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(57) ABSTRACT 

A nitride-based semiconductor light-emitting device 100 
includes a GaN substrate 10, of which the principal surface is 
an m-plane 12, a semiconductor multilayer structure 20 that 
has been formed on the m-plane 12 of the GaN-based sub 
strate 10, and an electrode 30 arranged on the semiconductor 
multilayer structure 20. The electrode 30 includes an Mg 
layer 32, which contacts with the surface of a p-type semi 
conductor region in the semiconductor multilayer structure 
20. 
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FIG 11 
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FIGI2 
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FIG.13 
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NITRDE-BASED SEMCONDUCTOR 
DEVICE AND METHOD FOR FABRICATING 

THE SAME 

TECHNICAL FIELD 

0001. The present invention relates to a nitride-based 
semiconductor device and a method for fabricating Such a 
device. More particularly, the present invention relates to a 
GaN-based semiconductor light-emitting device Such as a 
light-emitting diode or a laser diode that operates at wave 
lengths over the entire visible radiation range, which covers 
the ultraviolet, blue, green, orange and white parts of the 
spectrum. Such a light-emitting device is expected to be 
applied to various fields of technologies including display, 
illumination and optical information processing in the near 
future. The present invention also relates to a method of 
making an electrode for use in Such a nitride-based semicon 
ductor device. 

BACKGROUND ART 

0002. A nitride semiconductor including nitrogen (N) as a 
Group V element is a prime candidate for a material to make 
a short-wave light-emitting device because its bandgap is 
Sufficiently wide. Among other things, gallium nitride-based 
compound semiconductors (which will be referred to herein 
as “GaN-based semiconductors' and which are represented 
by the formula AlGa, In N (where 0sx, y, zs 1 and x+y+ 
Z-1)) have been researched and developed particularly exten 
sively. As a result, blue light-emitting diodes (LEDs), green 
LEDs, and semiconductor laser diodes made of GaN-based 
semiconductors have already been used in actual products 
(see Patent Documents Nos. 1 and 2, for example). 
0003) A GaN-based semiconductor has a wurtzite crystal 
structure. FIG. 1 schematically illustrates a unit cell of GaN. 
In an AlGa, In N (where 0sx, y, zs 1 and x+y+Z=1) semi 
conductor crystal. Some of the Ga atoms shown in FIG.1 may 
be replaced with Al and/or In atoms. 
0004 FIG.2 shows four fundamental vectors a, a, as and 

c., which are generally used to represent planes of a wurtzite 
crystal structure with four indices (i.e., hexagonal indices). 
The fundamental vector cruns in the 0001 direction, which 
is called a “c-axis. A plane that intersects with the c-axis at 
right angles is called either a “c-plane' or a “(0001) plane'. It 
should be noted that the “c-axis' and the “c-plane' are some 
times referred to as “C-axis' and "C-plane'. Thus, in the 
accompanying drawings, those axes and planes are identified 
by the capital letter to make them recognizable more easily. 
0005. In fabricating a semiconductor device using GaN 
based semiconductors, a c-plane Substrate, i.e., a Substrate of 
which the principal surface is a (0001) plane, is used as a 
substrate on which GaN semiconductor crystals will be 
grown. In a c-plane, however, there is a slight shift in the 
c-axis direction between a Ga atom layer and a nitrogenatom 
layer, thus producing electrical polarization there. That is 
why the c-plane is also called a “polar plane'. As a result of 
the electrical polarization, a piezoelectric field is generated in 
the InGaN quantum well of the active layer in the c-axis 
direction. Once such a piezoelectric field has been generated 
in the active layer, Some positional deviation occurs in the 
distributions of electrons and holes in the active layer due to 
the quantum confinement Stark effect of carriers. Conse 
quently, the internal quantum yield decreases, thus increasing 
the threshold current in a semiconductor laser diode and 
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increasing the power dissipation and decreasing the luminous 
efficacy in an LED. Meanwhile, as the density of injected 
carriers increases, the piezoelectric field is screened, thus 
varying the emission wavelength, too. 
0006 Thus, to overcome these problems, it has been pro 
posed that a Substrate, of which the principal Surface is a 
non-polar plane Such as a (10-10) plane that is perpendicular 
to the 10-10 direction and that is called an “m-plane', be 
used. As used herein, '-' attached on the left-hand side of a 
Miller-Bravais index in the parentheses means a “bar” (a 
negative direction index). As shown in FIG. 2, the m-plane is 
parallel to the c-axis (i.e., the fundamental vector c) and 
intersects with the c-plane at right angles. On the m-plane, Ga 
atoms and nitrogen atoms are on the same atomic-plane. For 
that reason, no electrical polarization will be produced per 
pendicularly to the m-plane. That is why if a semiconductor 
multilayer structure is formed perpendicularly to the 
m-plane, no piezoelectric field will be generated in the active 
layer, thus overcoming the problems described above. 
0007. In this case, the “m-plane' is a generic term that 
collectively refers to a family of planes including (10-10), 
(-1010), (1-100), (-1100), (01-10) and (0-110) planes. Also, 
as used herein, the "X-plane growth' means epitaxial growth 
that is produced perpendicularly to the X plane (where X=c or 
m) of a hexagonal Wurtzite structure. As for the X-plane 
growth, the X plane will be sometimes referred to herein as a 
'growing plane'. Furthermore, a layer of semiconductor 
crystals that have been formed as a result of the X-plane 
growth will be sometimes referred to herein as an “X-plane 
semiconductor layer. 

CITATION LIST 

Patent Literature 

0008 Patent Document No. 1: Japanese Patent Appli 
cation Laid-Open Publication No. 2001-308462 

0009 Patent Document No. 2: Japanese Patent Appli 
cation Laid-Open Publication No. 2003-332697 

0.010 Patent Document No. 3: Japanese Patent Appli 
cation Laid-Open Publication No. 8-64871 

0.011 Patent Document No. 4: Japanese Patent Appli 
cation Laid-Open Publication No. 11-40846 

SUMMARY OF INVENTION 

Technical Problem 

0012. As described above, a GaN-based semiconductor 
device that has been grown on an m-plane Substrate would 
achieve far more beneficial effects than what has been grown 
on a c-plane substrate but still has the following drawback. 
Specifically, a GaN-based semiconductor device that has 
been grown on an m-plane Substrate has higher contact resis 
tance than what has been grown on a c-plane Substrate, which 
constitutes a serious technical obstacle to using such a GaN 
based semiconductor device that has been grown on an 
m-plane Substrate. 
0013 Under the circumstances such as these, the present 
inventors carried out extensive research to overcome such a 
problem with the prior art that a GaN-based semiconductor 
device, grown on an m-plane as a non-polar plane, would 
have high contact resistance. As a result, we found an effec 
tive means for reducing the contact resistance. 
0014. It is therefore an object of the present invention to 
provide a structure and manufacturing process that will be 
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able to reduce the contact resistance of a GaN-based semi 
conductor device that has been fabricated by producing a 
crystal growth on an m-plane Substrate. 

Solution to Problem 

0015. A nitride-based semiconductor device according to 
the present invention includes: a nitride-based semiconductor 
multilayer structure including ap-type semiconductor region, 
of which the Surface is an m-plane; and an electrode that is 
arranged on the p-type semiconductor region. The p-type 
semiconductor region is made of an Al, In, GaN semiconduc 
tor (where x+y+z=1, x20, y20 and Z20), and the electrode 
includes an Mg layer that is in contact with the surface of the 
p-type semiconductor region. 
0016. In one preferred embodiment, the electrode includes 
the Mg layer and a metal layer that has been stacked on the Mg 
layer, and the metal layer is made of at least one metal selected 
from the group consisting of Pt, Mo and Pd. 
0017. In this particular preferred embodiment, a metal 
alloy layer, including Mg and the at least one metal selected 
from the group consisting of Pt, Mo and Pd, is sandwiched 
between the Mg layer and the metal layer. 
0018. In another preferred embodiment, the electrode 
includes the Mg layer and a metal alloy layer that has been 
formed on the Mg layer. The metal alloy layer is made of an 
alloy of Mg and at least one metal selected from the group 
consisting of Pt, Mo and Pd. 
0019. In still another preferred embodiment, the Mg layer 

is made up of a film that is present on the surface of the p-type 
semiconductor region. 
0020. In yet another preferred embodiment, the Mg layer 

is made up of islands of Mg portions that are dispersed on the 
Surface of the p-type semiconductor region. 
0021. In yet another preferred embodiment, the semicon 
ductor multilayer structure has an active layer including an 
AlInGaN layer (where a+b+c-1, a20, b20 and c20) and 
emitting light. 
0022. In yet another preferred embodiment, the Mg layer 
has a thickness of 2 nm to 45 nm. 
0023. In a specific preferred embodiment, the Mg layer 
has a thickness of 2 nm to 15 nm. 
0024. In yet another preferred embodiment, the thickness 
of the Mg layer is equal to or smaller than that of the metal 
layer. 
0025. In yet another preferred embodiment, the concen 

tration of Ga in the Mg layer is higher than that of nitrogen in 
the same Mg layer. 
0026. In a specific preferred embodiment, the concentra 
tion of Ga is ten times or more as high as that of nitrogen. 
0027. In yet another preferred embodiment, the nitride 
based semiconductor device further includes a semiconduc 
tor Substrate that Supports the semiconductor multilayer 
Structure. 

0028. In yet another preferred embodiment, the p-type 
semiconductor region is made of GaN. 
0029. A light source according to the present invention 
includes a nitride-based semiconductor light-emitting device, 
and a wavelength converter including a phosphor that 
changes the wavelength of the light that has been emitted 
from the nitride-based semiconductor light-emitting device. 
The nitride-based semiconductor light-emitting device 
includes: a nitride-based semiconductor multilayer structure 
including a p-type semiconductor region, of which the Sur 
face is an m-plane; and an electrode that is arranged on the 
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p-type semiconductor region. The p-type semiconductor 
region is made of an Al, In, GaN semiconductor (where x+y+ 
Z=1, x20, y20 and Z20). And the electrode includes an Mg 
layer that is in contact with the Surface of the p-type semi 
conductor region. 
0030. In one preferred embodiment, the p-type semicon 
ductor region is made of GaN. 
0031. A method for fabricating a nitride-based semicon 
ductor device according to the present invention includes the 
steps of: (a) providing a substrate; (b) forming a nitride-based 
semiconductor multilayer structure, including a p-type semi 
conductor region, on the Substrate, the p-type semiconductor 
region having an m-plane as its surface and being made of an 
Al, In, GaN semiconductor (where x+y+Z-1, X20, y20 and 
Z20); and (c) forming an electrode on the Surface of the 
p-type semiconductor region of the semiconductor multilayer 
structure. The step (c) includes the step of forming an Mg 
layer on the Surface of the p-type semiconductor region. 
0032. In one preferred embodiment, the step (c) includes 
the step of forming a metal layer, which is made of at least one 
metal selected from the group consisting of Pt, Mo and Pd, 
after the Mg layer has been formed. 
0033. In this particular preferred embodiment, the step (c) 
includes the step of Subjecting the Mg layer to a heat treat 
ment after the metal layer has been formed. 
0034. In a specific preferred embodiment, the heat treat 
ment is carried out at a temperature of 500° C. to 700° C. 
0035 More preferably, the heat treatment is carried out at 
a temperature of 550° C. to 650° C. 
0036. In yet another preferred embodiment, the step of 
forming the Mg layer includes depositing Mg by evaporation 
onto the Surface of the p-type semiconductor region by irra 
diating the Surface with pulses of an electron beam. 
0037. In yet another preferred embodiment, the method 
includes the step of adjusting the thickness of the Mg layer to 
the range of 2 nm to 45 nm after the heat treatment. 
0038. In yet another preferred embodiment, the step (b) 
includes the step of forming a layer of an Al, In, GaN semi 
conductor (where x+y+z=1, Z20, y20 and Z20). 
0039. In yet another preferred embodiment, the method 
includes the step of removing the substrate after the step (b) 
has been performed. 
0040. In yet another preferred embodiment, the concen 
tration of Ga in the Mg layer is higher than that of nitrogen in 
the same Mg layer. 
0041. In yet another preferred embodiment, the concen 
tration of Ga is ten times or more as high as that of nitrogen. 
0042. In yet another preferred embodiment, the p-type 
semiconductor region is made of GaN. 
0043. In a method of forming an Mg thin film to be an 
electrode for a semiconductor device according to the present 
invention, the Mg thin film is formed by irradiating Mg with 
pulses of an electron beam and evaporating Mg. 
0044. In one preferred embodiment, the Mg thin film is 
formed without heating a Supporting member on which the 
Mg thin film is going to be formed. 

