP is chemically 
stable and dif?cult to etch. In addition, GaN is dif?cult to 
selectively etch, and InN lacks heat resistance. 
On the other hand, AlN has good heat resistance and can 

be selectively etched With hydrochloric acid, but these 
compounds have a problem relating to hydrogen permeabil 
ity. HoWever, according to the inventors’ study, it Was 
thought that the hydrogen permeability of the Group III-V 
nitride Was remarkably increased by addition of an acceptor. 
For example, in the case of AlN, adequate hydrogen per 
meability can be obtained by adding Mg in an amount of 
1017 to 1020 cm_3. In particular, by doping the cap layer With 
the same impurity as the acceptor impurity of the cladding 
layer, it is impossible to prevent an increase in contact 
resistance due to a decrease in carrier concentration of the 
surface being subjected to heat treatment. Accordingly, by 
using the acceptor-doped AlN as cap layer, hydrogen can be 
removed While curbing evaporation of the constituent ele 
ment such as nitrogen. 
A1203 is a substrate material conventionally used for 

forming a nitride layer as Well, though its lattice constant is 
different from that of a nitride, and is free from the problem 
of involving a great thermal distortion in a cooling process 
after thermal treatment. Moreover, A12O3 satis?es all other 
conditions as above-mentioned in relation to a cap layer. 
Furthermore, an A1203 cap layer can be formed more easily 
especially by sputtering and has an advantage to be easily 
etched by acid or alkaline etchant. Therefore the same effect 
is expected When A1203 is used for a cap layer in this 
invention. 
As has been described above, in the present invention, 

after a heat-resistant cap layer of AlN in Which a p-type 
dopant is added or A1203 is deposited, heat treatment for 
p-type layers is carried out. Thus, the heat treatment can be 
performed at higher temperatures, and hydrogen can be 
removed While curbing evaporation of the constituent ele 
ment such as nitrogen. Thus, the activation ratio of Mg 
increases and a loW-resistance, high-quality p-type nitride 
compound layer having good surface ?atness can be formed 
Without adding excessive Mg. Therefore, a high 
performance, short-Wavelength light emitting element such 
as a semiconductor laser can be realiZed. 

In the above description, Mg is mentioned as an example 
of the acceptor impurity. The same advantage, hoWever, can 
be obtained by carrying out heat treatment With a cap layer 
including such a doping material as to function as an 
acceptor of a nitride-based Group III-V compound semicon 
ductor and to take in hydrogen in a doping layer at the same 
time. 

(Embodiment 3) 
FIG. 11 is a graph shoWing variations in resistance value 

of p-type layers in relation to heat treatment temperatures, in 
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the case Where GaN, to Which Mg is added in an amount of 
5><1019 cm_3, is subjected to heat treatment With use of the 
acceptor-doped AlN cap layer of the present invention, the 
GaN is subjected to heat treatment With use of an AlN cap 
layer doped With no acceptor, and the GaN is subjected to 
heat treatment Without use of the cap layer. 
When the cap layer is not used, the resistance value 

decreases in a heat treatment temperature range of 400° C. 
or above. The resistance value further decreases as the rise 
in treatment temperature. In a range of 700° C. to 900° C. the 
loWest resistance value is obtained. HoWever, the resistance 
increases in a heat treatment temperature range of over 900° 
C. When the AlN-undoped cap layer is used, the resistance 
value decreases in a simple manner as the treatment tem 
perature increases. In a range of 800° C. or above, the 
resistance value reaches a saturated level. On the other hand, 
in the method of the present invention, the resistance 
decreases remarkably as the treatment temperature rises 
even in a range of 700° C. or above. In a range of 800° C. 
or above, the resistance reducing effect does not greatly vary, 
but the resistance decreases in a simple manner up to a 
treatment temperature range of 1000° C. or above. 
When the cap layer is not used, the hydrogen removing 

effect is improved With temperatures in a treatment tem 
perature range of 700° C. or above. HoWever, the degree of 
evaporation of the constituent element such as nitrogen 
increases simultaneously and the crystalline defect deterio 
rates further. It is considered that consequently the resistance 
value reducing effect is prevented, and the resistance value 
rises, although the treatment temperature is increased, in a 
temperature range of 900° C. or above. Dissociation of the 
constituent element from the surface can be prevented by 
using the AlN cap layer. In the case of not adding an 
acceptor, hoWever, the hydrogen permeability is loW and the 
resistance value reaches a saturated level. By contrast, in the 
method of the present invention, there is no increase in 
defect in a range of 700° C. or above, at Which dissociation 
of the constituent element has been unignorable in the prior 
art, and hydrogen can be eliminated effectively. Therefore, a 
crystal of a loWer resistance than in the prior art is obtained. 
This effect is conspicuous in a treatment temperature range 
of 800° C. or above. 

