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(57) Abstract: A compound semiconductor photovoltaic cell includes a
compound semiconductor substrate; one or more first photoelectric conver-
sion cells deposited on the compound semiconductor substrate; a bonding
layer deposited on the one or more first photoelectric conversion cells; and
one or more second photoelectric conversion cells bonded to the one or
more first photoelectric conversion cells via the bonding layer, and disposed
on a light incident side of the one or more first photoelectric conversion
cells in a light incident direction. Further, band gaps of the first and the
second photoelectric conversion cells decrease as the first and the second
photoelectric conversion cells approach from the light incident side toward
a back side in the light incident direction, and when there is one second
photoelectric conversion cells, a band gap of the bonding layer is greater
than or equal to a band gap of the second photoelectric conversion cell.
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Description

Title of the InQention

COMPOUND SEMICONDUCTOR PHOTOVOLTAIC CELL AND

5 MANUFACTURING METHOD OF THE SAME

Technical Field

The present invention relates to compound
semiconductor photovoltaic cell and a method of
10 manufacturing the compound semiconductor photovoltaic

cell.

Background Art

Compound semiconductors have different
15 1levels of band gap energy and lattice constants
according to the material composition. Therefore, a
multi-junction photovoltaic ceil is produced, by
which the waveiength range of sunlight is divided
among a plurality of photovoltaic cells so that the
20 energy conversion efficiency is increased.
Presently, a typical example of a multi-
junction photovoltaic cell is a triple-junction
photovoltaic cell (1.88 eV/1.40 eV/0.67 eV) including
Ge cell/Ga(In)As cell/GaInP cell using a lattice

25 matching material, provided on a germanium (Ge)
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substrate having substantially the same lattice
constant as that of gallium arsenide (GaAs).

The efficiency of a photovoltaic cell made
of a compound semiconductor is approximately two
times as high as that of a silicon (Si) photovoltaic
cell. However, a photovoltaic cell made of a
compound semiconductor has a high-cost substrate or a
small-sized substrate, and is thus significantly more
expensive than a silicon photovoltaic cell.
Accordingly, a photovoltaic cell made of a compound
semiconductor is used for special purposes, mainly
for space use in such as a space satellite.

Furthermore, recently, a concentrated
photovoltaic cell has been formed by combining an
inexpensive condensing lens made of plastic and a
small cell of a photovoltaic cell made of a compound
semiconductor. Accordingly, the usage amount of an
expensive compound semiconductor is reduced compared
to a typical flat plate photovoltaic cell formed
without uSing a condensing lens. Such a concentrated
photovoltaic cell can be manufactured at a lower cost
and is used practically as a photovoltaic cell for
general purposes other than special purposes as
described above.

However, the power generation cost of a
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photovoltaic cell still remains high, and therefore
it is imperative to further reduce the cost. Thus,
studies are being conducted to increase the energy
conversion efficiency and to reduce the manufacturing
cost.

However, the band gap balance of a lattice-
matched-type triple-junction photovoltaic cell, which
is mainly used now, using a Gé substrate is not
optimal from a viewpoint of a current balance. It is
desired to increase the band gap of the bottom cell
in the configuration thereof.

As an example configuration for obtaining a
higher efficiency, there is a triple-junction
photovoltaic cell in which the band gaps of the cells
are set to 1.9 eV/1.42 eV/1.0 eV (for example, Non-
Patenf document 1). |

As thé materials of the cells haviné band
gaps of 1.9 eV and 1.42 eV, GaInP and GahAs,
respectively, which are in lattice matching with GaAs
substrate, are used. On the other hand, as the
material of the cell having band gap of 1.0 eV, a
GaInAs cell, which is not in lattice matching with a
GaAs substrate and causes a lattice mismatching
amount of approximately 2%, is used. To achieve this

structure, crystal is grown in the direction opposite
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to the growing direction of crystal of usual
photovoltaic cells.
Specifically, a GaInP cell and a GaAs cell
are sequentially grown on a GaAs substrate. Next, a
5 GaInAs cell is grown via a lattice relaxation buffer
layer which is for changing a lattice constant
difference. Then, the surface is adhered to a
supporting substrate. Finally, by removing the GaAs
substrate, the triple—junctionbphotovoltaic cell 1is
10 produced. Light is incident on the side of the GalInP
cell having a greater band gap.
Further, there is a mechanical stack type
photovoltaic cell in which a GaAs substrate having a
GaAs top cell is deposited on an InP substrate having
15 a GaInAsP bottom éell (for example, Patent Document
1). Those cells are not directly éonnected to each
other physically in the light receiving region, but
the cells are mechanically connected to each other,
so that the cells are optically connected via the gap.
20 Further, there is a photovoltaic cell using
a conductive nanoparticle arfay based on a direct
bonding (see, for example, Non-Patent Document 2), in
which a GaAs substrate having a photovoltaic cell
formed thereon and an InP substrate are connected via

25 a Palladium (Pd) nanoparticle array based on a Van-
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der-Waals (VDW) method, so that a current flows via
an ohmic contact between the nanoparticles and the
semiconductor.

Further, there is a photovoltaic cell formed
by directly bonding a GaAs substrate having a GaInP
top cell formed thereon and an InP substrate having a
GaInAs bottom‘cell formed thereon (see, for example,
Patent Document 2).

Further, there is a photovoltaic cell formed
by directly bonding a surface of a GaAs substrate
having a GaAs cell formed thereon and a surface of an
inP substrate having a GaInAs bottom cell formed
thereon (Non-Patent Document 3). It becomes possible
to easily form a cell in the short-wavelength region
on the GaAs substrate using a lattice matching
material and form a cell in the long-wavelength
region on the InP substrate using a lattice matching

material.

SUMMARY OF THE INVENTION

PROBLEMS TO BE SOLVED BY THE INVENTION

However, the triple-junction photovoltaic
cell disclosed in Non-Patent Document 1 has a
structure including a lattice-relaxation buffer layer,

between the GaAs cell and the GaInAs cell, where
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defecfs (dislocations) are concentrated due td
lattice.relaxation. Such a layer including the
defects becomes a cause of rebonding before sunlight
is absorbed and génerated carriers are acquired from
an electrode. As a result, it becomes difficult to
obtain high efficiency.

Further; the defects may be increased during
the operation and thereby degrading the efficiency
over time. Therefore, it is difficult to produce a
photovoltaic cell having high reliability.

Further, in the photovoltaic cell disclosed
in Patent Document 1, in the light receiving region,
long-wavelength light, which is transmitted from the
GaAs substrate having a GaAs cell, is incident onto a
GaInAsP cell formed on the InP substrate.

In such a structure, an InP window layer
having a smaller band gap than the GaAs has is formed
on the light incident side of the GaInAsP cell.
Therefore, before light is incident onto the GaInAsP
cell, a part of fhe light is absorbed by the InP
window layer. Such an InP window layer may become a
cause of degradation of the efficigncy.

Further, in the photovoltaic cell disclosed
in Non-Patent Document 2, the long-wavelength light

transmitted through the GalInPAs cell (1.8 eV) is
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incident onto the GaInPAs cell (1.15 eV). However,
on the light incident side of the GaInPAs cell (1.15
eV), an InP bonding layer having a smaller band gap

than the absorbing layer of the GaInPAs cell is

formed under the GaInPAs cell (1.8 eV) wvia a Pd layer.

Due to this structure, before light is

incident onto the GaInPAs cell (1.15 eV), a part of

the light is absorbed by the InP bonding layer. The
InP bonding layer has a function as a bonding layer
and a function as a window layer. However, due to
smaller band gap than the absorbing layer (1.8 eV) of
the GaInPAs cell, such an InP window layer becomes a
cause of the degradation of efficiency of the
photovoltaic céll.

Further, in the related technologies
disclosea in Non-Patént Document 3, the long-
wavelength light transmitted through the GaAs cell is
incident onto the GaInPAs cell. However, the InP
bonding layer having a smaller band gap than GalAs is
formed on the light incident side of the GaInAs cell
as a bonding layer directly connecting a GaAs
epitaxial substrate. Due to the InP bonding layer,
before light is incident onto the GaInAs cell, a part
of the light is absorbed by the InP bonding layer.

Such an InP bonding layer is a cause of the
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degradation of efficiency of the'photovoltaic cell.

Further, in the related technologies
disclosed in Non-Patent Document 2, the long-
wavelength light transmitted through the GaInP cell
is incident onto the GaInAs cell. However, the InP
bonding layer having a smaller band gap than GaInP is
formed on the light incident side of the GaInAs cell
as a bonding layer directly connecting a GaAs
epitaxial substrate. Due to ﬁhe InP bonding layer,
before light is incident onto the GaInAs cell, a part
of the light is absorbed by the InP bonding layer.

Such an InP window layer is a cause of the

.degradatibn of efficiency of the photovoltaic cell.

As described above, in a compound
semiconductor photovoltaic cell of the related
technologies, efficiency has not been sufficienfly
improved.

The present invention is made in light of
the problem and may provide a compound semiconductor
photovoltaic cell having higher efficiency and a
manufacturing method of the compound semiconductor

photovoltaic cell.

- MEANS FOR SOLVING THE PROBLEMS

According to an embodiment, a compound
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semiconductor photovoltaic cell includes a compound
semiconductor substrate; one or more first
photoelectric conversion cells formed of a first
compound semiconductor material and deposited on the
compound semiconductor substrate; a bonding layer
formed of a second compound semiconductor material
and deposited on the one or more first photoelectric
conversion cells; and one or more second
photoelectric conversion cells formed of a third
compound semiconductor material, bonded to the one or
more first photoelectric conversion cells via the
bonding layer, and disposed on a light incident side
of the one or more first photoelectric conversion
cells in a light incident direction.

Further, band gaps of the one or more first
photoelectric conversion cells and the one or more
second photoelectricvconversion cells deérease as the
first and the second photoelectric conversion cells
approach from the light incident side toward a back
side in the light incident direction, and, when a
number of the one or more second photoelectric
conversion cells is one, a band gap of the bonding
layer is greater than or equal to a band gap of the
one second photoelectric conversion cell, and, when a

number of the one or more second photoelectric"
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conversion cells is more than one, the band gap of
the bonding layer is greater than or equal to the
band gap of at least one of the second photoelectric

conversion cells.

'EFFECTS OF THE PRESENT INVENTION

According to an embodiment of the presént
invention, it may become possible to provide a
compound semiconductor photovoltaic cell having
higher efficiency and a manufacturing method of the

compound semiconductor photovoltaic cell.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a cross-sectional view of a
compound semiconductor photovoltaic cell 100
according to a first embodiment;

FIGS. 2A and 2B illustrate a manufacturing
method of the compound semiconductor photovoltaic
cell 100 according to the first embodiment;

FIGS. 3A and 3B illustrate the manufacturing
method of the compound semiconductor photovoltaic
cell 100 according to the first embodiment;

FIG. 4 is a cross-sectional view of a
compound semiconductor photovoltaic cell 101

according to a first modified example of the first

10
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empbodiment;

FIG. 5 is a cross-sectional view of a
compound semiconductor photovoltaic cell 103
according to a second modified example of the first
embodiment;

FIG. 6 is a cross-sectional view of a
compound semiconductor photovoltaic cell 200
according to a seéond embodiment;

FIG. 7 is a cross~sectional view of a
compound semiconductor photovoltaic cell 200
according to a third embodiment;

FIG. 8 is a cross-sectional view of a
compound semiconductor photovoltaic cell 200
according to a fourth embodiment; |

FIG. 9 is a cross-sectional view of a
compound semiconductor photovoltaic cell 500
according to a fifth embodiment;

FIGS. 10A and 10B illﬁstrate a manufacturing
method of the compound semiconductor photovoltaic
cell 500 according to the fifth embodiment;

FIGS. 11A and 11B illustrate the
manufacturing method of the compound semiconductor
photovoltaic cell 500 according to the fifth
embodiment;

FIG. 12 is a cross-sectional view of a

11
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compound semiconductor photovoltaic cell 501
éccording to a first modified example of the fifth
embodiment;

FIG. 13 is a cross-sectional view of a
compound semiconductor_photovoltaic cell 503
according to a second modified example of the fifth
eﬁbodiment;

FIG. 14 is a cross-sectional view of a
compound semiconductor photovoltaic cell 600
according to a sixth embodiment;

FIG. 15 is a cross-sectional view of a
compound semiconductor photovoltaic cell 700
according to a seventh embodiment; and

FIG. 16 is a cross-sectional view of a
compound semicondﬁctor photovoltaic cell 800

according to an eighth embodiment;

BEST MODE FOR CARRYING OUT THE INVENTION

In the following, compound semiconductor
photovoltaic cells and manufacturing method of the

compound semiconductor photovoltaic cells according

to embodiments of the present invention are described.

