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METHOD FOR GROWING NITRIDE 
SEMICONDUCTOR CRYSTALS, NITRIDE 

SEMICONDUCTOR DEVICE, AND METHOD FOR 
FABRICATING THE SAME 

BACKGROUND OF THE INVENTION 

[0001] The present invention relates to a method for 
growing nitride semiconductor crystals, a nitride semicon 
ductor device and a method for fabricating the same. 

[0002] Nitride semiconductors such as GaN, InN and AlN 
are materials suitably used for blue-light-emitting semicon 
ductor laser devices and numerous types of semiconductor 
devices, e.g., transistors operating at a high speed at an 
elevated temperature. 

[0003] Various methods have been suggested to form a 
single crystal layer of a nitride semiconductor suitable for 
these semiconductor devices. 

[0004] For example, according to a conventional tech 
nique, a nitride semiconductor layer (e.g., an AlN layer) is 
directly deposited on a single crystal substrate of sapphire 
(A1203) or Si by a metalorganic vapor phase epitaXy (abbre 
viated to “MOVPE” and also called a “metalorganic chemi 
cal vapor deposition (MOCVD)”) process. The nitride semi 
conductor layer formed by this method, hoWever, has poor 
surface morphology and is likely to crack, resulting in a 
loWer yield. Thus, this method has not been put into practice. 
Cracking is probably caused due to a thermal stress resulting 
from a difference in thermal expansion coef?cient betWeen 
a single crystal substrate and a nitride semiconductor layer 
during the process of loWering the deposition temperature of 
the nitride semiconductor layer (about 1000° C. for AlN) to 
room temperature. 

[0005] Another technique of forming a single crystalline 
nitride semiconductor layer Was developed later as disclosed 
in Japanese Laid-Open Publications Nos. 4-297023 and 
7-312350. According to this technique, an amorphous or 
polycrystalline nitride semiconductor layer (i.e., a GaN or 
G211_aAlaN(Wh6I‘6 0<a§ 1) layer) is once formed on a single 
crystal substrate of sapphire or silicon at a relatively loW 
temperature by an MOVPE process. Thereafter, the nitride 
semiconductor layer is heated to form a partially single 
crystalline buffer layer and then nitride semiconductor layers 
for a semiconductor device are epitaXially groWn on the 
buffer layer. 

[0006] A light-emitting device disclosed in Japanese Laid 
Open Publication No. 6-177423 is knoWn as an eXemplary 
semiconductor device using a nitride semiconductor layer 
formed on a buffer layer. As shoWn in FIG. 14, this 
light-emitting device 900 includes: a buffer layer 95 of 
polycrystalline or amorphous GaN or Ga1_aAlaN (Where 
0<a§1); an n-type Ga1_bAlbN (Where 0§b<1) cladding 
layer 96; an n-type InXGa1_XN (Where 0<X<0.5) active layer 
97; and a p-type Ga1_cAlcN (Where 0§c<1) cladding layer 
98, Which are stacked in this order on a sapphire substrate 
92. 

[0007] The crystal groWing technique for the buffer layer 
95 is also disclosed in Japanese Laid-Open Publications 
Nos. 4-297023 and 7-312350 identi?ed above. Speci?cally, 
according to the method disclosed in these references, GaN 
or Ga1_aAlaN (Where 0<a§ 1) crystals are groWn at a tem 
perature ranging from 200° C. to 900° C., both inclusive, by 
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an MOVPE process to form the buffer layer 95. In accor 
dance With this method, part of the buffer layer 95 is turned 
into single crystals during a process of raising the tempera 
ture after the buffer layer 95 of polycrystalline Ga1_aAlaN 
(Where 0<a§ 1) has been deposited on the sapphire substrate 
92 at a loW temperature and before a nitride semiconductor 

crystal layer, e.g., the n-type Ga1_bAlbN (Where 0§b<1) 
cladding layer 96, is deposited at a temperature of about 
1000° C. 

[0008] The present inventors minutely analyZed the cross 
section of nitride semiconductor crystals, Which had been 
groWn on a sapphire substrate at a loW temperature by the 
conventional technique, using a transmission electron 
microscope. As a result, We found that the nitride semicon 
ductor crystal layer, Which had been formed by the prior art 
crystal groWing technique, had a lot of dislocations and that 
the lifetime of a semiconductor device including such a 
nitride semiconductor layer Was short. 

