
;e3e88LF46jTwE 1 TITLE OF THE INVENTION   EPITAXIAL SUBSTRATE FOR COMPOUND
SEMICONDUCTOR LIGHT-EMITTING DEVICE, METHOD FOR PRODUCING THE SAME AND
LIGHT-EMITTING DEVICE 5 BACKGROUND OF THE INVENTION Field of the Invention
This invention relates to an epitaxial substrate for a compound
semiconductor light-emitting device composed of stacked layers of
nitride-system III-V Group compound semiconductor thin film, a method for
producing the same, and a 10 light-emitting device. Background Art III-V
Group compound semiconductors represented by the general formula
In,~GayAIZN (where x + y + z = 1, 0 _< x < 1, 0 <_ y <_ 1, 0 <_ z <_ 1) are
known as materials for purple, blue and green light-emitting diodes and
blue and green laser 15 diodes. In the following, the symbols x, y and z
appearing in this general formula are sometimes used to denote InN mixed
crystal ratio, GaN mixed crystal ratio and AlN mixed crystal ratio,
respectively. III-V Group compound semiconductors, particularly those
containing InN at a mixed crystal ratio of 10% or greater, are especially
important for display applications because their emission wavelength in the
visible region can be 2 0 regulated by adjusting the InN mixed crystal
ratio. It is known that the physical properties of compound semiconductors
are strongly affected by their mixed crystal ratios For example, a
GaAIN-sytstem mixed crystal containing no In has excellent thermal
stability and can therefore be grown at a   



2 temperature of 1,000 C or higher to obtain good crystallinity. In
contrast, the thermal stability of an InGaAIN-system mixed crystal
(containing In), though differing with the InN mixed crystal ratio, is not
so good, so this compound semiconductor is generally grown at a relatively
low temperature of around 800 C. As a result, the 5 InGaAIN-system mixed
crystal growth layer constituting an important growth layer of the
light-emitting layer structure of a visible-light-region light-emitting
device has to be grown at a low temperature and is therefore frequently
inadequate in thermal stability. On the other hand, once the light-emitting
layer structure has been grown, it is overlaid with a p-type layer that has
to be grown at a high temperature. In order to 10 protect the thermally
unstable light-emitting layer structure from this high growth temperature,
the conventional practice has therefore been to first grow a protective
layer having high heat resistance on the light-emitting layer structure and
then grow the p-type layer on the protective layer at a high growth
temperature. This protective layer is an important layer that not only
works to protect the 15 light-emitting layer structure but also has a
strong effect on the emission characteristics of the light-emitting device.
Specifically, it is deeply involved in the process whereby light emission
is caused by recombination of holes effectively injected into the
light-emitting layer structure from the p-type layer formed on the
protective layer with electrons injected into the light-emitting layer
structure from its lower side. In order to 0 enhance the efficiency of hole
injection into the light-emitting layer structure from the p-type layer
side, it is preferable for the protective layer to have p-type conductivity
or n-type conductivity of low carrier density. However, when a protective
layer containing Al is grown at the same temperature as that at which the
light-emitting layer structure was grown, the 5 crystallinity of the
protective layer is not good. Owing to the presence of many lattice
defects, therefore, it exhibits high n-type conductivity of ordinary
carrier density The   3 injection efficiency of holes into the
light-emitting layer structure is therefore lowered and it becomes
difficult to achieve high light-emission efficiency. The protective layer
and p-type layer growth conditions therefore have to be optimized from the
two aspects of improving protective performance and maintaining 5 hole
injection efficiency. The protective layer is required to protect the
light-emitting layer structure from heat and, while maintaining high
crystal quality, to control conductivity for ensuring efficient hole
injection from the p-type layer into the light-emitting layer structure.
The prior art provides two methods for enabling this optimization: (a) the
10 method of first growing a protective layer of AIGaN, then heating the
protective layer to the growth temperature of a p-type GaN layer (contact
layer), and finally growing the p-type GaN layer, and (b) the method of
forming a protective layer as an Al-free GaN layer growable at a low
temperature, thereby enhancing the crystallinity of the protective layer
and making the background-type carrier density somewhat low. 15 However,
when method (a) is adopted, the protective layer must be grown to at 



least a given thickness to prevent degradation of the p-type GaN layer
(contact layer) in the course of growth. Since the resulting increase in
layer thickness separates the pn junction interface from the light-emitting
layer structure, the efficiency of hole injection into the light-emitting
layer structure decreases. Moreover, owing to the fact that the 2 0
performance of the AIGaN layer as a protective layer declines with
decreasing Al content, the GaN protective layer of the prior art method (b)
also has to be increased in thickness, so that no improvement in
light-emission efficiency can be expected. SUMMARY OF THE INVENTION An
object of the present invention is to provide an epitaxial substrate for  2
5 compound semiconductor light-emitting device, a method for producing the
same and a   4 light-emitting device utilizing these, which can overcome
the above-mentioned problems in prior arts. Another object of the present
invention is to provide an epitaxial substrate for compound semiconductor
light-emitting device, a method for producing the same and a 5
light-emitting device, which enable highly efficient injection of holes
into the light-emitting layer structure without impairing the protective
layer's ability to protect the light-emitting layer structure. The present
invention achieves the foregoing objects by inserting between the
protective layer and the p-type layer an intermediate layer so as to ensure
excellent 10 protective performance even when the protective layer is made
thin and to increase hole injection efficiency and enhance light-emission
efficiency by bringing the p-type layer close to the light-emitting layer
structure. A feature of the present invention is that in an epitaxial
substrate for compound semiconductor light-emitting device comprising a
double-hetero light-emitting layer 



15 structure, it includes a pn junction and a p-type layer side layer
structure formed in contact with the light-emitting layer structure
including in order from the layer in contact with the light-emitting layer
structure an n-type first layer represented by InXAIYGaZN (x + y + z = 1, 0
<_ x <_ 1, 0 <_ y <_ 1, 0 <_ z <_ 1), a p-type second layer represented by
In"Al"GaWN (u + v + w = 1, 0 < a <_ 1, 0 <_ v <_ 1, 0 <_ w <_ 1) and a 2 0
p-type third layer represented by InPAIqGa,.N (p + q + r = 1, 0 <_ p <_ 1,
0 <_ q <_ 1, 0 <_ r < 1), each of the three layers being formed in contact
with its neighbor. It is preferred that a thickness d, (~) of the first
layer is in the range of 5 <_ dl < 200 and a thickness d2 (A) of the second
layer is in the range of 5 <_ d2 <_ 30,000. Another feature of the present
invention is that, in the method for producing an 2 5 epitaxial substrate
for compound semiconductor light-emitting device, a growth temperature T1
of the first layer and a growth temperature of T2 of the second layer are
5 made to satisfy the relationship T, <_ Tz. Another feature of the present
invention is that the second layer is grown to satisfy the relationships: S
< dz _< 30,000 (900 < Tz _< 1,150) 5 Tz >_ 0.4 dz + 700 (700 < Tz < 900),
where Tz (C) is the growth temperature of the second layer and dz (A) is
the thickness of the second layer. Light-emitting device with excellent
emission characteristics is produced by fabricating the light-emitting
device using the epitaxial substrate produced in the 10 foregoing manner. A
feature of the present invention is that in an epitaxial substrate for
compound semiconductor light-emitting device comprising a double-hetero
light-emitting layer structure, it includes a pn junction and a p-type
layer side layer structure formed in 



