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DESCRIPTION
Nitride Semiconductor Device and Manufacturing Method Thereof

Technical field of the Invention

| This invention relates to a device provided with a nitride semiconductor
(InAlGa,,,N, 0=x, 0=y, x+y=1) including light emitting diode (LED), laser diode
(LD), or other electronic devices and power devices. Particularly, the present
invention relates to a prevention of a small cracking in nitride semiconductor layers,

which occurs in the nitride semiconductor device using a GaN substrate.

Background of the Invention

Blue LEDs using nitride semiconductors have already been provided for
pradtical usé. Recently, it becomes possible to provide a practical biue Iase_r diode
made of nitride semiconductor by using a GaN substrate. .

The inventors have disclosed a nitride semiconductor laser diode using a
GaN substrate in, for example, Jabahese Journal of Applied Physics. Vol.37(1998)
pp.L309-L312. The GaN substraté can be formed, for example, by the following
method: A GaN layer is formed on a sapphire substrate and a protective film made of

SiO, is formed partially on the surface of the GaN film. Then, GaN is grown again on

the GaN film and the sapphire substrate is removed. The secondly-formed GaN

layer grows mainly in a lateral direction, so that a proceeding of dislocations is

prevented. By using this method, a GaN substrate having low dislocation density

can be obtained. The nitride semiconductor laser 'devic_e made with such a low
dislocation-density GaN substrate showed continuous-wave oscillation and can be

operated continuously for more than ten thousand hours.
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Disclosure of the Invention

The nitride semiconductor laser diode with lifetime of more than ten
thousand hours can be applied for practical use. However, in some applications,
much Iohger lifetime is desired. The inventors examined the nitride semiconductor
laser device obtained by the above-described method and found that extremely
small cracks tend to occur in the nitride semiconductor layers grown on the GaN
substrate, particularly in the n-type GaN contact layer which is grown directly on the

GaN substrate. The crack is too small to observe by a typical optical microscope,

- however, it can be observed by a fluorescence microscope. It is a surprising fact

that small cracks tend to occur in the GaN layer which is directly grown on the
same-composition GaN substrate. It is supposed that the occurrence of small
cracks is a specific phenomenon for the GaN substrate which is manufactured by the
lateral-growth method. However, it is also supposed that when a thin-film GaN is
grown on a thick GaN substrate, small cracks oceur for an unknown feason. In any
case, it is probable that the small cracks cause an increase of .thresholds and a
deterioration of lifetime of the laser device. The small cracks may also cause a
decrease in reliability for other nitride semiconductor devices, as well as in the laser
device. _

Therefore, the object of the present invention is to reduce extremely small
cracks in the nitride semiconductor layers and to extend a lifetime of the nitride
semiconductor‘device. using a GaN substrate, thus improvihg a reliabiiity of the
nitride s_emiconductor device. For this purpose, the nitride semiconductor device of
the present invention is characterized in that, among device-forming layers (= nitride
semiconductor layers) formed on the GaN substrate, the device-forming layer which
is d'irectly grown on the Gan substrate is provided with compressive strain to reduce

the small cracks.
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'The compressive strain may be achieved by forming a device-forming
layer having a smaller coefficient of thermal expansion than that of GaN directly on
the GaN substrate. The device-forming Iayér directly grown on the GaN substrate
is preferably Al,.Ga,_N, (O<a§1). Because Al,Ga,.N, (0<a<1) has a smaller
coefficient of thermal expansion than that of GaN and can be grown on the GaN
substrate as a good crystalline. o

The device structure constructed by the device-forming layers
preferably comprises .an n-type cladding layer containing Al, an active layer
containing InGaN and a p-type cladding layer containing Al. Erhploying this
structure together with the cracks-reducihg, structure, a good-characteristics device
is provided. |

- The device-forming layer diréctly grown on the GaN substrate, for

- example Al,Ga..N layer, may play various kinds of rolls according to the device

structure. For instance,' the layer may be an buffer layer for preventing srhall cracks, |
or an n-contact layer. When the whole GaN substrate is electrically conductive, the
layer may be an n-clad layer. |

The GaN substrate is pfeferably manufactured by using the lateral-
growth method. By using the laterally grown GaN substrate, not only the

occurrence of the small cracks but also a propagation of dislocations is prevented.

Thus, a nitride semiconductor device having good characteristics is provided.