[0009] In the conventional method for fabricating a semi 
conductor device, it seems to be only a small region of the 
buffer layer 95 Within a plane of the sapphire substrate 92 
that is turned into single crystals during the temperature 
raising process before the nitride semiconductor crystal 
layers are groWn. Thus, it is considered that, in the remaining 
region of the buffer layer 95 that is not turned into single 
crystals, the polycrystals have poorly aligned orientations to 
generate a large number of dislocations (or other defects) in 
the interface betWeen the sapphire substrate 92 and the 
buffer layer 95. And such dislocations Would groW to reach 
the nitride semiconductor crystal layers (i.e., the cladding 
layer 96, active layer 97 and cladding layer 98 in this case). 
We found that the density of dislocations in the nitride 
semiconductor crystal layers Was as high as 109 cm_2, thus 
adversely shortening the life of the semiconductor device. 

[0010] Still another technique of forming an AlN buffer 
layer by nitrifying (in this speci?cation, to “nitrify” means 
“to combine With nitrogen or its compounds”) the surface of 
a sapphire single crystal substrate Was suggested in Japanese 
Laid-Open Publication No. 63-178516, for eXample. In 
accordance With this technique, hoWever, the buffer layer is 
also likely to crack or a lot of dislocations are also created 
in the buffer layer as in the prior art method just described. 
Thus, this technique has not been put into practice, either. 

SUMMARY OF THE INVENTION 

[0011] An object of the present invention is providing a 
method for groWing nitride semiconductor crystals With the 
number of dislocations created in a nitride semiconductor 
crystal layer reduced, a highly reliable semiconductor device 
With a longer lifetime, and a method for fabricating the 
same. 

[0012] A method for groWing nitride semiconductor crys 
tals according to the present invention includes the steps of: 
a) forming a ?rst metal single crystal layer on a substrate; b) 
forming a metal nitride single crystal layer by nitrifying the 
?rst metal single crystal layer; and c) epitaXially groWing a 
?rst nitride semiconductor layer on the metal nitride single 
crystal layer. 

[0013] The present invention also provides a method for 
fabricating a nitride semiconductor device including a semi 
conductor multilayer structure and a pair of electrodes for 
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applying a voltage to the semiconductor multilayer struc 
ture. In this method, the step of forming the semiconductor 
multilayer structure includes the step of epitaXially growing 
the ?rst nitride semiconductor layer by the method of the 
present invention for groWing nitride semiconductor crys 
tals. 

[0014] A nitride semiconductor device according to the 
present invention includes: a single crystal substrate; a metal 
nitride single crystal layer formed by nitrifying a metal 
single crystal layer on the single crystal substrate; a semi 
conductor multilayer structure including a ?rst nitride semi 
conductor layer epitaXially groWn on the metal nitride single 
crystal layer; and a pair of electrodes for applying a voltage 
to the semiconductor multilayer structure. 

[0015] Another nitride semiconductor device according to 
the present invention includes: a single crystal substrate With 
conductivity; a metal nitride single crystal layer formed by 
nitrifying a metal single crystal layer on the single crystal 
substrate; a semiconductor multilayer structure including a 
?rst nitride semiconductor layer epitaXially groWn on the 
metal nitride single crystal layer; and a pair of electrodes 
formed to face each other on respective surfaces of the single 
crystal substrate and the semiconductor multilayer structure, 
Which are interposed betWeen the surfaces. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0016] FIGS. 1A, 1B and 1C are cross-sectional vieWs 
illustrating a method for groWing nitride semiconductor 
crystals according to an exemplary embodiment of the 
present invention. 

[0017] FIGS. 2A, 2B and 2C are cross-sectional vieWs 
illustrating a method for groWing nitride semiconductor 
crystals according to another embodiment of the present 
invention. 

[0018] FIGS. 3A, 3B and 3C are cross-sectional vieWs 
illustrating a method for groWing nitride semiconductor 
crystals according to still another embodiment of the present 
invention. 

[0019] FIGS. 4A, 4B and 4C are cross-sectional vieWs 
illustrating a method for groWing nitride semiconductor 
crystals according to yet another embodiment of the present 
invention. 

