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(54) [Title of the Invention]
Semiconductor device, manufacturing method of semiconductor device, and

manufacturing method of semiconductor substrate

(57) [Abstract]

[Problem to be Solved] It is a primary objective of the present invention to provide a
semiconductor device capable of suppressing warpages of N-containing group III-V
compound semiconductor devices caused by thermal stress and preventing crystal

defects or cracks occurred in device layers.

[Solution to the Problem] Group III-V compound semiconductor layers including the
gallium nitride (GaN) buffer layer 12, n-type GaN contact layer 13, n-type AlGaN
cladding layer 14, GaN light guide layer 15, GalnN quantum well active layer 16,
p-type AlGaN cladding layer 17, n-type GaN current blocking layer 18, and p-type
GaN contact layer 19 are formed on a main surface on one side of a sapphire (Al203)
substrate 11.  On the other hand, a ZnO layer 112 is formed on a main surface on the
other side of the substrate 11. Since the aforementioned group III-V compound
semiconductor layers and ZnO layer 112 have a coefficient of thermal expansion
smaller than that of the substrate, therefore the occurrence of warpage can be

prevented after the formed semiconductor layers are cooled.

[What is claimed is:]

[Claim 1]

A semiconductor device, comprising:

a substrate;

at least one group III-V compound semiconductor layer, containing nitrogen (N), and
formed on a main surface on a side of the substrate; and at least one back layer,
formed on a main surface on the other side of the substrate, wherein both of the group
II1-V compound semiconductor layer and the back layer have a coefficient of thermal

expansion smaller than the coefficient of thermal expansion of the substrate.

[Claim 2]
The semiconductor device according to claim 1, wherein the substrate is made of
Al2O3, and the back layer comprises a GaN layer, a ZnO layer, a Si3N4layer or a SiO2

layer.

Lite-On

Ex. 1005 p. 0011



[Claim 3]

A semiconductor device, comprising: a substrate; at least one group III-V compound
semiconductor layer, at least containing nitrogen (N), and formed on a main surface
on a side of the substrate; and at least one back layer, formed on a main surface of the
other side of the substrate, wherein both of the group III-V compound semiconductor
layer and the back layer have a coefficient of thermal expansion greater than the

coefficient of thermal expansion of the substrate.

[Claim 4]
The semiconductor device according to claim 3, wherein the substrate is made of SiC,

and the back layer comprises a metal layer.

[Claim 5]
The semiconductor device according to claim 4, wherein the metal layer comprises
Ni, Au, Al In or Ga.

[Claim 6]

A semiconductor device, comprising: a substrate; and at least one group III-V
compound semiconductor layer, containing nitrogen (N), and formed on a main
surface on a side of the substrate, wherein a main surface on the other side of the
substrate has a thin part with a thickness of the substrate smaller than the thickness of
other parts of the substrate.

[Claim 7]

A semiconductor device, comprising:

a substrate; and at least one group III-V compound semiconductor layer, containing
nitrogen (N), and formed on a main surface of a side of the substrate, wherein a main

surface on the other side of the substrate has a manufacture damaged layer.

[Claim 8]

A manufacturing method of a semiconductor substrate, comprising: a back layer
formation process, for forming at least one back layer on a main surface on a side of a
substrate, wherein the back layer is made of a material with a coefficient of thermal
expansion smaller than the coefficient of thermal expansion of the substrate; a group
III-V compound semiconductor layer formation process, for forming at least one
group III-V compound semiconductor layer on the other side of the substrate, wherein
the group III-V compound semiconductor layer contains nitrogen (N) and has a

coefficient of thermal expansion smaller than that of the substrate; and a
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semiconductor substrate obtaining process, for removing the back layer of the
substrate and the substrate to obtain a semiconductor substrate formed by the group

III-V compound semiconductor layer.

[Claim 9]
The manufacturing method of a semiconductor substrate according to claim 8,
wherein the substrate is made of Al2O3, and the back layer comprises a ZnO layer, a

Si3N4layer or a SiOz layer.

[Claim 10]

A manufacturing method of a semiconductor substrate, comprising: a back layer
formation process, for forming at least one back layer on a main surface on a side of a
substrate, wherein the back layer is made of a material with a coefficient of thermal
expansion greater than the coefficient of thermal expansion of the substrate; a group
III-V compound semiconductor layer formation process, for forming at least one
group II1-V compound semiconductor layer on the other side of the substrate, wherein
the group II-V compound semiconductor layer contains nitrogen (N) and has a
coefficient of thermal expansion greater than that of the substrate; and a
semiconductor substrate obtaining process, for removing the back layer of the
substrate and the substrate to obtain a semiconductor substrate formed by the group

II1-V compound semiconductor layer.

[Claim 11]
The manufacturing method of a semiconductor substrate according to claim 10,

wherein the substrate is made of SiC, and the back layer comprises a metal layer.

[Claim 12]
The manufacturing method of a semiconductor substrate according to claim 11,

wherein the metal layer comprises Ni, Au, Al, In or Ga.

[Claim 13]

A manufacturing method of a semiconductor substrate, comprising: a back layer
formation process, for forming at least one back layer on a main surface on a side of a
substrate, wherein the back layer is made of a material with a coefficient of thermal
expansion smaller than the coefficient of thermal expansion of the substrate; a group
III-V compound semiconductor layer formation process, for forming at least one
group II1-V compound semiconductor layer on the other side of the substrate, wherein

the group II-V compound semiconductor layer contains nitrogen (N) and has a
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coefficient of thermal expansion smaller than that of the substrate; a semiconductor
substrate obtaining process, for removing the back layer of the substrate and the
substrate to obtain a semiconductor substrate formed by the group III-V compound
semiconductor layer; and a device layer formation process, for forming at least one
device layer on the semiconductor substrate, wherein the device layer is comprised of

an N-containing group III-V compound semiconductor.