Advantageous Effects of Invention 

0045. In a nitride-based semiconductor device according 
to the present invention, an electrode on a semiconductor 
multilayer structure includes an Mg layer that is in contact 
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with the Surface (which is an m-plane) of a p-type semicon 
ductor region. As a result, the contact resistance can be 
reduced. 

BRIEF DESCRIPTION OF DRAWINGS 

0046 FIG. 1 is a perspective view schematically illustrat 
ing a unit cell of GaN. 
0047 FIG. 2 is a perspective view showing four funda 
mental vectors a, a, as and c representing a wurtzite crystal 
Structure. 

0048 FIG.3(a) is a schematic cross-sectional view illus 
trating a nitride-based semiconductor light-emitting device 
100 as a preferred embodiment of the present invention, and 
FIGS. 3(b) and 3(c) illustrate the crystal structures of an 
m-plane and a c-plane, respectively. 
0049 FIGS. 4(a) through 4(c) are graphs showing how the 
specific contact resistance (S2cm) changed with the work 
function (eV) of a metal that was in contact with GaN. 
0050 FIG. 5(a) is a graph showing how the specific con 

tact resistance changed with the thickness of a thermally 
treated Mg layer in an Mg/Pt electrode and FIG. 5(b) is a 
graph showing the specific contact resistance of a Pd/Pt elec 
trode. 
0051 FIGS. 6(a) through 6(c) are photographs showing 
the surface states of a thermally treated electrode in situations 
where the Mg layer had thicknesses of 2 nm, 15 nm and 45 
nm, respectively. 
0052 FIG. 7 is a graph showing how the contact resis 
tances of the Mg/Ptelectrode and the Pd/Ptelectrode changed 
depending on whether the contact Surface was an m-plane or 
a c-plane. 
0053 FIG. 8 is a graph showing how the contact resistance 
depends on the heat treatment temperature. 
0054 FIG. 9 shows optical microscope photographs rep 
resenting the Surface states of an electrode that was thermally 
treated at respective temperatures as a Substitute for a draw 
1ng. 
0055 FIGS. 10(a) and 10(b) are graphs showing the pho 
toluminescence intensities of a GaN layer that was thermally 
treated at 800° C. and 900° C., respectively. 
0056 FIGS. 11(a) and 11(b) are profiles of Mg that were 
obtained in the depth direction of an (Mg/Pt) electrode struc 
ture by SIMS analysis. 
0057 FIGS. 12(a) and 12(b) are profiles of Ga that were 
obtained in the depth direction of the (Mg/Pt) electrode struc 
ture by SIMS analysis. 
0058 FIGS. 13(a) and 13(b) are profiles of N that were 
obtained in the depth direction of the (Mg/Pt) electrode struc 
ture by SIMS analysis. 
0059 FIGS. 14(a) and 14(b) show cross-sectional trans 
mission electron microscope (TEM) photographs of an (Mg/ 
Pt) electrode structure in which an Mg layer was deposited on 
an m-plane GaN layer as Substitutes for drawings. 
0060 FIGS. 15(a) and 15(b) are profiles of Pt that were 
obtained in the depth direction of the (Mg/Pt) electrode struc 
ture by SIMS analysis. 
0061 FIG.16(a) illustrates a cross-sectional structure of 
an Mg/Ptelectrode (in which an Mg layer was deposited on an 
m-plane GaN layer) yet to be subjected to a heat treatment, 
and FIG. 16(b) illustrates a cross-sectional structure of the 
Mg/Pt electrode thermally treated. 
0062 FIG. 17(a) is a graph showing the current-voltage 
characteristic of a light-emitting diode that uses an electrode 
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consisting of Mg/Pt layers and FIG. 17(b) is a graph showing 
the contact resistance value of the light-emitting diode. 
0063 FIG. 18(a) is a graph showing the specific contact 
resistances of an electrode consisting of an Aulayer and an 
electrode consisting of Mg/Au layers and FIGS. 18(b) and 
18(c) are optical microscope photographs representing the 
Surface of the electrode consisting of Mg/Aulayers and that 
of the electrode consisting of an Au layer, respectively, as 
Substitutes for drawings. 
0064 FIGS. 190a) and 190b) are graphs showing the 
results of hardness mapping that was carried out on a c-plane 
GaN substrate and an m-plane GaN substrate, respectively. 
0065 FIG. 20 is a cross-sectional view illustrating a pre 
ferred embodiment of a white light source. 

DESCRIPTION OF EMBODIMENTS 

0066. Hereinafter, preferred embodiments of the present 
invention will be described with reference to the accompany 
ing drawings. In the drawings, any elements shown in mul 
tiple drawings and having Substantially the same function will 
be identified by the same reference numeral for the sake of 
simplicity. It should be noted, however, that the present inven 
tion is in no way limited to the specific preferred embodi 
ments to be described below. 
0067 FIG. 3(a) schematically illustrates the cross-sec 
tional structure of a nitride-based semiconductor light-emit 
ting device 100 as a preferred embodiment of the present 
invention. What is illustrated in FIG.3(a) is a semiconductor 
device made of GaN semiconductors and has a nitride-based 
semiconductor multilayer structure. 
0068. The nitride-based semiconductor light-emitting 
device 100 of this preferred embodiment includes a GaN 
based substrate 10, of which the principal surface 12 is an 
m-plane, a semiconductor multilayer structure 20 that has 
been formed on the GaN-based substrate 10, and an electrode 
30 arranged on the semiconductor multilayer structure 20. In 
this preferred embodiment, the semiconductor multilayer 
structure 20 is an m-plane semiconductor multilayer structure 
that has been formed through an m-plane crystal growth and 
its principal Surface is an m-plane. It should be noted, how 
ever, that a-plane GaN could grow on an r-plane Sapphire 
Substrate in some instances. That is why according to the 
growth conditions, the principal surface of the GaN-based 
substrate 10 does not always have to be an m-plane. In the 
semiconductor multilayer structure 20 of the present inven 
tion, at least the Surface of its p-type semiconductor region 
that is in contact with an electrode needs to be an m-plane. 
0069. The nitride-based semiconductor light-emitting 
device 100 of this preferred embodiment includes the GaN 
based substrate 10 to support the semiconductor multilayer 
structure 20. However, the device 100 may have any other 
substrate instead of the GaN-based substrate 10 and could 
also be used without the substrate. 
0070 FIG.3(b) schematically illustrates the crystal struc 
ture of a nitride-based semiconductor, of which the principal 
Surface is an m-plane, as viewed on a cross section thereof 
that intersects with the principal surface of the substrate at 
right angles. Since Ga atoms and nitrogen atoms are present 
on the same atomic-plane that is parallel to the m-plane, no 
electrical polarization will be produced perpendicularly to the 
m-plane. That is to say, the m-plane is a non-polar plane and 
no piezoelectric field will be produced in an active layer that 
grows perpendicularly to the m-plane. It should be noted that 
In and Al atoms that have been added will be located at Ga 
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sites and will replace the Ga atoms. Even if at least some of 
the Ga atoms are replaced with those In or Al atoms, no 
electrical polarization will still be produced perpendicularly 
to the m-plane. 
0071. Such a GaN-based substrate, of which the principal 
Surface is an m-plane, will be referred to herein as an 
“m-plane GaN-based substrate'. To obtain an m-plane 
nitride-based semiconductor multilayer structure that has 
grown perpendicularly to the m-plane, typically such an 
m-plane GaN-based substrate may be used and semiconduc 
tors may be grown on the m-plane of that Substrate. This is 
because the crystallographic-plane orientation of the semi 
conductor multilayer structure should be identical with that of 
the principal surface of the GaN-based substrate. However, 
the principal surface of the substrate does not always have to 
be an m-plane as described above, and the device as a final 
product could already have its substrate removed. 
0072 The crystal structure of a nitride-based semiconduc 

tor, of which the principal Surface is a c-plane, as viewed on a 
cross section thereofthat intersects with the principal surface 
of the Substrate at right angles is illustrated Schematically in 
FIG. 3(c) just for a reference. In this case, Ga atoms and 
nitrogenatoms are not present on the same atomic-plane, and 
therefore, electrical polarization will be produced perpen 
dicularly to the c-plane. Such a GaN-based substrate, of 
which the principal surface is a c-plane, will be referred to 
herein as a “c-plane GaN-based substrate'. 
0073. A c-plane GaN-based substrate is generally used to 
grow GaN-based semiconductor crystals thereon. In such a 
Substrate, a Ga atom layer and a nitrogen atom layer that 
extend parallel to the c-plane are slightly misaligned from 
each other in the c-axis direction, and therefore, electrical 
polarization will be produced in the c-axis direction. 
0074 Referring to FIG. 3(a) again, on the principal Sur 
face (that is an m-plane) 12 of the m-plane GaN-based sub 
strate 10, the semiconductor multilayer structure 20 is 
formed. The semiconductor multilayer structure 20 includes 
an active layer 24 including an AlInGaN layer (where 
a+b+c-1, a20, b20 and c20), and an AlOaN layer (where 
d+e=1, d20 and e20) 26, which is located on the other side 
of the active layer 24 opposite to the m-plane 12. In this 
embodiment, the active layer 24 is an electron injection 
region of the nitride-based semiconductor light-emitting 
device 100. 
0075. The semiconductor multilayer structure 20 of this 
preferred embodiment has other layers, one of which is an 
AlGaIn N layer (where u+V+w=1, u20, v2.0 and we0) 22 
that is arranged between the active layer 24 and the substrate 
10. The AlGaIn N layer 22 of this preferred embodiment 
has first conductivity type, which may be n-type, for example. 
Optionally, an undoped GaN layer could be inserted between 
the active layer 24 and the Al(GaN layer 26. 
0076. In the Al AGaN layer 26, the mole fraction d of Al 
does not have to be uniform, but could vary either continu 
ously or stepwise, in the thickness direction. In other words, 
the AlAGaN layer 26 could have a multilayer structure in 
which a number of layers with mutually different Al mole 
fractions d are stacked one upon the other, or could have its 
dopant concentration varied in the thickness direction. To 
reduce the contact resistance, the uppermost portion of the 
AlAGaN layer 26 (i.e., the upper Surface region of the semi 
conductor multilayer structure 20) is preferably a layer that 
has an Al mole fraction d of Zero (i.e., a GaN layer). In that 
case, the Mg layer 32 to be described later will be in contact 
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with the GaN layer. However, the Al mole fraction d does not 
have to be Zero. Alternatively, an Alco-Gas N layer, of 
which the A1 mole fraction disapproximately 0.05, could also 
be used. Then, the Mg layer 32 to be described later will be in 
contact with that Alo, Gaoss N layer. 
0077. An electrode 30 has been formed on the semicon 
ductor multilayer structure 20. The electrode 30 of this pre 
ferred embodiment includes an Mg layer32 consisting essen 
tially of Mg, on which stacked is a Pt layer consisting 
essentially of Pt. In the electrode 30, the Mg layer 32 is in 
contact with the p-type semiconductor region of the semicon 
ductor multilayer structure 20 and functions as a portion of a 
p-(or p-side) electrode. In this preferred embodiment, the Mg 
layer 32 is in contact with the Al AGaN layer 26 that is doped 
with a dopant of a second conductivity type (e.g., p-type), 
which may be Mg. Examples of other preferred p-type 
dopants include Zn and Be. 
0078. The metal layer 34 that is in contact with the surface 
of the Mg layer 32 does not have to be a Pt layer but may also 
be a layer of a metal that would make an alloy with Mg less 
easily than Au. Stated otherwise, the metal layer 34 to be in 
contact with the Mg layer 32 should not be made of Au (gold) 
that would make an alloy with Mg easily. The Mg layer 32 
does not make an alloy with Pt or any other suitable metal that 
constitutes the metal layer 34. It should be noted, however, 
that “does not make an alloy with Pt or any other suitable 
metal could also refer to a situation where Mg includes a 
metal such as Pt at a concentration of less than a few percent 
(which may be less than one percent). In other words, “make 
an alloy with a metal such as Pt” refers to a situation where 
Mg includes a metal such as Pt at a concentration of at least a 
few percent (which may be equal to or greater than one 
percent). The Mg layer 32 and the metal layer 34 could also 
contain some impurities to be inevitably included during the 
process steps of forming those layers. 
0079. Optionally, there could be a metal alloy layer con 
taining Mg between the Mg layer 32 and the metal layer 34. 
Pt, Mo and Pd are metals that would make an alloy with Mg 
less easily than Au. But a metal alloy layer could still be 
produced through a reaction to a portion of the Mg layer32 as 
a result of the heat treatment to be described later. 