[0020] FIGS. 5A, 5B, 5C and 5D are cross-sectional 
vieWs illustrating a method for groWing nitride semiconduc 
tor crystals according to yet another embodiment of the 
present invention. 

[0021] FIGS. 6A, 6B, 6C and 6D are cross-sectional 
vieWs illustrating a method for groWing nitride semiconduc 
tor crystals according to yet another embodiment of the 
present invention. 

[0022] FIG. 7 is a cross-sectional vieW schematically 
illustrating a light-emitting device 100 in a ?rst speci?c 
eXample of a ?rst embodiment according to the present 
invention. 

[0023] FIGS. 8A, 8B and 8C are cross-sectional vieWs 
schematically illustrating a method for fabricating the light 
emitting device 100 shoWn in FIG. 7. 

[0024] FIG. 9 is a graph illustrating respective relation 
ships betWeen operating time and variation in operating 
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current for the light-emitting devices of the present inven 
tion and a conventional light-emitting device. 

[0025] FIG. 10 is a cross-sectional vieW schematically 
illustrating a light-emitting device 200 in a ?rst speci?c 
eXample of a second embodiment according to the present 
invention. 

[0026] FIGS. 11A, 11B and 11C are cross-sectional vieWs 
schematically illustrating a method for fabricating the light 
emitting device 200 shoWn in FIG. 10. 

[0027] FIG. 12 is a cross-sectional vieW schematically 
illustrating a light-emitting device 300 in a second speci?c 
eXample of the second embodiment according to the present 
invention. 

[0028] FIG. 13 is a cross-sectional vieW schematically 
illustrating a light-emitting device 400 in a third speci?c 
eXample of the second embodiment according to the present 
invention. 

[0029] FIG. 14 is a cross-sectional vieW schematically 
illustrating a conventional light-emitting device. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0030] In a method for groWing nitride semiconductor 
crystals according to the present invention, ?rst, a metal 
single crystal layer is formed on a substrate, and then a metal 
nitride single crystal layer is formed by nitrifying the metal 
single crystal layer. Thereafter, nitride semiconductor layers 
are epitaXially groWn on the resulting metal nitride single 
crystal layer. In the nitri?cation process step, the metal 
single crystal layer need not be nitri?ed entirely. Alterna 
tively, only part of the metal single crystal layer may be 
nitri?ed and then nitride semiconductor layers may be 
epitaXially groWn on a metal nitride single crystal layer 
formed around the surface of the metal single crystal layer. 
As a further alternative, another metal single crystal layer, 
different from the metal single crystal layer to be nitri?ed, 
may be formed on the substrate and then the metal single 
crystal layer to be nitri?ed may be formed thereon. 

[0031] The metal nitride single crystal layer, on Which 
nitride semiconductor layers are to be epitaXially groWn, 
functions as a conventional buffer layer, thus improving the 
crystallinity of the nitride semiconductor layers. Such a 
buffer layer, made of a metal nitride formed by nitrifying the 
metal single crystals, is a single crystal layer With a much 
smaller number of defects than a polycrystalline layer or 
layer formed by turning part of a polycrystalline layer into 
single crystals in the prior art. Accordingly, nitride semi 
conductor layers With a loW density of dislocations may be 
deposited thereon by an epitaXy process. 

[0032] In addition, compared to a conventional crystal 
groWing technique, the creation of cracks in the metal nitride 
single crystal layer or the nitride semiconductor layers 
formed thereon can be suppressed or virtually prevented. 
The creation of cracks can be suppressed probably by the 
folloWing mechanism. Firstly, in accordance With the ther 
mal hysteresis during the process steps of forming the metal 
single crystal layer and nitrifying the metal single crystal 
layer, thermal stress, Which is caused betWeen the metal 
nitride single crystal layer and the substrate or the metal 
single crystal layer can be reduced. Secondly, since the 
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interfacial state between the metal single crystal layer or the 
metal nitride single crystal layer and the substrate is different 
from that resulting from the conventional technique, the 
stress can be relaxed, or the generation of the stress can be 
suppressed. 