The effect of improvement in hydrogen permeability of 
AlN by addition of an acceptor is obtained by addition of the 
acceptor in an amount of 1017 cm_3. It is not desirable to add 
the acceptor in an amount of 1020 cm'3 or more, since such 
an amount of acceptor degrades the quality of the layer. 

FIG. 12 shoWs the relationship betWeen the Mg concen 
tration and the resistance value in a GaN layer Which is 
subjected to heat treatment at 800° C. for 30 minutes in an 
Ar atmosphere. In a conventional method using no cap layer, 
a decrease in resistance value does not occur unless Mg is 
added in an amount of 1019 cm'3 Which results in cloudi 
ness. By contrast, according to the method of the present 
invention Wherein the acceptor-doped cap layer is used, the 
electrical activation ratio of Mg can be increased. Thus, the 
resistance value can be decreased at an Mg concentration of 
1019 cm'3 or less at Which a ?at ?lm is obtainable. These 
advantages are obtained similarly With a miXed crystal of 
AlN, InN, etc. 

FIG. 13 is a cross-sectional vieW of the device structure 
of a semiconductor laser fabricated by the method of the 
third embodiment of the present invention. On the C face of 
a sapphire substrate 70, the folloWing layers are successively 
formed: an AlN (10 nm) ?rst buffer layer 71, a GaN (1.0 pm) 
second buffer layer 72, an Si-doped n-type AlGaN (1.0 pm) 
cladding layer 73, a GaN (0.5 pm) active layer 74, an 
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Mg-doped p-type AlGaN (1.0 pm) cladding layer 75, and an 
Mg-doped p-type GaN (0.5 pm) contact layer 76. Although 
not shoWn, electrodes are provided on a side surface of the 
n-type cladding layer 73 and a top surface of the p-type 
contact layer 76. 

Like the semiconductor laser of Embodiment 1, the semi 
conductor laser of the present embodiment can be fabricated 
by using the groWing apparatus (FIG. 4) used in Embodi 
ment 1. In the present embodiment, in order to increase the 
activation ratio of p-type dopant Mg in the Mg-doped p-type 
AlGaN cladding layer 75 and p-type GaN contact layer 76, 
an Mg-doped AlN cap layer 77 (10 to 1000 nm) is formed 
on the contact layer 76, as shoWn in FIG. 14. After the 
resultant is cooled to room temperature, heat treatment is 
carried out at 800 to 1200° C. in a hydrogen-free gas such 
as nitrogen or in a vacuum. Thereafter, the AlN cap layer 77 
is removed by an acid containing hydrochloric acid or 
phosphoric acid or an alkali etching liquid containing 
NaOH, KOH, etc. The heat treatment may be carried out in 
a vacuum, but it is effective to perform it in a hydrogen-free 
gas since evaporation of the constituent element can be 
prevented. 
More speci?cally, AlGaN is groWn by introducing, as 

material, NH3 at 1><10_3 mol/min., Ga(CH3)3 at 1><10_5 
mol/min., and Al(CH3)3 at 1><10_6 mol/min. In the case of 
GaN, the supply of Al is stopped. In the case of AlN, the 
supply of Ga is stopped. The temperature of the substrate is 
1050° C., the pressure is 75 Torr, and the How rate of the 
total material gas is 1 l/min. The doping material for the 
cladding layers 73 and 75 is SiH4 as n-type material and 
(C5H5)2Mg as p-type material. The heat treatment after AlN 
cap layer 77 formation is performed at 1000° C. for 30 
minutes inAr atmosphere in the groWing apparatus as shoWn 
in FIG. 4. The cap layer 77 is etched aWay by hydrochloric 
acid at 60° C. for 15 minutes. 