The maanacfuring method of the nitride semiconductor element of
the present invention comprises the steps of: |
(a) forming a first nitride semiconductor layer on a auxilliary substrate made of
different material from nitride semiconductor, for example sapphire or SiC:; |

(b) forming a stripe-shaped or island-shaped periodical concave-convex

structure on said first nitride semiconductor layer;
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(c) forming a single-crystal GaN layer on said first nitride se_miconductor layer to

" make a GaN substrate; and

(d) forming a second nitride semiconductor layer on said GaN substrate, the
sécond nitride semiconductor layer having a coefﬁciént of thermal expansion smaller
than that of GaN.

Further, the auxiliary substrate may be removed from the GaN substrate after
forming the single-crystal GaN layer.

According to the present invention, a thermal expansion coefficient
of the nitride layer contacting on the GaN substrate is preferably smaller than that of
GaN so as to provide the compressive strain in the nitride semiconductor layer.
The compressive strain prevents formation of small cracks in the nitride
semiconductor layers. The reasons wﬁy this effect is obtained can be described as
follows: For example, when coéfﬁcients’ of thermal expansion of _Si, GaN and
sapphire are ¢ v & 2,. 3 5, respe'ct-ively, the relation of ¢ ;< e,< ¢, stan_ds- up.
When GaN is grown on the SiC substrate, cracks are liable to occur in the GaN layer.
In this case, the relation of coefficients of thermal expansionis ¢ ,< ¢ , and a tensile
strain is laid in the in-plane direction on the GaN layer grown on the SiC substrate.
On the other hand, when GaN is grown on the sapphire substrate, cracks are not
liable to occur in the GaN layer. In this case, the relation of coefficients of thermal

expansion is ¢ ,< & ;and a compressive strain is laid in the in-plane direction on the

~ GaN layer grown on the sapphire substrate. In short, the liability of cracks to occur

depends on whether the strain laid on the layer is a tensile strain or a compressive
strain. When the coefficient of thermal expansion of the layer grown on the
substrate is smaller than that of the substrate, a compressive strain is laid on the
layer and formation of cracks can be prevented.

When GaN is grown on the GaN substrate, neither tensile strain nor



10

15

20

25

compressive strain must be laid on the grown GaN layer. However, small cracks
tend to occur in the grown GaN. |t is supposed that, when a nitride semiconductor

layer is grown on'a GaN substrate, small cracks occurs in the nitride semiconductor

- layer if the thermal expansion coefficient of the layer is equal or greater than that of

GaN, and that the formation of the cracks is suppressed if the thermal expansion
coefficient of the layer is smaller than that of GaN and compressive strain is laid on
the layer.
Iﬁ this specification, the term "GaN substrate" refers to a substrate having
a low-dislocation-density single-crystal GaN layer on its surface. The GaN
substrate rhay be composed only of a single-crystal GaN layer, or it may be
composed of an auxiliary substrate made of different material from nitride
semiconductor such as sapphire or SiC and a low-dislocation-density single -crystal
GaN layer formed on the auxiliary substrate. |
| The GaN substraté may be manufactured by any suitable'method, as
long as a single-crystal GaN formed by the method has low dislocation density
enough for forming electric devices thereon. It is preferable to use a growing
method in which a single-crystal GaN layer is formed via a lateral-growth process.
The lateral-growth process suppresses a dislocation propagation into the single-
cwétal GaN layer, and a Iow-dislocation—density GaN substrate is obtained. The

term "the lateral-growth process" includes any process in which a single-crystal GaN

layer grows not only in a vertical direction but also in a parallel direction to the

substrate surface to suppress a propagation of dislocation in the vertical direction.
For manufacturing the GaN substrate via the lateral-growth, ELOG growth
methods as disclosed in USP09/202, 141, Japanese patent Laid-Open Publication
No. H11-312825, Japanese patent Laid-Open Publication No. H11-340508,
Japanese Patent Application No. H11-37827, Japanese Patent Application No. H11-



10

15

20

25

37826, Japanese Patént Applicatioh No. H11-168079, Japanese Patent Application
No. H11-218122 and so on may be used, as well as the method as described in the
J.J.A.P. wherein GaN is grown laterally using SiO,. _

- The GaN obtained according to the ELOG growth method as described in
each above-mentioned specifications can be a substrate having a low dislocation

density and such a substrate is preferable in view of device characteristics such as

lifetime. The obtained substrate can be used in the present invention, resulting in

much better lifetime property.

Among those methods, the method described ih the Japanese Patent
Application No. H11-37827 is preferable. A nitride semiconductor layer, such as
GaN or AlGaN is grown on a heterogeneous substrate, such as sapphire substrate.
A stripe-like or island-like periodical concave-convex structure is formed so that a
subsequently grown single;crystal GaN layer grows laterally. Thereafter, a single-
crystaI'GaN is grown to cover the concave-bonvax structure. By using this method,
the single-crystal GaN layer can gfow laterally, so that the propagations of
dislocations are prevented and a low-dislocation-density GaN substrate is obtained.
If a GaN substrate composed only of nitride. semiconductor is required, the sihgle—
crystal GaN layer is grown thick and , after that, the auxiliary substrate is removed.