First embodiment
FIG. 1 is a cross-sectional view of a

compound semiconductor photovoltaic cell 100

12
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according to a first embodiment;

The compound semiconductor photovoltaic cell
100 includes an electrode 10, an InP substrate 110, a
GaInPAs cell 120, a bonding layer 130, a bonding:
layer 140, a tunnel junction layer 150, a GaInAs cell
160, a tunnel junction layer 170, a GaInP.cell 180, a
contact layer 40A, and an electrode 50.

The compound semiconductor photovoltaic cell
100 according‘to the first embodiment is a triple-
junction photovoltaic cell in which the GaInPAs cell
120 (1.0 eV), the GaInAs cell 160 (1.40 eV), and the
GaInP cell 180 (1.9 eV) are connected in seriesQ

" As the cells included in the compound

semiconductor photovoltaic cell 100, there are an
Indium Phosphorus (InP) based photoelectric
conversion cell and a Gallium Arsenic (GaAs) based
photoelectric conversion cell. The InP based
photoelectric conversion cell refers to a
photoelectric conversion cell which is formed of a
material system that is substantially in lattice
matching with InP and can be crystal grown on the InP
substrate 110. Here, the material that is
substantially in lattice matching with InP and can be
crystal grown on the InP substrate 110 is called an

“InP lattice matching based material”. Further, the

13
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cell formed of the “InP lattice matching based
material” is called an “InP lattice matching based
material cell”.

On the other hand, the GaAs based
photoelectric conversion cell refers to a
photoelectric convérsion cell which is formed of a
material system that is substantially in lattice
matqhing with GaAs or Germanium (Ge) which has a
lattice constant substantially equal to that of GaAs
and can be crystal grown on a GaAs substrate or a Ge
substrate. Here, the material that is substantially
in lattice métching with GaAs or Ge which has a
lattice constant substantially equal to that of GaAs
and can be crystal grown on a GaAs substrate or a Ge
substrate is called a “GaAs lattice matching based
material”. Further, the cell formed of the “GaAs
lattice matching based material” is called a “GaAs
lattice matching based material cell”.

Those terms are similarly used in second
through fourth embodiments as well.

In the compound semiconductor photovoltaic
cell 100, the GaInPAs cell 120 is the InP based
photoelectric conversion cell and the GaInAs cell 160
and the GaInP cell 180 are the GaAs based

photoelectric conversion cell.

14
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Here, the InP substrate 110 is an example of
a compound semiconduétor substrate or a first
compound semiconductor substrate. The GaInPAs cell
120 is an example of a first photoelectric conversion
cell which is made of a first compound semiconductor
material.

The bonding layer 130 is an example of a
bonding layer that is made of a second compound
semiconductor material and is deposited on the
GaInPAs cell 120. The GaInAs cell 160 and the GaInP
cell 180 are examples of.a plurality of second
photbelectric conversion cells which are made of a
third compound semiconductor material.

In.FIG. 1, light is incident in the
direction from the upper side to the lower side in
the figure (i.e., in the direction from the GaInP
cell 180 to the GaInPAs cell 120) (hereinafter the
“light incident direction”).

The electrode 10 is an electrode serving as
a lower electrode disposed on the back (deeper) side
in the light incident direction. As the electrode 10,
an electrode, which is formed by stacking metal
layers made of, for example Ti/Pt/Au, may be used.

As the InP substrate 110, a wafer, which is

made of, for example, p-type single-crystal indium

15
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phosphorus, may be used. As an impurity, for example,
Zn may be used.

The GaInPAs cell 120 is formed on a surface
of the InP substrate 110. The GaInPAs cell 120
includes a p-type InP layer 121, a p-type
Ga(x)InP(y)As layer 122, a n-type Ga(x)InP(y)As layer
123, and a n-type [Al(x)Ga](y)InAs layer 124.

The GaInPAs cell 120 includes crystal layers
of GaInPAs which is in lattice matching with InP.
The InP layer 121, the Ga(x)InP(y)As layer 122, the
Ga(x)InP(y)As layér 123, and the [Al(x)Ga](y)InAs
layer 124 are deposited in this order on the surface
of the InP substrate 110.

The InP layer 121 is a Back Surface Field
(BSF) layer disposed on the back side in the light
incident direction. The pn junction of the GalInPAs
cell 120 is formed between the Ga(x)InP(y)As layer
122 and the Ga(x)InP(y)As layer 123. The
[Al (x)Ga] (y)InAs layer 124 is a window layer disposed
on the front side (light incident side) in the light
incident direction.

Here, the GaInPAs cell 120 may be regarded
as a cell having the Ga(x)InP(y)As layer 122 and the
Ga(x)InP(y)As layer 123, which.form the pn junction,

the [Al(x)Ga](y)InAs layer 124 formed on the light

16
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incident side of the GaInPAs cell 120, and the InP
layer 121 formed on the back side in the light
incident direction.

The InP layer 121 is used as the BSF layer,
and therefore the InP layer 121 has a band gap
greater than the band gap (1.0 eV) of the p-type
Ga(x)InP(y)As layer 122 and the n-type Ga(x)InP(y)As
layer 123. As an impurity of the InP layer 121, Zinc
(Zn) may be used.

The conductive type of the Ga(x)InP(y)As
layer 122 becomes p-type by using, for example, Zn as
an impurity.

The conductive type of the Ga(x)InP(y)As
layer 123 becomes n-type by using, for example, Si as
an impurity.

In the Ga(x)InP(y)As layer 122 and the

Ga(x)InP(y)As layer 123, the rate “"x” of Ga and the

rate “y” of P are adjusted so that the band gap the

layers.is 1.0 eV.

The [Al(x)Ga](y)InAs layer 124 is used as a
window layer. Therefore, the [Al(x)Gal(y)InAs layer
124 has a band gap greater than the band gap (1.0 eV)

of the Ga(x)InP(y)As layer 122 and the Ga(x)InP(y)As

" layer 123. In the first embodiment, the band gap of

the [Al(x)Ga] (y)InAs layer 124 is set to, for example,

17
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1.5 eV.-

In order to ensure the light transmitted
through the bonding layer 130 reaches the
Ga(x)InP(y)As layer 122 and the Ga{x)InP(y)As layer
123 of the GaInPAs cell 120, the band gap of the
[Al(x)Ga] (y)InAs layer 124, which is the window layer
of the GaInPAs cell 120, is set to, for example, 1.5
eVv.

In this case, similar fo a compound
semiconductor photovoltaic cell in related
technologies, if an InP layer is used as the window
layer 124, a part of sunlight transmitted through the
GaInAs cell 160 (1.40 eV) is absorbed because the
band gap of InP is 1.35 eV.

In the compound semiconductor photovoltaic
cell 100 according to the first embodiment, in order
to prevent the occurrence of such energy loss, the
[Al(x)Ga] (y)InAs layer 124 having the.band gap
greater than that of the GaInAs cell 160 is used as
the window layer.

As the impurity of the [Al(x)Ga] (y)InAs
layer 124, for example, Si may be used.

AlGaInAs is in lattice matching with InP and
therefore is suitable for depositing the

Ga(x)InP(y)As layer 123.

18
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The bonding layer 130 is bonded to the
bonding layer 140 by a cleaning process and a surface
activation process in a step of manufacturing the
compound semiconductor photovoltaic cell 100. The
compound semiconductor photovoltaic cell 100 is
manufactured by bonding two layered bodies.

The bonding layer 130 is formed on the
uppermost surface of one of the two layered bodies,
and the bonding layer 140 is formed on the uppermost
surface of the other layered body. Then, the bondiﬁg
layer 130 and the bonding layer 140 are bonded to
each other to form the compound semiconductor
photovoltaic cell 100.

As the bonding layer 130, an n+type InP

layer is used. The impurity concentration of the

" bonding layer 130 is set to be greater than that of

the [Al(x)Ga](y)InAs layer 124. By so doing, the
conductive type of the bonding layer 130 is an n+type.
The band gap of the InP layer used as the

bonding layer 130 is 1.35 eV, which is less than that
of the GalnAs cell 160, so that a part of the light
transmitted through the GalInAs cell 160 is absorbed.
However, this is preferable because the absorbed
amount in this case is less than that in a case where

a GaAs cell is used in the related technology as

19
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described in Non-Patent Document 3.

Herein, a case is described where the band
gap of the InP layer used as the bonding layer 130 is
1.35 eV. However, the band gap may be greater than
1.35 eV by using a Ga(x)InP layer, to which Ga is
added, as the bonding layer 130 and increasing the
composition ratio of Ga.

In this case, it is preferable that the
material to be used as the bonding layer 130 have a
band gap greater than or equal to the band gap (1.40
eV) of the GaInAs cell 160 which is disposed on the
light incident side (upstream side) of the bonding
layer 130.

Further, between the bonding layer 130 and
the GaInAs cell 160, the bonding layer 140 and the
tunnel junction layer 150 are formed. Both the
bonding layer 140 and the tunnel junction layer 150
include GaAs so as to have a band gap of 1.42 eV.
Therefore, the light transmitted through the GaInAs
cell 160 is not absorbed.

The bonding layer 140 is bonded to the
bonding layer 130, which is disposed on the InP
substrate 110 side thereof, by a cleaning process and
a surface activation process in a step of

manufacturing the compound semiconductor photovoltaic

20
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cell 100. As the bonding layer 140, for example, an
n+type GaAs layer may be used. The band gap of the
GaAs layer is 1.42 eV, which is greater than that of
the GaInAs cell 160. Therefore, the GaAs layer does
nct absorb the light transmitted through the GalnAs
cell 160. The impurity concentration of the bonding
layer 140 is set to be similar to that of the bonding
layer 130.

In the compound semiconductor photovoltaic
cell 100 of FIG. 1, the upper side of the boundary
between the bonding layer 130 and the bonding layer
140 is formed by sequentially depositing layers in,
for example, an upside-down state. Therefore, the
bonding layer 140 is deposited on the tunnel junction
layer 150.

The tunnel junction layer 150 is formed
between the bonding layer 140 and the GalInAs cell 160.
In the compound semiconductor photovoltaic cell iOO
of FIG. 1, the upper side of the boundary between the
bonding layer 130 and the bonding layer 140 is formed.
by sequentially depositing layers in, for example, an
upside-down state. Therefore, the funnel junction
layer 150 1is deposited on the GalInAs cell 160.

The tunnei junction layer 150 includes an

n+type GaAs layer 151 and a p+type GaAs layer 152.
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As the impurity to set the conductive type to n-type,
for example, tellurium (Te) may be used. As the
impurity to set the conductive type to p-type, for
example, carbon (C) may be used. The n+type GalAs
layer 151 and the pt+type GaAs layer 152 include a

thin pn junction doped in high concentration.

The GaAs layer 151 and the GaAs layer 152 of

the tunnel junction layer 150 are doped with higher
concentration than the GaInAs cell 160. The tunnel
junction layer 150 is a ﬂunction layer which is
formed in order to flow current between a p-type
GaInAs layer 162 of the GaInAs cell 160 and the n-
type Ga(x)InP(y)As layer 123 of the GaInPAs cell 120
(by tunnel junction).

The GaInAs cell 160 is formed between the
tunnel junction layer 150 and the tunnel junctibn
layer 170.

The GaInAs cell 160 includes a p-type
Ga(x)InP layer 161, a p-type GalnAs layer 162, an n-
type GaInAs layer 163, and an n-type [Al(x)Gal (y)InP
layér 164. |

The Ga(x)InP layer 161, the GalnAs layer 162,
the GaInAs layer 163, and the [Al(x)Gal(y)InP layer
164 ‘are deposited in this order on the surface of the

tunnel junction layer 150. In an actual
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manufacturing process, the GaInAs cell 160 is
deposited on the tunnel junction layer 170 in, for
example, the upside-down state.