In the thus fabricated semiconductor laser, the Mg acti 
vation rate of the p-type GaN-based compound semicon 
ductor layers (AlGaN cladding layer 73 and GaN contact 
layer 75) can be increased. Thus, Without excessively adding 
Mg, a loW-resistance, p-type GaN-based compound semi 
conductor layer can be formed. Therefore, a high-quality, 
p-type GaN-based compound semiconductor layer can be 
groWn and the performance and life of the short-Wavelength 
semiconductor laser can be increased. 
As a modi?cation of the third embodiment of this 

invention, there is fabricated a semiconductor laser in Which 
an A1203 cap layer is formed in place of an Mg-doped AlN 
cap layer and other conditions are all the same as the third 
embodiment. More speci?cally, an A1203 cap layer is 
formed by use of sputtering, the resultant is cooled to room 
temperature and subjected to heat treatment at 1000° C. for 
30 minutes in Ar atmosphere, and the A1203 cap layer is 
etched aWay by hydrochloric acid at 70° C. for 15 minutes. 
In this case as Well, the Mg activation rate of the obtained 
p-type GaN-based compound semiconductor layers can be 
increased. Without excessively adding Mg, a loW resistance 
and high-quality p-type GaN-based compound semiconduc 
tor layer can be groWn. 
The present invention is not limited to the above embodi 

ments. In the third embodiment, GaN or AlGaN is used as 
material of a loW-resistance, p-type compound semiconduc 
tor layer. HoWever, the present invention is not limited to 
such a GaN-based compound semiconductor, and a nitride 
based Group III-V compound semiconductor may be used. 
The thickness of the cap layer, the doping amount of the 
acceptor, the heat treatment temperature after the formation 
of the cap layer, etc. may be modi?ed on an as-needed basis. 
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Besides, the present invention is applicable not only to the 
semiconductor laser but also to the manufacture of a light 
emitting diode. Furthermore, this invention is applicable to 
the manufacture of various semiconductor devices having 
layers of p-type nitride-based Group III-V compounds. 
Other modi?cations may be made to the invention Without 
departing from the spirit of the invention. 
As has been described above, according to the present 

invention, the acceptor-doped AlN or A1203 cap layer is 
formed on the acceptor-doped nitride-based Group III-V 
compound semiconductor layer, and the resultant structure is 
subjected to heat treatment. Thus, the heat treatment tem 
perature is raised and hydrogen can be removed While 
curbing evaporation of a constituent element such as nitro 
gen. Therefore, the electrical activation ratio of acceptor 
impurity in the nitride-based Group III-V compound semi 
conductor layer can be increased and the high-quality p-type 
layer can be formed. This contributes to realiZation of a 
high-performance, short-Wavelength semiconductor laser, 
etc. 

Additional advantages and modi?cations Will readily 
occur to those skilled in the art. Therefore, the invention in 
its broader aspects is not limited to the speci?c details, and 
representative devices shoWn and described herein. 
Accordingly, various modi?cations may be made Without 
departing from the spirit or scope of the general inventive 
concept as de?ned by the appended claims and their equiva 
lents. 
What is claimed is: 
1. A semiconductor device comprising: 

a buffer semiconductor layer made of AlLHGaSIntN 
(Oésé 1, 0§t§ 1, s+t§ 1) and having a number of 
pinholes formed therein; 

a thermal distortion reducing layer made of Al1_u_v 
GauInvN (Oéué 1, [Oévé 1] 0<v§1, u+v§ 1) formed 
on said buffer semiconductor layer and having a dif 
ferent chemical formula from that of said buffer semi 
conductor layer, 

a ?rst cladding layer formed on said thermal distortion 
reducing layer; 

an active layer formed on said ?rst cladding layer; and 
a second cladding layer formed on said active layer. 
2. The semiconductor device according to claim 1, 

Wherein, in said Al1_u_vGauInvN (Oéué 1, [Oévé 1] 0<v§1, 
u+v§ 1) for said thermal distortion reducing layer, v is set to 
be not less than 0.1 and not more than 0.9. 

3. A semiconductor device according to claim 1, Wherein 
a ?lm thickness of said thermal distortion reducing layer is 
greater than that of said semiconductor layer. 

4. The semiconductor device according to claim 1, further 
comprising a cap layer on said thermal distortion reducing 
layer to prevent evaporation of In included in said thermal 
distortion reducing layer. 

5. The semiconductor device according to claim 4, 
Wherein said cap layer is made of Al1_xGaxN (Oéxé 1) and 
is formed at 500° C. to 800° C. 