Growing a nitride semiconductor layer having a thermal expansion
coefficient smaller than that of GaN ona Iaterally grown single-crystal GaN layer, the
occurring of dislocation and sméll cracks are preventéd in the subsequent nitride
semiconductor Iayérs. Thus, the reliability of the nitride semiconductor eleméht ié
improved. The concrete example of the present'invention using a laterally grown
GaN substrate will be described in the following examples. |

| In the manufacturing method as described in above-mentioned

specifications, the auxiliary substrate is removed after ELOG growth to make a GaN
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substrate made only of nitride semiconductor. However, the auxiliary substrate
may be left after ELOG growth, and, in this case, the substrate is used as a GaN
substrate consisting of auxiliary substrate and nitride_ semiconductor layers.

When the GaN substrate made of only nitride semiconductor is used, an
n-electrode can be formed on the back surface, which is opposite to the surface on
which the device structure is formed. This rriinimizes the chip size. Also, when the
GaN substrate is made of only nitride semiconductors, a good heat radiation
characteristic can be obtained. Further, it becomes easy to form a resonation facet
by cleavage. In view of device characteristics, the device structure is preferably
formed on the surface opposite to the surface from which the auxiliary substrate is
removed.

On the other hand, when the GaN substrate comprising a heterogeneoﬁs
substrate and nitride semlconductor layers is used, the breakage and chipping of the
wafer can be prevented, with the result that good handlmg properties can be -
achieved. Moreover, the step of removing the auxiliary substrate can be eliminated
and the manufacturing time is shortened. Even when the GaN substrate comprises

a heterogeneous substrate, if the substrate is electrically conductive, the n-electrode

‘can be formed on the back surface of the substrate.

Before forming the nitride semiconductor having a smaller coefficient of

thermal expansion on the GaN substrate, the surface of the GaN substrate may be

~ etched. Because the surface of the GaN substrate may become uneven during the

manufacturing process, it is preferable to grow the nitride semiconductor after the
surface of the GaN substrate is made smooth by etching. This treatment further

suppresses the occurring of the small cracks.
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Brief Description of the Drawing

Fig. 1 is a schematic sectional view showing the manufacturing process of
the GaN substrate.

Fig. 2is a schematic sectional view showing the manufacturing process of
the GaN substrate following the process shown in Fig. 1.

Fig. 3 is a schematic sectional view showing the manufacturing process of
the GaN substrate following the process shown in Fig. 2.

Fig. 4 is a schematic sectional view showing the manufacturing process of
the GaN substrate following the process shown in Fig. 3.

Fig. 5 is a schematic sectional view of the nitride semiconductor laser
device according to an embodiment of the present invention.

Figs. 6A to 6F are a paﬁially sectional view showing the process for

forming a ridge stripe.

Detailed Description of Preferred Embodiments

Flg. 5 is a schematic sectional view of the nitride semiconductor device
according to the present invention.” Device-forming layers 1~10 is formed to
construct a semiconductor laser device on a GaN substrate 30. The device-forming
layer 1 which is contacting on the GaN substrate 30 has a smaller coefficient of

thermal expansion than that of GaN, so that a compressive strain is laid on the

-device-forming layer 1 to suppress the occurrence of the small cracks.

According to the present invention, any nitride semiconductor having a
coefficient of thermal expansion smaller than that of GaN can be employed as the
material for the nitride semiconductor layer which is grown on the GaN substrate.

However, it is preferable that the nitride semiconductor material does not have such

a composition as spoils crystallinity. For example, Al,Ga, N, (0<a=1) is"
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preferable. More preferably, the value.of a is 0<a<0.3 and most breferably, the
value of a is 0<a<0.1. The nitride semiconductor having such a composition is
preferable to prevent small cracks and also, obtain a good crystallinity.

The surface of the GaN substrate may be etched before the nitride
semiconductor layer having a small coefficient of thermal expansion is formed on the
GaN substrate. Since the surfaée of the GaN may be uneven, depending on the
manufacturing process of the GaN substrate, it is preferable to form the nitride
semiconductor layer having a small coefficient of thermal expansion after the surface
of the GaN substrate is made smooth by etching, in view of prevention of small
cracks. |
. The thickness of the nitride semiconductor layer grown directly on the
GaN substrate is not limited to a specific value. But the thickness is preferably not
less than 1um and more preferably, is in a range from 3 to 10um. Such a
thickness is preferable in view of prevention of small cracks.