[0033] The metal single crystal layer may be formed by a 
knoWn technique. For example, the metal single crystal layer 
may be epitaxially groWn on a single crystal substrate by an 
ioniZed cluster beam (ICB) process or a sputtering tech 
nique. Methods for groWing a metal single crystal layer by 
an ICB process, ICB apparatuses and groWth conditions are 
disclosed, for example, by H. InokaWa et al., Jpn. J. Appl. 
Phys. 24 (1985), pp. L173-L174, I. Yamada et al., J. Appl. 
Phys. 56 (1986), pp. 2746-2750 and K. Yamada, edited by 
Japan Surface Science Association, “Thin-?lm Designing 
With Ion beams”, Section 5.5, pp. 90-95, Kyoritsu Shuppan, 
1991. A method for groWing a metal single crystal layer by 
a sputtering technique is described, for example, by S. 
Yokoyama et al., Jpn. J. Appl. Phys. 32 (1993), pp. L283 
L286. According to the ICE process, in particular, a metal 
single crystal layer of excellent quality can be formed (the 
interfacial state betWeen the metal single crystal layer and 
the single crystal substrate Would also be good). In addition, 
in accordance With the ICE process, a metal single crystal 
layer can be epitaxially groWn on a single crystal substrate 
With a relatively large lattice mismatch (e.g., about 25% or 
more). The documents cited above are hereby incorporated 
by reference as those disclosing a method for epitaxially 
groWing a metal single crystal layer, Which is applicable to 
the embodiments of the present invention. 

[0034] According to a method for epitaxially groWing a 
metal single crystal layer on a single crystal substrate, 
various types of single crystal substrates may be used. The 
single crystal substrate may either be a dielectric (insulator) 
or have electrical conductivity (semiconductor or conduc 
tor). If a conductive substrate is used, then the structure of 
the semiconductor device can be advantageously simpli?ed. 
This point Will be detailed in describing embodiments of a 
method for fabricating a semiconductor device. 

[0035] If a nitride semiconductor device is fabricated in 
accordance With the method for groWing nitride semicon 
ductor crystals according to the present invention, the cre 
ation of cracks in a nitride semiconductor layer can be 
suppressed and the density of defects in the layer can be 
reduced. Accordingly, a highly reliable nitride semiconduc 
tor device With a long lifetime can be fabricated. 

[0036] Hereinafter, a method for groWing nitride semicon 
ductor crystals according to an exemplary embodiment of 
the present invention Will be described With reference to 
FIGS. 1A through 6. In all the draWings referred to in the 
folloWing description, components With similar basic func 
tions Will be identi?ed by the same reference numeral for the 
sake of simplicity 

[0037] FIGS. 1A, 1B and 1C are cross-sectional vieWs 
illustrating respective process steps for groWing nitride 
semiconductor crystals in an exemplary embodiment of the 
present invention. 

[0038] First, as shoWn in FIG. 1A, a metal single crystal 
layer 24 is formed on a substrate 22. For example, a single 
crystal substrate is used as the substrate 22 and the metal 
single crystal layer 24 is epitaxially groWn on the single 
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crystal substrate 22 by an ICB process, Which may be carried 
out as disclosed in the documents cited above. For instance, 
the ICE process may be performed at room temperature 
Within an ambient at a pressure of about 1><10_9 Torr (i.e., 
about 1.4><10_7 Pa) or less. Before this epitaxial groWth 
process step is performed, a process step of cleaning the 
surface of the single crystal substrate 22 may be carried out. 

[0039] The single crystal substrate 22 may be made of: 
insulator single crystals of sapphire, spinel, magnesium 
oxide, Zinc oxide, chromium oxide, lithium niobium oxide, 
lithium tantalum oxide or lithium gallium oxide; semicon 
ductor single crystals represented by Si1_S_tGeSCt (Where 
02s, ti 1 and 0§s+t§ 1) or A1_UBu (Where 0<u<1, A is one 
of Al, Ga and In and B is one of As, P and Sb); or metal 
single crystals of hafnium, for example. The metal single 
crystal layer 24 to be epitaxially groWn on the single crystal 
substrate 22 may be made of Al yGaXIny (Where 02x, 
y§1 and 0§x+y<1). 