6. The semiconductor device according to claim 1, 
Wherein said ?rst cladding layer is made of Al GaxInyN 
(Oéxé 1, 0§y§ 1, X+y§ 1). 

7. The semiconductor device according to claim 1, 
Wherein said thermal distortion reducing layer has a thick 
ness of 50 nm to 1000 nm. 

8. A semiconductor device according to claim 1, further 
comprising a single crystal substrate on Which said semi 
conductor layer is formed. 
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9. A semiconductor laser comprising: 
a ?rst layer; 

a second layer made ofAl1_u_vGauInvN (Oéué 1, 0§v§ 1, 
u+v§ 1) formed on said ?rst layer, 

a third layer formed on said second layer; 
an active layer formed on said third layer; and 
a fourth layer formed on said active layer, 

Wherein said ?rst layer is formed of Al1_S_tGaSIn,N 
(Oésé 1, 0§t§ 1, s+t§1)With an average ?lm thick 
ness of 3 nm to 10 nm such that said ?rst layer has a 

number of pinholes formed among said Al1_S_tGaSIn,N 
(Oésél, 0§t§1, s+t§1). 

10. A semiconductor laser according to claim 9, further 
comprising a single crystal substrate on Which said ?rst layer 
is formed. 

11. The semiconductor device according to claim 1; 
comprising: 

a substrate; 
said bu?rer semiconductor layer being formed on said 

substrate; and 
said pinholes comprising exposed portions of said sub 

strate through said bu?rer semiconductor layer 
12. The semiconductor device according to claim 1; 

wherein: 

said bu?rer semiconductor layer comprises crystals 
formed spaced apart; and 

said pinholes comprise spaces between said crystals. 
13. The semiconductor device according to claim 1; 

wherein: 
said bu?er semiconductor layer comprises crystals 

loosely formed; and 
said pinholes comprise spaces between said crystals. 
14. The semiconductor device according to claim 1; 

wherein: 
said bu?rer semiconductor layer consists essentially of an 
AlGaN material. 

15. The semiconductor device according to claim 1; 
wherein: 

said bu?rer semiconductor layer consists essentially of an 
AlN material. 

16. A semiconductor device comprising: 
a substrate; 
crystals formed on said substrate and containing at least 
Al and N; said crystals being disposed so as to expose 
portions of said substrate; 

a thermal distortion reducing layer made of Al1_u_v 
GauInVN (Oéuél, Oévél, u+v§1) formed on said 
crystals and having a di?erent chemical formula from 
that of said crystals; 

a ?rst cladding layer formed over said thermal distortion 
reducing layer; 

an active layer formed over said first cladding layer; and 
a second cladding layer formed over said active layer 
17. The semiconductor device according to claim 16; 

wherein: 
said crystals consist essentially of an AlGaN material. 
18. The semiconductor device according to claim 16; 

wherein: 
said thermal distortion reducing layer consists essentially 

of a GaN material. 
19. A semiconductor device comprising: 
a substrate; 
a bu?rer layer formed on said substrate and comprising a 

?rst layer made of Al1_S_,Ga5In,N (Oésél, Oétél, 
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s+t§1) and a second layer made of Al1_u_vGauInVN 
(Oéuél, 0§v§1; u+v§1) formed on said ?rst layer 
and having a dijferent chemical formula from that of 
said ?rst layer; 

a ?rst cladding layer formed over said second layer; 
an active layer formed over said ?rst cladding layer; and 
a second cladding layer formed over said active layer; 
wherein said bujfer layer comprises means for controlling 

polarity of a growth surface; said growth surface 
comprising at least a portion of a surface of said 
substrate. 

20. The semiconductor device according to claim 19; 
wherein: 

said means comprises pinholes. 
21. The semiconductor device according to claim 19; 

wherein: 
said means comprises a shape of said bujfer layer 
22. The semiconductor device according to claim 19; 

further comprising: 
a substrate wherein: 

said bujfer layer comprises crystals formed on said sub 
strate; and 

said means comprises intervals between said crystals 
exposing said substrate. 

23. The semiconductor device according to claim 19; 
wherein: 

said bujfer layer consists essentially of an AlGaN mate 
rial. 