Therefore, in an actual manufacturing
process, for example, the [Al(x)Ga] (y)InP layer 164,
the GalInAs layer 163, the GalnAs layer 162, and the
Ga(x)InP léyer 161 are depbsited in this order on the
tunnel junction layer 170.

The Ga(x)InP layer 161 is a Back Surface
Field (BSF) layer disposed on the back side in the
light incident direction. The pn junction of the
GaInAs cell 160 is included in the GaInAs layer 162
and the GaInAs layer 163. The [(Al(x)Ga]l(y)InP layer
164 is a window layer disposed on the front side
(light incident side) in the light incident direction.

Here, the GalInAs cell 160 may be regarded as
a cell having the GaInAs layer 162 and the GalnAs
layer 163, which form the pn junction, the
[Al (x)Ga] (y) InP layer 164 formed on the light
incident side of the GalInPAs cell 120, and the
Ga(x)InP layer 161 formed on the back side in the
light incident direction.

The Ga(x)InP layer 161 is used as the BSF
layer, and therefore the Ga(x)InP layer 161 has a

band gap greater than the band gap (1.40 eV) of the
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p-type GalInAs layer 162 and the n-type GalnAs l;yer
163. As impurity of the Ga(x)InP layer 161, for
example, Zn may be used.

The conductive type of the GalInAs layer 162
becomes p-type by using, for example, Zn as impurity.

The conductive type of the GaInAs layer 163
becomes n-type by using, for example, Si as an
impurity.

The band gap of the GalInAs layer 162 and the
GaInAs layer 163 is 1.40 eV.

The [Al(x)Ga] (y)InP layer 164 is used as a
window layer. Therefore, the [Al(x)Ga] (y)InP laYer
164 has a band gap greater than the band gap (1.40
eV) of the p-type GaInAs layer 162 and the n-type
GalnAs layer 163.

"In the first embodiment, the [Al(x)Ga]({y)InP
layer 164 has a band gap greater than the band gap
(1.40 eV) of the p-type GalnAs layer 162 and the n-
type GalInAs layer 163. As an impurity of the
[Al(x)Ga](y)InP layer 164, for example, Si may be
used.

The tunnel junction layer 170 is formed
between the GaInAs cell 160 and the GaInP cell 180.
The upper side of the boundary between the bonding

layer 130 and the bonding layer 140 in the compound
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semiconductor photovoltaic cell 100 of FIG. 1 is
formed by sequentially depositing layers in, for
example, an upside-down state. Therefore, the tunnel
junction layer 170 is deposited on the GaInP cell 180.

The tunnel junction layer 170 includes an n-
type Ga(x)InP layer 171 and a p-type Al(x)GaAs layer
172. As an impurity to set the conductive type to n-
type, for example, tellurium (Te) may be used. As
the impurity to set the conductive type to p-type,
for example, carbon (C) may be used. The n-type
Ga(x)InP layer 171 and the p-type Al(x)GaAs layer 172
include a thin pn junction doped in high
concentration.

The n-type Ga(x)InP layer 171 and the p-type
Al (x)GaAs layer 172 of the tunnel junction layer 170
are doped with higher concentration than the GaInP
cell 180. The tunnel junction layer 170 is a
junction layer which is forméd in order to flow
current between a p-type Ga(x)InP layer 182 of the
GaInP>cell 180 and the n-type GaInAs layer 163 of the
GaInAs cell 160 (by tunnel junction).

The GaInP cell 180 is formed between the
tunnel<junction layer 170 and the contact layer 40A.

The GaInP cell 180 includes a p-type

Al (x)InP layer 181, a p-type Ga(x)InP layer 182, an
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n-type Ga (x)InP layer 183, and an n-type Al(x)InP
layer 184.

The Al (x)InP layer 181, the p-type Ga(x)InP
layer 182, the n-type Ga(x)InP layer 183, and the n-
type Al (x)InP layer 184 are deposited in this order
on the surface of the tunnel junction layer 170. In
an actual manufacturing process, the GaInP cell 180
is deposited on the GaAs contact layer 40A on a GaAs
substrate (not shown) in, for example, the upside-
down state.

The GaInP cell 180 includes crystal layers
of GaInP which are in lattice matching with GaAs. 1In
an actual manufacturing process, for example, the
Al (x)InP laye; 184, the Ga(x)InP layer 183, the
Ga(x)InP layer 182, and the Al (x)InP layer 181 are
deposited in this order.

The Al(X)InP layér 181 is a Back Surface
Field (BSF) layer disposed on the back side in the
light incident direction. The pn junction of the
GaInP cell 180 is included in the Ga(x)InP layer 182
and the Ga(x)InP layer 183. The Al (x)InP layer 184
is a window layer disposed on the front side (light
incident side) in the light incident direction.

Here, the GaInP cell 180 may be regarded as

a cell having the Ga(x)InP layer 182 and the Ga(x)InP
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layer 183, which form the pn junction, the Al (x)InP
layer 184 formed on the light incident side of the
GaInP cell 180, and the Al(x)InP layer 181 formed on
the back side in the light incident direction.

The Al(x)InP layer 181 is used as the BSF
layer, and therefore the Al (x)InP layer 181 has a
band gap greater than the band gap (1.9 eV) of the p-
type Ga(x)InP layer‘182 and the n-type Ga(x)InP layér
183. As an impufity of the Al(x)InP layer 181, for
example, Zn may be used.

The conductive type of the Ga(x)InP layer
182 becomes p-type by using, for example, Zn as an
impurity.» |

The conductive type of the Ga(x)InP layer
183 becomes n-type by using, for example; Si as an
impurity.

The band gap of the Ga(x)InP layer 182 and
the Ga(x)InP layer 183 is 1.9 eV.

The Al (x)InP layer 184 is used as a window
layer. Therefore, the Al (x)InP layer 184 has a band
gap greater than the band gap (1.9 eV) of the p-type
Ga(x)InP layer 182 and the n-type Ga(x)InP layer 183.

In the first embodiment, the Al (x)InP layer
184 haé a band gap greater than the band gap (1.9 eV)

of the p-type Ga(x)InP layer 182 and the n-type
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Ga(x)InP layer 183. As an impurity of the Al (x)InP
layer 184, for example, Si mayAbe used.

The contact layer 40A is a layer that is
deposited on‘the GaInP cell 180 to form ohmic contact
with the electrode 50. As the contact layer 40A, for
example, a gallium arsenide (GaAs) layer is used;

The electrode 50 is a thin film made of a
metal such as, for example, Ti/Pt/Au, and is formed
on the contact layer 40A.

Next, a method of manufacturing the compound
semiconductor photovoltaic cell 100 accordinglto the
first embodiment is described with reference to FIGS.
2A through 3B.

FIGS. 2A through 3B illustrate a method of
manufacturing the compound semiconductor pﬁotovoltaic
cell 100 according to the first embodiment.

| As shown in FIG. 2A, a layered body 100A is
formed by using a GaAs substrate 20 and a layered
body 100B is formed by using the InP substrate liO.
The GaAs substrate 20 is an example of a second k
compound semiconductor substrate.

Here, the GalInP céll 180 included in the
layered bedy 100A includes crystal layers of GaInP
which is in lattice matching with GaAs, and is formed

on the GaAs substrate 20. Further, the GaInPAs cell
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120 included in the layered body 100B includes
crystal layers of GaInPAs which is in lattice
matching with InP and is formed on the InP substrate
110.

As described above, the lattice constant of
the layered body 100A differs from that of the
layered body 100B. The compound semiconductor
photovoltaic cell 100 according to the first
embodiment is manufactured by directly bonding the
layered body 100A to the layered body 100B having a
lattice constant different from that of the layered
body 100A.

The lattice constant of InP is approximately
5.87 A. Therefore, the composition of the GalInPAs
cell 120 formed on the InP substrate 110 is adjusted
in a manner such that the GaInPAs cell 120 has a
lattice constant very close to the lattice constant
of InP (approximately 5.87 A). |

Further, the lattice constant of GaAs is
approximately 5.65 A. Therefore, the composition of
the GalInAs cell 160 and the GaInP cell 180 formed on
the GaAs substrate 20 is adjusted in a manner such
that the GaInAs cell 160 and the GaInP cell 180 have
the lattice constants very close to the lattice

constant of InP (approximately 5.65 A).
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The layered body IOOA is formed by
depositing a Ga(x)InP etching stop layer 30, an
n+type GaAs contact layer 40, the GaInP cell 180, the
tunnel junction layer 170, the GaInAs cell 160, the
tunnel junction layer 150, and the bonding layer 140
on the GaAs substrate 20 by Metal Organic Chemical
Vapor Deposition (MOCVD) method.

Here, the GaInP cell 180 includes the
Al (x)InP layer 184 which is in lattice matching with
GaAs, the Ga(x)InP layer 183, the Ga(x)InP layer 182,
and the Al(x)InP layer 181. The Al(x)InP layer 181
is a BSF layer, and the Al(x)InP layer 184 is a
window layer.

The tunnel junction layer 170 includes the
Al(x)GéAs layer 172 and the Ga(x)InP layer 171.

The GaInAs cell 160 includes the
[Al(x)Ga](y}InP layer 164, the GaInAs layer 163, the
GaInAs.layer 162, and the Ga(x)InP layer 161. The
Ga(x)InP layer. 161 is a BSF layer, and the
[Al (x)Ga] (y)InP layer 164 is a window layer.

Namely, the pn junction for photoelectric
conversion in the GaInAs cell 160 is formed between
the GalInAs layer 162 and the GaInAs layer 163 which
have an In ratio of 1.5%, a distortion (strain) of

0.1%, and a band gap of 1.40 eV.
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Further, the tunnel junction layer 150
includes the GaAs layer 151 and the GaAs layer 152.

In the deposition (growth) of the layered
body 100A, the lower side where the GaAs substrate 20
exists is the light incident side, so that when the
layered body 100A is to be bonded to the layered body
100B, the layered body 100A is turned over to be
upside down. In this régard, the layered body 100A
is grown downward in FIG. 1 which is opposite to the
normal growing direction.

Specifically, the layers are sequentially
grown from the cell having a wider band gap (i.e.,
GaInP cell 180) to the cell having narrower band gap
(i.e., GaInAs cell 160). But finally, the p side
becomes the lower side (the back side in the light
incident direction).

The layered body 100B is formed by growing
(depositing) the GaInPAs cell 120 and the bonding
layer 130 on the InP substrate 110 by the MOCVD

method. In the layered body 100B in FIG. Z2A, the

bonding layer 130 side, which is opposite to the InP

substrate 110 side, is the light incident side.
The GaInPAs cell 120 includes the InP layer
121, the Ga(x)InP(y)As layer 122, the Ga(x)InP(y)As

layer 123, and the [Al(x)Ga] (y)InAs layer 124 from
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the InP substrate 110 side. The InP layer 121 is a
BSF layer and the [Ai(x)Ga](y)InAs layer 124 is a |
window layer.

By doing this, the layered body 100A and the
layered body 1003 are formed by epitaxial growth
using the MOCVD method.

. Next, as shown in FIG. 2B, the layered body
100A and ﬁhe layered body 100B formed by epitaxial
growth are directly bonded fo each other.

A cleaning process and a surface actiﬁation
process are performed on the surface of the bonding
layer 140 of the layered body 100A and the surface of
the bonding layer 130 of the layered body 100B, so
that the bonding layer 130 is directly bonded to the
bonding layér‘140. As the surface activation process,
a nitrogen (N,) plasma process is performed in a
vacuum at a temperature of 150 °C for the bonding.

By doing this, the layered body 100C of FIG.
2B is formed. The layered body 100C is formed by
bonding the bonding layer 140 of the layered body
100A, which is turned over to be in the upside-down,
state, to the bonding layer 130 of the layered body
100B.

The layered body 100C has a structure where

the GaInPAs cell 120, the bonding layer 130, the
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bonding layer 140, the tunnel junétion layer 150, the
GaInAs'cell 160, the tunnel junction layer 170, the
GaInP cell 180, the GaAs contact layer 40, the

Ga (x)InP etching stop layer 30, and the GaAs
substrate 20 are sequentially deposited on the InP
substrate 110.