[0040] Next, as shoWn in FIG. 1B, the metal single crystal 
layer 24 is nitri?ed, thereby forming the metal nitride single 
crystal layer 25. This nitri?cation process step may be 
performed by heating the metal single crystal layer 24 Within 
an ambient of a compound containing nitrogen. The com 
pound containing nitrogen is preferably hydraZine (N2H4) or 
ammonium (NH3). HydraZine is particularly preferable, 
because hydraZine has higher nitri?cation ability than 
ammonium and can shorten the nitri?cation time or loWer 
the nitri?cation temperature. 

[0041] The nitri?cation temperature can be appropriately 
set depending on the necessity. HoWever, the upper limit of 
the nitri?cation temperature is preferably loWer than the 
melting point of the metal single crystal layer 24. This is 
because if the metal single crystal layer 24 is heated at a 
temperature equal to or higher than the melting point thereof 
for a long time, then the metal single crystal layer 24 melts 
and the crystal structure thereof collapses. In such a situa 
tion, the metal nitride layer, formed by the nitri?cation, is 
sometimes a non-single crystal layer or a crystal layer With 
a large number of dislocations. Accordingly, in order to form 
a metal nitride single crystal layer of good quality, the metal 
single crystal layer is preferably nitri?ed at a temperature 
loWer than the melting point of the metal single crystal layer 
by about 100° C. or more. The nitri?cation temperature has 
no particular loWer limit. HoWever, since the nitri?cation 
reaction of a metal is an Arrhenius-type reaction, the higher 
the nitri?cation temperature, the shorter the time taken to 
nitrify the metal single crystal layer. For example, in nitri 
fying a metal single crystal layer of Al1_X_yGaXIny, the 
nitri?cation temperature is preferably about 200° C. or more 
Within the hydraZine ambient or about 400° C. or more 
Within the ammonium ambient. If the nitri?cation tempera 
ture is set at such a value, a metal single crystal layer With 
a thickness of several tens nanometers can be nitri?ed Within 
several tens minutes. Since the metal nitride single crystal 
layer 25, Which is formed by nitrifying the metal single 
crystal layer 24, is thicker than the original metal single 
crystal layer 24, the thickness of the layer 25 is emphasiZed 
in FIG. 1B. 

[0042] Then, a nitride semiconductor layer 26 is epitaxi 
ally groWn on the resulting metal nitride layer 25 by a knoWn 
technique. For example, a layer made of a nitride repre 
sented as Al1_S_tGaSIntN (Where 02s, t§1 and 0§s+t§ 1) 
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may be epitaxially grown as the nitride semiconductor layer 
26. Naturally, the composition of the nitride semiconductor 
layer 26 may be different from that of the metal nitride layer 
25. Since the metal nitride single crystal layer 25 has a small 
number of dislocations, the nitride semiconductor layer 26, 
Which is epitaxially groWn thereon, is also a single crystal 
layer With a small number of dislocations. In addition, 
compared to a conventional crystal-groWing technique, the 
creation of cracks in the metal nitride single crystal layer 25 
or the nitride semiconductor layer 26 formed thereon can be 
suppressed or virtually prevented. For example, according to 
the conventional crystal-groWing technique, if a GaN layer 
is epitaxially groWn on an AlN buffer layer deposited on an 
Si single crystal substrate at a high temperature (e.g., about 
1000° C.), a distance betWeen cracks, Which are generated in 
the AlN buffer layer and the GaN layer, is about 20 pm on 
average. On the other hand, if the GaN layer is epitaxially 
groWn on an AlN layer obtained by nitrifying an Al metal 
single crystal layer, a distance betWeen cracks is about 2 mm 
to 30 mm on average. An average distance betWeen cracks, 
Which are generated in the nitride semiconductor layer 
formed according to the crystal-groWing method of the 
present invention, is about 10 mm or more. Therefore, 
according to the crystal-groWing method of the present 
invention, semiconductor devices can be fabricated With a 
good yield. 

[0043] Another exemplary embodiment of a method for 
groWing nitride semiconductor crystals is illustrated in 
FIGS. 2A, 2B and 2C. This embodiment is different from 
the embodiment shoWn in FIGS. 1A, 1B and 1C in the 
nitri?cation process step shoWn in FIG. 2B. Speci?cally, in 
the step shoWn in FIG. 2B, the metal single crystal layer 24 
is nitri?ed and metal atoms diffuse from the metal single 
crystal layer 24 into the substrate 22 to form a metal diffused 
layer 22a Within the surface of the substrate 22 (i.e., the 
interface betWeen the metal nitride single crystal layer 25 
and the substrate 22). 