[Claim 14]

A manufacturing method of a semiconductor device, comprising: a back layer
formation process, for forming at least one back layer on a main surface on a side of a
substrate, wherein the back layer is made of a material with a coefficient of thermal
expansion greater than the coefficient of thermal expansion of the substrate; a group
III-V compound semiconductor layer formation process, for forming at least one
group II1-V compound semiconductor layer on the other side of the substrate, wherein
the group III-V compound semiconductor layer contains nitrogen (N) and has a
coefficient of thermal expansion greater than that of the substrate; a semiconductor
substrate obtaining process, for removing the back layer and the substrate to obtain a
semiconductor substrate comprised of the group III-V compound semiconductor
layer; and a device layer formation process, for forming at least one device layer on
the semiconductor substrate, wherein the device layer is comprised of an N-containing

group I1I-V compound semiconductor.

[Detailed Description of the Invention]

[0001]

[Technical Field of the Invention]

The present invention relates to a semiconductor device, a semiconductor substrate
and a manufacturing method of the semiconductor device, and more particularly to an
N-containing group III-V compound semiconductor device, a semiconductor substrate
and a manufacturing method of the semiconductor device used in a light emitting
element or an electronic device for transmitting light from an ultraviolet region to a

blue region.

[0002]

[Background of the Invention]

In order to increase the recording density of an optical disk or the resolution of a laser
printer, apply these results to an optical measuring device, a medical device, a display

device, a lighting device, and the like, the research and development of semiconductor
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light emitting elements, particularly semiconductor lasers, which can emit light from
an ultraviolet region and a blue region, have been actively conducted. As a material
capable of emitting light in such a short wavelength region, a Group III-V compound
semiconductor such as an AlGalnN group can be cited. For example,
Applied Physics Letters, Volume 72 (1998), Pages 211 to 213, have pointed out that
a semiconductor laser device can be fabricated by using an Al.O3 substrate which is
horizontally grown on a GaN layer on a SiO2 mask, and the semiconductor laser
device has a modulation doped AlGaN/GaN strained layer superlattice cladding layer
and an InGaN multiple quantum well active layer. It is described that this device has
a wavelength of approximately 397nm under a continuous oscillation at room

temperature, and a service life of over 1150 hours at the output power of 2mW.

[0003]

For a substrate of a high-quality and reliable semiconductor device, the lattice
constant, the coefficient of thermal expansion, and the device layer are all consistently
good, and thus it is ideal to use the same material as that of the device layer for the
substrate.  Actually, it is very difficult to obtain the single crystal of the
AlGalnN-based semiconductor for the large area required by the substrate, because
the equilibrium vapor pressure of nitrogen (N) is very high. Therefore, from the
point of view of stability at the crystal growth time, Al2O3 or SiC is generally used for

making a substrate.

[0004]

In addition, the formation of device layers generally adopt an organic metal vapor
phase epitaxy (hereinafter referred to as “MOVPE”) or molecular beam epitaxy
(hereinafter referred to as “MBE”) method to epitaxially grow the semiconductor

crystals.

[0005]

[Problem to be Solved]

However, when a substrate made of a material different from that of the device layer
is used, a thermal stress proportional to the difference of the coefficients of thermal
expansion between the substrate and the AlGalnN semiconductor is generated during
the process of cooling the substrate to room temperature after the completion of
epitaxial growth at a high temperature within a range of 800 to 1100 ° C. As a
result, the substrate and the semiconductor device layer may have warpage, crystal

defects, and cracks for the above reasons.
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[0006]

To improve the property and reliability of the AlGalnN based semiconductor laser to
a practical level, it is essential to prevent the occurrence of crystal defects and cracks
in the device layer. Therefore, it is a primary objective of the present invention to
provide a semiconductor device (or a semiconductor light emitting device) capable of
suppressing the warpage of a substrate to prevent the occurrence of crystal defects and

cracks.

[0007]

[Solution]

To achieve the aforementioned objective, the present invention provides a
semiconductor device comprising a substrate, at least one group III-V compound
semiconductor layer, containing nitrogen (N), and formed on a main surface on a side
of the substrate; and at least one back layer, formed on a main surface on the other
side of the substrate, wherein both of the group III-V compound semiconductor layer
and the back layer have a coefficient of thermal expansion smaller than the coefficient

of thermal expansion of the substrate.

[0008]
According to this structure it is possible to prevent the occurrence of warpage

occurred at the time of cooling after forming the semiconductor device layer.

[0009]

This invention also provides a semiconductor device comprising a substrate; and at
least one group III-V compound semiconductor layer, containing nitrogen (N), and
formed on a main surface on a side of the substrate, wherein a main surface on the
other side of the substrate has a thin part with a thickness of the substrate smaller than

the thickness of other parts of the substrate.