Next, the GaAs substrate 20 and the Ga(x)InP
etching stop layer 30 are selectively etched from the
layered body 100C of FIG. 2B to acquire the layered
body 100D in FIG. 3A.

The etching of the GaAs substrate 20 and the
Ga(x)InP etching stop layer 30 is performed as
described below.

The etching of the GaAs substrate 20 may be
performed by, for example, using a mixture of
sulfuric acid (H;S04), hydrogen peroxide (H,0:), and
water (H;0) as a wet etching solution. The mixture of
sulfuric acid (H2SO4), hydrogen peroxide (H;0;), and
water (H,0) does not dissolve GaInP of the Ga (x)InP
etching stop layer 30. Therefore, it becomes
possible to stop the wet etching process by the
Ga(x)InP etching stop layer 30.

Besides the above method, the etching of the
GaAs substrate 20 may also be performed, for example,

by a lift-off method where an AlAs sacrifice layer is
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used for selectively etching AlAs to separate the
substrate and the cell (see Non-Patent Document 1) or
by a smart-cut method which is freqﬁently used in
forming a Silicon On Insulator (SOI) substrates (see,
for example, Applied Physics Letter 92,103503(2008)).7
When any of above methods is used, the GaAs substrate
20 may be reused.

The Ga(x)InP etching stop layer 30 may be
etched by using, for example, a mixture of
hydrochloric acid (HCl) and water (H,0).

| By doing this, the GaAs substrate 20 and the
Ga (x)InP etching stop layer 30 can be etched from the
layered body 100C (see FIG. 2B) to form the layered
body 100D (see FIG. 3A).

Next, the upper electrode 50 (see FIG. 1) is
formed on the GaAs contact layer 40, and the lower
electrode 10 is formed on the InP substrate 110.

The contact layer 40A is formed by removing
a part other than a part disposed just under the
upper electrode 50 from the contact layer 40 (see FIG.
3A).

The cbntact layer 40A may be formed by, for
example, using a mixture of sulfuric acid (H;SO04),
hydrogen peroxide (H;0,), and water (H,0) as a wet

etching solution. The mixture of sulfuric acid
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(H2S04), hydrogen peroxide (H;0,), and water (H;0) does
not dissolve AlInP of the Al(x)InP layer 184.
Therefore, it becomes possible to stop the wet
etching process by the Al(x)InP layer 184 of the
GaInP cell 180.

By doing this, the compound semiconductor
photovoltaic cell 100 according to the first
embodiment is formed. The compound semiconductor
photovoltaic cell 100 in FIG. 3B is the same as the
compound semiconductor photovoltaic cell 100 in FIG.
1.

The compound semiconductor photovoltaic cell
100 has a structure where sunlight is incident in the
wider-band-gap cell side (i.e., the GaInP cell 180
side). It is preferable to dispose an antireflection
film on the surface of the Al (x)InP layer 184 where
sunlight is incident. The antireflection film is
omitted in FIG. 3B.

In the compound semiconductor photovoltaic
cell 100 according to the first embodiment, as the
window layer of the GaInPAs cell 120 formed on the
InP substrate 110, the [Al(x)Ga] (y)InAs layer 124
having a band gap of 1.5 eV is formed, and as the
bonding layer 130 formed on the GaInPAs cell 120, an

InP bonding layer is formed.
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Further, the band gap of the tunnel junction
layer 150 and the bonding layer 140 is set to be
greater than that of the GaInAs cell 160.

In order to ensure the light transmitted
through the bonding layer 130 reaches the
Ga(x)InP(y)As layer 122 and the Ga(x)InP(y)As layer
123 of the GaInPAs cell 120, the band gap of the
[Al (x)Ga] (y)InAs layer 124, which is the window layer
of the GaInPAs cell 120, 1is set to 1.5 eV which is
greater than that‘of the GalInAs cell 160.

Here, for example, if an InP layer is used
as the window layer 124 similar to a compound
semiconductor photovoltaic cell in the related
technology, a part of the light transmitted through
the GaInAs cell 160 (1.40 eV) is absorbed becauée the
band gap of InP is 1.35 eV.
| When a éart of sunlight transmitted through
the GaInAs cell 160 (1.40 eV) is absorbed as
described above, an energy loss occurs which is a
cause of reduction of efficiency of the compound
semiconductor photovoltaic cell.

On the other hand, in the compound
semicondu;tor photovoltaic cell 100 according to the
first embodiment, in order to prevent the occurrence

of the energy loss, the cell disposed at the most
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back (end) side from the light incident side is
changed from a conventional GaAs cell to the GaInAs
cell in the second photoelectric conversion cell (the
cell‘grown on the GaAs substrate). As a result, it
becomes possible to reduce the absorbed amount of
sunlight before the sunlight 1s incident on tﬁe most
front side of the first'photoelectric conversion cell.
Therefore, according to the first embodiment, it
becomes possible to provide the compound
semiconductor photovoltaic cell 100 where the
efficiency 1is énhanced and a method of manufacturing
the compound semiconductor photovoltaic cell 100.

Further, the [Al(x)Ga](y)InAs layer 124
having a greater band gap than the GalInAs cell 160 is
used as the window layer. By doing this, the
efficiency of the compound semiconductor'photovoltaic
cell 100 is improved.

Furthér, as a material allowing close
lattice matching, for example, GaPSb, Al (Ga) InAs,
Al (Ga)AsSb, Al (Ga)PSb, and AlInPSb have the
compositions so that the band gap thereof is greater
than or equal to that of the GaInAs cell 160 (1.40
eV) and can be grown on the InP substrate 110.

Therefore, a thin film formed of, for

example, GaPSb, Al(Ga)InAs, Al(Ga)AsSb, Al(Ga)PSb, or
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Al (In)PSb may be used in place of the
[Al(x)Ga] (y)InAs layer 124 which is the window layer
of the GalnPAs cell 120.

In this case, the composition is adjusted so
that the band gap of the thin film formed of, for
example, GaPSb, Al (Ga)InAs, Al (Ga)AsSb, Al (Ga)PSb, or
Al (In)PSb used in place of the [Al(x)Ga](y)InAs layer
124 is greater than or equal to that of the GalnAs
cell 160 (1.40 eV).

Here, the expression “(Ga)” is used because
each of the compositions of Al (Ga)InAs, Al (Ga)AsSb,
and Al (Ga)PSb may include Ga or may not include Ga.
Namely, “Al{Ga)InAs” denotes AlGaInAs and AlInAs,

“Al (Ga)AsSb” denotes AlGaAsSb and AlAsSb, and
“Al (Ga) PSb” denotes AlGaPSb and AlPSb.

Here, the expression “(In)” is used because
the composition Al (In)PSb may include In or may not
include In. Namely, “Al(In)PSb” denotes AlInPSb and
AlPSb.

Further, “(Al)GaInP(As)” denotes AlGalInP,
GalInPAs, and GaInP.

In a triple-junction photovoltaic cell such
as the compound semiconductor photovoltaic cell 100
according to the first embodiment, 0OYO BUTURI Vol.79,

No. 5, 2010 page 436 describes that as the
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combination of the band gaps of the three cells,
values 1.9 eV/1.42 eV/1.0 eV” and “1.7 eV/1.2
eV/0.67 eV” are preferable to the values “1.88 ev/1.4
evV/0.67 evV” of a triple—junction photovolﬁaic cell in
the related technology.

However, it is difficult to have such
combination band gaps as described above with a-
single lattice constant.

In this regard, according to the first
embodiment, the compound semiconductor photovoltaic
cell 100 is formed by bonding two cells having
different lattice constants (i.e., the layered body
100A and the layered body 100B, see FIG. 2A) using a
direct bonding method. By doing this, it becomes .
easier to form the compound semiconductor
photovoltaic cell 100 including cells having
different lattice constants.

In.the above description, a case is
described where cells are formed on the InP substrate
110 and the GaAs substrate 20 by MOCVD method.
However, the cell may be formed by Molecular Beam
Epitaxy (MBE) method.

Also, in the above description, a case is
described where the compound semiconductor

photovoltaic cell 100 is formed by using the layered
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body 100A and the layered body 100B using the InP
substrate 110 and the GaAs substrate 20, respeétively.
However, any combination other than the combination
of the InP substrate 110 and the GaAs substrate 20
may be used.

For example, any of the combinations
including, for'example, Ge substrate and InP
substrate, GeSb substrate and GaAs substrate, GaSb
substrate and Ge substrate, Si substrate and Ge
substrate, and Si substrate and GaAs substrate may be
used to form the layered body 100B and the layered
body 100A.

Further, in the above descriptioh, a case is
described where the layered bodies 100A and 100B are
directly bonded. However, the layered bodies 100A
and 100B may be mechanically bonded as shown in FIG.
4. |

Further, in the above description, a case is
described where the GaInPAs cell 120 is used as the
InP lattice matching based material cell. However,
the InP lattice matching based material cell is not

limited to the GaInPAs cell 120. For example, a cell

expressed in Galn{P)As méy be used.

Here, the expression “(P)” is used because

the composition GaIn (P)As may include P or may not
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include P. Namely, “GaIn(P)As” denotes GaInPAs and
GaInAs. Therefore, a GalInAs cell may be used in |
place of the GaInPAs cell 120.

Further, in the above description, a case 1is
described where the GaInP cell 180 is used as the
GaAs lattice matching based material cell. However,
the GaAs lattice matching based material cell is not
limited to the GaInP cell 180. A cell expressed in
(Al)GaInP{As) may be used.

Here, the expressions “(Al)” and “(As)” are
used because the composition (Al)GaInP(As) may
include Al or may not include Al and may include Al
and may not include As. Namely, “(Al)GaInP(As)"ﬁ
denotes AlGaInP, GalInPAs, and GaInP. Therefore, an
AlGaInP cell or a GaInPAs cell may be used in place
of the GaInP cell 180.

FIG. 4 is a cross-sectional view of a
compound semiconductor photovoltaic cell 101
according to a first modified example of the first
embodiment.

In the compound semiconductor photovoltaic
cell 101 according to the first modified example of
the first embodiment, the bonding layer 130 and the
bonding layer 140 of FIG. 1 are mechanically bonded

to each other.
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In the compound semiconductor photovoltaic
cell 101 of FIG. 4, the bonding layer 130 and the
bonding layer 140 are bonded via é'fixing member 102.
As the fixing member 102, a Pd Nanoparticle Array may
be used.

The Pd Nanoparticle Array is for causing
conductive nanoparticles to be self-arranged on the
junction interface, with the use of the separation
arrangement of a block copolymer. Nano arrangements
of Pd, Au, Pt, Ag, etc., are possible. A diluted
solution of a block copolymer is spin-coated, the
block copolymer is caused to.be self-arranged, and
the block copolymer is exposed to an agqueous solution
including metal ions such as Pd%+ (palladium ions), so
that metal ions are selectively formed in the block
copolymer. Then, Ar (argon) plasma is radiated, so
that the block copolymer template is removed, and a
nanoparticle array which is self-arranged, is formed.
Light is transmitted through parts without
nanoparticles. - By using a palladium nanoparticle
array, light that has been transmitted through the
GaInPAs cell 160 can be efficiently guided to the
GaInPAs cell 120.

With the Pd Nanoparticle Array formed on

either the bonding layer 130 or the bonding layer 140,
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the bonding layer 130 and the bonding layer 140 are
bonded to each other to form the compound
semiconductor photovoltaic cell 101.

The fixing member 102 is an éxample of a
fixing unit. The method of mechanically bonding two
layered bodies with the fixing member 102 is called
“mechanical stack”.

The fixing member 102 is not limited to the
Pd Nanopafticle Array. For example, the fixing
member 102 may be a Nanoparticle Array including
another metal (e.g., Au) or may be another mechanical
means.

The compound semiconductor photovoltaic cell
101 includes surface layers 130A and 140A in place of
the bonding layers 130 and 140. The surface layers
130A and 140A are similar to the bonding layers 130
and 140 but are not‘directly bonded.to each other.
Therefore, those layers are called “surface layers
130A and 140A” in FIG. 4.

As described above, in the compound
semiconductor photovoltaic cell 101, the bonding
layers 130 and 140 are bonded with the fixing member
102. Therefore, it is not necessary to include the
tunnel junction layer 150 (see FIG. 1) between the

GalnAs cell 160 and the bonding layer 140, so that
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the GaInAs cell 160 is directly bonded to the bonding
layer 140.