24. The semiconductor device according to claim 19; 
wherein: 

said bujfer layer consists essentially of an AlN material. 
25. The semiconductor device according to claim 19; 

wherein: 
said thermal distortion reducing layer consists essentially 

of a GaN material. 
26. A semiconductor device comprising: 
a substrate; 
a bujfer layer formed on said substrate and made of 

Al1_S_tGaSIn,N (Oésél, 0§t§1; s+t§1); 
a thermal distortion reducing layer made of Al1_u_v 
GauInVN (0éué1, 0§v§1; u+v§1) formed on said 
bujfer layer and having a dijferent chemical formula 
from that of said bujfer layer; 

a ?rst cladding layer formed over said thermal distortion 
reducing layer; 

an active layer formed over said ?rst cladding layer; and 
a second cladding layer formed over said active layer; 
wherein said bujfer layer comprises means for controlling 

polarity of a growth surface of said thermal distortion 
reducing layer; said growth surface comprising at least 
a portion of a surface of said substrate. 

27. A semiconductor device according to claim 26; 
wherein: 

said means comprises pinholes. 
28. The semiconductor device according to claim 26; 

wherein: 
said means comprises a shape of said bujfer layer 
29. The semiconductor device according to claim 26; 

further comprising: 
a substrate; wherein: 
said bujfer layer comprises crystals formed on said sub 

strate; and 
said means comprises intervals between said crystals 

exposing said substrate. 

18 
30. The semiconductor device according to claim 26; 

wherein: 

said bujfer layer consists essentially of an AlGaN mate 
rial. 

31. The semiconductor device according to claim 26; 
wherein: 

said bujfer layer consists essentially of an AlN material. 
32. The semiconductor device of claim 26; wherein: 
said thermal distortion reducing layer consists essentially 

of a GaN material. 
33. A semiconductor device manufactured using a process 

comprising: 
growing a ?rst bujfer layer of Al 1_S_,Ga slntN (Oésél, 
0§t§ 1; s+t§1) on a surface of a substrate having 
portions exposing said surface of said substrate; 

forming a second bujfer layer ofAl1_u_vGauInVN (Oéu i1; 
0; vi]; u+v§1) on said?rst bujfer layer and having a 
dijferent chemical formula from that of said ?rst bujfer 
layer; and 

forming an active layer over said second bujfer layer. 
34. A device according to claim 33; wherein said process 

comprises: 
25 growing said ?rst bujfer layer at a temperature between 

350° C. and 800° C. 
35. A device according to claim 33; wherein said process 

comprises: 
forming said second bujfer layer to absorb thermal dis 

tortion. 
36. A device according to claim 33; wherein said process 

comprises: 

30 

forming said ?rst bujfer layer consisting essentially of 
AlGaN. 

37. A device according to claim 33; wherein said process 
comprises: 

35 

forming said ?rst bujfer layer consisting essentially of 
AlN 

38. A device according to claim 33; wherein said process 
comprises: 

40 

forming said second bujfer layer consisting essentially of 
GaN. 

39. A device according to claim 33; wherein said process 

forming said ?rst bujfer layer as spaced crystals. 
40. A semiconductor device comprising: 

a substrate; 
crystals formed on said substrate and containing at least 
Al and N; said crystals being loosely formed on said 
substrate; 

a thermal distortion reducing layer made of Al1_u_v 
GauInVN (0éué1, 0§v§1; u+v§1) formed on said 
crystals and having a dijferent chemical formula from 
that of said crystals; 

55 

a ?rst cladding layer formed over said thermal distortion 
reducing layer; 

an active layer formed on said ?rst cladding layer; and 
a second cladding layer formed on said active layer 
41. The semiconductor device according to claim 40; 

wherein said crystals consist essentially of an AlGaN mate 
rial. 

42. The semiconductor device according to claim 40; 
wherein said thermal distortion reducing layer consists 
essentially of a GaN material. 

65 
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43. A semiconductor device comprising: 

a substrate; 
crystals formed on said substrate and containing at least 
Al and N; said crystals being formed spaced apart; 

a thermal distortion reducing layer made of Al1_u_v 
GauInVN (Oéuél, Oévél, u+v§1) formed on said 
crystals and having a dijferent chemical formula from 
that of said crystals; 

a ?rst cladding layer formed over said thermal distortion 
reducing layer; 

an active layer formed on said ?rst cladding layer; and 
a second cladding layer formed on said active layer 
44. The semiconductor device according to claim 43; 

wherein said crystals consist essentially of an AlGaN mate 
rial. 

45. The semiconductor device according to claim 43; 
wherein said thermal distortion reducing layer consists 
essentially of a GaN material. 