contact with the light-emitting layer structure including in order from the
layer in 15 contact with the light-emitting layer structure an n-type first
layer represented by InXAIyGaZN (x + y + z = 1, 0 <_ x <_ 1, 0 <_ y <_ 1, 0
<_ z <_ 1), an n-type second layer represented by In"Al"GaWN (u + v + w =
1, 0 <_ a <_ 1, 0 <_ v _< 1, 0 <_ w <_ 1) and a p-type third layer
represented by Ir~,AIqGa~N (p + q + r = 1, 0 < p <_ 1, 0 < q <_ 1, 0 < r _<
1), each of the three layers being formed in contact with its neighbor, 2 0
Here, it is preferred that the p-type dopant density of the second layer is
not less than 1 x 101' crri 3 and not greater than 1 x 10z1 cm 3, and the
n-type carrier density of the second layer is not greater than 1 x 1 O19
Cm'3. Moreover, it is preferred that a thickness d ~ (A) of the first layer
is in the range of 5 < dl <_ 200 and a thickness dz (A) of the second layer
is in the range of 5 < dz <   6 500, Another feature of the present
invention is that a gowth temperature T1 of the first layer and a gowth
temperature of TZ of the second layer are made to satisfy the relationship
T1 <_ Tz. Here, it is preferred that the second layer is grown to satisfy
the 5 relationships: Tz >_ 0.4 dz + 700 (5 <_ dZ <_ S00) 1,150 >_ T2 >_
700, where TZ (C) is the growth temperature of the second layer and d2 (~)
is the thickness of the second layer. l0 The invention will be better
understood and other objects and advantages thereof will be more apparent
from the following detailed description of preferred embodiments with
reference to the accompanying drawings BRRIEF EXPLANATION OF THE DRAWING
Fig. 1 is a structural diagram showing an embodiment of the present
invention. 



15 Fig. 2 is a table summarizing data related to first to eighth working
examples of the present invention and first to third comparative examples.
Fig. 3 is a graph created using data from Fig. 2 to illustrate how luminous
intensity varies as a function of second layer thickness and growth
temperature in a light-emitting device structured in the manner of Fig. 1.
2 0 Fig. 4 is a table summarizing data related to ninth to sixteenth
working examples of the present invention. DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT   7 Fig. 1 shows the layer structure of a
light-emitting device that is an embodiment of the present invention. The
light-emitting device shown in Fig. 1 was fabricated using an epitaxial
substrate for a compound semiconductor light-emitting device according to
the present invention. 5 The layer structure of the light-emitting device
20 will be explained first. The structure includes a low-temperature GaN
buffer layer 2, n-type GaN : Si layer 3, n-type GaN : Si layer 4 and GaN
layer 5 formed in order on a sapphire substrate 1 by epitaxial growth using
the metalorganic vapor phase epitaxial (MOVPE) process. An AIGaN layer 6 is
formed on the GaN layer 5 and a light-emitting layer 10 structure 7 is
formed on the AIGaN layer 6. The AIGaN layer 6 and light-emitting layer
structure 7 are formed successively by MOVPE epitaxial growth. It should be
noted that the invention is not limited to use of a sapphire substrate as
in this embodiment. Any of various other substrates are also usable,
including a SiC, GaN substrate reduced in dislocation density by embedded
growth, 15 GaN-on-Si substrate, free-standing GaN substrate, A1N substrate
and the like. Moreover, the buffer layer need not necessarily be formed of
a low-temperature GaN layer but can instead be made of any of various other
materials, including low-temperature AIN, low-temperature AIGaN,
low-temperature InGaAIN and the like. The light-emitting layer structure 7,
which is a double-hetero-structure having 2 0 a pn junction, is composed of
a multilayer quantum well structure constituted of InGaN layers 7A and GaN
layers 7B grown alternately in four sets, and an InGaN layer 8 grown on the
uppermost set. The growth temperature of the InGaN layer 8 is 780 C. A
p-type layer side three-layer structure composed of first, second and third
layers is formed on and in contact with the light-emitting layer structure
7. In this embodiment, 2 5 the p-type layer side structure formed in
contact with the light-emitting layer structure 7 is composed of, in order
from the layer in contact with the light-emitting layer structure   8 



7, an n-type AIGaN layer (first layer) 9, AIGaN : Mg layer (second layer)
10 and GaN Mg layer (third layer) 11. The three layers are formed each in
contact with its neighbor. The first layer, i.e., the n-type AIGaN layer 9,
is formed by crystal growth using MOVPE at the same temperature of 780 C as
used for the InGaN layer 8. The 5 second layer, i.e., the AIGaN : Mg layer
10, is formed by crystal growth using MOVPE at a higher temperature of
1,000 C than that used for the n-type AIGaN layer 9. The third layer, i.e.,
the GaN : Mg layer 11, is formed by crystal growth using MOVPE at a higher
temperature of 1,040 C than that used for the AIGaN : Mg layer 10. In this
embodiment, the AIGaN : Mg (second) layer 10 and the GaN : Mg 10 (third)
layer 11 are low-resistance p-type layers. An ohmic n electrode 12 is
formed on the n-type GaN : Si layer 4 and an ohmic p electrode 13 is formed
on the GaN : Mg layer 11. In the fabrication of the light-emitting device
20 having the layer structure explained in the foregoing, an epitaxial
substrate for a compound semiconductor 15 light-emitting device is first
fabricated by forming the layer structure described in the foregoing on the
sapphire substrate 1 and the light-emitting device 20 is then fabricated in
the form shown in Fig. 1 using this epitaxial substrate. In the p-type
layer side three-layer structure formed in contact with the light-emitting
layer structure 7, the n-type AIGaN (first) layer 9 serves as a protective
2 0 layer, the GaN : Mg layer (third) 11 serves as a contact layer, and the
AIGaN : Mg (second) layer 10 is situated between these two layers as an
intermediate layer. Thanks to the provision of this intermediate layer, the
InGaN layer 8 can be thoroughly protected from heat during growth of the
layers above even if the n-type AIGaN layer 9 is made thin. Since the GaN :
Mg layer 11 can therefore be brought close to the 2 5 light-emitting layer
structure 7 to enable more efficient injection of holes into the
light-emitting layer structure 7, the light-emission efficiency of the
light-emitting   