As described abové, the layered body
including the GaInPAs cell 120 may be bonded to the
layered body including the GalInAs cell 160 and the
GaInP cell 180 by mechanical stack.

Further, the compound semiconductor
photovoltaic cell 100 according to the first
empodiment may also be modified as shown in FIG. 5.

FIG. 5 is a crosé—sectional view of a
compound semiconductor photovoltaic cell 103
according to a second modified example of the first
embodiment.

The compound semiconductor photovoltaic cell
103 according to the second modified example of the
first embodiment includes the electrcde 10, the InP
substrate 110, the GaInPAs cell 120, the bonding
layer 130, the tunnel junCtion layer 150A, the GalnAs
cell 160, the tunnel junction layer 170, the GaInP
cell 180, the contact layer 40A, and the electrode 50.

In the compound semiconductor photovoltaic
cell 103, the bonding layer 140 and the n+type GaAs
layer 151 are removed from the compound semiconductor
photovoltaic cell 100, so that the bonding layer 130

is directly bonded to the p+type GaAs layer 152. The
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tunnel junction layer 150A in FIG. 5 is similar to
the p+type GaAs layer 152 in FIG. 1. In such a
compound semiconductor photoveltaic cell 103, a
tunnel junction is formed between the bonding layer
130 and the tunnel junction layer 150A.

In a case of a multi-junction photovoltaic
cell having multiple cells, in order to equalize the
values of the currents that can be drawn from the
multiple cells, any of the multiple cells may be
thinly formed so that light having a absorbable
wavelength can be transmitted therethrough and the
cell in the back side in the light incident direction
can absorb the light.

Further, in a case where the GaInAs cell 160
is thin, the transmission light, without being
absorbed by the GaInAs cell 160, is absorbed by the
tunnel junction layer 150 and the bonding layers 140
and 130, which affects the efficiency. 1In such a
case, 1t is desired that the overali thickness of the
tunnel junction layer 150 and the bonding layers 140
and 130 be reduced as much as possible.

Therefore, by removing the bonding layer 140
and the n+type GaAs layer 151 of FIG. 1 so that the
tunnel Jjunction is formed by the bonding layer 130

and the tunnel junction layer 150A as shown in FIG. 5,
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it becomes possible to provide the compound
semiconductor photovoltaic cell 103 having a
thickness less than that of the compound
semiconductér photovoltaic cell 100 of FIG. 1.
Second embodiment

In the first embodiment, a triple-junction
type compound semiconductor photovoltaic cell 100
including the GaInP cell 180, the GalnAs cell 160,
and the GaInPAs cell 120 is formed. The combination
of the band gaps of the three photoelectric
conversion cells thereof is 1.9 eV/1.40 eV/1.0 eV.

In a second embodiment, by adding a GalnAs
cell (0.75 eV} to the GaInP cell 180, the GaInAs cell
160, and the GaInPAs cell 120, a quad-junction type
compound semiconductor photovoltaic‘cell 200 is
provided. The combination of the band gaps of the
four photoelectric Conversion cells thereof is 1.9
eV/1.40 ev/1.0 eV/0.75 eV.

FIG. 6 is a cross-sectional view of the
compound semiconductor photovoltaic cell 200
according to the second embodiment. In the following,
the same reference numerals are repeatedly ﬁsed to
describe the same constituent elements as those in
the compound semiconductor photovoltaic cell 100 in

the first embodiment, and the repeated descriptions
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thereof may be omitted.
The compound semiconductor photovoltaic cell
200 includes the electrode 10, the InP substrate 110,

a GaInAs cell 210, a tunnel junction layer 220, the

 GaInPAs cell 120, the bonding layer 130, the bonding

léyer 140, the tunnel junction layer 150, the GalnAs
cell 160, the tunnel junction layer 170, the GalnP
cell 180, the contact layer 40A, and the electrode 50.

The compound semiconductor photovoltaic cell

200 according to the second embodiment is a quad-

junction photovoltaic cell in which the GaInAs cell
210 (0.75 eV), the GaInPAs cell 120 (1.0 eV), the
GaInAs cell 160 (1.40 eV), the GaInP cell 180 (1.9
eV) are connected in series. |

Here, the GalnAs cell 210 and the GaInPAs

~cell 120 are examples of multiple first photoelectric

conversion cells which are formed of a first compound
semiconductor material.

In FIG. 6, light is incident in the
direction from the upper side to the lower side in
the figure (i.e., in the direction from the GaInP
cell 180 to the GalnAs cell 210).

IEEE Document (ProCessing of the 28th IEEE
Photovoltaic Specialists Conference (2009) pp.1090-

1093) describes that it is preferable for a quad-
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junction photovoltaic cell to have a band gap balance
of a combination approximately 1.9 eV/1.4 eV/1.0
evV/0.7 ev.

In the compound semiconductor photovoltaic
cell 200, the GaInAs cell 210 and a tunnel junction
layer 220 are formed between the InP substrate 110
and the GalnPAs cell 120 of the compound
semiconductor photovoltaic cell 100 according to the
first embodiment.

The GaInAs cell 210 includes a p-type InP
layer 211, a thype Ga(x)InAs layer 212, an n-type’
Ga(x)InAs layer 213, and an n-type InP layer 214.

The InP‘layer 211 is a BSF layer, and the InP layer
214 is a window layer.

Here, the GalnAs cell 210 may be regarded as
a cell which does not include the InP layer 211 and
the InP layer 214 so as to include only the Ga(x)InAs-
layer 212 and the Ga(x)InAs layer 213. In this case,
it is assumed that the InP layer 214 is formed on the
light incident side of the GaInAs cell 210 including
the Ga(x)InAs layer 212 and the Ga(x)InAs layer 213
and the InP layer 211 is formed on the back side of
the GaInAs cell 210 in the light incident direction.

The band gap of the p-type Ga(x)InAs layer

212 and the n-type Ga(x)InAs layer 213 is 0.75 eV.
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The tunnel junction layer 220 is formed
between the GaInPAs cell 120 and the GaInAs cell 210.
The tunnel junction layer 220 includes an n+type InP
layer 221 and a pttype Al(x)InAs layer 222.

As the impurity to set the conductive type
of the InP layer 221 to n+type, for example, silicon
(S1) may be used. As the impurity to set the
conductive type of the Al(x)InAs layer 222 to p+type,
for example, carbon (C) may be used. The n+type InP
layer 221 and the p+type Al (x)InAs layer 222 include
a thin pn junction doped in high concentration.

‘The n+type InP layer 221 and the p+type
Al (x)InAs layer 222 of the tunnel junction layer 220
are doped with higher concentration than the GalInPAs
cell 120. The tunnel junction layer 220 is a
junctién layer which is formed in order to flow
current between the p-type Ga(x)InP(y)As layer 122 of
the GaInPAs cell 120 and the n-type Ga(x)InAs layer
213 of the GaInAs cell 210 (by tunnel junction).

' The compound semiconductor photévoltaic cell
200 according to the second embodiment has a
combination of band gaps 1.9 eV/1.40 evV/ 1.0 eV/0.75
eV by the four photoelectric conversion cells which
are the GaInP cell 180, the GalnAs cell 160, the

GaInPAs cell 120, and the GaInAs cell 210.
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Therefore, according to the second
embodiment, it becomes possible to provide the
compound semiconductor photovoltaic cell 200 having
higher energy conversion efficiency than the compound
semiconductor photovoltaic cell 100 according to the
first embodiment.

Further; similar to the case of the‘second
modified example of the first embodiment, the
thickness of the compound semiconductor photovoltaic
cell 200 of FIG. 6 may be reduced by removing the
bonding layer 140 and the n+type GaAs layer 151 to
form the tunnel junction by the bonding layer 130 and
the p+type GaAs layer 152.

Third embodiment

FIG. 7 is a cross-sectional drawing of a
compound semiconductor photovoltaic cell 300
according to a third embodiment.

The compound semiconductor photovoltaic cell
300 according to the third embodiment is formed with
a composition in which, as a substrate for forming
the second photoelectric conversion cell, a Ge
substrate is used in place of the GaAs substrate used
in the compound semiconductor photovoltaic cell 100
(see FIG. 1). The lattice constant of Ge is greater

than that of GaAs by approximately 0.08%, so that the
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GaInAs cell 160 (1.40 eV) having an In composition of
1.5% as described in the first embodiment can be
lattice-matched. Therefore, by adjusting the
compositions of the other layers such as the GaInP
cell 180, it becomes possible to form all the layers
with a lattice matching condition. The band gap of
the GaInP cell 180 is reduced to 1.88 eV. From the
viewpoint of the lattice matching, the composition of
the tunnel junction layer 150 and the bonding layer
140 is GaInAs having an In composition similar to the
GaInAs cell.

Further, in the compound semiconductor
photovoltaic cell 300 according to the third
embodiment, the bonding layer 130 and the
[Al(x)Gal (y)InAs layer 124 in the compound
semiconductor photovoltaic cell 100 according to the
first embodiment (FIG. 1) are replaced by the bonding
layer 330 and a Ga(x)InP layer 324, respectively.

The compound semicohductor photovoltaic cell
300 according to the third embodiment includes the
electrode 10, the InP substrate 110, a GaInPAs cell
320, the bonding layer 330, the bonding layer 140,
the tunnel junction layer 150, the GalInAs cell 160,
the tunnel junction layer 170, the GaInP cell 180,

the contact layer 40A, and the electrode 50.
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The GaInPAs cell 320 includes the InP layer
121, the Ga(x)InP(y)As layer 122, the Ga(x)InP(y)As
layer 123, and a Ga(x)InP layer 324. Namely, in the
GaInPAs cell 320, the [Al(x)Ga](y)InAs layer 124 of
the GaInPAs cell 120 in the first embodiment is
replaced by the Ga(x)InP layer 324. The band gap of
the Ga(x)InP layer 324 is 1.40 eV. The window layer
324 is a GaInP layer having a Ga composition of 7%,
having a tensile strain .of 0.5%, and having a band
gap of 1.40 eV.

Further, as the window layer 324, for
example, a GaPSb layer, Al(Ga)InAs, Al(Ga)AsSb,’
Al (GA)Psb, or AlInPSb may be used. Those materials
also have a composition where the band gap is greater
than or equal to the band gap of the GaInAs cell 160
(1.40 eV) and can be grown on the InP substrate 110.

Therefore, in place of the Ga(x)InP layer
324 which is the window layer of the GaInPAs cell 320,
a thin film layer formed of, for example, GaPSb,
Al (Ga)InAs, Al(Ga)AsSb, Al(GA)Psb, or AlInPSb may be
used.

As the bonding layer 330, a GalInP layer
having a Ga composition of 7% and having a tensile
strain of 0.5% is used. The band gap of the GalInP

layer is 1.40 eV. Namely, the bonding layer 330 is a
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layer formed by adding Ga to the bonding layer 130
(InP with a Ga composition of 0%) in the first
embodiment.

The GaInAs cell 160 includes the p-type
Ga(x)InP layer 161, a p-type Ga(x)InAs layer 162, a
n-type Ga(x)InAs layer 163, and the n-type
[Al (x)Gal (y)InP layer 164.

The GaInAs cell 160 has a distortion
(strain) of approximately 0.1% relative to the GaAs
substrate 20 but is in lattice matching with a Ge
substrate.

In the compound semiconductor photovoltaic
cell 300 according to the third embodiment, the
Ga (%) InP layer 324 having a band gap of 1.4 eV is
formed as the window layer of the GaInPAs cell 320
formed on the InP substrate 110, and the GaInP
bonding layer having a band gap of 1.40 eV is formed
as the‘bonding layer 330 formed thereon.

The GaInP bonding layer formed as the
bonding layer 330 has a Ga composition of 7% and has
a tensile strain of 0.5%. The band gap of the GaInP
bonding layer is 1.40 eV. The band gap (1.40 eV) of
the bonding layer 330 is set to be greater than or
equal to the band gap of the (1.40 eV) of the GalnAs

cell 160 which is a photoelectric conversion cell
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adjacent to the bonding layer 330 on the light
incident side.