0080. If a relatively thin metal layer has been deposited on 
the Mg layer 32, then all of that thin metal layer could make 
an alloy with some of Mg atoms in the Mg layer. In that case, 
there would be only that metal alloy layer on the Mg layer. 
I0081. In any case, on the electrode with any of various 
combinations of metals described above, not just the metal 
layer 34 or the metal alloy layer but also an electrode layer or 
an interconnect layer made of a different metal or metal alloy 
could be stacked. 

I0082 In this preferred embodiment, the electrode 30 may 
have a thickness of 10 nm to 200 nm, for example. In the 
electrode 30, the Mg layer 32 may have a thickness of 2 nm to 
45 nm. It should be noted that in this case, the thickness of the 
Mg layer 32 is supposed to be that of the Mg layer that has 
already been thermally treated. 
I0083. On the other hand, the metal layer34, which is made 
of at least one metal selected from the group consisting of Pt. 
Mo and Pd and which has been stacked on the Mg layer32. 
may have a thickness of 200 nm or less (or fall within the 
range of 10 nm to 200 nm). It should be noted that the Mg 
layer 32 is preferably thinner than the metal layer 34. This is 
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because if the strain balance were lost between the Mg layer 
32 and the metal layer 34, the Mg layer 32 could peel off from 
the Al AGaN layer 26. 
0084. Meanwhile, the GaN-based substrate 10, of which 
the principal Surface 12 is an m-plane, may have a thickness 
of 100 um to 400m, for example. This is because if the wafer 
has a thickness of at least approximately 100 um, then there 
will be no trouble handling such a wafer. It should be noted 
that as long as the substrate 10 of this preferred embodiment 
has an m-plane principal Surface 12 made of a GaN-based 
material, the substrate 10 could have a multilayer structure. 
That is to say, the GaN-based substrate 10 of this preferred 
embodiment could also refer to a substrate, at least the prin 
cipal surface 12 of which is an m-plane. That is why the entire 
substrate could be made of a GaN-based material. Or the 
substrate may also be made of the GaN-based material and 
another material in any combination. 
0085. In the structure of this preferred embodiment, an 
electrode 40 has been formed as an n-side electrode on a 
portion of an n-type AlGan N layer 22 (with a thickness of 
0.2 m to 2 um, for example) on the substrate 10. In the 
example illustrated in FIG.3(a), in the region of the semicon 
ductor multilayer structure 20 where the electrode 40 is 
arranged, a recess 42 has been cut so as to expose a portion of 
the n-type AlGaIn N layer 22. And the electrode has been 
formed on the exposed Surface of the n-type AlGanN 
layer 22 at the bottom of the recess 42. The electrode 40 may 
have a multilayer structure consisting of Ti, Al and Tilayers 
and may have a thickness of 100 nm to 200 nm, for example. 
I0086. In this preferred embodiment, the active layer 24 has 
a GalnN/GaN multi-quantum well (MQW) structure (with a 
thickness of 81 nm, for example) in which Gao InoN well 
layers (each having a thickness of 9 mm, for example) and 
GaN barrier layers (each having a thickness of 9 mm, for 
example) are alternately stacked one upon the other. 
I0087. On the active layer 24, stacked is the p-type Al 
GaN layer 26, which may have a thickness of 0.2 Lum to 2 um. 
Optionally, an undoped GaN layer could be inserted between 
the active layer 24 and the Al(GaN layer 26 as described 
above. 

0088. In addition, a GaN layer of the second conductivity 
type (which may be p-type, for example) could be formed on 
the Al(GaN layer 26. Furthermore, a contact layer of p-GaN 
and the Mg layer32 could be stacked in this order on that GaN 
layer. In that case, the GaN contact layer could also be 
regarded as forming part of the AlAGaN layer 26, not a layer 
that has been stacked separately from the Al AGaN layer 26. 
I0089. Hereinafter, the features of this preferred embodi 
ment will be described in further detail with reference to 
FIGS. 4 through 15. 
0090 First of all, FIGS. 4(a) and 4(b) are graphs showing 
how the specific contact resistance (S2 cm) changes with the 
work function of the metal that is in contact with m-plane 
GaN. More specifically, the results shown in FIGS. 4(a) and 
4(b) were obtained by forming various metal layers (consist 
ing of an Mg layer with a thickness of 2 nm and the other 
metal layers with a thickness of 200 nm) on an Mg-doped 
p-type GaN layer (with an Mg concentration of approxi 
mately 1x10" cm) and then estimating their contact resis 
tances by TLM (transmission line method). It should be noted 
that the ordinates “10E-01” and “1.OE-02” mean “1.0x10' 
and “1.0x10’, respectively. That is to say, “1.0E+X” means 
“10x10. 
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0091 Generally speaking, the contact resistance is 
inversely proportional to the area S (cm) of the contact. In 
this case, Supposing R (S2) is contact resistance, the equation 
R=Rc/S should be satisfied. The constant of proportionality 
Rc is called “specific contact resistance' and corresponds to 
contact resistance R when the contact area S is 1 cm. That is 
to say, the magnitude of the specific contact resistance does 
not depend on the contact area S and can be used as an index 
evaluating the characteristics of a contact. In the following 
description, the 'specific contact resistance' will sometimes 
be referred to herein as just “contact resistance'. 
0092 Specifically, FIG. 4(a) shows the results that were 
obtained in a situation where the metal layer was just depos 
ited and Subjected to no heat treatment at all (i.e., in the case 
of “as-deposited'). On the other hand, FIG. 4(b) shows the 
results that were obtained in a situation where an Mg layer 
deposited was thermally treated at 600° C. for 10 minutes 
within a nitrogen ambient and in a situation where an Al, Au, 
Pd, Nior Pt layer deposited was thermally treated at 500° C. 
for 10 minutes within the nitrogen ambient. This difference in 
temperature was caused because a non-Mg metal, having a 
different best heat treatment temperature from Mg, had the 
lowest contact resistance at 500° C. 

0093. As can be seen from FIG. 4(a), the greater the work 
function of the metal deposited, the lower the contact resis 
tance tended to be. This results coincides with the fact that in 
a situation where a GaN-based semiconductor device is fab 
ricated on a c-plane Substrate, a metal with a large work 
function (such as Au) is generally used as a material to make 
a p-electrode. 
0094. On the other hand, as for results that were obtained 
by thermally treating the metal deposited, it can be seen from 
FIG. 4(b) that with Al, Au, Pd, Ni and Pt, the greater the work 
function of the metal deposited, the lower the contact resis 
tance. Nevertheless, the present inventors also discovered that 
despite being a metal with a small work function, Mg still 
caused a steep decrease in contact resistance. FIG. 4(c) draws 
a dotted line on the graph shown in FIG. 4(b) to indicate the 
tendency of various metals other than Mg. In the prior art, 
people took it for granted that in a situation where no heat 
treatment was carried out, Mg, having the Smallest work 
function among the metals tested, would have increased con 
tact resistance. Contrary to such a popular misconception, the 
present inventors discovered that Mg did cause a steep 
decrease in contact resistance as a result of the heat treatment. 
0.095 FIG. 5(a) is a graph showing the relationship 
between the specific contact resistance and the thickness of an 
Mg layer in an Mg/Pt electrode (in which a Pt layer was 
stacked on the Mg layer). In this case, the thickness of the Pt 
layer yet to be thermally treated was fixed at 75 nm. On the 
other hand, FIG. 5(b) is a graph showing the specific contact 
resistance of a Pd/Pt electrode (of which the Pd layer has a 
thickness of 40 nm and the Pt layer has a thickness of 35 nm) 
as a comparative example. In this graph, the ordinate repre 
sents the heat treatment temperature. The thicknesses of the 
metal layers other than the Mg layer were measured before 
the heat treatment. 

(0096. The data shown in FIG. 5(a) were collected from 
samples in which the Mg layer was deposited by pulse evapo 
ration process (to be described in detail later). On the other 
hand, the data shown in FIG. 5(b) were collected from 
samples in which the Pd or Pt layer was deposited by normal 
electronbeam evaporation process. In every specific example 
of the present invention to be described herein later, the Mg 
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layer was deposited by the pulse evaporation process. In this 
description, an Mg layer is also deposited on a c-plane GaN 
layer by the pulse evaporation process. However, every other 
non-Mg metal layer (such as a Pd, Pt or Aulayer) was depos 
ited by normal electron beam evaporation process. 
0097. The Mg/Pt electrode and the Pd/Pt electrode are 
both in contact with the Mg-doped m-plane GaN layer. The 
m-plane GaN layer that is in contact with these electrodes is 
doped with 7x10 cm Mg to a depth of 20 nm as measured 
from the Surface (i.e., the uppermost Surface region with a 
thickness of 20 nm). On the other hand, the rest of the m-plane 
GaN layer, of which the depth exceeds 20 nm as measured 
from the surface, is doped with 1x10" cm Mg. If the con 
centration of the p-type dopant is locally increased in this 
manner in the uppermost Surface region of the GaN layer that 
is in contact with the p-electrode, the contact resistance can be 
reduced to the lowest possible level. On top of that, by adopt 
ing such a doping scheme, the in-plane non-uniformity of the 
current-Voltage characteristic can also be reduced. As a result, 
the variation in drive Voltage between respective chips can 
also be reduced. That is why in every experimental example 
disclosed in this application, the Surface region of the p-type 
GaN layer that is in contact with the electrode is doped with 
7x10" cm Mg to a depth of 20 nm as measured from the 
surface, while the other deeper region is doped with 1x10' 
cm Mg. It should be noted that the contact resistance of Mg 
shown in FIG. 4(b) is higher than that of Mg shown in FIG. 
5(a) because in the example shown in FIG. 4(b), the process 
of locally increasing the doping level of Mg in the surface 
region was not carried out. 
0098. In the graph shown in FIG. 5(a), the abscissa repre 
sents the thickness of the thermally treated Mg layer. As will 
be described later, according to the results of transmission 
electron microscopy, the thermally treated Mg layer had a 
decreased thickness compared to the Mg layer yet to be ther 
mally treated. Specifically, an Mg layer that had had a thick 
ness of 7 nm before being subjected to a heat treatment at 600° 
C. for 10 minutes had its thickness decreased to 2 nm after 
having been Subjected to the heat treatment. In the same way, 
Mg layers that had had a thickness of 50 nm and a thickness 
of 20 nm before being subjected to the heat treatment at 600° 
C. for 10 minutes had their thickness decreased to 45 nm and 
15 nm, respectively, after having been subjected to the heat 
treatment. 

0099. The graph of FIG. 5(a) shows the results of experi 
ments that were carried out on samples that had been ther 
mally treated at 600° C. for 10 minutes to show the correlation 
between the measured value of the contact resistance and the 
thickness of the Mg layer. The present inventors confirmed 
via experiments that the contact resistance tended to have a 
similar Mg layer thickness dependence even under any other 
heat treatment condition. 
0100. The results of experiments the present inventors 
carried out revealed that once the thickness of the Mg layer 
exceeded 45 nm, the contact resistance of the Mg/Ptelectrode 
with respect to the m-plane GaN layer was approximately 
equal to that of the Pd/Pt electrode with respect to the m-plane 
GaN layer (shown in FIG. 5(b)). That is to say, no advantages 
over the prior art were achieved in that case. On the other 
hand, if the thickness of the Mg layer was equal to or smaller 
than 45 nm, the contact resistance of the Mg/Pt electrode on 
the m-plane GaN layer was lower that of the Pd/Pt electrode 
on the m-plane GaN layer as shown in FIG. 5(a), thus proving 
the superiority of the present invention over the prior art. 
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0101 The present inventors confirmed that in a range 
where the Mg layer had a thickness of 45 nm or less, the 
thinner the Mg layer, the lower the contact resistance. When 
the Mg layer thickness decreased to the vicinity of 15 nm, the 
contact resistance started to drop steeply with the decrease in 
the thickness of the Mg layer. And when the Mg layer thick 
ness was around 2 nm, the lowest possible contact resistance 
was achieved. 