The device-forming layer directly grown on the GaN substrate may be a
various klnds of functlon layers in the device, which functlon depends on the device
structure. The thickness of the device-forming layer 1 is controlled adequately
éccording to its function within_ the above-mentioned range. In the nitride
semiconductor device shown in Figure 5, the device-forming layer 1 functions as a
n-type contact layer together with the device-forming layer 2, on which an n-
electrode 21 is .formed. An n-cladding layer 4 containing Al, an active layer 6
containing InGaN and a p-cladding layer 9 is formed thereon to construct a
semiconductor laser device. |

If the GaN substrate 30 is an electrically conductive one such as, for

example, a substrate having a single-crystal GaN layer formed on SiC or a substrate

made only of single;crystal GaN layer, the n-electrode may be formed on the back
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surface of the GaN substrate. In this case, the device-forming layer 1 contacting on
the GaN substrate may be a cladding layer for enclosing light.

‘When growing the deviceforming layer 1 on the GaN substrate, the
device-forming layer 1 may be doped with an impurity. Such an impurity may be
either n-type or p-type. The amount of the doped impufity is controlled depending
on the functions of the nitride semiconductor layer, such as a cladding' layer or a
contact layer. |

In the nitride semiconductor device shown in Flg.5, an undoped n-type
Al,Ga, N contact layer 1 is formed as the device-forming layer 1 and an n-type
Al,Ga, N contact layer 2 is formed thereon. The growth of n-type Al,Ga, N contact
layer 2 on undoped n-type Al,Ga,.N is preferable in view of preventing of small
cracks and improving crystallinity. In this case, the undoped Al,Ga, N layer 1 also
functions as a buffer layer and the like. The thickness of the uﬁdoped n-type
ALGa,.N layer is preferably several um. | | |

In the case that the n-electrode 21 is formed directly on the device-
forming layer 1, the nitride semiconductor layer doped with an n-type impurity
(preferably, Si) is grown on the GaN substrate 30 as the device-forming layer 1.
The amount of the doped n-type impurity is preferably in a rahge from 1 x 10®%/cm3to
5x 10¥cm®. The thickness of the device-forming layer 1 which solely functions as.
an n-type oontact layer is preferably in a range of 1 to 10 um. The thickness in
such a range is preferable fo pré.vent- small bracks and can make the nitride’
semiconductor layer function as an n-type contact layer.

The GaN substrate may be éither a substrate made only of nitride
semiconductor or a substrate comprising an auxiliary substrate and nitride
semiconductor layers. The GaN substrate is preferably manufactured through the

lateral-growth process. The use of the GaN substrate manufactured through the

10
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lateral-growth process suppresses a generation of dislocations in the device-forming

“layers 1~10 and improves.the device characteristics.

For example, the GaN substrate 30 may be manufactured as described

. below. First, a nitride semiconddctor layer 12 such as a GaN or AlGaN layer is

formed on an auxiliary substrate 11 made of different material form nitride
semiconductor via an adequate buffer layer. The auxiliary substrate is, for example,
a sapphire, a SiC or a spinel. As shown in Fig.2, a periodical stripe-shaped or
island-shaped concave-convex structure is formed on the surface of the nitride
semiconductor layer 12 so that a single-crystal GaN layer which is subsequently
grown thereon grows in the horizontal direction. The stripe-shaped or island-
shaped concave-convex structure may be formed so as to leave semiconductor
layer 12 as shown in Fig.2. Alternatively, the concave-convex structure may be
formed so as to penetrate the nitride Iayér 12 and remove a part of the auxiliary
substrate 11. Forming concave-convex Structure in such a depth as removing the
part of the auxiliary substrate 11, a distortion of crystal is suppressed at a point that
the single-crystal GaN laterally grown from the convex part meets with each other.
This improves the crystallinity of the single-crystal GaN. - As a further alternative, the
nitride semiconductor 12 may has a two-layer structure of GaN-on-AlGaN, in which
concave-convex structure is formed in such a depth that a part of the AlGaN is

removed. Next, as shown in Fig. 3 and Fig. 4, a single-crystal GaN 13 is grown

" over the concave-convex structure of the nitride semiconductor layer 12. In this

manner, a GaN substrate comprising nitride semiconductor layers and an auxiliary
substrate is obtained. If a GaN substrate made only of nitride semiconductor is
required, the single-crystal GaN layer is grown thick by, for example, a HVPE
method and, then, the auxiliary substrate 11 such as a Sapphire substrate is

removed.