9 device 20 can be enhanced. Although the AIGaN : Mg (second) layer 10 in
the embodiment of Fig. 1 has p-type conductivity, it is not limited to this
conductivity type and can have n-type conductivity instead. Formation of
the second layer as an n-type compound 5 semiconductor can be achieved by
changing the growth conditions. Even if the second layer is formed as an
n-type AIGaN : Mg layer instead of the p-type AIGaN : Mg layer 10, the
InGaN layers 7A and 8 can still be effectively protected from heat during
growth of the layers above and the efficiency of hole injection into the
light-emitting layer structure 7 can be increased to enhance light-emission
efficiency just as in this 10 first embodiment. A general explanation will
now be given regarding the first to third layers constituting the p-type
layer side structure. As the first layer is provided on the side of p-type
layer of the light-emitting layer structure 7, it should, in view of its
basic function, preferably have p-type or 15 low-density n-type
conductivity so as to increase light-emission efficiency. However, the
growth temperature of the first layer is ordinarily set at a relatively low
temperature (780 C in this embodiment) equal to that of the light-emitting
layer structure 7 so as not degrade the crystallinity of the light-emitting
layer structure 7 containing In, which has low temperature resistance. It
therefore has n-type conductivity even without 2 0 doping owing to the
presence of n-type carriers thought to originate from crystal defects.
Because of the low growth temperature, it is in actual practice very
difficult to make the n-type AIGaN layer 9 into a low-density n-type or
p-type layer by using a p-type dopant to compensate for the n-type charge.
In addition, p-type dopant tends to remain in the reaction furnace. It may
2 5 therefore have a greater adverse effect on the quality of the
light-emitting layer structure fabricated at later growth stage than on the
growth at the time it is used. This   10 is known as the memory effect. One
effective measure for overcoming this problem is to use a reaction furnace
designed to minimize the memory effect of the p-type dopant. Another is to
employ separate reaction furnaces for the crystal growth using p-type
dopant and for the crystal growth not using p-type dopant, chiefly the
growth through 5 light-emitting layer structure fabrication. The n-type
AIGaN (first) layer 9 is a protective layer grown next after the
light-emitting layer structure 7 and therefore should preferably be grown
in a furnace that does not use p-type dopant. For the reason explained
above, the first layer tends to become n-type when no p-type dopant is
used. In this embodiment, therefore, a first layer of n-type, namely, the
n-type AIGaN layer 9, 10 is used. But, as is clear from the foregoing
explanation, it is also possible to use instead a p-type first layer
produced under appropriate crystal growth conditions. The preferable range
of the A1 content of the first layer is defined with consideration to the
fact that excessive A1 degrades surface flatness and other crystalline
properties, while insufficient Al degrades protective performance, which 15
makes it necessary to increase the layer thickness and it leads to degrade
the light-emission efficiency. In light of these factors, the Al content is
preferably in the approximate range of 0 - 0.5. The preferable range of Al
content depends on the thickness of the first layer and the growth
temperature of the second layer. The Al content must be increased to
strengthen protective performance in proportion as the 2 0 first layer is
thinner and the growth temperature of the second layer is higher. The
preferable range of the thickness of the first layer is defined with
consideration to the fact that when it is too great, the layer becomes poor
in crystallinity and the hole injection efficiency decreases to lower the
light-emission efficiency, while when it is too small, the protective
performance of the layer declines, which leads to 2 5 degradation of the
light-emitting layer structure. In light of these factors, the thickness of
the first layer is preferably in the approximate range of 5 ~ - 200 ~. The
preferable  



11 range of layer thickness depends on the Al content of the first layer
and the growth temperature of the second layer. The thickness of the first
layer must be increased in proportion as its A1 content is lower in order
to achieve adequate protective performance. The thickness of the second
layer must be increased in proportion as its 5 growth temperature is higher
in order to prevent high-temperature degradation of the light-emitting
layer structure. The second layer will now be explained. From the viewpoint
of enhancing the light-emitting characteristics by effective carrier
confinement, the A1 content of the second layer is preferably set high so
as to increase the potential barrier with respect to 10 the light-emitting
layer structure in the conduction band. However, excessive Al content of
the second layer degrades crystallinity to make realization of p-type or
low-density n-type conductivity difficult and thus lower hole injection
efficiency. The A1 content of the second layer therefore preferably falls
within a certain range. Specifically, the A1 content of the second layer
preferably falls within the approximate 15 range of 0.001 - 0.3. The
preferable range of A1 content depends on the growth temperature, the
p-type dopant flow rate, and the layer thickness. The tendency toward
n-type conductivity increases owing to crystal defects to degrade hole
injection efficiency in proportion as the growth temperature is lower. To
prevent degradation by this mechanism, the Al content has to be reduced to
maintain good crystallinity. The 20 tendency toward n-type conductivity
also increases to degrade hole injection efficiency in proportion as the
p-type dopant flow rate is smaller. To prevent this type of degradation by
this mechanism, the A1 content has to be reduced to suppress the tendency
toward n-type conductivity. In addition, decline in crystallinity owing to
increase in strain caused by lattice mismatching is liable to become more
pronounced 2 5 with increasing layer thickness. The A1 content must be made
smal l to prevent this. Explanation will now be made regarding the
thickness of the second layer. The   12 second layer constitutes the second
layer of the three p-type layer structure provided on the p-type layer side
of the light-emitting layer structure 7. As was explained earlier, the
conductivity of the second layer can be either n-type or p-type. The
thickness of the second layer will therefore be explained separately for
the cases where the conductivity of the second layer is n-type and p-type
When an n-type second layer is too thick, the crystal quality tends to
decline and the hole injection efficiency to the light-emitting layer
structure 7 may decrease to degrade the light-emission efficiency.
Basically, a thinner thickness is better and the thickness preferably falls
within a certain range. When a p-type second layer is too 10 thick, the
crystal quality is degraded. The thickness therefore falls within a certain
range. However, the effect on light-emission efficiency for p-type layer is
not as pronounced as in the case of a n-type layer, so that the preferable
thickness range is broader. The thickness dz of an n-type layer is
preferably in the approximate range of 5 ~ - 500 t~. The thickness dz of a
p-type layer is preferably in the approximate range of 15 5 ~ - 30,000 t~.
As the reproducibility of the second layer is difficult to maintain during
fabrication when the thickness dz is too small, it is considered that a
thickness of at least about 5 t1 is necessary. The upper limit of thickness
in the case of an n-type second layer can be determined experimentally as
the largest thickness that does not cause a marked decrease in light output
owing to decline in hole injection efficiency. 2 0 The upper limit of
thickness in the case of a p-type second layer is determined as the largest
thickness that does not degrade either crystal quality or lower production
efficiency. The preferable second layer thickness range depends on the
growth temperature, Al content and p-type dopant flow rate of the second
layer. In the case of ? 5 an n-type layer, the n-type carrier density
increases in proportion as the growth temperature is lower, the p-type
dopant flow rate of is smaller and the A1 content is 