46. A semiconductor device comprising: 

a substrate; 
crystals formed on said substrate and containing at least 
Al and N; said crystals having intervals therebetween 
so as to expose said substrate; 

a thermal distortion reducing layer made of Al1_u_v 
GauInVN (Oéuél, Oévél, u+v§1) formed on said 
crystals and having a dijferent chemical formula from 
that of said crystals; 

a ?rst cladding layer formed over said thermal distortion 
reducing layer; 

an active layer formed on said ?rst cladding layer; and 
a second cladding layer formed on said active layer 
47. The semiconductor device according to claim 46; 

wherein said crystals consist essentially of an AlGaN mate 
rial. 

48. The semiconductor device according to claim 46; 
wherein said thermal distortion reducing layer consists 
essentially of a GaN material. 

49. A semiconductor device comprising: 

a substrate; 
a bujfer layer comprising a ?rst layer made of Al1_H 

GasIntN (Oésél, Oétél, s+t§1) formed on said 
substrate; 

a second layer made ofAl1_u_vGauInVN (Oéuél, Oévél, 
u+v§1) formed on said ?rst layer and having a dijfer 
ent chemical formula from that of said ?rst layer; 

a ?rst cladding layer formed over said second layer; 
an active layer formed over said ?rst cladding layer; and 
a second cladding layer formed over said active layer; 
wherein said ?rst layer comprises pinholes. 
50. The semiconductor device according to claim 49; 

wherein said ?rst layer consists essentially of an AlGaN 
material; and said second layer consists essentially of a GaN 
material. 

51. A semiconductor device comprising: 

a substrate; 
a bujfer layer comprising a ?rst layer made of Al1_H 

GasIntN (Oésél, Oétél, s+t§1) formed on said 
substrate; and a second layer made of Al1_u_vGauInVN 
(Oéuél, Oévél, u+v§1) formed on said ?rst layer 
and having a dijferent chemical formula from that of 
said ?rst layer; 

a ?rst cladding layer formed over said second layer; 
an active layer formed over said ?rst cladding layer; and 
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a second cladding layer formed over said active layer; 
wherein said ?rst layer comprises crystals formed on said 

substrate; said crystals comprising intervals therebe 
tween exposing said substrate. 

52. The semiconductor device according to claim 51; 
wherein said ?rst layer consists essentially of an AlGaN 
material; and said second layer consists essentially of a GaN 
material. 

53. A semiconductor device comprising: 

a substrate; 

a bujfer layer comprising a ?rst layer made of Al1_S_t 
GasIntN (Oésél, Oétél, s+t§1) formed on said 
substrate; and a second layer made of Al1_u_vGauInVN 
(Oéuél, Oévél, u+v§1) formed on said ?rst layer 
and having a dijferent chemical formula from that of 
said ?rst layer; 

a ?rst cladding layer formed over said second layer; 
an active layer formed over said ?rst cladding layer; and 
a second cladding layer formed over said active layer; 
wherein said ?rst layer comprises crystals formed spaced 

apart. 
54. The semiconductor device according to claim 53; 

wherein said ?rst layer consists essentially of an AlGaN 
material; and said second layer consists essentially of a GaN 
material. 

55. A semiconductor device comprising: 

a substrate; 

a bujfer layer comprising a ?rst layer made of Al1_S_t 
GasIntN (Oésél, Oétél, s+t§1) formed on said 
substrate; and a second layer made of AILWGaMIn‘N 
(Oéuél, Oévél, u+v§1) formed on said ?rst layer 
and having a dijferent chemical formula from that of 
said ?rst layer; 

a ?rst cladding layer formed over said second layer; 
an active layer formed on said ?rst cladding layer; and 
a second cladding layer formed on said active layer; 
wherein said ?rst layer comprises crystals disposed so as 

to expose portions of said substrate. 
56. The semiconductor device according to claim 55; 

wherein said ?rst layer consists essentially of an AlGaN 
material; and said second layer consists essentially of a GaN 
material. 

57. A semiconductor device comprising: 

a substrate; 

a bujfer layer comprising a ?rst layer made of Al1_S_t 
GaslntN (Oésél, Oétél, s+t§1) formed on said 
substrate; and a second layer made of Al1_u_vGauInVN 
(Oéuél, Oévél, u+v§1) formed on said ?rst layer 
and having a dijferent chemical formula from that of 
said ?rst layer; 

a ?rst cladding layer formed over said second layer; and 
an active layer formed over said ?rst cladding layer; and 
a second cladding layer formed over said active layer; 
wherein said ?rst layer comprises crystals loosely formed 

on said substrate. 
58. The semiconductor device according to claim 57; 

wherein said ?rst layer consists essentially of an AlGaN 
material; and said second layer consists essentially of a GaN 
material. 