[0010]

This invention further provides a manufacturing method of a semiconductor substrate
comprising: a back layer formation process for forming at least one back layer on a
main surface on a side of a substrate, wherein the back layer is made of a material
with a coefficient of thermal expansion smaller than the coefficient of thermal
expansion of the substrate; a group III-V compound semiconductor layer formation
process for forming at least one group III-V compound semiconductor layer on the

other side of the substrate, wherein the group I1I-V compound semiconductor layer
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contains nitrogen (N) and has a coefficient of thermal expansion smaller than that of
the substrate; and a semiconductor substrate obtaining process for removing the back
layer of the substrate and the substrate to obtain a semiconductor substrate comprised
of the group III-V compound semiconductor layer. Alternatively, the method
comprises a back layer formation process, for forming at least one back layer on a
main surface on a side of a substrate, wherein the back layer is made of a material
with a coefficient of thermal expansion greater than the coefficient of thermal
expansion of the substrate; a group III-V compound semiconductor layer formation
process, for forming at least one group III-V compound semiconductor layer on the
other side of the substrate, wherein the group III-V compound semiconductor layer
contains nitrogen (N) and has a coefficient of thermal expansion greater than that of
the substrate; and a semiconductor substrate obtaining process, for removing the back
layer of the substrate and the substrate to obtain a semiconductor substrate comprised

of the group I1I-V compound semiconductor layer.

[0011]

Based on the aforementioned structure, the group III-V compound semiconductor
layer serving as the substrate can prevent the occurrence of defects caused by
warpage. In addition, a high-quality semiconductor device can be obtained by forming
the group III-V compound semiconductor layer on the aforementioned semiconductor

substrate.

[0012]

[Embodiments of the Invention]

The semiconductor device, manufacturing method of the semiconductor device, and
manufacturing method of a semiconductor substrate of the present invention will be
described in detail with reference to the accompanying drawings. In the following
embodiments, a laser semiconductor is taken as an example of one of the
semiconductor light emitting elements, but the present invention is not limited to the
semiconductor light emitting element only, and the invention can be applied to
various semiconductor elements having the Group III-V compound semiconductor

layer.

[0013] With reference to FIG. 1 for a cross-sectional view showing the structure of a
semiconductor laser device in accordance with the first embodiment of the present
invention, the numerals used in the figure are described in below: 11 is an Al2O3
substrate (with a thickness of 150um), 12 is a GaN buffer layer (with a film thickness
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of 40nm), 13 is an n-type GaN contact layer (with a film thickness of 3um, a carrier
density of 1x1018cm™), 14 is an n-type AlGaN cladding layer (with a film thickness
of 500nm and a carrier density of 5x1017cm™), 15 is a GaN light guide layer (with a
film thickness of 100nm), 16 is a GalnN quantum well active layer, 17 is a p-type
AlGaN cladding layer (with a film thickness of 500nm and a carrier density of
3x1017cm™), 18 is an n-type GaN current blocking layer (with a film thickness of
400nm and a carrier density of 5x1017cm™), 19 is a p-type GaN contact layer (with a
film thickness of 400nm and a carrier density of 8x1017cm™), 110 is an n-type
electrode, and 111 is a p-type electrode. In addition, a ZnO layer 112 (with a film

thickness of 2um) is formed on the back surface of a substrate.

[0014]

The conductivity type of the substrate may be n-type, p-type or insulating. Further, the
GaN buffer layer 12 is provided for the two-dimensional growth of an AlGalnN based
semiconductor crystal on an Al2Os3 substrate having a lattice constant different from
that of an AlGalnN based semiconductor, and AIN or AlGaN may be used other than
GaN.

[0015]
Since the substrate is insulating, the current must circulate in a horizontal direction
between the p-type and n-type electrodes, so that the film thickness of the n-type GaN

contact layer 13 must be 1um or above, preferably 3um.

[0016]

The Al crystal mixing ratio of the AlGaN cladding layer 14, 17 is, for example, 8%.
As the Al crystal mixing ratio increases, the film thickness and impurity concentration
increase accordingly, so that cracks are prone to occur, and it is necessary to choose
an appropriate Al crystal mixing ratio, film thickness and impurity concentration.

[0017]

In the structure of the GalnN quantum well active layer 16, for example, is formed by
four barrier layers with a film thickness of Snm and an In crystal mixing ratio of 3%,
and a three well layers with a film thickness of 2.5nm and an In crystal mixing ratio of
13% which are alternately stacked with one another, and the barrier layer (which is
the uppermost layer) has an AlGaN layer with a film thickness of 5nm and an Al
crystal mixing ratio of 15% and is provided for preventing the decomposition of the
AlGaN layer.
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[0018]

In the manufacturing of the AlGalnN-based semiconductor device layer as shown in
FIG. 1, a vapor deposition method such as a MOVPE or MBE method can be used.
The MOVPE method can be used to obtain high-quality crystals at high growth rate,
and the MBE method provides site observations according to the atomic layer level

under high vacuum for a high-precision growth control.

[0019]

In the MOVPE method, trimethylgallium (hereinafter abbreviated as TMG),
triethylgallium (hereinafter abbreviated as TEG), and trimethylaluminum (hereinafter
abbreviated as TMA) can be used as an Al source are used as sources. A trialkyl
metal compound such as trimethylindium (hereinafter abbreviated as TMI) or
triethylindium (hereinafter abbreviated as TEI) can be used as an In source. A
hydrazine derivative such as ammonia or dimethyl hydrazine is used as an N source.
In addition, silane can be used as a Si source of an n-type impurity, and
biscyclopentadienyl magnesium (hereinafter abbreviated as Cp2Mg) can be used as a
Mg source of a p-type impurity. These source gases are hydrogen, nitrogen or argon

used as a carrier gas for supply.

[0020]

On the other hand, in the MBE method, a metal Ga, Al, In, Si or Mg can be used as a
Group III source and an impurity source respectively, and a gas such as nitrogen and
ammonia can be used as an N source which is excited by high-frequency plasma or
the like. In general, the MBE method can lower the growth temperature when
compared with the MOVPE method, and can perform the growth in a non-equilibrium
state, but in the case of AlGalnN-based semiconductor crystals, the crystal quality
such as hole mobility can be observed. In the MBE method, the growth is preferably
performed at a high temperature as much as possible..