13 higher. An increase in carrier density lowers the hole injection
efficiency to the light-emitting layer structure and, by this, may decrease
the light-emission efficiency. This must be prevented by making the
thickness of the layer small. Representing the thickness dz and growth
temperature Tz of the second layer on the x-axis and y-axis, the 5
preferable ranges of the thickness and growth temperature of an n-type
second layer can be defined as: S_<dz<_500 Tz>_0.4dz+700 l,150 > Tz >_ 700.
10 In the case of a p-type second layer, the crystal quality may decline in
proportion as the growth temperature is lower and the Al content is higher.
The layer thickness therefore must be made small to prevent decline in
light-emission efficiency. Representing the thickness dz and growth
temperature Tz of the second layer on the x-axis and y-axis, the preferable
ranges of the thickness and growth temperature of a 15 p-type second layer
can be defined as: 0.4 dz + 700 < Tz <_ 1,150 (5 < dz ~ 500) 900 < Tz <
1,150 (500 < dz <_ 30,000). More preferable ranges of the thickness and
growth temperature of a p-type second layer are: 2 0 0.4 dz + 700 < Tz <_
1,100 (5 < dz _< 500) 900 < Tz _< 1,100 (500 < dz <_ 30,000).   14
Explanation will now be made regarding conductivity control, carrier
density and growth temperature of the second layer. For the same reason as
mentioned in the explanation regarding the thickness of the second layer,
the explanation regarding conductivity control, carrier density and growth
temperature of the second layer will 5 again, when necessary, be made
separately for the cases where the conductivity of the second layer is
n-type and p-type. As painted out earlier, the conductivity of the second
layer may be either p-type or n-type. When the conductivity of the second
layer is p-type, there is no particular preferable range of carrier density
and any value within the technically 10 feasible range can be adopted. This
range extends from about 1 X 1 O'6 Cm 3 to about 1 x 102 Cm 3. When the
conductivity of the second layer is n-type, the carrier density is 



preferably made as small as possible so as not to degrade hole injection
efficiency. The range of carrier density is therefore preferably
approximately 1 X 1014 Cm 3 - 1 x 1O19 Cm 3, more preferably 1 X 1O14 Cm 3
- 1 x 101$ cm 3. 15 The carrier density can be controlled by controlling
the growth temperature, II/III ratio (feed ratio of p-type dopant to III
Group source material; the p-type dopant flow rate if the supply of III
Group source material is constant), and the VIII ratio (ratio of V Group
source material to III group source material). Regardless of whether the
second layer has p-type or n-type conductivity, the 2 0 control of carrier
density becomes easier as crystal quality improves with increasing growth
temperature. Particularly in the case of an n-type second layer, the p-type
dopant flow rate required for conductivity control decreases with
increasing growth temperature. The preferable ranges of the II/III ratio
and the VIII ratio vary so greatly with 2 5 the configuration, size, source
gas flow pattern, growth temperature, pressure and other   15 conditions of
the reaction furnace that setting general numerical limits is meaningless.
As a general tendency, the preferable II/III ratio range expands toward the
smaller value side with increasing growth temperature. A detailed
explanation will now be made regarding the growth temperature of 5 the
second layer. Selecting a second layer growth temperature that is closer to
the growth temperature of the light-emitting layer structure 7 is better
from the viewpoint of maintaining the protective performance of the n-type
AIGaN (first) layer 9 and avoiding damage to the light-emitting layer
structure 7. On the other hand, however, a high growth temperature is
better from the viewpoint of second layer crystal quality 10 improvement
and conductivity control. The second layer growth temperature therefore
preferably falls within a certain range. The preferable range is between
about 700 C and l, l50 C. The preferable growth temperature range of the
second layer varies depending on the thickness and A1 content of the first
layer, and the Al content and p-type dopant 15 flow rate of the second
layer. Since the ability of the first layer to protect the light-emitting
layer structure improves with increasing layer thickness and A1 content,
the crystal quality of the second layer can be enhanced by shifting the
preferable growth temperature range of the second layer toward the high
temperature side. On the other hand, since conductivity control becomes
increasingly diff cult with higher AI 2 0 content of the second layer, the
preferable growth temperature range of the second layer has to be shifted
increasingly toward the growth temperature side that facilitates
conductivity control as the Al content of the second layer increases. Owing
to the fact that p-type conductivity becomes more dif~'icult to establish
in proportion as the p-type dopant flow rate of the second layer decreases,
the preferable growth temperature of the 



2 5 second layer has to be increased to obtain p-type or low-density n-type
conductivity. In the case of fabricating a light-emitting device using a
III-V Group   16 compound semiconductor, a step of doping with a p-type
dopant is indispensable. However, the p-type dopant source material remains
in the reaction furnace, where it adversely affects the next growth process
by giving rise to a memory effect. More specifically, when a new substrate
is set in the reaction furnace and the next epitaxial 5 growth process is
conducted, the crystallinity of the light-emitting layers formed on the
substrate is degraded and control of the p-type conductivity density
becomes difficulty owing to the presence of p-type dopant source material
remaining from the preceding step. These inconveniences caused by the
memory erect can be avoided by 10 employing two reaction furnaces, one that
uses and one that does not use p-type dopant source material, to grow a
light-emitting device structure epitaxial substrate as shown in Fig. 1.
That is, the so-called regrowth method can be adopted. This will be
explained more concretely. When an epitaxial substrate for a compound
semiconductor light-emitting device of the layer structure shown in Fig. 1
is 15 produced, the substrate is once removed from the reaction furnace
after the n-type AIGaN (first) layer 9 has been grown and the AIGaN : Mg
(second) layer 10 and ensuing layers are grown in a separate reaction
furnace that uses p-type dopant source material. By this, it is possible to
avoid the memory effect and fabricate an epitaxial substrate exhibiting
stable characteristics. 2 0 The GaN : Mg layer 11 formed as the third layer
is a p-type layer for establishing ohmic contact with the n-type GaN layer
13. In the present invention, the purpose of forming the three p-type layer
structure on the InGaN layer 8 is, as explained in the foregoing, to define
the structure and growth conditions of the n-type AIGaN layer 9 and AlGaN :
Mg layer 10 constituting the first and second layers, the 2 5 structures of
the third and ensuing layers can be defined arbitrarily. Therefore, the GaN
: Mg layer 11, for example, can be a single layer structure or otherwise
can be a   17 multilayer structure composed of two or more layers varying
in p-type carrier density or a multilayer structure composed of two or more
layers varying in composition. Otherwise it can be a multilayer structure
in which the outermost surface layer of the plural layers is a high-density
p-type thin layer. 5 (Example 1 ) The multilayer light-emitting device
shown in Fig. 1 was fabricated as explained in the following by using the
MOVPE process to grow crystal layers on a sapphire substrate. First, an
epitaxial substrate for a compound semiconductor light-emitting device was
fabricated starting with a sapphire substrate 1. The sapphire 10 substrate
1 was set in an MOVPE growth furnace and a thin layer of GaN was grown on
the sapphire substrate 1 as the low-temperature GaN buffer layer 2 using
NH3, MO (TMG) and silane as source gases and Hz as carrier gas. The n-type
GaN : Si layer 3 was then grown at 1040 C. The sapphire substrate 1 was
then once removed from the MOVPE growth 15 furnace, subjected to a
prescribed inspection, and returned to the MOVPE growth furnace. The n-type
GaN ~ Si layer 4 was then grown on the n-type GaN : Si layer 3 at a growth
temperature of 1040 C using NH3, MO (TMG, TMA and TMI) and silane as source
gases and HZ as carrier gas. The undoped GaN layer 5 was next grown on the
n-type GaN : Si layer 4. After formation of the undoped GaN layer 5, the
reaction 2 0 furnace temperature was lowered to 780 C and the AIGaN layer 6
was formed using N2 as carrier gas. Next, four layer sets each composed of
an InGaN layer 7A and a GaN layer TB were grown and the InGaN layer 8 was
grown on the uppermost GaN layer 7B, thereby forming the light-emitting
layer structure 7. After the InGaN layer 8 had been grown, the n-type AIGaN
layer 9 (undoped n-type layer) was grown to a thickness of 2 5 110 ~ as the
first layer with an A1 content of 0 15. The substrate was then removed from
the MOVPE growth furnace. 