59. A semiconductor device comprising: 

a substrate; 

a bujfer layer made ofAl1_S_tGa5In,N (Oésél, Oétél, 
s+t§1) formed on said substrate; 
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a thermal distortion reducing layer made of Al1_u_v 
GauInVN (Oéuél, Oévél, u+v§1) formed on said 
bujfer layer and having a dijferent chemical formula 
from that of said bujfer layer; 

a ?rst cladding layer formed over said thermal distortion 
reducing layer; 

an active layer formed over said ?rst cladding layer; and 
a second cladding layer formed over said active layer; 
wherein said bujfer layer comprises crystals formed on 

said substrate; said crystals having intervals therebe 
tween so as to expose said substrate. 

60. The semiconductor device according to claim 59; 
wherein 

said bujfer layer consists essentially of an AlGaN 
material; and 

said thermal distortion reducing layer consists essentially 
of a GaN material. 

61. A semiconductor device comprising: 

a substrate; 

a bujfer layer made ofAl1_S_tGa5In,N (Oésél, Oétél, 
s+t§1) formed on said substrate; 

a thermal distortion reducing layer made of Al1_u_v 
GauInVN (Oéuél, Oévél, u+v§1) formed on said 
bujfer layer and having a dijferent chemical formula 
from that of said bujfer layer; 

a ?rst cladding layer formed over said thermal distortion 
reducing layer; 

an active layer formed on said ?rst cladding layer; and 
a second cladding layer formed on said active layer; 
wherein said bujfer layer comprises crystals formed 

spaced apart on said substrate. 
62. The semiconductor device according to claim 61; 

wherein 

said bujfer layer consists essentially of an AlGaN 
material; and 

said thermal distortion reducing layer consists essentially 
of a GaN material. 

63. A semiconductor device comprising: 

a substrate; 

a bujfer layer made ofAl1_S_tGaSIn,N (Oésél, Oétél, 
s+t§1) formed on said substrate; 

a thermal distortion reducing layer made of Al1_u_v 
GauInVN (Oéuél, Oévél, u+v§1) formed on said 
bujfer layer and having a dijferent chemical formula 
from that of said bujfer layer; 

a ?rst cladding layer formed over said thermal distortion 
reducing layer; 

an active layer formed on said ?rst cladding layer; and 
a second cladding layer formed on said active layer; 
wherein said bujfer layer comprises crystals disposed so 

as to expose portions of said substrate. 
64. The semiconductor device according to claim 63; 

wherein 

said bujfer layer consists essentially of an AlGaN 
material; and 

said thermal distortion reducing layer consists essentially 
of a GaN material. 

65. A semiconductor device comprising: 

a substrate; 

a bujfer layer made ofAl1_S_tGa5In,N (Oésél, Oétél, 
s+t§1) formed on said substrate; 

a thermal distortion reducing layer made of Al1_u_v 
GauInVN (Oéuél, Oévél, u+v§1) formed on said 
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bujfer layer and having a dijferent chemical formula 
from that of said bujfer layer; 

a ?rst cladding layer formed over said thermal distortion 
reducing layer; 

5 an active layer formed on said ?rst cladding layer; and 
a second cladding layer formed on said active layer; 
wherein said bujfer layer comprises crystals loosely 
formed on said substrate. 

66. The semiconductor device according to claim 65; 
10 wherein 

said bujfer layer consists essentially of an AlGaN 
material; and 

said thermal distortion reducing layer consists essentially 
of a GaN material. 