11
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| When the auxiliary substrate 11 is left in the GaN substrate 30, the
thickness of the nitride semiconductor part of the GaN substrate is preferably not
more than 100 x m, more preferably not more than 50 . m and most preferably, not
more than 20 . m. “The lower limit of the thickness may be any value as long as
the protective film or the unevenness is covered by ELOG grown GaN to decrease
dislocations. For example, the lower limit of the thickness is not less than several
um. When the thickness is ‘within the range, not only dislocations can be
decreased, but also, the warp of the wafer due to the difference in coefficients of
thermal expansion between the auxiliary substrate and the nitride semiconductor can
be prevented, with the result that the device structure can be grown well on the GaN
substrate.

When the auxiliary substrate 11 is removed from the GaN substrate 30,

the thickness of the GaN substrate made only of nitride semiconductor is not limited

to a specific value in fhe preéent invention. But the thickness is preferably in a
range of 50 to 500 z m and more pr_eférably, in a range of 100 to 300z m. When
the thiékness of the GaN substrate is within the above-mentioned range, the
dislocations can be decreased and the mechanical strength can be held.

In order to improve the crystallinity of the single-crystal GaN in the
substrate, another manufacturing method as described below may bé employed.
First, as well as in the above-mentioned method, concave-convex structures are
formedin a nitride'semidonductor layer 12 grown on an auxiliary substrate 11 and a
single-crystal GaN layer 13 is formed thickly thereon by the method of HVPE (First
growth of single-crystal GaN). Subsequently, a mask made of, for example, SiO, is
formed on the single-crystal GaN layer 13 in a stripe-like or island-like shape
periodically, and a single-crystal GaN layer is laterally grown over the mask by the |

CVD method (Second growth of single-crystal GaN). If the auxiliary substrate 11

12
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must be r_émoved, the removal procedure is preferably done after the first growth of
the single-crystal GaN 13._ It is preferabile that the surface of the firstly grown
single-cfystal GaN 13 is made smooth by etching before the second growth of the
single-crystal GaN. | |
With the first growth of the single-crystal GaN in which the concave-
convex structure is made and the GaN is grown by the HVPE method, a thick
single-crystal GaN layer is easily obtained. However; this single-crystal GaN layer
is épt to have voids near the concave structure and have an insufficient crystallinity.
The second growth of the single-crystal GaN layer by the MOCVD method using the
Si0, mask provides a single-crystal GaN layer having better crystallinity.
| When the auxiliary substrate 11 is removed from the GaN 30, the GaN

substrate tends to be warped a little. This indicates that the surface of the GaN

layer from which the auxiliary substrate is removed is different in physical properties

from the grown surface of the'GéN layer. The problem of occurring small cracks
may be caused by the difference in physical properties of the surfaces. In any case,
growing a layer having a small coefficient of thermal expansion, for example Al Ga,.
oN, on a GaN substrate, small cracks are prevented and semiconductor device
having good crystalinity is obtained. |

According to the present invention, the small cracks are prevented by the
compressive strain laid on the device-forming layer contacting the GaN substrate.
This advantage is obtained in any kind of device. However, the device is prefekably
a light-emitting device comprising a n-type cladding layer containing Al, an active
layer containing InGaN and a p-type cladding I_ayer containing Al. Taking this device
structure, with the effect of the prevention of crack forming, a good characteristics
device is obtained. For forming the device-forming layer, every method to grow

nitride semiconductors which is known, such as MOVPE(metal-organic vapor-phase

13
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epitaxy), MOCVD(metal-organic chemical vapor deposition), HVPE(halide vapor-
phase epitaxy), MBE(molecular beam epitaxy) and the like, can be used.

Examples of the present invention will be described below. However,

| the present invention is not to be limited to the examples.

Example 1
In Example 1, the nitride semiconductor laser device as shown in Fig. 5
was manufactured.
(Manufacturing method of the GaN substrate)

The GaN substrate was manufactured according to each step as shown

in Figs. 1to 4.

A sapphire substrate 11-of two-inch in diametér having its principal surface

represented by a C-face and an orientation flat face represented by an A-face was set

in the reactor and the temperature was adjusted to 510 °C. A buffer layer (not

shown)' made of GaN which has a thickness of about 200 angstroms was grown
using hydrogen as a carrier gas and ammonia and TMG (trimethylgallium) as a
source of GaN on the éapphire substrate.