18 The substrate was next set in another MOVPE growth furnace and the AIGaN
Mg layer 10 was grown as the second layer with an A1 content of 0.05 using
NH3 and MO as sources gases and NZ a carrier gas. Here, the flow rate of
the EtCp 2Mg supplied as the Mg material was set at 600 sccm, growth was
continued to 250 t1 at 1,000 C, 5 the reaction furnace temperature was
raised to 1,040 C, and the GaN : Mg layer 11 was grown. The result was
taken out of the growth furnace as an epitaxial substrate for a compound
semiconductor light-emitting device. The epitaxial substrate for a compound
semiconductor light-emitting device produced in the foregoing manner was
heat treated for 20 minutes in an 800 C Nz 10 atmosphere so as to make the
AIGaN : Mg (second) layer 10 and GaN : Mg (third) layer 11 low-resistance
p-type layers. Next, the surface was formed with a pattern for a p-type
electrode by photolithography, Ni and Au were deposited by vacuum vapor
deposition, an electrode pattern was formed by liftoiT, and the result was
heat treated to form the ohmic p 15 electrode 13. A mask pattern was then
formed by photolithography and dry etching was conducted to expose the n
layer. After mask removal, a pattern for an n electrode was formed on the
dry-etched surface by photolithography, A1 was deposited by vacuum vapor
deposition, and an electrode pattern was formed by liftoff to serve as the
n electrode 12. The electrode area of the p eledctrode 13 was 3 .14 x 10'i
cm2. 2 0 An epitaxial substrate for a compound semiconductor light-emitting
device produced in the foregoing manner was used to fabricate a
semiconductor light-emitting device. The light-emitting device was applied
with voltage to examine its emission characteristic in the wafer state. The
light-emitting device was found to exhibit excellent emission
characteristics of 1,505 mcd at 20 mA forward current and leak 2 5 current
of 0.25 nA at 5 V reverse bias. In order to assess the conductivity of the
second layer grown under the   19 foregoing conditions, undoped GaN was
grown to a thickness of 3 pm on a sapphire substrate and an AIGaN : Mg
layer was grown thereon to a thickness of 0.3 pm under the same conditions
as set out regarding the second layer 10 in the foregoing. By cyclic
voltammetry (CV) assessment using an electrolyte, the so-obtained specimen
was 5 found to exhibit p-type conductivity type and a carrier density of 9
x 1018 cm 3. (Examples 2 -8 and Comparative Examples 1- 3) Light-emitting
devices were fabricated by the method of Example 1 except that the AIGaN :
Mg layer was formed under growth conditions differing variously in growth
temperature, layer thickness, Al content and Mg flow rate. Growth
conditions 10 ~d characteristics of the light-emitting devices are
summarized in Fig. 2. In Examples 4, 6, 7 and 8, although the second layer
formed of AIGaN : Mg was doped with p-type dopant, it exhibited n-type
conductivity and an n-type carrier density of not greater than 1 x 1019 cm
3, a value falling within the scope of the ninth aspect of the present
invention. 15 In Comparative Example 1, the thickness of the second layer,
d was 750 ~, a value outside the preferable range specified by the
invention. It will be noted that the luminous intensity of the
light-emitting device was markedly inferior to that of Example 4, which was
fabricated under the same conditions except for the thickness of the second
layer. Specifically, the three-fold increase in the thickness of the second
2 0 layer from 250 ~ (Example 4) to 750 A (Comparative Example 1 ) reduced
the luminous intensity to about one-fourth the value of Example 4.
Comparative Example 2 was fabricated under the same growth conditions as
Example 5 except that the second layer was again given a large thickness of
750 A. It will be noted that the luminous intensity fell to about
one-fourth. 2 5 Comparative Example 3 was fabricated under the same growth
conditions as Example 6 except that the second layer was again given a
large thickness of 750 A. It 



20 will be noted that the luminous intensity fell to about one-fourth. Fig.
3 is a graph based on data contained in Fig. 2 for the examples in which
the Mg flow rate was 600 sccm and the Al content of the second layer was
0.05. The vertical axis is scaled for second layer thickness (A) and the
horizontal axis for growth 5 temperature (C). The encircled figures
indicate luminous intensity (mcd). The luminous intensity of the
light-emitting device of the Example 2 was 405 mcd and that of Example 6
was nearly the same at 334 mcd. Light-emitting devices exhibiting luminous
intensity values lying on and above a line segment connecting these two
measurement points are suitable for practical application while those with
10 luminous intensity values lying below the line segment are not.
Therefore, where the growth temperature is defined as T and the thickness
of the second layer as d, this empirically defined region above and
including the line segment can be represented as: T-800>-2(d-250)/5. The
relationship between T and d can therefore be written as: 15 T>-0.4d+700.
In other words, in order to ensure excellent luminous intensity, the second
layer must be grown at a growth temperature (C) equal to or greater than
the value obtained by adding 700 to the product of the thickness d and 0.4.
(Examples 9 - 16) 2 0 Examples 9 to 16 of the present invention will now be
explained. In Examples 9 to 16, light-emitting devices were fabricated
under the same conditions as in Example 1 except that an AIGaN layer 9
having an Al content of 0 was used as the first layer, i. e., 



21 the first layer was formed as an n-type GaN layer of 180 A thickness,
and the AIGaN Mg (second) layer 10 was formed under growth conditions
differing variously in growth temperature, Al content and Mg flow rate.
Fig. 4 shows growth conditions and characteristics of each of the 5
light-emitting devices fabricated in Examples 9 to 16, specifically second
layer growth conditions (growth temperature (C), thickness (t1), A1 content
and Mg flow rate (sccm)), characteristics of the second layer (conductivity
type and carrier density (cm 3), and measured emission characteristic
(luminous intensity (mcd)). In Examples 9 - 16, the second layer was grown
at a growth temperature (C) equal to or higher than the 10 value obtained
by adding 700 to the product of the thickness d and 0.4. In Examples 13 -
16, although the second layer formed of AIGaN : Mg was doped with p-type
dopant, it exhibited n-type conductivity and an n-type carrier density of
not greater 1 x 1O19 Crri 3, a value falling within the scope of the ninth
aspect of the present invention. The light-emitting devices of Examples 9
to 16 were assessed for their emission 15 characteristics and, as can be
seen from Fig. 4, all were found to exhibit luminous intensity of a level
adequate for practical application. As explained in the foregoing, the
present invention optimizes the structure of a p-type layer structure
formed in contact with the light-emitting layer structure, namely, defines
the p-type layer structure as a three p-type layer structure composed of a
2 0 protective layer (first layer), a p-type layer (third layer) and an
intermediate layer (second layer) interposed between the first and third
layers, and also optimizes the growth conditions of the three p-type layer
structure. As such, the present invention improves crystallinity in the
vicinity of the pn junction, thereby facilitating hole injection, without
degrading the light-emitting layer structure protection performance 5 of
the three p-type layer structure. As a result, the protective layer (first
layer) can provide excellent protective performance even if formed to a
small thickness and the   22 hole injection efficiency can be enhanced to
realise an improvement in light-emission ei~iciency.   23 What is claimed
is: 1. An epitaxial substrate for compound semiconductor light-emitting
device comprising: a double-hetero light-emitting layer structure including
a pn junction; and a p-type layer side layer structure formed in contact
with the light-emitting 