[0021]

The semiconductor laser so constructed will be studied. Since the coefficient of
thermal expansion Al2O3 used as the substrate is 8.0x10%/K, and the coefficient of
thermal expansion of the AlGalnN-based semiconductor used as the group III-V
compound semiconductor layer is 4.0~5.5x10%/Km (i.e. the coefficient of thermal
expansion of the group III-V compound semiconductor layer is smaller than the
coefficient of thermal expansion of the substrate), therefore after the epitaxial growth

of the group I11-V compound semiconductor layer performed at high temperature is
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completed, a compressive stress is acted on a surface of the group III-V compound
semiconductor layer to warp the surface of the group III-V compound semiconductor
layer during the process of cooling the group III-V compound semiconductor layer to
room temperature. However, a back layer 112 is formed on the back surface of the
substrate which is the side without the group III-V compound semiconductor layer
and made of a material with a coefficient of thermal expansion smaller than that of the
Al2Os substrate such as ZnO (with a coefficient of thermal expansion equal to
2.9x10°%K). By controlling the film thickness, structure, and film formation
temperature, the thermal stress can be reduced to suppress the warpage of the
semiconductor device. As a result, this invention can prevent crystal defects or
cracks occurred in the semiconductor device layer to improve the property or
reliability of the device. In addition, the back layer of the AlOs substrate is
preferably made of Si3N4, SiO2, or GaN in addition to ZnO.

[0022]

With reference to FIG. 1 for the manufacturing method of the semiconductor laser
device, the plane (0001) is used as a main surface, and a double-sided polished
monocrystalline Al203 mirror is used as the substrate 11, and a ZnO layer 112 is first
formed on the back surface of the substrate. In the method of manufacturing the
Zn0O film, there are chemical vapor transport, MOVPE or MBE method used for
epitaxial growth, and a sputtering method for polycrystalline film growth.  For
example, in the MOVPE method, an excimer laser (wavelength of 248 nm) is
irradiated using diethyl zinc and NO 2 as a raw material to obtain an epitaxial film at

500 ° C, wherein a laser ablation method is used).

[0023]

Secondly, the degreased and cleaned Al2Os substrate 11 is placed in a high vacuum
growth chamber heated at 750° C for 10 min. in the atmosphere having an oxygen
partial pressure of 3x10Torr, and the back surface of the substrate back is cleaned.
Subsequently, the substrate temperature is brought to 600° C, and an excimer laser is
irradiated on the ZnO sintered target, and the raw material is evaporated to a thickness
of 2 p m on the substrate. Thereafter, an atmosphere of the growth chamber is set to
1 atm of oxygen and annealed at 500 ° C. to form a ZnO layer 112.

[0024]

Further, the process proceeds to a step of growing a semiconductor laser element layer
on the surface side of the Al2O3 substrate 11 using the MOVPE method.

10

Lite-On

Ex. 1005 p. 0020



[0025]

The substrate is placed on a susceptor in a reaction chamber and heated at 1120 ° C.
for 10 minutes in a hydrogen atmosphere of 300 Torr to clean the surface of the
substrate. Subsequently, the substrate temperature is lowered to 500 © C and hydrogen
and TMG are added to the carrier gas and TMG, respectively.

By using hydrogen as a carrier gas, and TMG and ammonia as source gases, a GaN
buffer layer 12 is deposited to a thickness of 40 nm on a substrate 11 which is a group
V/III semiconductor substrate supplied with a molar ratio (hereinafter abbreviated as
V/II ratio) of 5000. Secondly, only the supply of TMG is stopped, and the
temperature is raised to 1000° C. After the temperature reaches 1000° C, the supply
of TMG is resumed, and the V/III ratio is set to 2500, while increasing the
temperature gradually. Finally, silane is added at 1060° C to grow an n-type GaN
contact layer 13 with a film thickness of 3um, and then TMA is added to grow the
n-type AlGaN cladding layer 14 to 500nm. The vapor phase ratio of TMA to TMG
is 10%. Further, the supply of TMA and silane is stopped to grow the GaN light guide
layer 15 to 100 nm.

[0026]

After the growth of the GaN light guide layer 15, the supply of TMG is stopped and
the temperature is lowered to 810°C. After the temperature reaches 810°C, the
carrier gas is switched to argon (Ar), and in the well layer, the TEG and TMI are
supplied so that the gas phase ratio of TMI is 85% and the V / III ratio is 10000. In
addition, the GalnN quantum well active layer 16 is formed while the gas phase ratio
of TMI is set to 15% and the V / Il ratio is set to 6000 in the barrier layer.

[0027]

Next, the substrate temperature is raised to 1030°C, and the carrier gas is again
switched to hydrogen, and TMG and ammonia are used to grow the GaN light guide
layer 15 to 100nm. Subsequently, TMA and Cp2Mg are added to grow the p-type
AlGaN cladding layer 17 to 500nm, and then the supply of the source gas is stopped

and the temperature is cooled down to room temperature.

[0028]

Therefore, a group I1I-V compound semiconductor layer can be formed. As another
method of manufacturing the aforementioned semiconductor laser device layer, an
MBE method can be used. In addition, this method can be combined with the
MOVPE method and the MBE method, wherein the n-type layer is grown on a side of

11
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the substrate by the MOVPE method, and the active layer and the p-type layer are
grown by the MBE method. In the MBE, no hydrogen passivation occurs, so that

the p-type conduction can be achieved without heat treatment.