After growing the buffer layer, only TMG was stopped and the temperature
was increased to 1050°C. At 1050°C, using ammonia and TMG as a source of GaN,
a first nitride semiconductor layer 12 made of undoped GaN was grown to the
thickness of 2 2 m (Fig.1). |

After growing a first nitride semiconductbr layer 12, a photo-mask having"
stripes was formed. Then, the SiO, film which was patterned to have a stripe width
(the upper part of the convex portion) of 5 » m and a stripe distance (the bottom part
of the concave portion) of 15 u m was formed with a sputtering apparatus.
Subsequently, the first nitride semiconductor layer 12 on which the SiO, film was not

formed was etched with a RIE apparatus to the extent that the nitride semiconductor

14
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12 remained, so as to form a concave-convex structure.. Thereby, the first nitride
semiconductor 12 was exposed on the side face of the concave portion (Fig.2).
After the concave-convex structure was formed as shown in Fig. 2, SiO, was
removed from the upper part of the convex portion. The stripe was formed in the
direction perpendicular to the orientation flat face.

| Next, the wafer was set in the reactor and at 1050°C, a second nitride
semiconductor layer 13 made of undoped GaN was grown to the thickness of about
320 » m using TMG and ammonia as a source of GaN (Fig.3 and Fig.4).

After the second nitride semiconductor layer 13 was grown, the wafer was
removed out of the reactor, so as to obtain a GaN substrate 30 made of undoped
GaN. The sapphire substrate was removed from the resulting GaN substrate 30 and
the device structure as described below was grown on the growth surface opposite to
the removal surface, as shown in Fig.5. The thickness of the substrate made of_
GaN was about 300z m. '

(undoped n-type contact layer 1 : Al,Ga, N of th_e present invention)

An undoped n-type contact layer 1 made of undoped Aly;:GagesN Was
grown to the thickness of 1 u m on the GaN substrate 30, usihg TMA
(trimethylalminium), TMG and ammonia gas as a source gas at 1050 °C.

(n-type contact layer 2 : Al.Ga, N of the present invention)

Next, at the same temperature, an n-type contact layer 2 made of
Al 0sGay 5N doped with Sito 3 x 10"/cm® was grown to the thickness of 3 4z m, using
TMA, TMG and ammonia gas as a source gas and a silane gas (SIH,) as an impurity
gas. . |

Now, there were no small cracks in the above-mentioned n-type contact
layer (including the n-type contact layer 1), thus the cracks can be prevented well. If

there are any small cracks in tha GaN substrate, the small cracks can be prevented

15
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from propagating by growing the n-type nitride semiconductor layer 2, so as to grow a

- device structure having a good crystallinity. The crystallinity was enhanced better in

the case that both an n-type contact layer 2 and an undoped n-type contact layer 1

are formed as described above, compared with the case that only the n-type contact

layer 2 was formed.
(crack preventing layer 3)

Next, the temperature was decreased to 800°C. A crack preventing layer
3 made of In, ¢sGage,N doped with Si to 5 x 10 /cm® was grown to the thickness of
0.15 zm, using TMG, TMI (trimethylindium) and ammonia gas as a source gas and
asilane gas _as'an impurity gas.

(n-type cladding layer 4)

Next, at 1050°_C, A layer made of undoped Al,,,Ga,:N was grown to the
thickness of 25 angstroms using TMA, TMG and ammonia as a source gas.
Subsequently, TMA was stopped and B layer made of GaN doped wnth Sito 5 x
10"%/cm® was grown to the thickness of 25 angstroms, using a silane gas as an
impurity gas. These operations were-repeated 160 times, respectively to laminate
A layers and B layers to grow an n-type cladding layer 4 of multi-layered film (of a
super lattice structure) with a total thickness of 8000 angstroms.

(n-type waveguide layer 5)

Next, at the same temperature, an n-fype waveguide layer made of
uhdoped GaN was grown to the thickness 6f 0.075 u m using TMG and ammonia as
a source gas.

(active layer 6) .

Next, at 800°C, a barrier iayer made of Iny,GageeN doped with Sito 5 x

10'%cm® was grown to the thickness of 100 angstroms using TMI, TMG and

ammonia as a source gas and silane gas as an impurity gas. Subsequently, the

16
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silane gas was Stopped and an well layer made.of undoped Iny,,Ga, 5N was grown
to the thickness of 50 angstroms. The operation was three times and finally, a -
barrier layer was laminated, with the result that the active layer 6 in the multiple
quantum well structure (MQW) having a total thickness of 550 angstroms was
obtained.
(p-type electron confining layer 7)

Next, at the same temperature, a p-type electron confining layer 7 made
of Al,,Ga,sN doped with Mg to 1 x 10*%/cm® was grown to the thickness of 100

angstroms using TMA, TMG and ammonia as a source gas and Cp,Mg

~ (cyclopentadienylmagnesium) as an impurity gas.