Namely, the Ga(x)InP layer used as the
bonding layer 330 has the above-described band gap so
that the light transmitted through the GalInAs cell
160, which ié the adjacent photoelectric conversion
cell disposed on the light incident side (the
upstream side) in the light incident direction,
without being absorbed therein is guided to the
GaInPAs cell 320 disposed on the back side thereof in
the light incident direction.

Further, the band gap of the tunnel junction
layer 150 and the bonding layer 140 is 1.40 eV which
is equal to the band gap (1.40 eV) Qf the GaInAs cell
160.

In the compound semiconductor photovoltaic

cell 300 according to- the third embodiment, the band

gap of the Ga(x)InP layer 324, which is the window

layer of the GaInPAs cell 320, is set to 1.40 eV

which is equal to that of the GalnAs cell 160, and in
addition,lthe band gap of the bénding layer 330 is
set as described above.

In a related technology, an InP layer (1.35
eV) 1is used as the bonding layer to bond wafers.

Here, for example, similar to a compound
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semiconductor photovoltaic cell in a related
technology, when an InP layer is used as the bonding
layer 330, since the band gap of InP is 1.35 eV, a
part of sunlight transmitted through the GalInAs cell
160 (1.40 eV) is absorbed.

When a part of sunlight trahsmitted through
the GaInAs cell 160 (1.40 eV) is absorbed by the InP
layer, an energy loss occurs which is a cause of

reduction of efficiency of the compound semiconductor

photovoltaic cell.

On the other hand, in the compound
semiconductor photovoltaic cell 300 according to the
third embodiment, in order to prevent the occurrence

of the energy loss, the Ga(x)InP layer having a band

gap equal to that of the GaInAs cell 160 is used as

the bonding layer 330.

By doing this, according to the third
embddiment, it becomes possible to provide the
compound semiconductor photovoltaic cell 300 having
higher efficieﬁcy and a method of manufacturing the
compound semiconductor photovoltaic cell 300.

Further, similar to the case of the second
modified example of the first embodiment, the
thickness of the compound semiconductor photovoltaic

cell 300 of FIG. 7 may be reduced by removing the
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bonding layer 140 and the n+type GaAs layer 151 to
form the funnel junction by the bonding layer 130 and
the p#type GaAs layer 152.
Fourth embodiment

FIG. 8 is a cross-sectional view of a
compound semiconductor photovoltaic cell 400
according to a fourth embodiment of the present
invention.

The compound semiconductor photovoltaic cell
400 according to the fourth embodiment is a quad-
junction photovoltaic cell which is formed by forming

the GaInAs cell 210 and the tunnel junction layer 220

"between the InP substrate 110 and the GalnPAs cell

320 of the compound semiconductor photovoltaic cell
300 according to the third embodiment.

This relationship is similar to the
relationship in which the quad-junction-type compound
semiconductor photovoltaic cell 200 according to the
second embodiment is formed by forming the GalnAs
cell 210 and the tunnel junction layer 220 between
the InP substrate 110 and the GaInPAs cell 120 of the

compound semiconductor photovoltaic cell 100

according to the first embodiment.

In the following, the same reference

numerals are repeatedly used to describe the same
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constituent elements as those in the first through
third embodiments, and the repeated descriptions
thereof may be omitted.

The compound semiconductor photovoltaic cell
400 according to the fourth embodiment includes the
electrode 10, the InP substrate 110, the GalInAs cell
210, the tunnel junction layer 220, the GaInPAs cell
320, the bonding layer 330, the bonding layer 140,
the tunnel junction layer 150, the GalInAs cell 160,
the tunnel junction layer 170, the GaIné cell 180,
the contact layer 40A, and the electrode 50.

The combination of the band gaps of the
GaInP cell 180, the GaInAs cell 160, the GaInPAs cell
320, and the GaInAs cell 210 which are four
photoelectric conversion cells thereof is 1.88
ev/1.40 evV/1.0 eV/0.75 eV.

The compound semiconductor photovoltaic cell
400 according to the fourth embodiment is a quad—
junction photovoltaic cell in which the GaInAs cell
210 (0.75 eV), the GaInPAs cell 320 (1.0 eV), the
GaInAs cell 160 (1.40 eV), the GaInP cell 180 (1.88
eV) are connected in series.

In FIG. 8, light is incident in the
direction from the upper side to the lower side in

the figure (i.e., in the direction from the GalnP
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cell 180 to the GaInAs cell 210).

The compound semiconductor photovoltaic cell
400 according to the fourth embodiment has a
combination of band gaps 1.88 eV/1.40 eV/ 1.0 eV/0.75
eV by the four photoelectric conversion cells which
are the GaInP cell 180, the GaInAs cell 160, the
GaInPAs cell 320, and the GaInAs cell 210.

Therefore, according to the fourth
embodiment, it becomes possible to provide the
compound semiconductor photovoltaic cell 400 having
higher energy conversion efficiency than the compound
semiconductor photovoltaic cell 300 according to the
third embodiment.

Further, similar toc the case of the second
modified example of the first embodiment, the
thickness of the compound semiconductor photovoltaic
cell 400 of FIG. 8 may be reduced by removing the
bonding layer 140 and the n+type GaAs layer 151 to
form the tunnel junction by the bonding layer 130 and
the p+type GaAs layer 152. |
Fifth embodiment

FIG. 9 is a cross-sectional view of a
compound semiconductor photovoltaic cell 1100
according to a fifth embodiment;

The compound semiconductor photovoltaic cell
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1100 includes an electrode 1010, an InP substrate
1110; a GaInPAs cell 1120, a bonding layer 1130, a
bonding layer 1140, a tunnel junction layer 11350, a
GaAs cell 1160, a tunnel junction layer 1170, a GalInP
cell 1180, a contact layer 1040A, and an electrode
1050.

The compound semiconductor photovoltaic cell
1100 according to the fifth embodiment is a triple-
junction photovoltaic cell in which the GaInPAs cell
1120 (1.0 eV), the GaAs cell 1160 (1.40 eV), and the
GaInP cell 1180 (1.9 eV) are connected in series.

As the cells included in the compound
semiconductor photovoltaic cell 1100, there are an
Indium Phosphorus (InP) based photoelectric
conversion cell and a Gallium Arsenic (GaAs) based
photoelectric conversion cell. The InP based
photoelectric conversion cell refers to a
photoelectric conversion cell whiéh is formed 6f a
material system that is substantially in lattice
matching with InP and can be crystal grown on the InP
substrate 1110. Here, the material that is
substantially ih lattice mafching with InP and can be
crystal grown on the InP substrate 1110 is called an
“InP lattice matching based material”. Further, the

cell formed of the “InP lattice matching based
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material” is called an “InP lattice matching based
material cell”.

On the other hand, the GaAs based
photoelectric conversion cell refers to a
photoelectric conversion cell which is formed of a
material system that is substantially in lattice
matching with GaAs or Germanium (Ge) whiéh has a
lattice constant substantially equal to that of Gads
and can be crystal grown on a GaAs substrate or a Ge
substrate. Here, the material that is substahtially
in lattiée matdhing with GaAs or Ge which has a
lattice constant substantially equalvto that of GalAs
and can be crystal grown on a GaAs substrate or a Ge
substrate is called a “GaAs lattice matching based
material”./ Further, the cell formed of the “GaAs
lattice matching based material” is called a “GaAs
lattice matching based material cell”.

Those terms are similarly used in sixth
through eighth embodiments as well.

In the compound semiconductor photovoltaic
cell 1100, the GaInPAs cell 1120 is the InP based
photoelectric conversion cell énd the GaAs cell 1160
and the GaInP cell 1180 are the GaAs based
photoelectric conversion cell.

Here, the InP substrate 1110 is an example
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of a qompound semiconductor substrate or a first
compound semiconductor substrate. The GaInPAs cell
1120 is an example of a first photoelectric
conversion cell which is made of a first compound
seﬁiconductor material.

The bonding layer 1130 is an example of a
bonding layer that is made of a second compound
semiconductor material and is deposited on the
GaInPAs cell 1120. The GaAs cell 1160 and the GaIﬁP
cell 1180 are examples of a plurality of second
photoelectric conversion ceils which are made of a
third compound semiconductor material.

In FIG. 9, light is incident in the
direction from the upper side to the lower side in
the figure (i.e., in the direction from the GaInP
cell 1180 to the GaInPAs cell 1120) (hereinafter the
“light incident direction”).

The electrode 1010 is an electrode serving
as a lower electrode disposed on the back (deeper)
side in the light incident direction. As the
electrode 1010, an electrode, which is formed by
stacking.metal layers made of, for example Ti/Pt/Au,
may be used.

As the InP substrate 1110, a wafer, which is

made of, for example, p-type single-crystal indium
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phosphorus, may be used. As an impurity, for example,
Zn méy berused.

The GaInPAs cell 1120 is formed on a surface
of the InP substrate 1110. The GaInPAs cell 1120
includes a p—type.InP layer 1121, a p-type
Ga(x)InP(y)As layer 1122, a n-type Ga(x)InP(y)As
layer 1123, and a n-type [Al(x)Ga](y)InAs layer 1124.

The GaInPAs cell 1120 includes crystal.
layers of GaInPAs which is in lattice matching with
InP. The InP layer 1121, the Ga(x)InP(y)Aé layer
1122, the Ga(x)InP(y)As layer 1123, and the
[Al(x)Ga] (y)InAs layer 1124‘are deposited in the
order on the surface of the InP substrate 1110.

The InP layer 1121 is a Back Surface Field
(BSF) layer disposed on the back side ‘in the 1light
incident direction. The pn junction of the GaInPAs
cell 1120 is formed between the Ga(x)InP(y)As layer
1122 and the Ga(x)InP(y)As layer 1123. The
[Al (x)Ga] (y) InAs layer 1124 is a window layer
disposed on the front side (light incident side) in
the light incident direction.

Here, the GaInPAs cell 1120 may be regarded
as a cell having the Ga(x)InP(y)As layer 1122 and the
Ga(x)InP(y)As layer 1123, which form the pn junction,

the [Al(x)Ga] (y)InAs layer 1124 formed on the light
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incident side of the GalInPAs cell 1120, and the InP
layer 1121 formed on the back side in the light
incident direction.

The InP layer 1121 is used as the BSF layer,
and. therefore the InP layer 1121 has a band gap
greater than the band gap (1.0 eV) of the p-type
Ga(x)InP(y)As layer 1122 and the n-type Ga(x)InP(y)As
layer 1123. As impurity of the InP layer 1121, Zinc
(Zn) may be used. |

The conductive type of the Ga(x)InP(y)As
layer 1122 becomes p-type by using, for example, Zn
as impﬁrity.

The conductive type of the Ga(x)InP(y)As
layer 1123 becomes n-type by using, for example, Si
as impurity.

In the Ga(x)InP(y)As layer 1122.and the
Ga(x)InP(y)As layer 1123, the rate “x” of Ga and the
rate “y” of P are adjusted so that the band gap the
layers is 1.0 eV.

?he [Al(x)Ga](y)InAs layer 1124 is used as a
window layer. Therefore, the [Al(x)Ga](y)InAs layer
1124 has a band gap greater than the band gap (1.0
eV) of the Ga(x)InP(y)As layer 1122 and the
Ga(x)InP(y)As layer 1123.

In the fifth embodiment, the band gap of the
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(Al(x)Ga] (y)InAs layer 1124 is set to, for example,
1.5 eV. The impurity of the [Al(x)Ga](y)InAs layer
1124, for example, Si may be used.

AlGalInAs is in lattice matching with InP and
therefore is suitable for depositing the
Ga(x)InP(y)As layer 1123.

The bonding layef 1130 is bonded to the
bonding layer 1140 by a cleaning process and a
surface activation process in a step of manufacturing
the compound semiconductor photovoltaic cell 1100.
The compound semiconductor photovoltaic cell 1100 is
manufactured by bonding two layered bodies.

The bonding layer 1130 is formed on the
uppermost surface of one of the two layered bodies,
and the bonding layer 1140 is formed on the uppermost
surface of the other layered body. Then, the bonding
layer 1130 and the bonding layer 1140 are bonded to
each other to form the compound semiconductor
photovoltaic cell 1100.