0102. In view of these considerations, in the semiconduc 
tor device to be obtained as a final product by going through 
every manufacturing process step including the heat treat 
ment, the Mg layer 32 preferably has a thickness of 45 nm or 
less, and more preferably falls within the range of 2 nm to 15 

. 

0103 FIGS. 6(a) through 6(c) are photographs showing 
the surface states of a thermally treated electrode in situations 
where the Mg layer had thicknesses of 2 nm, 15 nm and 45 
nm, respectively. In this case, the thickness of the Mg layer 
was measured after having been thermally treated at 600° C. 
for 10 minutes. 

0104. As shown in FIG. 6(c), in the sample of which the 
Mg layer had a thickness of 45 nm, some roughening (or 
unevenness) was observed on the surface of the electrode. 
Such roughening of the electrode's surface would be one of 
the factors that will cause an increase in contact resistance 
when the thickness of the Mg layer exceeds 45 nm. In addi 
tion, once the thickness of the Mg layer exceeded 45 nm, the 
Mg layer was seen to have locally raised portions. According 
to the results of transmission electron microscopy, such a 
phenomenon would have been brought about due to the cre 
ation of a gap between the Mg layer and the GaN layer. This 
is probably because once the thickness of the Mg layer 
exceeded 45 nm, the Mg layer got strained so much as to peel 
off from the interface between the Mg, and GaN layers. For 
these reasons, the thickness of the Mg layer is preferably set 
to be 45 nm or less. 

0105. It should be noted that if the Mg layer had a thick 
ness of approximately 15 nm or less, the Surface of the elec 
trode had an extremely high degree of planarity. That is why 
the Mg layer more preferably has a thickness of 15 nm or less. 
0106 FIG. 7 is a graph showing how the (measured values 
of) contact resistances of the Mg/Pt electrode and the Pd/Pt 
electrode changed depending on whether the contact Surface 
was an m-plane or a c-plane. In each of these samples, the 
electrode was in contact with the p-type GaN layer, which had 
been doped with Mg having the concentration profile 
described above. 

0107 Before being subjected to the heat treatment, the 
respective layers had thicknesses shown in the following 
Table 1: 

TABLE 1 

Plane Thickness (before 
orientation p-electrode heat treatment) 

m-plane Mg/Pt 7 nm 75mm 
m-plane Po? Pt 40 nm 35 mm 
c-plane Mg/Pt 7 nm 75mm 
c-plane Po? Pt 40 nm 35 mm 
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0108. Their heat treatment temperatures and process times 
are as shown in the following Table 2: 

TABLE 2 

Heat treatment 
Plane temperature 
orientation p-electrode and process time 

m-plane Mg/Pt 600° C. 10 minutes 
m-plane Po? Pt 500° C. 10 minutes 
c-plane Mg/Pt 600° C. 10 minutes 
c-plane Po? Pt 500° C. 10 minutes 

0109. As is clear from FIG. 7, even when the contact 
Surface was a c-plane, the contact resistance of the Mg/Pt 
electrode slightly decreased compared to the Pd/Pt electrode. 
Nonetheless, the present inventors discovered that the contact 
resistance of the Mg/Pt electrode had still decreased signifi 
cantly. 
0110. Next, it will be described with reference to FIG. 8 
how the contact resistance depends on the heat treatment 
temperature. FIG. 8 shows the results that were obtained in a 
situation where an Mg layer and then a Pt layer were stacked 
in this order on the m-plane of a p-type GaN layer (which will 
be referred to herein as an “m-plane GaN). Those results are 
identified by m-plane GaN (Mg/Pt) in FIG.8. For the purpose 
of comparison, FIG. 8 also shows the results that were 
obtained in a situation where a Pd layer and then a Pt layer 
were stacked in this order on the p-type m-plane GaN layer. 
Those results are identified by m-plane GaN (Pd/Pt) in FIG.8. 
FIG. 8 further shows the results that were obtained in a situ 
ation where a Pd layer and then a Pt layer were stacked in this 
order on the c-plane of a p-type GaN layer (which will be 
referred to herein as a “c-plane GaN). Those results are 
identified by c-plane GaN (Pd/Pt) in FIG. 8. In any case, the 
p-type GaN layer was doped with Mg so as to have the 
concentration profile described above. 
0111 Before being subjected to the heat treatment, the 
respective layers had the thicknesses shown in the following 
Table 3: 

TABLE 3 

Plane 
orientation p-electrode Thickness 

m-plane Mg/Pt 7 mm, 75 nm. 
m-plane Pd Pt 40 nm 35mm 
c-plane Pd Pt 40 nm 35mm 

0112 First of all, in the electrode consisting of Pd/Pt lay 
ers, the m-plane GaN had higher contact resistance than the 
c-plane GaN. Also, in both of the m- and c-plane GaN, the 
contact resistance increased at a heat treatment temperature 
exceeding 500° C. 
0113. On the other hand, before subjected to the heat treat 
ment, the electrode of the m-plane GaN (Mg/Pt) had higher 
contact resistance than the electrode consisting of the Pd/Pt 
layers. This result conforms to a technical commonplace that 
the smaller the work function of a metal is, the higher its 
contact resistance will be. However, in the electrode of the 
m-plane GaN (Mg/Pt), the higher the heat treatment tempera 
ture, the lower the contact resistance. And at a heat treatment 
temperature of 500°C., the contact resistance of the m-plane 
GaN (Mg/Pt) was equal to or lower than that of the m-plane 
GaN (Pd/Pt). 
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0114 Besides, at a temperature exceeding 500°C. (e.g., at 
600° C.), the contact resistance of the m-plane GaN (Mg/Pt) 
further decreased to get equal to, or even lower than, that of 
the c-plane GaN (Mg/Pt). According to the graph shown in 
FIG. 8, when the heat treatment temperature was approxi 
mately 550°C. or more, the contact resistance of the m-plane 
GaN (Mg/Pt) was equal to, or even lower than, that of the 
c-plane GaN (Mg/Pt). 
(0.115. At a heat treatment temperature of 600° C., the 
contact resistance of the m-plane GaN (Mg/Pt) was lower 
than those of the m- and c-plane GaN (Mg/Pt) at 600° C. and 
more specifically decreased to approximately 1.0E-02G2cm 
or the vicinity thereof. Furthermore, at a heat treatment tem 
perature of 700°C., the contact resistance of the m-plane GaN 
(Mg/Pt) had increased from its resistance at 600° C. but was 
still lower than the contact resistances of the m- and c-plane 
GaN (Mg/Pt) at 700° C. 
0116 Consequently, the heat treatment temperature of the 
m-plane GaN (Mg/Pt) is preferably equal to or higher than 
500°C., for example. However, if the heat treatment tempera 
ture exceeded 700° C. to reach a predetermined temperature 
of 800° C., for example, then the film quality of the electrode 
and the GaN layer would start to deteriorate noticeably. That 
is why the upper limit is preferably set to be 700° C. or less, 
and the heat treatment temperature is more preferably in the 
vicinity of 600° C. (e.g., 600° C.i.50° C.). 
0117 FIG. 9 shows photographs representing the surface 
states of the electrode that had been thermally treated at 
respective temperatures. Specifically, the results that were 
obtained in the as-deposited state (without being subjected to 
the heat treatment) and at heat treatment temperatures of 500 
C., 600° C. and 700° C. are shown in FIG. 9. 
0118. As can be seen from FIG.9, if Pd and Pt layers were 
stacked in this order on a p-type c-plane GaN layer (i.e., in the 
case of C-GaN (Pd/Pt)), no deterioration was seen on the 
Surface of the metal at any of these heat treatment tempera 
tures of 500° C., 600° C. and 700° C. According to the results 
of AFM measurements, the surface had arithmetic average 
roughness values Ra of about 2 nm, about 2 nm and about 4 
nm at 500° C., 600° C. and 700° C., respectively. 
0119. On the other hand, if Pd and Pt layers were stacked 
in this order on a p-type m-plane GaN layer (i.e., in the case 
of M-GaN (Pd/Pt)), some degree of deterioration such as 
Surface roughening was seen on the Surface of the metal at 
heat treatment temperatures of 600° C. and 700° C. Accord 
ing to the results of AFM measurements, the surface had an 
Ra of about 30 nm and an Ra of about 77 nm at 600 and 700° 
C., respectively. That is to say, it can be seen that such dete 
rioration of the electrode that has gone through a heat treat 
ment is a problem peculiar to the m-plane GaN electrode. 
I0120 However, if Mg and Pt layers were stacked in this 
order on a p-type m-plane GaN layer (i.e., in the case of 
M-GaN (Mg/Pt)), the present inventors confirmed that a very 
Small degree of unevenness was seen at the heat treatment 
temperature of 700° C. but that the electrode never deterio 
rated at any of these heat treatment temperatures of 500°C., 
600° C. and 700° C. According to the results of AFM mea 
surements, the surface had Ra of about 1.5 nm, about 1.5 nm. 
and about 4.5 nm at 500° C., 600° C. and 700° C., respec 
tively. Thus, good Surface states were achieved. And in the 
structure of this preferred embodiment, the electrode surface 
preferably has an Ra of about 4.5 nm or less, more preferably 
about 1.5 nm or less. 
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0121 The present inventors deposited an Mg layer to a 
thickness of 30 nm on a GaN layer, thermally treated it at 800° 
C. and at 900° C. for 10 minutes, and then measured the 
photoluminescence of the GaN layer. The results are shown in 
FIG. 10. Specifically, FIG. 10(a) shows the results of a heat 
treatment that was carried out at 800° C., while FIG. 10(b) 
shows the results of a heat treatment that was carried out at 
900°C. In FIGS. 10(a) and 10(b), the ordinate represents the 
PL intensity, which stands for “photoluminescence inten 
sity'. In each of these graphs shown in FIGS. 10(a) and 10(b), 
the curve identified by Ref represents the PL intensity that 
was obtained before the heat treatment. 

0122 First of all, the present inventors discovered and 
confirmed via experiments that if the heat treatment was 
carried out at 700° C. or less, the photoluminescence spec 
trum after the heat treatment remained virtually the same as 
the one before the heat treatment. On the other hand, if the 
heat treatment was carried out at 800° C., a photolumines 
cence called “yellow band', which would have been caused 
due to the presence of vacancy defects, appeared around 530 
nm as shown in FIG. 10(a). And if the heat treatment tem 
perature was further raised, the photoluminescence around 
530 nm further increased its intensity as shown in FIG.10(b), 
which indicates that the density of such vacancy defects 
increased. These results reveal that to keep the quality of GaN 
good enough, the electrode including the Mg layer is prefer 
ably thermally treated at 700° C. or less. 
0123 FIG. 11 shows the profile of Mg atoms in the depth 
direction, which was measured in an electrode structure (Mg/ 
Pt) with an SIMS (Secondary Ion-microprobe Mass Spec 
trometer). Specifically, FIG.11(a) shows the results that were 
obtained in a situation where an Mg/Pt electrode, in which an 
Mg layer was stacked on the GaN layer, was not subjected to 
heat treatment (i.e., in the as-deposited state). On the other 
hand, FIG.11(b) shows the results that were obtained after a 
heat treatment. The heat treatment was carried out on c-plane 
GaN at 600° C. for 10 minutes and on m-plane GaN at 600° C. 
for 10 minutes and at 630° C. for 10 minutes. 

0.124. In any of these electrodes, before the heat treatment, 
the Mg layer had a thickness of 7 nm and the Pt layer had a 
thickness of 75 nm. 