layer structure including in order from the layer in contact with the
light-emitting layer structure an n-type first layer represented by
InxAlyGaZN (x + y + z = 1, 0 <_ x <_ 1, 0 <_ y <_ 1, 0 < z < 1 ), a p-type
second layer represented by In"Al,,GaWN (u + v + w = 1, 0 < a < 1, 0 <_ v
<_ 1, 0 <_ w <_ 1 ) and a p-type third layer represented by InPAlqGatN (p +
q + r = 1, 0 < p <_ 1, 0 < q <_ 1, 0 < r <_ 1), each of the three layers
being formed in contact with its neighbor. 2. An epitaxial substrate for
compound semiconductor light-emitting device as claimed in claim 1, wherein
a thickness dl (t~) of the first layer is in the range of 5 < dl <_ 200 and
a thickness dz (~) of the second layer is in the range of 5 <_ dz _<
30,000. 3. A method for producing an epitaxial substrate for compound
semiconductor light-emitting device of claim 1, characterized in that a
growth temperature T1 of the first layer and a growth temperature of TZ of
the second layer are made to satisfy the relationship T1 <_ TZ. 4. A method
for producing an epitaxial substrate for compound semiconductor
light-emitting device of claim 2, characterized in that a growth
temperature T, of the first layer and a growth temperature of Tz of the
second layer are made to satisfy the relationship T1 <_ T2.   24 5. A
method for producing an epitaxial substrate for compound semiconductor
light-emitting device as claimed in claim 3 or 4, wherein the second layer
is grown to satisfy the relationships: 5 < dz _< 30,000 (900 <_ Tz <_
1,150) Tz >_ 0.4 dz + 700 (700 <_ Tz < 900), where Tz (C) is the growth
temperature of the second layer and dz (fir) is the thickness of the second
layer. 6. A method for producing an epitaxial substrate for compound
semiconductor light-emitting device as claimed in claim 3 or 4, wherein the
second 



layer and the third layer are grown by a regrowth method after growth of
the first layer. 7. A method for producing an epitaxial substrate for
compound semiconductor light-emitting device as claimed in claim 5, wherein
the second layer and the third layer are grown by a regrowth method after
growth of the first layer. 8. A light-emitting device utilizing an
epitaxial substrate for compound semiconductor light-emitting device of
claim 1 or claim 2. 9. A light-emitting device utilizing the production
method of claim 3, 4, Sor6. 10. An epitaxial substrate for compound
semiconductor light-emitting   25 device comprising: a double-hetero
light-emitting layer structure including a pn junction; and a p-type layer
side layer structure formed in contact with the light-emitting layer
structure including in order from the layer in contact with the
light-emitting layer structure an n-type first layer represented by
InXAIyGaZN (x + y + z = 1, 0 < x < 1, 0 < y < 1, p < z < 1), an n-type
second layer represented by In"AI,,GaWN (u + v + w = 1, 0 < a < 1, 0 _< v
<_ 1, 0 <_ w <_ 1 ) and a p-type third layer represented by InPAIqGa~N (p +
q + r = 1) 0 < p <_ 1, 0 < q <_ 1, 0 < r < 1), each of the three layers
being formed in contact with its neighbor. 11. An epitaxial substrate for
compound semiconductor light-emitting device as claimed in claim 10,
wherein the p-type dopant density of the second layer is not less than 1 x
101' crri 3 and not greater than 1 x 1 O21 Crri 3, and the n-type carrier
density of the second layer is not greater than 1 x 1019 cm 3. 12. An
epitaxial substrate for compound semiconductor light-emitting device as
claimed in claim 10, wherein a thickness dl (~) of the first layer is in
the range of 5 < di <_ 200 and a thickness dz (~) of the second layer is in
the range of 5 < dz <_ 500. 13. An epitaxial substrate for compound
semiconductor light-emitting device as claimed in claim 11, wherein a
thickness dl (A) of the first layer is in the range of 5 < dl <_ 200 and a
thickness dz (~) of the second layer is in the range of 5 <_ d2 <_ 500. 14
A method for producing an epitaxial substrate for compound   26
semiconductor light-emitting device of claim 10, 11, 12 or 13,
characterized in that a growth temperature T1 of the first layer and a
growth temperature of TZ of the second layer are made to satisfy the
relationship T1 <_ T2. 



15. A method for producing an epitaxial substrate for compound
semiconductor light-emitting device as claimed in claim 14, wherein the
second layer is grown to satisfy the relationships: T2 >_ 0.4 d2 + 700 (5 <
d2 <_ 500) 1,150 >_ TZ >_ 700, where TZ (C) is the growth temperature of
the second layer and d2 (~) is the thickness of the second layer. 16. A
method for producing an epitaxial substrate for compound semiconductor
light-emitting device as claimed in claim 14, wherein the second layer and
the third layer are grown by a regrowth method after growth of the first
layer. 17. A method for producing an epitaxial substrate for compound
semiconductor light-emitting device as claimed in claim 15, wherein the
second layer and the third layer are grown by a regrowth method after
growth of the first layer. 18. A light-emitting device utilizing an
epitaxial substrate for compound semiconductor light-emitting device of
claim 10, 11, 12 or claim 13. 19. A light-emitting device utilizing the
production method of claim 14,   27 15, 16 or claim 17.
.A35,.Ar.Af.A.A.A.A.A.A.A.A.A.A.A.A.A.A.A.A.A.A.AS_6.A.A@.A@.A@.ASR8Kl%z(TM
9;
|wrmhc^Y]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]caV]ca]ca]ca]ca]ca]ca]ca]ca]ca
]ca]ca]ca]ca]ca]ca]c<a]cRa]ca]ca]ca!'z(z?BAZRjb/8e}xsnid_Z]]ca]ca]ca]ca]ca]
ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]
ca]ca]ca!eq i
!!E!!!!!R"g""##o##$o$$&s&&'^'''}xsnid_Z]]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]c
a]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca!''(e(((()a
)v))*M*o**+R+++-,z,,,,-4.0a0F2255Z55}xsnid_Z]]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca
]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca!56R66
6U777A8888;999.:x::);
y<<,=.=>?wADZDEEFJMM}xsnid_Z]]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]
ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca!MP3RR4TU(V+VjY[8]^^F`
r`Ebbb"cMcPcccDddde`eefIfMfQfTf}xsnic^XU]ca]caU]ca]ca]ca]ca]ca]ca]ca]ca]ca]
ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca!Tfcfgfjff
gSg]gegmgggggIhhh.iii/j<jjjjolo3qrr5s8sw>y~ytoje`[V]ca]ca]ca]ca]ca]ca]ca]ca
]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]caU]ca]caU]ca]caU]ca]ca]ca]caU]ca]c
a]ca!>yD{G{~#+f~z="@:*zupkfa\W]]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]c
a]ca]ca]caV]ca]caV]ca]ca]ca]caV]ca]ca]ca]ca]ca]ca]ca]ca]ca!+/(DNQ$p>|wrmhc^
Y]]]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]caU]ca]ca]ca]ca]ca]ca]ca]c
a]ca]ca]ca]ca]ca]ca]ca]ca]ca!->Y,A,j[.1}xsnid_Z]]]]ca]ca]ca]ca]ca]ca]ca]ca]
ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca!
25Vav
^F!$8}xsnid_Z]]]]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]c
a]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]caKiK-FFf10%&'()-S10%&'()-`g10%&'()-F
F10%&'()-#,10%&'()-910%&'()-3M10%&'()-`liK-S "10%&'()-&9F
10%&'()-f3!10%&'()-f,!10%&'()-
910%&'()-SF@10%&'()-@10%&'()-%z(hI*510%&'()-&310%&'()-S,!10%&'()-9*-#10%&'(
)-S (!10%&'()-S,&!10%&'()-$10%&'()- 