[0044] The probability of diffusion of the metal atoms is 
dependent on the combination of materials for the single 
crystal substrate 22 and the metal single crystal layer 24. For 
example, if the single crystal substrate 22 is made of silicon 
or a semiconductor represented as A1_UBu (Where 0<u<1, A 
is one of Al, Ga and In and B is one of As, P and Sb) and 
the metal single crystal layer 24 is made of Al or an alloy 
containing Al, more speci?cally, Al1_X_yGaXIny, then Al 
atoms are likely to diffuse into the substrate 22 to form the 
metal diffused layer 22a easily. For example, if Al is used to 
form the metal single crystal layer 24 and the resultant Al 
single crystal layer is nitri?ed at about 550°C. for about an 
hour, then a metal diffused layer 22a With a thickness of 
about 1 nm is obtained. 

[0045] It is considered that this metal diffused layer 22a 
improves the adhesion betWeen the substrate 22 and the 
metal nitride single crystal layer 25 and relaxes a stress 
resulting from a difference in thermal expansion coef?cient 
therebetWeen. In addition, the metal diffused layer 22a can 
also reduce the thermal contact resistance betWeen the 
substrate 22 and the multilayer structure formed thereon. 
Furthermore, When the single crystal substrate 22 and the 
metal nitride single crystal layer 25 both have conductivity, 
the metal diffused layer 22a can constitute an ohmic contact 
therebetWeen. 
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[0046] Still another exemplary embodiment of a method 
for groWing nitride semiconductor crystals is illustrated in 
FIGS. 3A, 3B and 3C. This embodiment is different from 
the embodiment shoWn in FIGS. 1A, 1B and 1C in the 
nitri?cation process step shoWn in FIG. 3B. Speci?cally, in 
the step shoWn in FIG. 3B, only a part of the metal single 
crystal layer 24 is nitri?ed to form the metal nitride single 
crystal layer 25. The thickness of that part of the metal single 
crystal layer 24 to be nitri?ed can be controlled by adjusting 
the nitri?cation time, for example. 

[0047] By partially leaving the metal single crystals 24 
betWeen the single crystal substrate 22 and the metal nitride 
single crystal layer 25 Without completely nitrifying the 
metal single crystal layer 24, the thermal contact resistance 
betWeen the substrate 22 and the multilayer structure formed 
thereon can be reduced. In addition, a stress created betWeen 
the single crystal substrate 22 and the metal nitride single 
crystal layer 25 can be relaxed by the metal single crystal 
layer 24. This is probably because the elastic modulus of a 
metal is generally loWer than that of a nitride of the metal. 

[0048] Yet another exemplary embodiment of a method 
for groWing nitride semiconductor crystals is illustrated in 
FIGS. 4A, 4B and 4C. This embodiment is different from 
the embodiment shoWn in FIGS. 1A, 1B and 1C in the 
nitri?cation process step shoWn in FIG. 4B. Speci?cally, in 
the step shoWn in FIG. 4B, only a part of the metal single 
crystal layer 24 is nitri?ed to form the metal nitride single 
crystal layer 25, and metal atoms diffuse from the metal 
single crystal layer 24 into the substrate 22 to form a metal 
diffused layer 22a Within the surface of the substrate 22 (i.e., 
the interface betWeen the metal single crystal layer 24 and 
the substrate 22). As already described for the embodiment 
shoWn in FIGS. 2A, 2B and 2C, the metal diffused layer 22a 
is formed sometimes easily but sometimes not, dependent on 
the combination of materials for the single crystal substrate 
22 and the metal single crystal layer 24. By using the 
above-exempli?ed combination of materials and controlling 
the thickness of that part of the metal single crystal layer 24 
to be nitri?ed, the structure shoWn in FIG. 4B can be 
obtained. As already described for the embodiment shoWn in 
FIGS. 3A, 3B and 3C, the thickness of that part of the metal 
single crystal layer 24 to be nitri?ed can be controlled by 
adjusting the nitri?cation time, for example. 
[0049] Yet another exemplary embodiment of a method 
for groWing nitride semiconductor crystals is illustrated in 
FIGS. 5A, 5B, 5C and 5D. This embodiment is different 
from the foregoing embodiments in that an additional metal 
single crystal layer 23 is formed before the metal single 
crystal layer 24 to be nitri?ed is formed over the substrate 22 
as shoWn in FIG. 5A. 