(p-type Waveguide layer 8)

Next, at 1050 °C, a p-type waveguide layer 8 made of undoped GaN was
grown to the thickness of 0.075 » m using TMG and ammonia as a soufce gas.

This p-type guide layer 8 was an undoped one but due to the diffusion of
Mg from the p-type electron confining layer 7, the concentration of Mg was 5 x
10"/cm?, resulting in showing a p-type conductivity.
(p-type cladding layer 9)

Next, at the same temperature, A layer made of undoped Al, ,Ga, N was
grown to the thickness of 25 angstroms using TMA, TMG and ammonia as a source

gas. Subsequently, TMA was stopped and B layer made of GaN doped with Mg to

5 x 10™/cm® was grown to the thickness of 25 angstroms, using Cp,Mg gas as an

impurity gas. Each of these operations was repeated 100 times to laminate A
layers and B layers to grow a p-type cladding layer 9 of multi-layered film (of a super
lattice structure) with a total thickness of 5000 angstroms. |

(p-typé contact layer 10)

Next, at the same temperature, a p-type contact layer 10 made of GaN

17 -
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doped with Mg to 1 x 10%¥/cm® was grown to the thickness of 150 angstroms, using
TMG and ammonia as a source gas and szMg gas as an im'purity gas.

After the reaction was completed, the wafer was annealed at 700°C in
nitrogen atmosphere within the reactor, so as to make the p-type layers less resistive.

After annealing, the wafer was removed out of the reactor. A protective
film of SiO, was formed on the _top surface of the p-side contact Iéyer which was an
uppermost layer and etching was conducted by SiCl, with RIE (reactive ion etching)
apparatus, to expose the surface of the n-side contact layer 2 on which an n-
electrode was to be formed, as shown in Fig. 5. |

Next, as shown in Fig. 6A, a first protective film 61 made of Si oxide
(mainly, SiO,) was formed to the thickness of 0.5 uzm on the almost entire surface of
the uppermost p-side contact layer 10 with PVD apparatus. Thereafter, a mask of a
predétermined shape Was_placed on the first protective film 61 and a third protective -
film 63 made of photo resist having a stripe width of 1.8 zm and a thickness of 1 u
m was formed.

Next, as shown in Fig. 6B, after the third protective film 63 was formed,
said first protective film was etched wifh CF, gas to have a stripe structure using the
third protective film 63 as a mask. Thereafter, only the photo resist was removed by
the treatment with an etchant to form a first protective film 61 having a stripé width of
1.8 u m on the p-side contact layer 10, as shown in Fig.6C. |

Further, as shown in Flg 6D, after forming the fi rst protective film 610fa

stripe geometry, the p-side contact layer 10 and the p-side cladding layer 9 were

“again etched using SiCl, gas with the RIE to form a ridge stripe having a stripe width

of1.8 um.
After formation of the ridge stripe, the wafer was transferred into the PVD

apparatus, and as shown in Fig. 6E, a second protective film 62 made of Zr oxide
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(mainly ZrO,) was formed to the thickness of 0.5 um continuously on the first
protective fiim 61 and on the p-side cladding layer 9 which had been exposed by
etching. When the Zr oxide was formed in this way, the insulation of p-n surface can
be established and the transverse mode can be stabilized. |

Next, the wafer was sbaked in hydrofluoric acid and as shown in Fig. 6F,
the first protective film 61 was removed using a lift-off method.

Next, as shown in Fig. 5, a p-electrode 20 m'ade of Ni/Au was formed on
the surface of the p-side contact layer 10 which was exposed by removing the first
protective film 61 on said p-side contact layer. The p-electrode 20 had a stripe width
of 100 x mand was formed in a manner to extend over the second protective film, as
shown in this drawing. |

After the second protective film 62 was formed, as shown in Fig. 5, an n-
electrode 21 made of Ti/Al was formed parallel to the stripe on the e;(posed n-side
contact layer. |

The GaN substrate of the resulting wafer on which an n-electrode and a
p-electrode were formed in the above-mentioned manner was polished to. the
thickness of about 100 u m. Thereafter, the wafer was cleaved into bars
perpendicularly with respect to the stripe electrode from the substrate to fabricate a
resonator on the cleaved facet (11-00 face, which corresponds to the side face of the
crystal having a hexagonal pole structure = M féoe). A dielectric multi-layered film
made of Si0, and TiO, was formed on the facet of the resonator and finally, the bar
was cut parallel to the p-electrode, resulting in a laser device as shown in Fig. 5.
The length of the resonator is preferably controlled within the range of 300 to 500 »
m. |

The resulting laser device was set on the heat sink and each electrode

was connected by wire-bonding. The laser oscillation was ‘tried- at room

19



10

15

20

25

temperature.