0.125. In the graphs shown in FIGS. 11(a) and 11(b), the 
ordinate represents the Mg concentration and the abscissa 
represents the distance in the depth direction. In this case, 
negative abscissas represent sites closer to the electrode, 
while positive ones represent sites closer to the p-type GaN. 
The origin (of Oum) on the axis of abscissas represents a site 
where Mg has a peak concentration and Substantially corre 
sponds to the interface between the p-type GaN layer and the 
Mg layer. The same statement will also apply to the graphs 
shown in FIGS. 12, 13 and 15 to be referred to later. 
0126. In the graphs shown in FIGS. 11(a) and 11(b), the 
solid diamonds 0 represent data about samples that were 
formed on the c-plane GaN and that were thermally treated at 
600° C., the open triangles A represent data about samples 
that were formed on the m-plane GaN and that were thermally 
treated at 600° C., and the open circles O represent data about 
samples that were formed on the m-plane GaN and that were 
thermally treated at 630° C. The same statement will also 
apply to the graphs shown in FIGS. 12, 13 and 15 to be 
referred to later. In any of these cases, the p-type GaN layer 
yet to be thermally treated had been doped with 7x10 cm 
Mg to a depth of 20 nm as measured from the surface that was 
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in contact with the electrode and had been doped with 1x10' 
cm Mg in deeper regions as described above. 
I0127. As shown in FIG. 11(a), in the as-deposited state, 
the Mg profiles were no different, no matter whether the 
underlying layer was m-plane GaN or c-plane GaN. On the 
other hand, ifan Mg layer was deposited on the GaN layer and 
then thermally treated, the resultant Mg profiles were quite 
different as shown in FIG.11(b). 
I0128 If the heat treatment was carried out, Mg on the 
c-plane GaN was seen to have diffused into the p-type GaN 
layer at rather high concentrations as shown in FIG. 11(b). 
and was also seen to have diffused into the Pt layer. On the 
other hand, it was confirmed that Mg on the m-plane GaN 
hardly diffused into the p-type GaN layer or the Pt layer. More 
specifically, in the case of the c-plane GaN. Mg diffused deep 
into not only the Pt layer but also the GaN itself as a result of 
the heat treatment. On the other hand, in the case of the 
m-plane GaN. Mg slightly diffused toward the Pt layer but 
hardly diffused toward the GaN as a result of the heat treat 
ment. The results were almost no different, no matter whether 
the heat treatment temperature was 600° C. or 630°C. In this 
manner, a significant difference arose between the diffusion 
of Mg on the c-plane GaN and that of Mg on the m-plane GaN 
before and after the heat treatment. The reason has not been 
quite clear yet but that would have been probably because of 
a difference in the ordering of uppermost atoms between the 
c-plane and the m-plane, a difference in their polarity, and a 
difference in the density of atoms. 
I0129 FIG. 12 shows the profile of Ga atoms in the depth 
direction, which was measured in the electrode structure (Mg/ 
Pt) with an SIMS. Before the heat treatment, the Mg layer had 
a thickness of 7 nm and the Pt layer had a thickness of 75 nm. 
The ordinate of this graph represents the signal intensity of 
the SIMS's detector, which is proportional to the atomic 
concentration. In FIG. 12, the abscissa representing a distance 
of Oum substantially corresponds to the interface between the 
p-type GaN layer and the Mg layer. It should be noted that the 
origin (of Oum) on the axis of abscissas represents a site 
where Mg has a peak concentration. In this case, negative 
abscissas represent sites closer to the electrode, while positive 
ones represent sites closer to the p-type GaN. The ordinate is 
normalized with respect to the concentration of Ga in as 
deposited GaN crystals as a unity. Also, if calculations are 
made based on the atomic density of the base, an ordinate 
representing an intensity of 1x10 substantially corresponds 
to a concentration of 1x10" cm. 
0.130 FIG. 12(a) shows the results that were obtained in a 
situation where an Mg/Pt electrode, in which an Mg layer was 
stacked on the GaN layer, was not subjected to heat treatment 
(i.e., in the as-deposited state). On the other hand, FIG. 12(b) 
shows the results that were obtained after aheat treatment that 
had been carried out at temperatures of 600° C. and 630° C. 
Specifically, the heat treatment was carried out on c-plane 
GaN at 600° C. for 10 minutes and on m-plane GaN at 600° C. 
for 10 minutes and at 630° C. for 10 minutes. 
I0131. As shown in FIG. 12(a), in the as-deposited state, 
the Ga profiles were no different, no matter whether the 
underlying layer was m-plane GaN or c-plane GaN. On the 
other hand, ifan Mg layer was deposited on the GaN layer and 
then thermally treated, the resultant Ga profiles were quite 
different as shown in FIG. 12(b). 
I0132) Specifically, the present inventors confirmed that if 
the heat treatment was carried out, Ga diffused into the Mg 
layer as shown in FIG. 12(b). In a sample in which an Mg 
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layer was deposited on the m-plane GaN and then thermally 
treated at 600° C. Ga was seen to have diffused into the Mg 
layer and the contact resistance decreased. The reason has not 
been quite clear yet but the present inventors did confirm that 
there was a correlation between the number of Ga atoms 
diffused into the Mg layer and the contact resistance. 
0.133 More specifically, in the case of the c-plane GaN. Ga 
diffused into both the Mg and Pt layers and moved into the 
electrode even from deep inside GaN crystals. In other words, 
in the c-plane GaN. Ga atoms diffused significantly almost 
everywhere from the GaN layer into the electrode. In the 
m-plane GaN. on the other hand, when the heat treatment 
temperature was 600° C., it seems that Ga atoms moved only 
in the vicinity of the interface unlike the c-plane GaN. Com 
pared to a c-plane, it would be less easy for the atoms to move 
freely from an m-plane. Even in the m-plane GaN, however, 
if the heat treatment temperature was 630° C., Ga atoms 
diffused into the entire Mg, and Pt layers. It should be noted 
that the m-plane contact resistance was lower at a heat treat 
ment temperature of 600° C. than at 630°C. This is probably 
because at a heat treatment temperature of 600° C., it would 
be hard for nitrogenatoms to diffuse from the m-plane as will 
be described later, and therefore, Ga vacancies would act as 
acceptors as a result. On the other hand, at a heat treatment 
temperature of 630°C., a greater number of nitrogen atoms 
would diffuse toward the electrode than at 600° C. 
0134 FIG. 13(a) is a graph showing the profile of nitrogen 
atoms in the depth direction in an Mg/Pt electrode yet to be 
subjected to a heat treatment, while FIG. 13(b) is a graph 
showing the profile of nitrogenatoms in the depth direction in 
the Mg/Pt electrode that has been subjected to the heat treat 
ment. Before the heat treatment, the Mg layer had a thickness 
of 7 nm and the Pt layer had a thickness of 75 nm. In the 
graphs shown in FIGS. 13(a) and 13(b), the ordinate repre 
sents the N intensity, while the abscissa represents the dis 
tance in the depth direction. Specifically, an N intensity of 
1x10 substantially corresponds to an N concentration of 
1x10" cm. In this case, negative abscissas represent sites 
closer to the electrode, while positive ones represent sites 
closer to the p-type GaN. In FIG. 13, the origin of the axis of 
abscissas (0 um) Substantially corresponds to the interface 
between the p-type GaN layer and the Mg layer. The electrode 
structure and the p-type GaN doping conditions are the same 
as what has already been described for the samples with 
reference to FIG. 11. 

0135) It can be seen from FIG. 13(a) that in samples in 
which no heat treatment was carried out after the evaporation 
process, nitrogen atoms did not diffuse toward the electrode, 
no matter whether the electrode had been formed on the 
c-plane GaN or the m-plane GaN. 
0136. On the other hand, it was confirmed that in the 
electrode on the c-plane GaN that had been thermally treated, 
nitrogen atoms diffused toward the electrode as shown in 
FIG. 13(b). In the electrode on the m-plane GaN, however, the 
nitrogen atoms hardly diffused toward the electrode even 
after the heat treatment. That is to say, as for the m-plane GaN. 
only Ga atoms diffused toward the electrode but nitrogen 
atoms didn't. Meanwhile, as for the c-plane GaN, both Ga 
atoms and nitrogen atoms did diffuse toward the electrode. If 
Ga atoms diffuse toward the electrode from p-type GaN, then 
the number of Ga atoms will be insufficient on the uppermost 
Surface of p-type GaN, thus producing Ga vacancies there. 
Such Ga vacancies will act as a sort of acceptors. That is why 
if the number of Ga vacancies increases in the vicinity of the 
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interface between the electrode and the p-type GaN, then 
holes will pass through the Schottky barrier of that interface 
more easily due to a so-called “tunneling phenomenon. If 
not only those Ga atoms but also nitrogen atoms diffuse 
toward the electrode, however, the number of nitrogen atoms 
will also be insufficient on the uppermost surface of the 
p-type GaN. That is to say, nitrogen vacancies will also be 
produced there. Those nitrogen vacancies will act like donors 
and will produce charge compensation with respect to the Ga 
vacancies. That is why if not just Ga atoms but also nitrogen 
atoms diffuse toward the electrode as in the c-plane GaN, the 
contact resistance will no longer decrease. 
0.137 Next, the relation betweenN (nitrogen) and Ga con 
centrations in an Mg layer will be described in detail. As 
shown in FIG. 12(b), if the heat treatment was carried out at 
600°C., the concentration of Ga that was detected in the Mg 
layer on the m-plane GaN with an SIMS was 4x1.0 E-02. The 
SIMS detected intensity is proportional to its atomic concen 
tration. That is why supposing the base of the GaN layer has 
a Ga concentration of approximately 1x10’ cm, Ga atoms 
would be contained in a concentration of approximately 
4x10" cm in the Mg layer. On the other hand, if the heat 
treatment was carried out at 630° C., the SIMS detected 
intensity was 3x1.0 E-02. According to the same Supposition, 
Ga atoms would be contained in a concentration of approxi 
mately 3x10" cm in the Mg layer on the m-plane GaN. 
0.138. Furthermore, no matter whether the heat treatment 
was carried out at 600° C. or 630°C., the concentration of N 
(nitrogen) atoms that was detected in the Mg layer on the 
m-plane GaN with an SIMS was 1x1.0 E-03, which is the 
limit of responsivity, as shown in FIG. 13(b). According to the 
same Supposition, N (nitrogen) atoms would be contained in 
a concentration of 1x10" cm or less in the Mg layer on the 
m-plane GaN. These results reveal that the Ga atom concen 
tration in the Mg layer on the m-plane GaN is at least one 
digit greater than (i.e., at least 10 times as high as) the Natom 
concentration there. 
0.139. On the other hand, in the Mg layer on the c-plane 
GaN layer, both Ga and N had an SIMS detected intensity of 
1E-2, and therefore, would have been contained there in a 
concentration of approximately 1x10" cm. That is to say, 
in the Mg layer on the c-plane GaN layer, the Ga atoms and N 
atoms had approximately the same concentration. 
0140. These elements (namely, Mg, Ga, N and Pt) would 
behave in a similar manner even if part of Ga is replaced with 
Al or In in the GaN layer that is in contact with the Mg layer. 
Their behavior would also be the same even if the GaN-based 
semiconductor layer that is in contact with the Mg layer is 
doped with a non-Mg element as a dopant. 
0.141. Next, look at FIG. 14, which shows cross-sectional 
transmission electron microscope (TEM) photographs of an 
(Mg/Pt) electrode structure in which an Mg layer was depos 
ited on an m-plane GaN layer. Specifically, FIG. 14(a) shows 
the result that was obtained without conducting a heat treat 
ment (i.e., in the as-deposited state), while FIG. 14(b) shows 
the result that was obtained after a heat treatment had been 
carried out at 600° C. for 10 minutes. 
0142. In this example, the Mg layer was deposited to a 
thickness of 7 nm on GaN crystals as shown in FIG. 14(a). 
After the heat treatment, the Pt layer corroded the Mg layer, 
thus reducing the thickness of the Mg layer to 2 nm as shown 
in FIG. 14(b). 
0143. As can be seen from FIG. 14(b), although the Mg 
layer (i.e., the layer 32 shown in FIG. 3(a)) had a small 
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thickness (of 2 nm, for example), the presence of the Mg layer 
(i.e., the layer 32 shown in FIG.3(a)), consisting essentially 
of Mg that had neither been alloyed nor absorbed by the Pt 
layer (i.e., the layer 34 shown in FIG. 3(a)), was still con 
firmed. The presence of this thin Mg layer32 would be one of 
major factors contributing to a reduction in the contact resis 
tance of an m-plane GaN that has been extremely high in the 
prior art. 
014.4 FIG. 15 shows the profile of Pt atoms in the depth 
direction, which was measured in an electrode structure (Mg/ 
Pt) with an SIMS. Just the SIMS results described above, 
FIGS. 15(a) and 15(b) show the results that were obtained 
without conducting a heat treatment (i.e., in the as-deposited 
state) and the results that were obtained after aheat treatment. 
Before the heat treatment, the Mg layer had a thickness of 7 
nm and the Pt layer had a thickness of 75 nm. In the graphs 
shown in FIGS. 15(a) and 15(b), the ordinate represents the Pt 
intensity, while the abscissa represents the distance in the 
depth direction. Specifically, a Pt intensity of 1x10 substan 
tially corresponds to a Pt concentration of 1x10" cm. In 
this case, negative abscissas represent sites closer to the elec 
trode; while positive ones represent sites closer to the p-type 
GaN. In FIG. 15, the origin of the axis of abscissas (Oum) 
substantially corresponds to the interface between the p-type 
GaN layer and the Mg layer. The electrode structure and the 
p-type GaN doping conditions are the same as what has 
already been described for the samples with reference to FIG. 
11. 