T _=510%!)#10%&'()-!#10%&'()-10%`&'()- 10 10 10@9!10%&'()- S7!10%&'()-M
zX6_=!fMl4#10%&'()-!p$#10%&'()-!y$#10%&'()-f"10%`&'()-!t#10%&'()-!#10%``&'(
)-6789;'uV7!`10%&'()-fl 10%&'()-ff&!10%&'()- 10%&'()- 10 10
10!fl4#10%&'()-'z(zdEuV7!`L10%&'()-
@F10%&'()-@@&!10%&'()-@L&!10%&'()-Y"10%&'()- Sf&!10%&'()-
?BdEuV7!`/!10%&'()- -#10%&'()- ,&:!10%&'()-&$#10%&'()-
,F'!10%&'()-@z#10%&'()-AZdYNC!` 10 10 10f9#10%&'()- `* L10%&'()-`S710%&'()-
5 10%&'()-110%&'()- RjbdEYNC!` `l#10%'o&'()- @y9!10%'o&'()-s10%'o&'()-@ 



f10%'o&'()-@L!10%'o&'()-10%'o&'()-b/8dEYNC!` ,Y:!10%'o&'()- S#10%'o&'()-
,`:!10%'o&'()-yY10%'o&'()- ,f10%'o&'()-,sM!10%'o&'()-8eedEYNC!`
.z#10%'o&'()-@&M!10%'o&'()-9$z#10%'o&'()-,F":!10%'o&'()-yS
10%'o&'()-,L10%'o&'()-q i  !!!dE:/ 10'o 10'o:'!10%'o&'()-8S#10%'o&'()-
y610%'o&'()-3S10%'o&'()- ,1'!10%'o&'()- ,0'!10%'o&'()- !!!E!!!!!xY:/
10'o`s10%M&'()-y10%M&'()-,'10%M&'()- 10%M&'()-,10%M&'()-10%M&'()-
10'o!R"g""##o#dE:/ 10'o`yS 10%M&'()- `M10%M&'()-Y:!10%M&'()- fS10%M&'()-
sZ10%M&'()-FM!10%M&'()- o##$o$$&s&dE:/
10'o`2#10%M&'()-9*M!10%M&'()-3(#10%M&'()-@&:!10%M&'()-L$:!10%M&'()-Y":!10%M
&'()-s&&'^''''''xmbC 10'o10%`&'()- 10M 10M 10M9:!10%M&'()- f710%M&'()-
510%M&'()-33:!10%M&'()-3''(e((((dEmbC
10'o&10%`&'()-10%`&'()-S9!10%`&'()-S9!10%`&'()-
10%`&'()-f10%`&'()-()a)v))*M*dEmbC 10'o@"10%`&'()-@y
9!10%`&'()-#10%`&'()-SF10%`&'()-@f9!10%`&'()- 10%`&'()-M*o**+R+++dEmbC 



10'o@L0&!10%`&'()-F.10%`&'()-@S,10%`&'()-L*#10%`&'()-
Y(10%`&'()-f&10%`&'()-+-,z,,,,,,,xmbC 10'os10%M&'()- 10` 10`
10`y3:10%`&'()-@9610%`&'()-34#10%`&'()- @@210%`&'()-,--4.~/0a0}[<mbC
10'o`10%M&'()-!ksz#10%&'()- !fsz#10%&'()- s "10%M&'()-!s "10%&'()-10%M&'()-
a01F22E4555zXJ<C 10'o 10 10!3.#10%&'()-!3.#10%&'()-,,10%M&'()- !aS
z#10%&'()- !fS z#10%&'()- 555Z556R66uV7C 10'l#10%\&'()- Sy`!10%\&'()-
s10%\&'()- f !10%\&'()-fM!10%\&'()- s10%\&'()- 



1066U777A88dE7C 10'l#SFM!10%\&'()- S#10%\&'()- L10%\&'()-SY10%\&'()-
SS`!10%\&'()- S``!10%\&'()-888;999.:dE7C
10'l#S3(s10%\&'()-S@&9!10%\&'()-9$#10%\&'()- SF"M!10%\&'()- @
10%\&'()-S`M10%\&'()-.:x::);y<<)=*=+=dE:/ 10\
10\S9&!10%\&'()-8#10%\&'()-S09!10%\&'()-.#10%\&'()- S,9!10%\&'()-
&*10%\&'()-+=,=.=I=2>>?s@sQ//!yRY#10%&'()-!f`#10%``&'()-s#10%`&'()-!Rs#10%1
1&'()- s#10%;;&'()-10%`&'()- 10\s@wABDZDE EEzXJ</!yRY 10
10!n8#10%&'()-y610%`&'()-!@&#10%&'()-!@&#10%&'()-!Y#10%``&'()-EEEgFFHHIoM+/
!XQ`#10%&'()-!a`#10%&'()-!\`#10%&'()-y#10%:&'()-!y#10%&'()- 10%:&'()-
10IJWKKMMMMM}[M?1X 10 10
10!k,&#10%&'()-!fV,&#10%&'()-,&#10%:&'()-!p,&#10%&'()-`#10%:&'()-MMOOPP3Rz[
9M?1X
10!~3#10%&'()-f#10%t&'()-!~Vf#10%&'()-!~*f#10%&'()-!f#10%&'()-10%t&'()-3RRS
4T~UU%V&V}^?41X 1
10t910%t&'()-0$10%t&'()-!0$10%""&'()-,&#10%t&'()-!,&#10%&'()-3#10%t&'()-&V'
V(V+VWYjYZgE1X 