As the bonding layer.1130, an n+ttype
Ga(x)InP layer is used. The impurity concentration
of the bonding layer 1130 is set to be greater than
that of the [Al(x)Ga] (y)InAs layer 1124. By doing,
the conductive type of the bonding layer 1130 is an

n+type.
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The Ga(x)InP layer used as the bonding layer
1130 may be, for example, a GaInP'%ayer having a Ga
composition of 10% (x=0.1), a tensile strain of 0.7%,
and a band gap of 1.42 eV.

.Herein, a case 1is described where the band
gap of the Ga(x)InP layer used as the bonding layer
1130 is 1.42 eV. However, the band gap may be made
greater than 1;42 eV by increasing the Ga composition
rate.

The band gap of the Ga(x)InP layer used as
the bonding layer 1130 is greater than or equal to

the band gap (1.42 eV) of the GaAs cell 1160 disposed

on the light incident (upstream) side of the bonding

layer 1130 in the light incident direction.

Namely, the band gap of the bonding layer
1130 is greater than or equal to the band gap (1.42
eV) of the GaAs cell 1160 disposed on the light
incident (upstream) side of the bonding layer 1130 in
the light incident direction.

Further, between the bonding layer 1130 and
the GaAs cell 1160; the bonding layer 1140 and the
tunnel junction layer 1150 are formed. Both the
bonding layer 1140 and the tunnel junction layer 1150
include GaAs so as to have a band gap of 1.42 eV.

Therefore, the band gap of the bonding layer
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1130 is greater than or equal to both the band gap of
the photoelectric conversion cell (GaAs cell 1160 in
this case) disposed on the light incident (upstream)
side of the bonding layer 1130 in the light incident
direction and the band gap of the layers between the
bonding layer 1130 and the photoelectric conversion

cell disposed on the light incident (upstream) side

- of the bonding layer 1130 (i.e., the bonding layer

1140 énd the tunnel junction layer 1150), so that the
band gap of the bonding layer 1130 is greater than or
equal to 1.42 eV in this case.

In the compound semiconductor photovoltaic
cell 1100 according to the fifth embodiment, why the
band gap of the bonding layer 1130 is set as
described above is to prevent the light, which is
transmitted without being absorbed by the GaAs cell
1160, the tunnel junction layer 1150, and the bonding
layer 1140, from being absorbed by the bonding layer
1130.

Namely,.by doing this, it becomes possible
to effectively guide sunlight to the GalnPAs cell
1120 disposed on the back side {downstream) side of
the bonding layer 1130 in the light incident
direction without the sunlight being absorbed by the

bonding layer 1130.
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Further, to ensure the light transmitted
through the bondihg layer 1130 is to reach the
Ga(x)InP(y)As layer 1122 and the Ga(x)InP(y)As layer
1123 of the GaInPAs cell 1120, the band gap of
the[Al(x)Gal (y)InAs layer 1124, which is the window
layer of the GaInPAs cell 1120, is set to, for
example, 1.5 eVv.

In this case, similar to a.compound
semiconductor photovoltaic cell in the related
technology, if, for example, an InP layer is used as
the bonding layer 1130, a part of the light
transmitted through the GaAs cell 1160 (1;42 eV) is
absorbed by the InP layer because the band gap of the
InP layer is 1.35 eV.

In the compound semiconductor photovoltaic

cell 1100 according to the fifth embodiment, in order

to prevent the occurrence of energy loss, the

Ga (x) InP layer having the band gap greater than or
equal to that of the GaaAs cell)1160, the tunnel
junction layer 1150, and the bonding layer 1140 is
used as the bonding layer 1130.

The bonding layer 1140 is bonded to the
bonding layer 1130, which is disposed on the InP
substrate 1110 side thereof, by a cleaning process

and a surface activation process in a step of
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manufacturing the compound sémiconductor photovoltaic
cell 1100. As the bonding layer 1140, for example,
an n+type GaAs layer may be used. The band gap of
the GaAs layer is 1.42 eV, which is the same as that
of the bonding layer 1130. The impurity
concentration of the bonding layer 1140 is set to be
similar to that of the bonding layer 1130.

In the compound semiconductor photovoltaic
cell 1100 of FIG. 9, the upper side of the boundary
between the bonding layer 1130 and the bonding layer
1140 is formed by sequentially depositing layers in,
for example, an upside-down state. Therefore, the
bonding layer 1140 is deposited on the tunnel
junction layer 1150.

The tunnel junction layer 1150 is formed
between the bonding layer 1140 and the GaAs cell 1160.
In the compound semiconductor photovoltaic cell 1100
of FIG. 9, the upper side of the boundary between the
bonding layer 1130 and the bonding layer 1140 is
formed by sequentially depositing layers in, for
example, the upside-down state. Therefore, the
tunnel junction layer 1150 is deposited on the GaAs
cell 1160.

The tunnel junction layer 1150 includes an

n+ttype GaAs layer 1151 and a p+type GaAs layer 1152.
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As the impurity to set the conductive type to n-type,
for example, tellurium (Te) may be used. As the
impurity to set the conductive type to p-type, for
example, carbon (C) may be used. The n+type GalAs
layer 1151 and the p+type GaAs layer 1152 include a
thin pn junction doped in high concentration.

The GaAs layer 1151 and the GaAs layer 1152
of the tunnel junction layer 1150 are doped with
highei concentration than the GaAs cell 1160. The
tunnel junction layer 1150 is a junction layer which
is formed in order to flow current between a p-type
GaAs layer 1162 of the GaAs cell 1160 and the n-type
Ga(x)InP(y)As layer 1123 of the GaInPAs cell 1120 (by
tunnel junction).

The GaAs cell 1160 is formed between the
tunnel junction layer 1150 and the tunnel junction
layer 1170.

The GaAs cell 1160 includes a p-type
Ga(x)InP layer 1161, the p-type GaAs layer 1162, an
n-type GaAs layer 1163, and an n-type [Al(x)Ga] (y)InP
layer 1164.

The Ga(x)InP layer 1161, the GaAs layer 1162,
the GaAs layer 1163, and the [Al(x)Ga](y)InP layer
1164 are deposited in this order on the surface of

the tunnel junction layer 1150. In an actual
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manufacturing process, the GaAs cell 1160 is
deposited on the tunnel junction layer 1170 in, for
example, the upside-down state.

Therefore, in an actual manufacturing
process, for example, the [Al(x)Ga] (y)InP layer 1164,
the GaAs layer 1163, the GaAs layer 1162, and the
Ga(x)InP layer 1161 are deposited in this order on
the tunnel junction layer 1170.

The Ga(x)InP layer 1161 is a Back Surface
Field (BSF) layer disposed on the back side in the
light incident direction. The pn junction of the
GaAs cell 1160 is included in the GaAs layer 1162 and
the GaAs layer 1163. The [Al(x)Ga] (y)InP layer 1164
is a window layef disposed on the front side (light
incident side) in the light incident direction.

Here, the GaAs cell 1160 may be regarded as
a cell having the GaAs layer 1162 and the GaAs layer
1163, which form the pn junction, the [Al(x)Ga] (y)InP
layer 1164 formed on the light incident side of the
GaInPAs cell 1120, and the Ga(x)InP layer 1161 formed
on the back side in the light incident direction.

The Ga(x)InP layer 1161 is used as the BSF
layer, and therefore the Ga(x)InP layer 1161 has a
band gap greater than the band gap (1.42 eV) of the

p-type GaAs layer 1162 and the n-type GaAs layer 1163.
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As impurity of the Ga(x)InP layer 1161, for example,
Zn may be used.

The conductive type of the GaAs layer 162

- becomes p~-type by using, for example, Zn as an

impurity.

The conductive type of the GaAs laYer 1163
becomes n-type by using, for example, Si as an
impurity.

The band gap of the GaAs layer 1162 and the
GaAs layer 1163 is 1.42 eV.

| The‘[Al(x)Ga](y)InP layer 1164 is used as a
window layer. Therefore, the [Al(x)Ga](y)InP layer
1164 has a band gap greater than the band gap (1.42
eV) of the p-type GaAs layer 1162 and the n-type GalAs
layer 1163.

In the fifth embodiment, the [Al(x)Gal (y)InP
layer 1164 has a band gap greater than the band gap
(1.42 eV) of the p-type GaAs layer 1162 and the n-
type GaAs layer 1163. As an impurity of the
[Al(x)Gal (y)InP layer 1164, for example, Si may be
used.

The tunnel junction layer 1170 is formed
between the GaAs cell 1160 and the GaInP cell 1180.
The upper side of the boundary between the bonding

layer 1130 and the bonding layer 1140 in the compound
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semiconductor photovoltaic cell 1100 of FIG. 9 is
formed by sequentially depositing layers‘in, for
example, an upside-down state. Therefore, the tunnel
junction layer 1170 is deposited on the GaInP cell:
1180.

The tunnel junction layer 1170 includes an
n-type Ga(x)InP layer 1171 and a p-type Al (x)GaAs
layer 1172. As an impurity to set the conductive
type to n-type, for example, tellurium (Te) may be
used. As the impurity to set the conductive type to
p-type, for example, carbon (C) may be used. The n-
type Ga(x)InP layer 1171 and the p-type Al(x)GaAs
layer 1172 include a thin pn junction doped in high
concentratioﬁ.

The n-type Ga(x)InP layer 1171 and the p-
type Al(é)GaAs layer 1172 of the tunnel junction
layer 1170 are doped with higher concentration than
the GaInP cell 1180. The tunnel junction layer 1170
is a junction layer which is formed in order to flow
current between a p-type Ga(x)InP layer 1182 of the
GalInP cell 180 and the n-type GaAs layer 1163 of the
GaAs cell 1160 (by tunnel junction).

The GaInP cell 1180 is formed between the
tunnel junction layer 1170 and the contact layer

1040A.
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The GaInP cell 180 includes a p-type
Al (x)InP layer 1181, a p-type Ga(x)InP layer 1182, an
n-type Ga(x)InP layer 1183, and an n-type Al(x)InP
layer 1184. |

The Al (x)InP layer 1181, the p-type Ga(x)InP

layer 1182, the n-type Ga (x)InP layer 1183, and the
n-type Al(x)InP layer 1184 are deposited in this

order on the surface of the tunnel junction layer
1170. In an actual manufacturing process, the GaInP
cell 1180 is deposited on the GaAs contact layer

1040A on a GaAs substrate (not shown) in, for example,
the upside;down state.

The GaInP cell 1180 includes crystal layers
of GaInP which is in lattice matching with GaAs. 1In
an actual manufacturing process, for example, the
Al(x)InP layer 1184, the Ga(x)InP layer 1183, the
Ga(x)InP layer 1182, and the Al (x)InP layer 1181 are
deposited in this order.

The Al(x)InP layer 1181 is a Back Surface
Field (BSF) layer disposed on the back side in the
light incident direction. The pn junction of the
GaInP cell 1180 is included in the Ga(x)InP layer
1182 and the Ga(x)InP layer 1183. The Al (x)InP layer
1184.is a window layer disposed on the front side

(light incident side) in the light incident direction.
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Heie, thé GaInP cell 1180 may be regarded as
a cell having the Ga(x)InP layer 1182 and the
Ga(x)InP layer 1183, which form the pn junction, the
Al (x)InP layer 1184 formed on the light incident side
of the GaInP cell 1180, and the Al(x)InP layer 1181
formed on the back side in the light incident
direction.

The Al(x)InP layer 1181 is used as the BSF
layer, and therefore the Al(x)InP layer 1181 has a
band gap greater than the.band gap (1.9 eV) of the p-
type Ga(x)InP layer 1182 and the n-type Ga(x)InP
layer 1183. As an impurity of the Al(x)InP layer
1181, for example, Zn may be used. |

The conductive type of the Ga(x)InP layer
1182 becomes p-type by using, for example, Zn as an
impurity.

The conductive type of the Ga(x)InP layer
1183 becomes n-type by using, for example, Si as an
impurity.

The band gap of the Ga(x)InP layer 1182 and
the Ga(x)InP layer 1183 is 1.9 eV.

The Al(xX)InP layer 1184 is used as a window
laYer. Therefore, the Al (x)InP layer 1184 has a band
gap greater than the band gap (1.9 eV) of the p-type

Ga(x)InP layer 1182 and the n-type Ga(x)InP layer
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1183.

In the fifth embodiment, the Al (x)InP layer
1184 haé a band gap greater than the band gap (1.9
eV) of the p-type Ga(x)InP layer 1182 and the n-type
Ga(x)InP layer 1183. As an impurity of the Al(x)InP
layer 1184, for example, Si may be used.