(0145 As shown in FIG. 15(a), in the as-deposited state, 
the Pt profiles were no different, no matter whether the under 
lying layer was m-plane GaN or c-plane GaN. On the other 
hand, it can be seen from FIG. 15(b) that on the c-plane GaN. 
Pt diffused toward GaN after the heat treatment. Neverthe 
less, it was confirmed that as for the m-plane GaN, the Pt 
profiles hardly changed even after the heat treatment and Pt 
hardly diffused into the GaN layer. More specifically, as for 
the c-plane GaN, a lot of Pt diffused toward the Mg layer as a 
result of the heat treatment. As for the m-plane GaN. on the 
other hand, just a small number of Pt (which was approxi 
mately only a tenth compared to the c-plane GaN) diffused 
toward the Mg layer as a result of the heat treatment. The 
results were almost the same, no matter whether the heat 
treatment temperature was 600° C. or 630° C. 
0146 These results reveal that according to the structure 
(Mg/Pt) of this preferred embodiment, in a region where Mg 
was in contact with the GaN layer, their alloy was produced 
much less than in the case of Au. 
0147 The present inventors made a sample in which an 
Mg layer was deposited to a thickness of 2 nm on an m-plane 
GaN and then thermally treated at 600° C. for 10 minutes. 
And we observed cross sections of that sample with a trans 
mission electron microscope (TEM). FIG. 16(a) is a sche 
matic representation illustrating the structure of an Mg/Pt 
electrode yet to be subjected to a heat treatment, while FIG. 
16(b) is a schematic representation illustrating the structure 
of the Mg/Pt electrode thermally treated. Each of these draw 
ings was drawn based on a cross-sectional TEM photograph. 
0148 If the Mg layer as deposited was thicker than 5 nm, 
the thickness of the Mg decreased after having been thermally 
treated at 600° C. for 10 minutes. However, the Mg layer was 
still present as a substantially continuous film even after the 
heat treatment. On the other hand, it was confirmed that if the 
Mg layer as deposited had a thickness of approximately 2 nm, 
sometimes there were islands of Mg, which had not been 

Jun. 30, 2011 

absorbed into an Mg Pt alloy, after the heat treatment had 
been carried out at 600° C. for 10 minutes as shown in FIG. 
16(b). Also, if the thickness of the Mg layer as-deposited is as 
Small as approximately 2 nm, the Mg layer eventually 
obtained could have any of various morphologies according 
to the conditions of the heat treatment conducted. 
0149. It should be noted that the “Mg layer” could also 
refer hereinto a group of such a huge number of islands of Mg 
on the Surface of a p-type semiconductor region. Alterna 
tively, the “Mg layer could even be a film with a lot of 
openings (such as a porous film). In this manner, as long as 
Mg that has not been corroded by Pt contacts with the surface 
of a p-type semiconductor region (that is an m-plane), the 
contact resistance can be reduced sufficiently effectively. 
0150. Also, even if an Mo layer or a Pd layer is deposited 
in place of the Pt layer on the Mg layer, the contact resistance 
could also be reduced substantially no less effectively. To 
achieve that effect of reducing the contact resistance, the 
point is that an Mg layer and a GaN-based semiconductor 
should contact with each other and that a metal on the Mg 
layer should be a material that would produce an alloy with 
Mg less easily than Au. 
0151. Hereinafter, the configuration of this preferred 
embodiment will be described in further detail with reference 
to FIG.3(a) again. 
0152. As shown in FIG.3(a), the light-emitting device 100 
of this preferred embodiment includes an m-plane GaN sub 
strate 10 and an AlGaIn N layer (where u+V+w=1, u20, 
v20 and we0) 22 that has been formed on the substrate 10. 
In this specific example, the m-plane GaN substrate 10 is an 
n-type GaN substrate with a thickness of 100 um, for 
example, and the AlGan N layer 22 is an n-type GaN layer 
with a thickness of 2 um for example. On the AlGaIn N 
layer 22, stacked is an active layer 24. In other words, a 
semiconductor multilayer structure 20 including at least the 
active layer 24 has been formed on the m-plane GaN substrate 
10. 

0153. In the semiconductor multilayer structure 20, an 
active layer 24 including an Al InGaN layer (where a+b+ 
c=1, a20, b20 and c20) has been formed on the AlGa, In-N 
layer 22. The active layer 24 consists of InCaN well layers 
with an In mole fraction of approximately 25% and GaN 
barrier layers, both the well layers and the barrier layers may 
have a thickness of 9 nm each, and the well layers may have 
a well layer period of three. On the active layer 24, stacked is 
an Al AGaN layer (where d--e=1, d20 and e20) 26 of the 
second conductivity type (which may be p-type, for 
example), which may be an AlGaN layer with an Al mole 
fraction of 10% and may have a thickness of 0.2 Lum. In this 
preferred embodiment, the Al AGaN layer 26 is doped with 
Mg as a p-type dopant to a level of approximately 10" cm, 
for example. Also, in this example, an undoped GaN layer 
(not shown) is interposed between the active layer 24 and the 
Al(GaN layer 26. 
I0154) Furthermore, in this example, on the Al CaN layer 
26, stacked is a GaN layer (not shown) of the second conduc 
tivity type (which may be p-type, for example). In addition, 
on the contact layer of p"-GaN. stacked in this order are an 
Mg layer 32 and a Pt layer 34. And this stack of the Mg layer 
32 and the Pt layer 34 is used as an electrode (i.e., a p-elec 
trode) 30. 
0155 This semiconductor multilayer structure 20 further 
has a recess 42 that exposes the Surface of the AlGanN 
layer 22. And an electrode 40 (n-electrode) has been formed 
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on the AlGaIn N layer 22 at the bottom of the recess 42, 
which may have a width (or diameter) of 20 um and a depth of 
1 um, for example. The electrode 40 may have a multilayer 
structure consisting of Ti, Al and Pt layers, which may have 
thicknesses of 5 nm, 100 nm and 10 nm, respectively. 
0156 The present inventors discovered that the nitride 
based semiconductor light-emitting device 100 of this pre 
ferred embodiment could have an operating Voltage Vop that 
was approximately 1.5 V lower than that of a conventional 
m-plane LED with a Pd/Pt electrode, and therefore, could cut 
down the power dissipation as a result. 
O157 Hereinafter, it will be described with reference to 
FIG.3(a) once again how to fabricate the nitride-based semi 
conductor light-emitting device of this preferred embodi 
ment. 

0158 First of all, an m-plane substrate 10 is prepared. In 
this preferred embodiment, a GaN substrate is used as the 
substrate 10. The GaN substrate of this preferred embodiment 
is obtained by HVPE (hydride vapor phase epitaxy). 
0159 For example, a thick GaN film is grown to a thick 
ness of several nanometers on a c-plane Sapphire Substrate, 
and then diced perpendicularly to the c-plane (i.e., parallel to 
the m-plane), thereby obtaining m-plane GaN Substrates. 
However, the GaN substrate does not have to be prepared by 
this particular method. Alternatively, an ingot of bulk GaN 
may be made by a liquid phase growth process such as a 
Sodium flux process or a melt-growth method such as an 
ammonothermal process and then diced parallel to the 
m-plane. 
0160 The substrate 10 does not have to be a GaN substrate 
but may also be a gallium oxide Substrate, an SiC Substrate, an 
Si Substrate or a Sapphire Substrate, for example. To grow an 
m-plane GaN-based semiconductor on the substrate by epit 
axy, the principal surface of the SiC or sapphire substrate is 
preferably also an m-plane. However, in Some instances, 
a-plane GaN could grow on an r-plane Sapphire Substrate. 
That is why according to the growth conditions, the Surface on 
which the crystal growth should take place does not always 
have to be an m-plane. In any case, at least the Surface of the 
semiconductor multilayer structure 20 should bean m-plane. 
In this preferred embodiment, crystal layers are formed one 
after another on the substrate 10 by MOCVD (metalorganic 
chemical vapor deposition) process. 
0161 Next, an AlGaIn N layer 22 is formed on the 
m-plane GaN substrate 10. As the AlGaIn N layer 22, 
AlGaN may be deposited to a thickness of 3 um, for example. 
A GaN layer may be deposited by supplying TMG (Ga(CH) 
), TMA(Al(CH)) and NH gases onto the m-plane GaN 
substrate 10 at 1,100° C., for example. 
0162. Subsequently, an active layer 24 is formed on the 
AlGan N layer 22. In this example, the active layer 24 has 
a GalnN/GaN multi-quantum well (MQW) structure in which 
Gao. In N well layers and GaN barrier layers, each having a 
thickness of 9 nm, have been stacked alternately to have an 
overall thickness of 81 nm. When the Gao Ino, N well layers 
are formed, the growth temperature is preferably lowered to 
800° C. to introduced In. 
0163 Thereafter, an undoped GaN layer is deposited to a 
thickness of 30 nm, for example, on the active layer 24, and 
then an Al AGaN layer 26 is formed on the undoped GaN. 
layer. As the AlAGaN layer 26, p-Ala GaosN is deposited 
to a thickness of 70 nm by supplying TMG, NHTMA, TMI 
gases and Cp2Mg (cyclopentadienyl magnesium) gas as a 
p-type dopant. 
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0164. Next, a p-GaN contact layer is deposited to a thick 
ness of 0.5 um, for example, on the Al(GaN layer 26. In 
forming the p-GaN contact layer, CpMg is Supplied as a 
p-type dopant. 
0.165. Thereafter, respective portions of the p-GaN contact 
layer, the AlOaN layer 26, the undoped GaN layer, and the 
active layer 24 are removed by performing a chlorine-based 
dry etching process, thereby making a recess 42 and exposing 
a region of the AlGa.In N layer 22 where an n-electrode will 
beformed. Then, Ti/Pt layers are deposited as an n-electrode 
40 on the region reserved foran n-type electrode at the bottom 
of the recess 42. 