[0029]

When the warpage of the wafer obtained in the above crystal growth step is measured,
it is found that the curvature radius is 31.1 m. As compared with 8.6 m in the case of
the conventional device structure in which the ZnO layer 112 is not provided on the
back surface of the substrate, the warpage is almost eliminated. This is considered
due to the compressive stress acting on the laser device layer during the cooling
process from the growth temperature to the room temperature is offset by the

compressive stress acting on the ZnO layer on the back surface of the substrate.

[0030]

This wafer is processed into a single mode laser device, wherein processes such as
photolithography, dry etching, buried regrowth, electrode evaporation are used.
Firstly, stripe SiO2 with a width of 3 um is formed and used as a mask to dry-etch the
p-type AlGaN cladding layer 17 into a ridge shape with a depth of 400 nm.
Secondly, an n-type GaN current blocking layer 18 is selectively grown to 400 nm by
the MOVPE method. After that, the SiO2 mask is removed, and the p-type GaN
contact is formed by the MOVPE method, so as to grow the p-type GaN contact layer
19 to 400nm. Further, in order to form the n-type electrode 111, the p-type GaN
contact layer 19 is dry-etched from the p-type GaN contact layer 14 to the n-type
AlGaN cladding layer 13 to expose the n-type GaN contact layer.

[0031]

The heat treatment for the activation of the Mg acceptor may be performed in the
reaction chamber after the completion of the growth, or performed in a heat treatment
furnace once the Mg acceptor is taken out, or performed simultaneously with the
sintering of the electrode evaporation. The heat treatment conditions, for example,

are set at 600°C for 20 minutes in a nitrogen atmosphere.

[0032]

Finally, the electrode deposition and sintering are performed. For example, an Mg/Au
electrode in which an Mg film and an Au film are sequentially stacked is used as the
p-type electrode 110. An Ti/Mo/Pt/Au electrode is formed on the n-type electrode
111.

12
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[0033]

The wafer is cleaved to have a resonator length such as 0.7pm, and both end surfaces
of the cover are applied with an appropriate coating and then separated into a laser
device and mounted on a heat sink in a junction-down manner. When the operating
characteristics at room temperature were evaluated, the oscillation wavelength was
404 nm, the threshold current was 94 mA, the external differential quantum efficiency

was 70%, and the applied voltage at the start of laser oscillation was 5.9 V.

[0034]

(Second Embodiment)

With reference to FIG. 2 for the cross-sectional view showing the structure of a
semiconductor laser device in accordance with the second embodiment of the present
invention, the numerals used in the figure are described below: 21 is an n-type
6H-SiC substrate (with a thickness of 150um and a carrier density of 2x10'%¢cm™), 22
is an AIN buffer layer (with a film thickness of 10nm), 23 is an AlGalnN buffer layer
(with a film thickness of 20nm), 24 is an n-type AlGaN cladding layer (with a film
thickness of 500nm and a carrier density of 5x10'7cm™), 25 is a GaN light guide layer
(with a film thickness of 100nm), 26 is a GalnN quantum well active layer, 27 is a
p-type AlGaN cladding layer (with a film thickness of 500nm and a carrier density of
3x10"cm™®), 28 is an n-type GaN current blocking layer (with a film thickness of
400nm and a carrier density of 5x10'7cm™), 29 is a p-type GaN contact layer (with a
film thickness of 400nm and a carrier density of 8x10'7cm™), 210 is a p-type
electrode. In addition, a Ni/Au layer 211 (with a film thickness of 400nm) is formed
on the back surface of the substrate to serve as the metal layer.

[0035]

It is noteworthy that the conductivity type of the substrate may be an n-type, a p-type,
or an insulating. In addition, a substrate inclined in a certain direction as well as a
low index surface may be used as the substrate surface orientation. For example, a
substrate tilted at 3 degrees from the (0001) plane of 4H- SiC in the [11-20] direction
may be used.

[0036]

The semiconductor laser device constructed as described above will be studied.
Since the coefficient of thermal expansion of SiC used as a substrate is 4.2x10°%/K
and the coefficient of thermal expansion of a GaN-based semiconductor is 5.5x10%/K

(i.e. the coefficient of thermal expansion of the Group III-V compound semiconductor
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layer is greater than that of the substrate), tensile stress normally acts on the group
III-V compound semiconductor layer, and the surface of the group I1I-V compound
semiconductor layer may be warped downwardly during the process of cooling to
room temperature after completion of epitaxial growth at high temperature. For
example, a metal substance such as SiC with a coefficient of thermal expansion
greater than that of the substrate can be used to form the back layer 112, so that the
thermal stress can be reduced by controlling the film thickness, structure, and film
formation temperature to suppress the warpage of the semiconductor device. As a
result, the crystal defects and cracks occurred in the semiconductor device layer can
be prevented to improve the property and reliability of the semiconductor device.
Further, examples of suitable materials that can be used for the back layer of the SiC

substrate include Al in addition to Ni and Au.

[0037]
The differences between this embodiment and the first embodiment are described
based on the manufacturing process of the semiconductor laser device as shown in
FIG. 2.

[0038]

In the substrate 21, monocrystalline n-type 6H-SiC with a Si surface (0001) serving as
a main surface and a polished double-sided mirror is used. Firstly, a Ni/Au layer
211 is formed on the back surface of the substrate a normal vacuum evaporation
method. The degreased and cleaned substrate 21 is placed into a vacuum deposition
tank, and the substrate temperature is set to 350°C, and the Ni (10nm) and Au
(390nm) are sequentially deposited by evaporation in the vacuum below 5x107Torr.
Ni is used to enhance adhesion between the substrate and Au. It is noteworthy that
the coefficient of thermal expansion of Ni is 38x107/K, and the coefficient of thermal
expansion of Au is 43x107/K.