[0050] The metal single crystal layer 23, as Well as the 
metal single crystal layer 24 of the foregoing embodiments, 
may be formed by a knoWn technique. For example, a single 
crystal substrate is prepared as the substrate 22 and the metal 
single crystal layer 23 is epitaxially groWn thereon by an 
ICB process, for example. A metal material for the metal 
single crystal layer 23 is preferably Au or an alloy containing 
Au (e.g., an alloy of Au and Ge). By forming this additional 
metal single crystal layer 23, the thermal contact resistance 
betWeen the substrate 22 and the multilayer structure formed 
thereon can be reduced. 

[0051] If the single crystal substrate 22 is made of a 
semiconductor represented as Si1_S_tGeSCt (Where Oés, ti 1 
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and 0§s+t§ 1) or Al1_uBu (Where 0<u<1, Ais one ofAl, Ga 
and In and B is one of As, P and Sb) Where the metal single 
crystal layer 23 is made of Au or an alloy containing Au, 
then metal atoms constituting the metal single crystal layer 
23 diffuse into the single crystal substrate 22 to form a metal 
diffused layer therein during the process step of nitrifying 
the metal single crystal layer 24. As a result, not only 
thermal contact resistance but also electrical contact resis 
tance can be reduced betWeen the single crystal substrate 22 
and the semiconductor multilayer structure formed thereon. 
In this case, part of the atoms constituting the metal single 
crystal layer 23 may be diffused. Alternatively, as shoWn in 
FIGS. 6A, 6B, 6C and 6D, a metal diffused layer 22a may 
be formed by diffusing all the atoms constituting the metal 
single crystal layer 23 into the single crystal substrate 22 
during the step of forming the metal nitride single crystal 
layer 25 through the nitri?cation of the metal single crystal 
layer 24. According to this method, the metal single crystal 
layer 23 disappears (see FIG. 6C). In order to eliminate the 
metal single crystal layer 23 through diffusion, the thickness 
of the metal single crystal layer 23 is preferably about 3 nm 
or less. Also, the temperature and time for the process step 
of nitrifying the metal single crystal layer 24 may be set 
based on the degree of diffusion of the metal single crystal 
layer 23. For example, if atoms in the metal single crystal 
layer 23 should be continuously diffused after the nitri?ca 
tion reaction of the metal single crystal layer 24 is over, 
heating may be continued. 

[0052] This embodiment may be combined With any of the 
foregoing embodiments. For example, if the metal single 
crystal layer 23 is made of Au or an alloy containing Au and 
the single crystal substrate 22 is made of a semiconductor 
represented as Si1_S_tGeSCt or A1_UBU, then metal atoms 
diffuse from the metal single crystal layer 23 into the single 
crystal substrate 22 to form the metal diffused layer 22a as 
in the embodiment shoWn in FIG. 2B. In this case, if the 
metal single crystal layer 23 is sufficiently thin (e.g., about 
3 nm or less), then all the metal atoms constituting the metal 
single crystal layer 23 diffuse into the single crystal substrate 
22 and substantially no metal single crystal layer 23 is left. 
In this structure, the AlN single crystal layer 25 With 
satisfactorily aligned crystal orientations is formed on the 
sapphire substrate 22. Accordingly, the density of defects or 
dislocations can be reduced both in the interface betWeen the 
sapphire substrate 22 and the AlN single crystal layer 25 and 
in the n-type GaO_9Al0_1N cladding layer 26, MQW active 
layer 27, p-type GaO_9Al0_1N cladding layer 28 and p-type 
GaN contact layer 29, Which are stacked thereon. In this 
structure, increase in resistance due to a Schottky barrier 
generated by a semiconductor/metal interface can be pre 
vented, since there is no semiconductor/metal interface. 