67. A semiconductor device comprising: 
a substrate; 
crystals formed on said substrate and containing at least 
Al and N; 

a thermal distortion reducing layer made ofA lLWGauInvN 
(Oéuél, Oévé 1; u+v§1) formed to contact said 
crystals and said substrate and having a dijferent 
chemical formula from that of said crystals; 

a ?rst cladding layer formed over said thermal distortion 
reducing layer; 

an active layer formed over said ?rst cladding layer; and 
a second cladding layer formed over said active layer 
68. The semiconductor device according to claim 67; 

comprising: 
said thermal distortion reducing layer contacting said 

substrate through intervals between crystals. 
69. A semiconductor device comprising: 
a substrate; 
a bujfer layer comprising a ?rst layer made of Al1_S_t 

GasIntN (Oésél, Oétél, s+t§1) formed on said 
substrate and a second layer made of Al1_u_vGauInVN 
(Oéuél, Oévél, u+v§1) formed to contact said?rst 
layer and said substrate and having a dijferent chemi 
cal formula from that of said ?rst layer; 

a ?rst cladding layer formed over said second layer; 
an active layer formed over said ?rst cladding layer; and 
a second cladding layer formed over said active layer 
70. The semiconductor device according to claim 69; 

comprising: 
said second layer contacting said substrate through inter 

vals in said ?rst layer 
71. A semiconductor device comprising: 
a bujfer semiconductor layer made of Al1_S_,Ga5In,N 

(Oésél, Oétél, s+t§1) and having a number of 
pinholes formed therein; 

a thermal distortion reducing layer made of Al1_u_v 
GauInVN (Oéuél, Oévél, u+v§1) formed on said 
bujfer semiconductor layer and having a dijferent 
chemical formula from that of said bujfer semiconduc 
tor layer; 

a ?rst cladding layer formed on said thermal distortion 
reducing layer; 

an active layer formed on said ?rst cladding layer; and 
a second cladding layer formed on said active layer 
72. The semiconductor device according to claim 71; 

for said thermal distortion reducing layer; v is set to be not 
less than 0.1 and not more than 0.9. 

73. A semiconductor device according to claim 71; 
wherein a ?lm thickness of said thermal distortion reducing 
layer is greater than that of said bujfer semiconductor layer. 
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74. The semiconductor device according to claim 71, 
further comprising a cap layer on said thermal distortion 
reducing layer to prevent evaporation of In included in said 
thermal distortion reducing layer 

75. The semiconductor device according to claim 74, 
wherein said cap layer is made ofAl1_xGaxN (02x21) and 
is formed at 500° C. to 800° C. 

76. The semiconductor device according to claim 71, 
wherein said ?rst cladding layer is made ofAl1_x_yGa,JnyN 
(02x21, 0éyé1, x+y§1). 

77. The semiconductor device according to claim 71, 
wherein said thermal distortion reducing layer has a thick 
ness of 50 nm to 1000 nm. 

78. A semiconductor device according to claim 71, further 
comprising a single crystal substrate on which said bu?rer 
semiconductor layer is formed. 

79. The semiconductor device according to claim 71, 
comprising: 

a substrate,‘ 

said bu?rer semiconductor layer being formed on said 
substrate,‘ and 

said pinholes comprising exposed portions of said sub 
strate through said bu?rer semiconductor layer 

80. The semiconductor device according to claim 71, 
wherein: 

said bu?rer semiconductor layer comprises crystals 
formed spaced apart,‘ and 

said pinholes comprise spaces between said crystals. 
81. The semiconductor device according to claim 71, 

wherein: 

said bu?cer semiconductor layer comprises crystals 
loosely formed,‘ and 

said pinholes comprise spaces between said crystals. 
82. The semiconductor device according to claim 71, 

wherein: 
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said bu?rer semiconductor layer consists essentially of an 
AlGaN material. 

83. The semiconductor device according to claim 71, 
wherein: 

said bu?rer semiconductor layer consists essentially of an 
AlN material. 

84. The semiconductor device according to claim 71, 
wherein: 

said thermal distortion reducing layer consists essentially 
of a GaN material. 

85. The semiconductor device of claim 71, comprising: 

a substrate, said bu?rer semiconductor layer being formed 
on said substrate. 

86. The semiconductor device according to claim 11, 
wherein: 

said bu?rer semiconductor layer consists essentially of an 
AlGaN material. 

87. The semiconductor device according to claim 11, 
wherein: 

said bu?rer semiconductor layer consists essentially of an 
AlN material. 

88. The semiconductor device according to claim 11, 
wherein: 

said thermal distortion reducing layer consists essentially 
of a GaN material. 

89. The semiconductor device of claim 12, comprising: 

a substrate, said bu?rer semiconductor layer being formed 
on said substrate. 

90. The semiconductor device of claim 13, comprising: 
a substrate, said bu?rer semiconductor layer being formed 

on said substrate. 