[0039]

Subsequently, a semiconductor laser device layer is grown on the surface of the SiC
substrate 21 by using the MOVPE method. The substrate is placed on a susceptor in
a reaction chamber and heated at 1120 ° C. for 10 minutes in a hydrogen atmosphere
of 300 Torr to clean the surface of the substrate. At this time, the Ni/Au layer 211 on
the back surface with a temperature exceeding the melting point improves the fluidity,
and the effect of the thermal stress between the substrate 21 and the Ni/Au layer can

be released. Subsequently, the substrate temperature is lowered to 1000 ° C., and
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hydrogen is used as a carrier gas, and TMA and ammonia are used as the source gases
and the TMA and ammonia are deposited on the substrate 21, and an AIN buffer layer
22 is deposited to a thickness of 10 nm, and then the supply of TMA is stopped.
Further, the substrate temperature is lowered to 910 ° C., and TMA, TMG, and TMI
are supplied to grow the AlGalnN buffer layer 23 to 20 nm. This layer has an effect of
suppressing the occurrence of cracks due to the effect existing between the respective
layers of the laser structure. The growth step after the n-type AlGaN cladding layer 24
is the same as the description given in the first embodiment.

[0040]After the warpage of the wafer resulted from the crystal growth process is
measured, it is found that the radius of curvature is 24.8m. Compared with the value
13.5 m for the back surface of the substrate of the conventional device structure
without having the Ni/Au layer 211, warpage has been suppressed. Although cracks
are observed in the device layer of the conventional structure, the cracks are not
observed in the structure of this embodiment. This is considered due to the
phenomenon of the tensile stress acting on the laser element layer during the cooling
process from the growth temperature to the room temperature is offset by the tensile
stress acting on the Ni/Au layer on the back surface of the substrate.

[0041]The Ni/Au layer 211 on the back surface of the substrate is sufficiently alloyed
relative to the n-type SiC (which is considered as an ohmic electrode) during the
growth of the laser device layer, so that it also acts as the n-type electrode in the

device structure as shown in FIG. 2.

[0042]

(Third Embodiment)

With FIG. 3 for the cross-sectional view showing the structure of a semiconductor
laser device in accordance with the third embodiment of the present invention, the
numerals used in the figure are described below: 31 is an n-type 6H-SiC substrate
(with a thickness 150pum of a carrier density of 2x10'8¢cm™), 32 is an AIN buffer layer
(with a film thickness of 10nm), 33 is an n-type GaN layer (with a film thickness of
16pum and a carrier density of 7x10'7cm™), 34 is a SiO2 mask layer, 35 is an n-type
AlGaN cladding layer (with a film thickness of 500nm and a carrier density of
5x10"cm™®), 36 is a GaN light guide layer (with a film thickness of 100nm), 37 is a
GalnN quantum well active layer, 38 is a p-type AlGaN cladding layer (with a film
thickness of 500nm and a carrier density of 3x10'7cm™), 39 is an n-type GaN current
blocking layer (with a film thickness of 400nm and a carrier density of 5x10'7cm™),
310 is a p-type GaN contact layer (with a film thickness of 400nm and a carrier
density of 8x10'7cm™), and 311 is a p-type electrode. In addition, a Ni/Au layer 312

(with a film thickness of 500nm) is formed on the back surface of the substrate.
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[0043]

This embodiment is substantially the same as the second embodiment, but SiO2 is
embedded in a stripe shape in the group III-V compound semiconductor layer on the
substrate. In this embodiment, Si3N4 can also be used, in addition to the use of SiOz,
and there is no necessity of being formed in the stripe shape. The same works as

long as the Si02is not embedded continuously.

[0044]

Aiming at the difference between this embodiment and the second embodiment, it is
described based on the manufacturing process of the semiconductor laser device as
shown in FIG. 3. Same as the second embodiment, a Ni/Au layer 312 is formed on
the back surface of the substrate by a normal vacuum evaporation method, and then a

semiconductor laser device layer is grown on the front surface of the substrate by the
MOVPE method.

[0045]

After the growth of the AIN buffer layer 32, an n-type GaN layer 33 having a
thickness of 2 um is grown, and then a SiO2 mask layer 34 (having a thickness of 100
nm) is formed by plasma CVD or the like, and a striped opening with a pitch of 4um
and a width of 1.5um is formed in the [1-100] direction of the GaN by the
photolithography and dry etching processes.

[0046]

Once again, the substrate is placed on a susceptor in the MOVPE reaction chamber to
selectively grow the n-type GaN layer 33. In this process, no deposition of
polycrystalline GaN on the mask takes place, the GaN is grown laterally from the
opening and combined at the central part of the mask, and a flat surface (0001) is
obtained at the growth of approximately 4um in thickness. Secondly, the stripe
shaped SiO2 mask layer 34 (with a thickness of 100nm) of the second layer is formed
in the same direction as above by the plasma CVD method or the like. At this time,
the opening of the mask is shifted to the mask of the first layer to form the mask of
the second layer.