1 10t!l#10%&'()-#10%`&'()-!kV#10%&'()-!y#10%&'()- 10%`&'()- 10t
10tZ[~\8]]~^^^zXJ<1X 1 10t 10
10!t4#10%&'()-!yW4#10%&'()-!@&#10%&'()-!@&#10%&'()-l#10%`&'()-^^^_F`r`EbboP
11X,10%`&'()-9#10%`&'()- Y10%`&'()-!=y#10%##&'()- !y#10%##&'()-  10%`&'()-
10bb"cJcKcLcMcPcc~_@X,1 10%H&'()-  10%H&'()- 10` 10`
10`y9'10%`&'()-710%`&'()-!C@2!10%``&'()-ccDddde`edE~_@X,1Y10%H&'()-
S10%H&'()-s"10%H&'()-3S&!10%H&'()-Sy9!10%H&'()-3S9!10%H&'()-
`eefcffgegdE~_@X,1S3"9!10%H&'()-FSf &!10%H&'()-
f`!10%H&'()-3y#10%H&'()-FSS&!10%H&'()-3S`&!10%H&'()-
egggIhhh.idE~_@X,13.10%H&'()- S@,10%H&'()-S9*&!10%H&'()- SF(&!10%H&'()-
@&y#10%H&'()-f&$10%H&'()-3.iii/j<jjjjjdE:/ 10H 10H:y#10%H&'()- 



810%H&'()- S`610%H&'()-S 4&!10%H&'()-S,2&!10%H&'()-
&0y#10%H&'()-jjjkolmnooM+/!s#10%'o'o&'()-!Is#10%popo&'()-!Ns#10%uouo&'()-!,
s@#10%'o'o&'()-!s@#10%oo&'()-10%'o&'()- 10Hop3qrr2s3s4s5s}[M?1 10oo 10oo
10oo!0z#10%oo&'()- 0z#10%'&'()- !I0z#10%popo&'()-
@&#10%'o&'()-!N@&#10%uouo&'()-5s8stuvwxzY7M?1 10!~S&#10%&'()-
#10%::&'()-!#10%::&'()-!aK#10%&'()-!k#10%&'()-
10%:&'()-x>yzA{B{C{D{G{x|rS1!k#10%&'()-10%`&'()- 10 10 10!90#10%&'()-
!90#10%&'()- S&#10%:&'()-x||}~#|Z;rS1!k`$#10%`&'()- !`$#10%&'()-
Y"10%`&'()- !a#10%&'()-!fR#10%&'()-
#10%@&'()-g+rP1!k`$#10%`!yW#10%oo&'()-10%'o&'()- 10 10 10!`&0#10%&'()-
!&0#10%&'()-
+!fzX9P1!k@&#10%'o&'()-!y@&#10%oo&'()-#10%'o&'()-!kH#10%oo&'()-!#10%'o'o&'(
)-!t=#10%oo&'()-z~\:!k!\=#10%FF&'()-!\#10%&'()- 



10%`&'()- 10'o 10'o 10'o:10%'o&'()-!y0#10%'o'o&'()-="}[9~\:!k!yS&#10%&'()-
!pS&#10%&'()- #10%`&'()-!\`#10%&'()-#10%`L&'()-!X[#10%&'()-"@rS4!
10%:&'()-@s10%:&'()- 10%:&'()- 10 10 10!s,2#10%&'()-!e,2#10%&'()-@:*dErS4!
10@lL!10%:&'()- @fL!10%:&'()-s10%:&'()-sl10%:&'()- @S`!10%:&'()-
@`!10%:&'()-*+dErS4! 10@S&10%:&'()-Y":10%:&'()-@`
10%:&'()-@l9!10%:&'()-f#10%:&'()-@sL!10%:&'()-/(dErS4! 106#10%:&'()-@
410%:&'()-@2`10%:&'()-@&0&!10%:&'()-3.10%:&'()-9*10%:&'()-(_=!!S#10%&'()-
!~S#10%&'()- 10%`&'()- 10: 10:
10:S:9!10%:&'()-,8'!10%:&'()-ZDz[9_=!!0#10%&'()-  (#10%`&'()-!H
(#10%&'()-!jY#10%&'()- !Y#10%&'()- S#10%`&'()- KLMNQuVK@! 



10 10Sl 10%&'()-SyM!10%&'()- 10%&'()- 10 10 10!0#10%&'()-
$pxY:VK@!Y10%/&'()- f10%/&'()-,s410%/&'()-l 10%/&'()-,yG10%/&'()- 10%/&'()-
10>dE:VK@!y*10%/&'()-,@&10%/&'()-,$:!10%/&'()- ,":!10%/&'()- y@
10%/&'()-L`!10%/&'()-
->dE:VK@!7:!10%/&'()-,5'!10%/&'()-y310%/&'()-010%/&'()-.:!10%/&'()-
,,'!10%/&'()-YbC@!Sy10%&'()-Ss9!10%&'()-l 10%&'()- 10%&'()- 10/ 10/
10/910%/&'()-,AdEbC@!S@ !10%&'()-L10%&'()-@SY10%&'()-@&9!10%&'()-
Sl10%&'()-`10%&'()-,j[dEbC@!@010%&'()-.10%&'()-@*10%&'()-@
(&!10%&'()-,&10%&'()-@3" 10%&'()- +,-.1DbC@!@L!10%4&'()- 10%&'()- 10 10
10910%&'()-@6S10%&'()-410%&'()-D/0zX9.C 10
:10%&'()-!s@90&!10%&'()-!s@S&&!10%&'()-!s@l9!10%&'()-
@L!10%&'()-!i@L!10%)C)C&'()-0125VmN/ fs:!10%&'()-10%&'()-fs10%&'()-f
M!10%&'()-yM!10%&'()- 



10%&'()- 10 10avdEmN/ fs:!10%L$10%&'()-SS Y10%&'()-S&9!10%&'()-
f10%&'()-`&10%&'()-fy10%&'()- ^FdEmN/ fs:!10%410%&'()- @010%&'()-S
.&!10%&'()-,,10%&'()-SF(10%&'()-SS&9!10%&'()- !$8b/
fs:!10%410%&'()S10%&'()- 10%&'()- 10 10 10:10%&'()-@610%&'()- Normal"
"Heading 13]c" "Heading 23]c" "Heading 33]c" "Heading 43]c" "Heading 53]c"
"Heading 63]c" "Heading 73]c" "Heading 83]c" "Heading 93]c"A "Default
Paragraph Font8$)2+:BJ'S[L`g4pCxM-1
8'5MTf>y8wxyz{|}~'b8!!o#s&'(M*+,a0568.:+=s@EIM3R&VZ^bc`eeg.ijo5sxx|+"@*(D08
6Times New RomanArialCourier New"h Root EntryWordDocument
!"#$%&'()*+,-./0123456789:;
<=>?@ABCDEFGHIJKLMNOPQRSTUVWXYZ[\]^_`abcdefghijklmnopqrstuvwxyz{|}~ 