0166 Subsequently, an Mg layer 32 is formed on the 
p-GaN contact layer and then a Pt layer 34 is stacked on the 
Mg layer 32, thereby forming a p-electrode 40. In this pre 
ferred embodiment, a technique for performing an evapora 
tion process while evaporating the material metal in pulses 
(i.e., a so-called “pulse evaporation process') is used to form 
the Mg layer32. More specifically, metal Mg contained in a 
crucible in a vacuum (of 5x10° Torr, for example) is irradi 
ated with pulses of electron beam, thereby evaporating the 
material metal in pulses. Some of the molecules or atoms of 
that material metal are deposited on the p-GaN contact layer, 
thereby forming an Mg layer 32. Those pulses may have a 
pulse width of 0.5 seconds and may be applied repeatedly at 
a frequency of 1 Hz. The pulse width preferably falls within 
the range of 0.005 seconds through 5 seconds and the pulse 
frequency preferably falls within the range of 0.1 Hz, through 
100 Hz. By adopting such a technique, a dense film of quality 
could be formed as the Mg layer32. The Mg layer had such 
high density probably because by performing Such a pulse 
evaporation, Mg atoms or a cluster of Mg atoms that collided 
against the p-GaN contact layer would have their kinetic 
energy increased. That is to say, when irradiated with an 
electron beam, a portion of the material Mg instantaneously 
turn into high-energy Mg atoms and vaporize or evaporate. 
Then, those Mg atoms reach the p-GaN contact layer. On 
reaching the p-GaN contact layer, the Mgatoms make migra 
tion, thereby forming a dense and homogeneous Mg thin film 
at an atomic level. By applying a pulse of an electronbeam, an 
Mg thin film consisting of approximately one to twenty 
atomic layers is formed. And by applying multiple pulses of 
electronbeams a number of times, those Mg thin films will be 
stacked one upon the other on the p-GaN contact layer, 
thereby forming an Mg layer 32 to a desired thickness. The 
electron beam preferably has a peak intensity that is high 
enough to supply the Mg atoms such kinetic energy that 
would cause those Mgatoms adsorbed to migrate easily. Also, 
the driving power of the electrongun is preferably determined 
so that the Mg thin film is deposited to a thickness of 20 
atomic layers (corresponding to approximately 5 nm) or less 
per pulse of an electron beam. This is because if the Mg thin 
film deposited per pulse of the electron beam were thicker 
than 20 atomic layers, then it would be difficult to obtain a 
dense and homogenous Mg thin film. The deposition rate is 
more preferably five atomic layers or less per pulse of the 
electron beam. The reason is that if there were too many Mg 
atoms, those Mg atoms would collide against each other 
while migrating and would lose their kinetic energy. 
0.167 Generally speaking, Mg is an element that gets oxi 
dized easily when exposed to water or the air. When put in the 
air, an Mg thin film that has been deposited on a Supporting 
Substrate by a normal evaporation process will get oxidized 
quickly. As a result, the Mg thin film will gradually lose its 
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metallic gloss and will eventually get crumbly and peel off 
from its supporting member. On the other hand, the Mg layer 
32 that has been formed by the method of this preferred 
embodiment (i.e., the pulse evaporation process) is highly 
dense and homogenous at an atomic level and has a structure, 
of which the atomic ordering is so aligned that it looks as if it 
had been grown epitaxially. On top of that, since it has almost 
no pinholes that would cause the oxidation, the layer will get 
hardly oxidized. That is why even if left in the air for a few 
months, the layer can still maintain a shiny mirror Surface. 
0168 Also, in general, Mg will vaporize instantaneously 
by nature once its temperature has exceeded its melting point. 
For that reason, it is very difficult to precisely control the 
thickness of an Mg thin film to deposit on the order of nanom 
eters by adjusting the deposition rate of the Mg thin film. On 
the other hand, the Mg layer 32 that has been formed by the 
method of this preferred embodiment can have its thickness 
controlled very precisely on the order of nanometers by 
appropriately setting the duration of a pulsed electron beam 
radiated. 

(0169. It should be noted that the method of this preferred 
embodiment could also be used effectively to deposit an Mg 
thin film on an Si substrate or a glass substrate. That is why the 
method of this preferred embodiment can be used to forman 
Mg thin film on not just GaN but also any of various other 
substrates. And the method of this preferred embodiment can 
be used effectively to form an electrode in the field of semi 
conductor processing, among other things. Also, according to 
the method of this preferred embodiment, there is no need to 
heat either the substrate or the supporting member while an 
Mg thin film is being deposited by evaporation. For that 
reason, a highly dense and homogenous Mg thin film can be 
deposited at around room temperature even on a substrate or 
Supporting member that has been formed in a shape that 
makes it difficult to heat it. 

(0170 Furthermore, the Mg layer 32 that has been formed 
by the method of this preferred embodiment can still maintain 
good stability even when thermally treated at a temperature of 
600° C. or more. 

0171 This preferred embodiment uses a technique for 
depositing an Mg layer 32 while evaporating the material 
metal (i.e., metal Mg) in pulses. However, as long as the Mg 
layer 32 can be formed, any other technique can also be 
adopted. As an alternative method for forming Such a dense 
Mg layer of quality, a thermal CVD process or a molecular 
beam epitaxy (MBE) could also be used. 
0172 Optionally, the substrate 10 and a portion of the 
AlGaIn N layer 22 could be removed after that by some 
technique such as laser lift-off, etching or polishing. In that 
case, either only the substrate 10 or the substrate 10 and a 
portion of the AlGaIn N layer 22 could be removed selec 
tively. It is naturally possible to leave the substrate 10 and the 
AlGaIn N layer 22 as they are without removing them. By 
performing these process steps, the nitride-based semicon 
ductor light-emitting device 100 of this preferred embodi 
ment is completed. 
0173. In the nitride-based semiconductor light-emitting 
device 100 of this preferred embodiment, when a voltage is 
applied to between the n- and p-electrodes 40 and 30, holes 
are injected from the p-electrode 30 into the active layer 24 
and electrons are injected from the n-electrode 40 into the 
active layer 24, thus producing photoluminescence with a 
wavelength of about 450 nm. 
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0.174 FIG. 17(a) shows the current-voltage characteristic 
of a light-emitting diode that uses an electrode consisting of 
Mg/Pt layers on m-plane GaN. For your reference, the char 
acteristics of comparative light-emitting diodes that have the 
same LED nitride-based semiconductor structure but that use 
an electrode consisting of Pd/Pt layers and an electrode con 
sisting of Mg/Pt layers on a c-plane GaN. respectively, are 
also shown in FIG. 17(a). The electrode structures and heat 
treatment conditions for these three types of light-emitting 
diodes are summarized in the following Table 4: 

TABLE 4 

Heat treatment 
Plane Thickness (before temperature 
orientation p-electrode heat treatment) and process time 

m-plane Mg/Pt 7 nm 75mm 600° C., 10 min. 
m-plane PoPt 40 nm 35mm 500° C., 10 min. 
c-plane Mg/Pt 7 nm 75mm 600° C., 10 min. 

0.175. In each of these light-emitting diodes, an n-type 
GaN layer, an active layer in which three InGaN well layers 
and two GaN barrier layers are alternately stacked one upon 
the other, and a p-type GaN layer are stacked in this order on 
either an m-plane GaN substrate or a c-plane GaN substrate. 
In addition, on the p-type GaN layer, arranged as a p-elec 
trode is eitheran Mg/Ptelectrode or a Pd/Ptelectrode. On the 
other hand, an n-electrode is formed on the n-type GaN layer 
by etching the p-type GaN layer and the active layer and 
exposing the n-type GaN layer. 
0176). As can be seen easily from FIG. 17(a), even if the 
voltage is increased from Zero volts, the current value will still 
remain substantially zero for a while. However, once the 
applied voltage exceeds a certain level (which will be referred 
to herein as a “rise voltage'), the current value increases with 
the voltage. The electrode consisting of Pd/Pt layers (on the 
m-plane GaN) has a rise voltage of approximately 3.1 V. On 
the other hand, the electrode consisting of Mg/Pt layers (on 
the m-plane GaN) has a rise voltage of approximately 2.5V. 
which is lower than the former one. It can be seen that the 
operating Voltage resulting in a current value of 20mA, which 
is shown in this drawing as an ordinate, was lower in the 
electrode consisting of the Mg/Pt layers by 1.5 volts or more 
than in the electrode consisting of the Pd/Pt layers. 
0177 Next, a light-emitting diode that uses an electrode 
consisting of Mg/Pt layers on m-plane GaN (which will be 
referred to herein as an “m-plane light-emitting diode') and a 
light-emitting diode that uses an electrode consisting of 
Mg/Pt layers on c-plane GaN (which will be referred to herein 
as a “c-plane light-emitting diode') will be compared to each 
other. The m-plane light-emitting diode had a lower rise volt 
age than the c-plane light-emitting diode, which allowed us to 
confirm that the contact resistance was certainly reduced. In 
the m-plane light-emitting diode, for example, a current value 
of 20 mA could be obtained for a drive voltage of 3.2 V. As for 
the c-plane light-emitting diode, on the other hand, a current 
value of 4.8 mA was achieved for the same drive voltage. 
Since the optical power of a light-emitting diode will depend 
on the current value, it can be seen that the optical power 
produced by the m-plane light-emitting diode was approxi 
mately four times as much as the one produced by the c-plane 
light-emitting diode at a drive voltage of 3.2 V. 
0.178 Also, the gradient of the curve representing the cur 
rent-voltage characteristic is steeper in the device with the 
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Mg/Pt electrode than in the device with the Pd/Pt electrode. 
Generally speaking, a light-emitting diode is a diode that has 
a p-n junction inside. And a curve representing the current 
Voltage characteristic of a p-n junction diode is generally 
approximated by the following equation: 

where I is the value of current flowing through the p-n junc 
tion diode, Io is the current constant, V is the applied Voltage, 
K is the Boltzmann constant, T is the temperature, n is a value 
representing the degree of idealness of the diode. Since the 
experiments were carried out at room temperature, KT=0.25 
V. 

0179 Then value of a p-n junction diode is determined by 
the gradient of a curve representing the current-Voltage char 
acteristic. In an ideal p-n junction diode, n21. In an actual p-n 
junction diode, however, then value is different from one. But 
the closer to one the n value, the better. According to the 
results of experiments the present inventors carried out, n=1.4 
in the device with the Mg/Ptelectrode and n=2.2 in the device 
with the Pd/Pt electrode. As can be seen from these results, a 
good diode characteristic is realized by using the Mg/Pt elec 
trode. 