[0047] In addition, the substrate is placed on the susceptor in the MOVPE reaction
chamber, so that a flat surface (0001) deposited on the n-type GaN layer 33 and
grown laterally to form a laser device layer having a thickness of about 10 um can be

obtained. By means of the second lateral growth, a threading dislocation occurred at
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the junction of the SiC substrate 31 and extending to the top (the density near the
junction is 1x10%¢cm™) will disappear from the SiO2 mask layer. Since it can hardly
bend in a lateral direction, the density of the threading dislocation at the uppermost
part of the n-type GaN layer 33 is reduced to 5x10°cm™. The subsequent growth
process of the n-type AlGaN cladding layer 35 is the same as described in the first

embodiment.

[0048]

In the conventional device structure of which the Ni/Au layer 312 is not provided on
the back surface of the substrate, cracks occur in the lateral growth of the n-type GaN
layer 33, and a laser device layer cannot be formed on the substrate, but in the
structure of this embodiment, cracks do not occur and a high-quality laser device layer

with a dislocation density around 10°cm™ can be formed.

[0049]

(Fourth Embodiment)

With reference to FIG. 4 for the cross-sectional view showing the structure of a
substrate of a semiconductor laser device in accordance with the fourth embodiment
of the present invention, this embodiment similar to the first and second embodiments
has the N-containing group III-V compound semiconductor layer formed on a main
surface on a side of the substrate, and thus the description of the similarity will not be
repeated, and only the technical characteristics of the substrate are described. In this
embodiment, the warpage occurred on this side of the substrate during the cooling
process after the crystal growth of the group I1I-V compound semiconductor layer can

be prevented.

[0050]

In the fourth embodiment as shown in FIG. 4(a), an n-type 6H-SiC substrate (with a
thickness of 150pm and a carrier density of 2x10'8¢cm™) having a Si surface (0001) is
provided to serve as a main surface. For example, a groove (with a width of 150um
and a depth of 110pum) extending in the [1-100] direction is formed at a distance of
150pm on the back surface, so that a substrate having a portion with a thinner
thickness than other portions can be manufactured by photolithography, dry etching
and/or wet etching.

[0051]

In the case of forming the AlGalnN based semiconductor laser device as described in
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the second embodiment on the surface of the substrate 41, there was no large
difference in the warpage of the wafer when the device was formed on a substrate
having uniform thickness. However, when the cross section is observed with a
transmission electron microscope, no groove was formed in a device layer on the
substrate, and the density of threading dislocation reaches 10’~10%cm™, but grooves
formed on a device layer of the thinner portion of the substrate were suppressed to
10%m™ or below. Obviously, there is a tendency for the thinner portions of the
substrate to have defects or cracks. In other words, some of the stress can be relaxed
by forming grooves on the substrate and thinning the substrate, since the defects
usually occur on a side of the substrate where the strength is lowered. Therefore, a

high- quality crystal on the device layer can be obtained.

[0052]

In addition, the grooves on the back surface of the substrate may be used for
separating or cleaving the devices, wherein the grooves of this embodiment are
formed in the stripe shape. Of course, the grooves are not limited to the stripe shape,

but they can be in a lattice form.

[0053]

Further, as shown in FIG. 4(b), an n-type GaN layer 42 may be grown on a substrate,
GaN may be laterally grown on the SiO2 mask layer 43 to form a flat n-type GaN
layer 42, and then an AlGalnN-based semiconductor laser device may be formed
thereon. The shape of the SiO2 mask layer 43 is, for example, in a stripe shape
extending in the GaN [1 - 100] direction, and a striped opening with a width of 5 pum
is provided at a pitch of 10 pum.

[0054]

(Fifth Embodiment)

With reference to FIG. 5 for the cross-sectional view showing the structure of a
semiconductor laser device in accordance with the fifth embodiment of the present
invention, this embodiment similar to the first and second embodiments has the
N-containing group III-V compound semiconductor layer formed on a main surface
on a side of the substrate, and thus the description of the similarity will not be
repeated, and only the technical characteristics of the substrate are described. In this
embodiment, the warpage occurred on this side of the substrate during the cooling
process after the crystal growth of the group III-V compound semiconductor layer can

be prevented.
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[0055]

In FIG. 5, the material of the substrate is, for example, Al203, and the numeral 52
represents a manufacture damaged layer disposed on the back surface of the Al.O3
substrate 51. For example, a substrate is cut out from an ingot, and a surface side is
mirror-polished, but the back surface is remained in a state as is or kept in a state after
the wrap etching has been applied Since there are damages of the substrate remained
from the manufacture, the way of applying the stress has changed when the substrate
is formed on the AlGalnN-based semiconductor device. In the semiconductor
device layer, a compressive stress usually acts on the semiconductor device to warp a
surface of the semiconductor device upward. When a force is applied in a direction

against the warpage, a substantially flat surface can be achieved.

[0056]

In order to prevent warpage of the substrate or suppress the occurrence of crystal
defects and cracks in the device layer when the difference of the coefficients of the
thermal expansion between the substrate and the semiconductor device layer is large,
means other than those described above may be used. For example, the back surface
of the substrate is made porous, or a honeycomb layer is provided on the back surface
of the substrate, or a fine particle layer is provided on the back surface of the

substrate.

[0057]

(Sixth Embodiment)

With reference to FIG. 6 for the cross-sectional view of a manufacturing process of a
semiconductor laser device in accordance with the sixth embodiment of the present
invention, the numerals used in FIG. 6 are described below: 61 is an Al>Os substrate,
62 is a SiO2 layer, 63 is an n-type GaN layer, 64 is an AlGalnN-based laser device
layer, 65 is a p-type electrode, and 66 is an n-type electrode.

[0058]

The manufacturing method of a semiconductor laser device and the manufacturing
method of a semiconductor substrate in accordance with an embodiment of the
present invention will be described in conjunction with the illustration by FIG. 6a

below.