The continuous oscillation at a wavelength of 500 nm was observed at the
threshold current densi'ty of 2.5 kAlcm? and the threshold voltage of 5V at room
temperature. The lifetime was ten thousand hours or longer at room temperature.

Example 2 |

The laser device was fabricated in the same manner as in Example 1,
except thét the undoped n-type'contact layer 1 was not grown and only the n-type
contact iayer 2 was grown.

The resulting device had a crystallinity which was a little worse than that in
Example 1. But small cracks could be prevented almost like in Example 1 and good
device characteristics could be achieved. |

Example 3

The laser device was fabricated fn the same manner as in Example 1,
except that the rétio of Al in the undoped n-type contact.layer 1 and the Si-doped n-
type contact layer 2 was changed ffom 0.05t0 0.2.

The resulting device showed good result almost like in Example 1.

Example 4
The laser device was fabricated in tﬁe same manner as in Example 1,
.except that the ratio of Al in the undoped n-type contact layer 1 and the Si-doped n-
type contact layer 2 was changed from 0.05 to 0.5. |

The resulting device had a crysfallinity which was a Iitflé worse than that in
Example 1 because the ratio of AI was larger than in Example 1. But small cracks
could be prevented almost like in Example 1 and good device characteristics could be
achieved.

Example 5

The laser device was fabricated in the same manner as in Example 1,
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except that the undoped n-type contact layer 1 and the Si-doped n-type contact layer
2 were made of AIN.

The resulting device had a crystallinity which was a little worse than that in
Example 1 because the ratio of Al in the n-type contact layer 1 and the n-type contact
layer was- larger than in Example 1. But small cracks could be prevented almost like
in Example 1 and as long a lifetime as in Example 1 could be achieved.

"~ Example 6

The laser device was fabricated in the same manner as in Example 1,
except that the second nitride semiconductor 13 had a thickness of 15 um and the
sapphire substrate was not removed. The obtained GaN substrate comprised the
auxiliary substrate and the nitride semiconductor.

The resulting laser device tended to have a little Iérge Warp, compared
with in Example 1, but small cracks -could be prevented like in Example 1 Since the
laser device of Example 6 had an isolating sapph.ire substrate,' the heat radiation
property of the device was a little bad, compared with in Example 1. But as long a
lifetime as in Example 1 could be achieved.

While the preferred form of the present invention has been described in
detail with the reference of the accompanying drawings, various changes and
modifications will be apparent to those skilled in the art. It is to be understood that
the appended claims cover all such changes and modifications as fall within the true

spirit and scope of the invention.
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CLAIMS

1. A nitride semiconductor device comprising .a GaN substrate having a
single-crystal GaN layer at least on its surface and plurality of devnce-forrmng layers
made of nitride semiconductor and formed on said GaN substrate,

wherein a compressive strain is applied to said device-forming layer whicﬁ is
contacting said GaN substrate._

2. The nitride semiconductor device according to claim 1, wherein said
device-forming layer contacting said GaN substrate has a coefficient of thermal
expansion smaller than that of GaN.

3. The nitride semiconductor device according to claim 1, wherein said
device-forming layer contacting said GaN substrate is made of Al,Ga,_N, (0'< as1).

_ 4. The nitride semlconductor device according to claim 3, wherein said -
device-forming Iayers include an n-type cladding layer contalnlng Al, an active Iayer '
containing InGaN and a p-type cladding layer containing Al. |

5. The nitridé semiconductor device according to claim 4, wherein said
device-forming layer made of Al,Ga, N functions as an n-type contact layer.

6. The nitride semiconductor dévice according to claim 1, wherein said
single-crystal GaN layer is formed through lateral-growth process.

7. A method of mant._lfacturing a nitride semiconductor device, which
includes a GaN substrate having a single-crystal GaN Iayér at Ieasi on its surface |
and plurality of device-forming layers made of nitride semiconductor formed on said
GaN layer, comprising the steps of;

forming a first nitride semiconductor layer-on a auxiliary substrate made of |
different material from nitride semiconductor;

forming a stripe-shaped or island-shaped periodical concave-convex structure

22



.o+ ¢ & M s x

on said ﬁrst nitride semiconductor layer,

-formihg a single-crystal GaN layer to make a GaN substrate; and _

forming a second nitride semiconductor layer on said GaN substrate, the
second nitride semiconductor layer having a coefficient of thermal expansion smaller
than that of GaN.

8. The method of manufacturing a nitride semiconductor device acording to
claim 7, wherein said auxiliary substrate is removed after forming said single-crystal

GaN layer to make GaN substrate.
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