0180. As shown in FIG. 17(b), the light-emitting diode 
with the electrode consisting of Mg/Pt layers had a contact 
resistance of 3.8x10 S2 cm. This is an amazing achieve 
ment because that low contact resistance on the order of 10 
has never been achieved by a p-type m-plane GaN. The 
present inventors discovered that the power dissipation could 
be reduced significantly as a result. And we also discovered 
that our invention would have great technical significance for 
an m-plane GaN device. On the other hand, an electrode 
consisting of Pd/Pt layers had a contact resistance of approxi 
mately 1x10° S.2cm. 
0181. Next, examples that used an electrode consisting of 
an Aulayer and an electrode consisting of Mg/Aulayers will 
be described as comparative examples with reference to FIG. 
18. Specifically, FIG. 18(a) shows the specific contact resis 
tances (G2cm) of such an electrode consisting of an Aulayer 
and Such an electrode consisting of Mg/Aulayers that were 
formed on an m-plane GaN layer. It should be noted that these 
specific contact resistances were measured after the electrode 
had been formed and thermally treated. 
0182. As can be seen from the results shown in FIG. 18(a), 
the specific contact resistance characteristic deteriorated with 
the electrode consisting of the Mg/Aulayers compared to a 
situation where the electrode consisting of the Aulayer was 
used. These results sharply disagree with the performance 
improvement achieved by an electrode with the structure of 
this preferred embodiment (consisting of Mg/Pt layers, for 
example). As described above, Mg is an electrode that gets 
easily oxidized when exposed to water or the air. That is why 
not an electrode consisting of only an Mg layer but an elec 
trode as a stack of Mg/Aulayers is one of the structures that 
could be used. Actually, however, the contact resistance of the 
Mg/Aulayers was higher than that of the Aulayer, and there 
fore, the contact characteristic of the former structure was 
worse than that of the latter. In other words, considering that 
the results achieved by the stack of Mg and Aulayers were 
unsatisfactory, the good contact resistance characteristic real 
ized by the structure of this preferred embodiment (consisting 
of Mg/Pt layers, for example) would have been a totally 
unexpected effect for those skilled in the art. 
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0183 FIG. 18(b) is a photograph representing the surface 
ofathermally treated electrode consisting of Mg/Aulayers as 
a substitute for a drawing, while FIG. 18(c) is a photograph 
representing the Surface of a thermally treated electrode con 
sisting of an Aulayer as a Substitute for a drawing. Comparing 
these photographs to each other, the present inventors discov 
ered that the electrode consisting of the Mg/Au layers had 
inferior film quality to the electrode consisting of only the Au 
layer. 
0.184 Next, look at FIG. 19, which illustrates the results of 
hardness mapping by a conical chip (5 mN, 1 um conical). 
Specifically, FIG. 190a) shows the results that were obtained 
on a c-plane GaN substrate (C-GaN), while FIG. 190b) shows 
the results that were obtained on an m-plane GaN substrate 
(M-GaN). Comparing these results to each other, the present 
inventors discovered that the m-plane GaN substrate had the 
lower hardness than the c-plane GaN substrate. Such a dif 
ference in physical property between the m- and c-plane GaN 
substrates could have affected the characteristic of the elec 
trode structure (consisting of Mg/Pt layers, for example) of 
this preferred embodiment. 
0185. While the present invention has been described with 
respect to preferred embodiments thereof, this invention is in 
no way limited to those specific preferred embodiments but 
could be modified in numerous ways and may assume many 
embodiments other than those specifically described above. 
0186. Even though its structure is essentially different 
from the preferred embodiment of the present invention, 
related structures are also disclosed in Patent Documents 
Nos. 3 and 4. However, those Patent Documents Nos. 3 and 4 
do not mention at all that the crystallographic-plane of their 
gallium nitride-based semiconductor layer is an m-plane but 
just disclose a technique for forming an electrode on a c-plane 
gallium nitride-based semiconductor layer. More specifi 
cally, Patent Document No. 3 discloses a structure in which an 
Aulayer is stacked on an Mg layer. And even if an electrode 
with Such a multilayer structure were formed on an m-plane, 
the effect of the electrode of this preferred embodiment would 
never beachieved. Meanwhile, Patent Document No. 4 men 
tions metal layers of Ni, Cr and Mg but discloses only a 
specific example about an electrode structure that uses an Ni 
layer as the lower layer. Both of these Patent Documents Nos. 
3 and 4 relate to an electrodestructure that has been formed on 
a c-plane gallium nitride-based semiconductor layer and 
teach neither a problem nor a solution about the contact 
resistance with respect to an m-plane gallium nitride-based 
semiconductor layer. 
0187. The light-emitting device of the present invention 
described above could be used as it is as a light source. 
However, if the light-emitting device of the present invention 
is combined with a resin including a phosphor that produces 
wavelength conversion, for example, the device of the present 
invention can be used effectively as a light Source with an 
expanded operating wavelength range (such as a white light 
Source). 
0188 FIG. 20 is a schematic representation illustrating an 
example of Such a white light source. The light source shown 
in FIG. 20 includes a light-emitting device 100 with the 
structure shown in FIG.3(a) and a resin layer 200 in which 
particles of a phosphor Such as YAG (yttrium aluminum gar 
net) are dispersed to change the wavelength of the light emit 
ted from the light-emitting device 100 into a longer one. The 
light-emitting device 100 is mounted on a Supporting member 
220 on which a wiring pattern has been formed. And on the 
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supporting member 220, a reflective member 240 is arranged 
so as to surround the light-emitting device 100. The resin 
layer 200 has been formed so as to cover the light-emitting 
device 100. 
0189 In the preferred embodiments described above, the 
p-type semiconductor region that is in contact with the Mg 
layer 32 is supposed to be made of GaN or AlGaN. However, 
the p-type semiconductor region could also be a layer includ 
ing In such as InGaN. In that case, the contact layer to be in 
contact with the electrode 30 could be made of InGaosN 
with an In mole fraction of 0.2, for example. If Inis included 
in GaN, the bandgap of AlGaN layer (where a+b=1, a20 
and b2O) can be smaller than that of GaN, and therefore, the 
contact resistance can be reduced as a result. Consequently, 
the p-type semiconductor region that is in contact with the Mg 
layer may be made of an Al, In, GaN semiconductor (where 
X+y+Z21, X20, y20 and Z20). 
0190. The effect of reducing the contact resistance can 
naturally be achieved by a non-LED light-emitting device 
(such as a semiconductor laser diode) or a device other than a 
light-emitting device (such as a transistor or a photodetector). 
0191 The actual m-plane does not always have to be a 
plane that is exactly parallel to an m-plane but may be slightly 
tilted from the m-plane by 0-1 degree. 

INDUSTRIAL APPLICABILITY 

0.192 According to the present invention, it is possible to 
reduce the contact resistance of a GaN-based semiconductor 
device fabricated by producing crystal growth on an m-plane 
substrate or a GaN-based semiconductor multilayer structure, 
of which the principal Surface is an m-plane. As a result, 
although such a GaN-based semiconductor device fabricated 
by producing crystal growth on an m-plane Substrate (or a 
GaN-based semiconductor multilayer structure, of which the 
principal Surface is an m-plane) has been difficult to use 
extensively owing to its bad contact resistance characteristic, 
its industrial applicability can be expanded significantly by 
the present invention. 

REFERENCE SIGNS LIST 

(0193 10 substrate (GaN-based substrate) 
0194 12 principal surface of the substrate (m-plane) 
0.195 20 semiconductor multilayer structure 
(0196) 22 AlGaIn N layer 
0.197 24 active layer 
(0198 26 AlOaN layer 
(0199 30 p-electrode 
(0200 32 Mg layer 
0201 34 metal layer (Pt layer) 
0202) 40 n-electrode 
0203 42 recess 
0204 100 nitride-based semiconductor light-emitting 
device 

0205 200 resin layer 
0206 220 supporting member 
0207 240 reflective member 

1. A nitride-based semiconductor device comprising: 
a nitride-based semiconductor multilayer structure includ 

ing a p-type semiconductor region, a surface of the 
p-type semiconductor region being an m-plane; and 

an electrode that is arranged on the p-type semiconductor 
region, 
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wherein the p-type semiconductor region is made of an 
Al, In, GaN semiconductor (where x+y+z=1, x20, y20 
and Z20), and 

wherein the electrode comprises an Mg-containing layer 
that is in contact with the Surface of the p-type semicon 
ductor region. 

2. The nitride-based semiconductor device of claim 31, 
wherein the electrode comprises the Mg-containing layer and 
a metal layer that has been stacked on the Mg-containing 
layer, and 

wherein the metal layer is made of at least one metal 
selected from the group consisting of Pt, Mo and Pd. 

3. The nitride-based semiconductor device of claim 2, 
wherein a metal alloy layer, including Mgand the at least one 
metal selected from the group consisting of Pt, Mo and Pd, is 
sandwiched between the Mg-containing layer and the metal 
layer. 

4. The nitride-based semiconductor device of claim 31, 
wherein the electrode comprises the Mg-containing layer and 
a metal alloy layer that has been formed on the Mg-containing 
layer, and 

wherein the metal alloy layer is made of an alloy of Mg and 
at least one metal selected from the group consisting of 
Pt, Mo and Pd. 

5. The nitride-based semiconductor device of claim 3, 
wherein the Mg-containing layer is made up of a film that is 
present on the surface of the p-type semiconductor region. 

6. The nitride-based semiconductor device of claim 3, 
wherein the Mg-containing layer is made up of islands of Mg 
portions that are present on the Surface of the p-type semi 
conductor region. 

7. The nitride-based semiconductor device of claim 31, 
wherein the semiconductor multilayer structure has an active 
layer including an Al InGaN layer (where a+b+c=1, a20, 
b20 and c20) and emitting light. 

8. The nitride-based semiconductor device of claim 31, 
wherein the Mg-containing layer has a thickness of 2 nm to 45 

. 

9. The nitride-based semiconductor device of claim 8, 
wherein the Mg-containing layer has a thickness of 2 nm to 15 

. 

10. The nitride-based semiconductor device of claim 2, 
wherein the thickness of the Mg-containing layer is equal to 
or smaller than that of the metal layer. 

11. The nitride-based semiconductor device of claim 31, 
wherein the concentration of Gain the Mg-containing layer is 
higher than that of nitrogen in the same Mg-containing layer. 

12. The nitride-based semiconductor device of claim 11, 
wherein the concentration of Ga is ten times or more as high 
as that of nitrogen. 

13. The nitride-based semiconductor device of claim 31, 
further comprising a semiconductor Substrate that Supports 
the semiconductor multilayer structure. 

14. The nitride-based semiconductor device of claim 1, 
wherein the p-type semiconductor region is made of GaN. 

15. A light source comprising 
a nitride-based semiconductor light-emitting device, and 
a wavelength converter including a phosphor that changes 

the wavelength of the light that has been emitted from 
the nitride-based semiconductor light-emitting device, 
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wherein the nitride-based semiconductor light-emitting 
device includes: 

a nitride-based semiconductor multilayer structure includ 
ing a p-type semiconductor region, of which the Surface 
is an m-plane; and 

an electrode that is arranged on the p-type semiconductor 
region, 

wherein the p-type semiconductor region is made of an 
Al, In, GaN semiconductor (where x+y+z=1, x20, y20 
and Z20), and 

wherein the electrode comprises an Mg-containing layer 
that is in contact with the Surface of the p-type semicon 
ductor region. 

16. The light source of claim 15, wherein the p-type semi 
conductor region is made of GaN. 

17. A method for fabricating a nitride-based semiconduc 
tor device, the method comprising the steps of: 

(a) providing a Substrate; 
(b) forming a nitride-based semiconductor multilayer 

structure, including a p-type semiconductor region, on 
the Substrate, the p-type semiconductor region having an 
m-plane as its surface and being made of an Al, In, GaN 
semiconductor (where x-y--Z=1, x20, y20 and Z20): 
and 

(c) forming an electrode on the Surface of the p-type semi 
conductor region of the semiconductor multilayer struc 
ture, 

wherein the step (c) includes the step of forming an Mg 
layer on the surface of the p-type semiconductor region. 

18. The method of claim 33, wherein the step (c) includes 
the step of forming a metal layer, which is made of at least one 
metal selected from the group consisting of Pt, Mo and Pd, 
after the Mg layer has been formed. 

19. The method of claim 18, wherein the step (c) includes 
the step of subjecting the Mg layer to a heat treatment after the 
metal layer has been formed. 

20. The method of claim 19, wherein the heat treatment is 
carried out at a temperature of 500° C. to 700° C. 

21. The method of claim 20, wherein the heat treatment is 
carried out at a temperature of 550° C. to 650° C. 

22. The method of claim 33, wherein the step of forming 
the Mg layer includes depositing Mgby evaporation onto the 
Surface of the p-type semiconductor region by irradiating the 
Surface with pulses of an electron beam. 

23. The method of claim 19, comprising the step of adjust 
ing the thickness of the Mg layer to the range of 2 nm to 45 nm 
after the heat treatment. 
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24. The method of claim 33, wherein the step (b) includes 
the step of forming a layer of an Al, In, GaN semiconductor 
(where x+y+z=1, x20, y20 and Z20). 

25. The method of one of claim 33, comprising the step of 
removing the substrate after the step (b) has been performed. 

26. The method of claim 33, wherein the concentration of 
Ga in the Mg layer is higher than that of nitrogen in the same 
Mg layer. 

27. The method of claim 33, wherein the concentration of 
Ga is ten times or more as high as that of nitrogen. 

28. The method of claim 17, wherein the p-type semicon 
ductor region is made of GaN. 

29. A method of forming an Mg thin film to be an electrode 
for a semiconductor device, comprising the steps of forming 
an Mg thin film on a Surface of a p-type GaN-based semicon 
ductor layer by irradiating Mg with pulses of an electron 
beam and evaporating Mg. 

30. The method of claim 29, wherein the Mg thin film is 
formed without heating a Supporting member on which the 
Mg thin film is going to be formed. 

31. The nitride-based semiconductor device of claim 1, 
wherein a p-type semiconductor region is made of GaN based 
semiconductor. 

32. The light source of claim 15, wherein the p-type semi 
conductor region is made of GaN based semiconductor. 

33. The method of claim 17, wherein the p-type semicon 
ductor region is made of GaN based semiconductor. 

34. A nitride-based semiconductor device comprising: 
a nitride-based semiconductor multilayer structure includ 

ing a p-type semiconductor region, a Surface of the 
p-type semiconductor region being an m-plane; and 

an electrode that is arranged on the p-type semiconductor 
region, 

wherein the p-type semiconductor region is made of an 
Al, In, GaN semiconductor (where x+y+z=1, x20, y20 
and Z20), 

wherein the electrode comprises an Mg-containing layer 
that is in contact with the Surface of the p-type semicon 
ductor region, and a metal alloy layer that has been 
formed on the Mg-containing layer, and, and 

wherein the metal alloy layer is made of an alloy of Mg and 
at least one metal selected from the group consisting of 
Pt, Mo and Pd. 

35. The nitride-based semiconductor of claim 34, wherein 
the p-type semiconductor region is made of GaN based 
semiconductor. 