[0059]
In the Al203 substrate 61, the monocrystalline Al2O3 plane (0001) (with a thickness of

150um) is used as a main surface and polished by double-sided mirror polishing.
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Firstly, a SiO2 layer 62 (with a thickness of 2um) is formed on the back surface of the
substrate by a plasma CVD method or the like to serve as the back layer, and the
material of SiO2 layer 62 has a coefficient of thermal expansion smaller than the
coefficient of thermal expansion of the substrate.

[0060]

Secondly, the MOVPE method is used to grow a GaN layer 63 (with a thickness of
2um) on the substrate surface side, and a SiO2 mask layer 62 (with a thickness of
100nm) is formed, and a striped opening having a width of 3 pm is provided in the
[1-100] direction of GaN with a pitch of 8 pm by photolithography and dry etching

process.

[0061]

The substrate is placed on a susceptor in an MOVPE reaction chamber, and an n-type
GaN layer 63 (with a carrier density of 1x10'cm™) is selectively grown. During
this process, there is no deposition of polycrystalline GaN on the mask occurs, and
GaN grows laterally from the opening and combines at the center of the mask,
resulting in a flat surface (0001) at a growth of about 6 um thick and continues to
grow until a thickness reaches about 100 pm or above.

As a result, a threading dislocation (wherein its density near the junction is
2x10'"%m?) occurred at the junction between the Al>Oz substrate 61 and extending
upward will disappear from the SiO2 mask layer and hardly bent in a lateral direction,
so that the density of threading dislocations is reduced to about 10%m™ at the

uppermost portion of the n-type GaN layer 63.

[0062]

Although the GaN thick film can be formed by the MOVPE method, the hydride
vapor phase epitaxy (HVPE) method can also be used as another method. Compared
with the MOVPE method, the HVPE method has a higher growth rate which is
suitable for thick film growth.

[0063]
According to the aforementioned steps, a group I1I-V compound semiconductor layer
having a thermal expansion coefficient smaller than that of the substrate is formed on

a main surface of the substrate opposite to the side on which the back layer is formed.
[0064]

When the growth of GaN thick film is completed and the film is cooled to room

temperature, the warpage of the substrate can be substantially suppressed. In this
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state, an n-type GaN substrate 63 having a thickness of about 100 um can be obtained
by removing the SiOz layer 62, the Al2Os substrate layer 61 and the SiO2 mask layer
62.

[0065]

As described in the third embodiment, an AlGalnN-based laser device layer 64 is
formed on this substrate, and a p-type electrode 65 is formed on the p-type contact
layer of the front surface of the substrate and an n-type electrode 66 is formed on the

back surface of the substrate.

[0066]

Although SiO: is used as the back layer in this embodiment, a ZnO layer or a SizN4
layer can also be used as the back layer. For example, SiC can be used for the
substrate, and a metal layer (including Ni, Au, Al, In or Ga) is used as the back layer.
After a back layer made of a material having a coefficient of thermal expansion
greater than the coefficient of thermal expansion of the substrate can be formed on a
main surface on a side of the substrate, and a group III-V compound semiconductor
layer made of a material having a coefficient of thermal expansion greater than
substrate is formed on a main surface on the other side of the substrate, the back layer

of the substrate and the substrate are removed to obtain a semiconductor substrate.

[0067]

As described above, the present invention is described in conjunction with its
embodiments. Although the description of these embodiments is directed to a
semiconductor laser device, it can also be applied to light-emitting diodes,

photodiodes, field-effect transistors or other semiconductor devices.

[0068]

[Effect of the Invention]

In summation of the description above, the present invention can reduce the thermal
stress proportional to the difference in the coefficient of thermal expansion between
the III-V semiconductor crystal and the substrate, to achieve the effects of preventing
the occurrence of crystal defects or cracks and improving the property or reliability of

the semiconductor device.

[Brief Description of the Drawings]|

FIG. 1 is a cross-sectional view showing the structure of a semiconductor laser device
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in accordance with a first embodiment of the present invention.

FIG. 2 is a cross-sectional view showing the structure of a semiconductor laser device

in accordance with a second embodiment of the present invention.

FIG. 3 is a cross-sectional view showing the structure of a semiconductor laser device

in accordance with a third embodiment of the present invention.

FIG. 4 is a cross-sectional view showing the structure of a semiconductor laser device

in accordance with a fourth embodiment of the present invention.

FIG. 5 is a cross-sectional view showing the structure of a semiconductor laser device

in accordance with a fifth embodiment of the present invention.

FIG. 6 is a cross-sectional view showing the structure of a semiconductor laser device

in accordance with a sixth embodiment of the present invention.

[Description of numerals]

11, 51, 61 AlxOssubstrate

12 GaN buffer layer

13 n-type GaN contact layer

14, 24, 35 n-type AlGaN cladding layer
15,25, 36 GaN light guide layer

16, 26, 37 GalnN quantum well active layer
17,27, 38 p-type AlGaN cladding layer
18, 28, 39 n-type GaN current blocking layer
19, 29, 310 p-type GaN contact layer
110, 210, 311, 65 p-type electrode

111, 66 n-type electrode

112 ZnO layer

21, 31, 41 n-type 6H-SiC substrate
22,32 AIN buffer layer

23 AlGalnN buffer layer

211, 312 Ni/Au layer

33,42, 63 n-type GaN layer

34, 43 SiO2 mask layer

52 manufacture damaged layer

62 SiOzlayer

64 AlGalnN-based laser device layer
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