[0053] Also, after the metal single crystal layers 23 and 24 
have been formed, only a part of the metal single crystal 
layer 24 may be nitri?ed as described for the embodiment 
shoWn in FIG. 3B. Furthermore, after the metal single 
crystal layers 23 and 24 have been formed, the metal 
diffused layer 22a may be formed and only a part of the 
metal single crystal layer 24 may be nitri?ed to leave the 
metal single crystal layer 24 betWeen the metal nitride single 
crystal layer 25 and the metal single crystal layer 23 as 
described for the embodiment shoWn in FIG. 4B. In any 
combination, the effects of the embodiment shoWn in FIG. 
2B, 3B or 4B can be additionally attained. 
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[0054] Since a nitride semiconductor layer having (0001) 
principal surface is generally used in a semiconductor 
device, it is preferable to form a metal nitride layer having 
(0001) principal surface so that a nitride semiconductor 
layer having (0001) principal surface can be epitaxially 
groWn on the metal nitride layer. More speci?cally, When a 
single crystal substrate, made of semiconductor single crys 
tals represented by S11_S_tG€SCt(Wh6I‘€ 02s, ti 1 and 0§s+ 
ti 1) or A1_UBu (Where 0<u<1, Ais one ofAl, Ga and In and 
B is one of As, P and Sb), is used, an Al1_X_yGaXInyN (Where 
02x, yé 1 and 0; x+y<1) single crystal layer having (0001) 
principal surface can be obtained by nitrifying 
an AlH’yGaXIny layer having (111) principal surface epitaxi 
ally groWn on (111) plane of the single crystal substrate 
made of Si1_S_tGeSCt or A B 

[0055] Hereinafter, speci?c embodiments of fabricating a 
semiconductor device in accordance With the foregoing 
method for groWing nitride semiconductor crystals Will be 
described. In the folloWing illustrative embodiments, a light 
emitting device (i.e., a semiconductor laser diode) is fabri 
cated as an exemplary semiconductor device. HoWever, the 
present invention is not limited to those speci?c embodi 
ments, but is applicable to various other semiconductor 
devices like a ?eld effect transistor 

EMBODIMENT 1 

[0056] In a ?rst exemplary embodiment of the present 
invention, a light-emitting device 100 is formed using a 
substrate With no conductivity. 

Speci?c Example 1-1 

[0057] As shoWn in FIG. 7, the light-emitting device 100 
includes: an AlN single crystal layer 25 (thickness: 10 nm); 
an n-type GaO_9Al0_1N cladding layer 26 (thickness: 1 pm); 
a multiple quantum Well (MQW) active layer 27; a p-type 
GaO_9AlO_1N cladding layer 28 (thickness: 0.5 pm); and a 
p-type GaN contact layer 29 (thickness: 0.1 pm), Which are 
stacked in this order on a sapphire substrate 22. The MQW 
active layer 27 is formed by alternately stacking ten pairs of 
undoped InO_2Ga0_8N layers (thickness: 5 nm) and undoped 
GaN layers (thickness: 5 nm). Of these layers, the loWermost 
undoped GaN layer is in contact With the n-type GaO_9Al0_1N 
cladding layer 26. 

[0058] This semiconductor multilayer structure, including 
the cladding layer 26, active layer 27, cladding layer 28 and 
contact layer 29, Which are formed on the AlN single crystal 
layer 25 has been subjected to a mesa-etching process. 
Through this etching process, a pair of electrodes 32a and 
32b for applying a voltage to the semiconductor multilayer 
structure are formed on the contact layer 29 and on the 
cladding layer 26, respectively. 

[0059] In this structure, the AlN single crystal layer 25 
With satisfactorily aligned crystal orientations is formed on 
the sapphire substrate 22. Accordingly, the density of defects 
or dislocations can be reduced both in the interface betWeen 
the sapphire substrate 22 and the AlN single crystal layer 25 
and in the n-type GaO_9Al0_1N cladding layer 26, MQW 
active layer 27, p-type GaO_9Al0_1N cladding layer 28 and 
p-type GaN contact layer 29, Which are stacked thereon. 

[0060] The light-emitting device 100 may be fabricated in 
accordance With the crystal-groWing method shoWn in 