The contact layer 1040A is a layer that is
deposited on the GaInP cell 1180 to form ohmic
contact with the electrode 1050. As the contact
layer 1040A, for example, a gallium arsenide (GaAs)
layer 1s used.

The electrode 1050 is a thin film made of a
metal such as, for example, Ti/Pt/Au, and is formed
on the contact layer 1040A.

Next, a method of manufacturing the compound
semiconductor photovoltaic cell 1100 according to the
fifth embodiment is described with reference to FIGS.
10A through 11B.

FIGS. 10A through 11B illustrate a method of
manufacturing the compound semiconductor photovoltaic
cell 1100 accdrding to the fifth embodiment.

As shown in FIG. 10A, a layered body 1100A
is formed by using a GaAs substrate 1020 and a
layered body 1100B is formed by using the InP

substrate 1110. The GaAs substrate 1020 is an
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example of a second compound semiconductor substrate.

Here, the GaInP cell 1180 included in the
layered body 1100A includes crystal layers of GaInP
which are in lattice matching wifh GaAs, and are
formed on the GaAs substrate 1020. Further, the
GaInPAs cell 1120 included in the layered body .1100B
includes crYstal layers of GaInPAs which are in
lattice matching with InP and are formed on the InP
substrate 1110.

As described above, the lattice constant of
the layered body 1100A differs from that of the
layered body 1100B. The compound semiconductor
photovoltaic cell 100 according to the fifth
embodiment is manufactured by directly bonding the
layered body 1100A to the layered body 1100B having a
lattice constant different from that of the layered
bedy 1100A.

The lattice constant of InP is approximately
5.87 A. Therefore, the composition of the GaInPAs
cell 1120 formed on the InP sﬁbstrate 1110 is
adjusted in a manner such that the GaInPAs cell 1120

has a lattice constant very close to the lattice

lconstant of InP (approximately 5.87 A).

Further, the lattice constant of GaAs is

approximately 5.65 A. Therefore, the composition of
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the GaAs cell 1160 and the GaInP cell 1180 formed on
the GaAs substrate 1020 is adjusted in a manner such
that the GaAs cell 1160 and the GaInP cell 1180 have
the lattice constants very close to the lattice
constant of InP (approximately 5.65 A).

The layered body 1100A is fofmed by
depositing a Ga(x)InP etching stop layer 1030, an
n+ttype GaAs contact layer 1040, the GaInP cell 1180,
the tunnel junction layer 1170, the GaAs cell 1160,
fhe tunnel junction layer 1150, and the bonding layer
1140 on the GaAs substrate 1020 by Metal Organic
Chemical Vapor Deposition (MOCVD) method.

Here, the GaInP cell 1180 includes the
Al (xX)InP layer 1184 which is in lattice matching with
GaAs, the Ga(x)InP layer 1183, the Ga{x)InP layer
1182, and the Al (x)InP layer 1181. The Al(x)InP
layer 1181 is a BSF layer, and the Al(x)InP layer
1184 is a window layer.

The tunnel junction layer 1170 includes the
Al (x)GaAs layer 1172 and the Ga(x)InP layer 1171.

| The GaAs cell 1160 includes the

[Al(x)Ga] (y)InP layer 1164, the GaAs layer 1163, the

" GaAs layer 1162, and the Ga(x)InP layer 1161. The

Ga(x)InP layer 1161 is a BSF layer, and the

[Al(x)Ga] (y)InP layer 1164 is a window layer.
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Further, the tunnel junction layer 1150
includes the GaAs layer 1151 and the GaAs layer 1152.

In the deposition (growth) of the layered
body 1100A, the lower side where the GaAs substrate
1020 exists is the light incident side, so that whén

the layered body 1100A is to be bonded to the layered

body 1100B, the layered body 1100A is turned over to

be upside down, In this regard, the layered body
1100A is grown downward in FIG. 9 which 'is opposite
to the normal growing direction.

Specifically, the layers are sequentially
grown from the cell having a wider band gap (i.e.,
GaInP cell 1180) fo the cell having narrower band gap
(i.e., GaAs cell 1160). But finally, the p side
becomes the lower side (the back side in the light
incident direction). |

The layered body 1100B is formed by growing
(depositing) the GaInPAs cell 1120 and the bonding
layer 1130 on the InP substrate 1110 by the MOCVD
method. In the layered body 1100B in FIG. 10A, the
bonding layer 1130-side, which is opposite to the InP
substrate 1110 side, is the light incident side.

The GaInPAs cell 1120 includes the InP layer
1121, the Ga(x)InP(y)As layer 1122, the Ga(x)InP(y)As

layér 1123, and the [Al(x)Ga](y)InAs layer 1124 from
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the InP substrate 1110 side. The InP layer 1121 is a
BSF layer and the [Al(x)Gal(y)InAs layer 1124 is a
window layer.

By doing this, the layered body 1100A and
the layered body 1100B are formed by epitaxial growth
using the MOCVD method.

Next, as shown in FIG. 10B, the layered body
1100A and the layered body 1100B formed by epitaxial
growth are direétly bonded to each other.

A cleaning process and a surface activation
process are performed on the surface of the bonding
layer 1140 of the layered body 1100A and the surface
of the bonding layer 1130 of the layered body 1100B,
so that the bonding layer.1130 is directly bonded to
the bonding layer 1140. As the surface activation
process, a nitrogen (N;) plasma process is performed
in a vacuum at a temperature of 150 C for the bonding.

By doing this, the layered body 1100C of FIG.
10B is formed. The layered body 1100C is formed by
bonding the bonding layer 1140 of the layered body
1100A, which is turned over to be in the upside-down
state, to the bonding layer 1130 of the layered body
1100B. |

The layered body 1100C has a structure where

the GaInPAs cell 1120, the bonding layer 1130, the
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bonding layer 1140, the tunnel junction layer 1150,
the GaAs cell 1160, the tunnel junction layer 1170,
the GaInP cell 1180, the GalAs contact layer 1040, the
Ga(x)InP etching stop layer 1030, and the GaAs
substrate 1020 are sequentially deposited on the InP
substrate 1110.

Next, the GaAs substrate 1020 and the
Ga(x)InP etching stop layer 1030 are selectively
etched from the layered body 1100C of FIG. 10B to
acquire the layered body 100D in FIG. 11A. A

The etching of the GaAs substrate 1020 and
the Ga(x)InP etching stop layer 1030 is performed as
described below.

The-etching of the GaAs substrate 1020 may

be performed by, for example, using a mixture of

sulfuric acid (H;S804), hydrogen peroxide (H;0;), and

water (H;0) as a wet etching solution. The mixture of

sulfuric acid (H,SO04), hydrogen peroxide (H;0,), and

- water (H,0) does not dissclve GalInP of the Ga(x)InP .

etching stop layer 1030. Therefore, it beéomes
possible to stop the wet etching process by the
Ga(x)InP etching stop layer 1030.

The Ga(x)InP etching stop layer 1030 may be
etched by using, for example, a mixture of

hydrochloric acid (HCl) and water (H;0).
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By doing this, the GaAs substrate 1020 and
the Ga(x)InP etching stop layer 1030 can be etched
from the layered body 1100C (see FIG. 10B) to form
the layered body 1100D (see FIG. 11A).

Next, the upper electrode 1050 (see FIG. 9)
is formed on the GaAs contact layer 1040, and the
lower electrode 1010 is formed on the InP substrate
1110.

The contact layer 40A is formed by removing
a part other than a part disposed just under the
upper electfode 50 from the contact layer 40 (see FIG.
11A).

The contact layer 1040A may be formed by,
for example, using a mixture of sulfuric acid (H2S04),
hydrogen peroxide (H;02), andbwater (H,0) as a wet
etching solution. The mixture of sulfuric acid

(H,S04), hydrogen peroxide (Hz02), and water (Hz0) does

" not dissolve AlInP of the Al (x)InP layer 1184.

Therefore, it becomes possible to stop the wet
etching process by the Al (x)InP layer 1184 of the
GaInP cell 1180.

By doing this, the compound semiconductor
photovoltaic cell 1100 according to the fifth
embodiment is formed. The compound semiconductor

photovoltaic cell 1100 in FIG. 11B is the same as the
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compound semiconductor photovoltaic cell 1100 in FIG.
9.

The compound semiconductor photovoltaic cell
1100 has a structure where sunlight is incident on
the wider-band-gap cell side (i.e., the GaInP cell
1180 side). It is preferable to dispose an
antireflection film on the surface of the Al (x)InP
layer 1184 where sunlight is incident. The
antireflection film is omitted in FIG. 11B.

In the compound semiconductor photovoltaic
cell 1100 according to the fifth embodiment, as the
window layer of the GaInPAs cell 1120 formed on the
InP substrate 1110, the [Al(x)Ga](y)InAs layer 1124
having a band gap of 1.5 eV is formed, and as the
bonding layer 1130 formed on the GaInPAs cell 1120,
an GaInP bonding layer is formed.

The GaInP bonding layer used as the bonding
layer 1130 has a Ga composition of 10%, tensile
strain of 0.7%, and a band gap of 1.42 eV. The band
gap of the bonding layer 1130 (1.42 eV) is set so as
to be greater than or equal to the band gap (1.42 eV)'
of the GaAs cell 1160 which is adjacent to the
bonding layer 1130 on the light incident side in the
light incident direction.

Namely, the Ga(x)InP layer used as the
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bonding layer 1130 has the band gap described above
so as to guide light to the GaInPAs cell 1120 in the
back side of the bonding layer 1130 in the light
incident direction, the light being transmitted
through the GaAs cell 1160, which is the
photoelectric conversion cell adjacent to the bonding
layer 1130 in the light incident (upstream) side in
the light incident direction, without being absorbed
by the GaAs cell 1160.

Further, due to a similar reason, the band
gab of the tunnel junction layer 1150 and the bonding
layer 1140 is set to be egqual to that of the GaAs
cell 1160.

In order to ensure the light transmitted .

through the bonding layer 1130 reaches the

‘Ga(x)InP(y)As layer 1122 and the Ga(x)InP(y)As layer

1123 of the GaInPAs cell 1120, the band gap of the
[Al (x)Ga] (y)InAs layer 1124, which is the window
layer of the GaInPAs cell 1120, is set to 1.5 eV
which is greater than that of the GaAs cell 1160.

In a related technology, an InP layer (1.35
eV) 1is used as the bonding layer to bond wafers to
each other.

Here, for example, if an InP layer is used

as the bonding layer 1130 similar to a compound
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semiconductor photovoltaic cell in the related
technology, a part of the light transmitted through
the GaAs cell 1160 (1.42 eV) is absorbed because the
band gap of InP is 1.35 eV.

When a part of sunlight transmitted through
the GaAs cell 1160 (1.42 eV) is absorbed as described
above, an energy loss occurs which is a cause of
reduction of efficiency of the compound semiconductor
photovoltaic cell.

On the other hand, in the compound
semiconductor photovoltaic cell 1100 according to the
fifth embodiment, in order to prevent the occurrence
of the energy loss, the Ga(x)InP layer having a band
gap greater than or equal to the band gap of the GaAs
cell 1160, the tunnel junction layer 1150, and the
bonding layer 1140 is used as the bonding layer 1130.

Therefore, according to the fifth embodiment,
it becomes possible to provide the compound
semiconductor photovoltaic cell 1100 where the
efficiency is enhanced and a method of manufacturing
the compound semiconductor photovoltaic cell 1100.

Further, in the compound semiconductor
photovoltaic cell 1100 according to the fifth
embodiment, in addition to the setting of the band

gap of the bonding layer 1130 as described above, the
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band gap of the [Al(x)Ga](y)InAs layer 1124, which is
the window layer of the GaInPAs cell 1120, is set to
1.5 eV which is greater than that of the GaAs cell
1160.

By doing this, it also becomes possible to
provide the compound semiconductor photovoltaic cell
1100 where the efficiency is enhanced.

Further, in the above description, a case 1is
described where the band gap of the tunnel junction
layer 1150 and the bonding layer 1140 is the same as
the band gap (1.42 eV) of the GaAs cell 1160.
However, the band gap of the tunnel junction layer
1150 and the bonding layer 1140 may be greater than
the band gap (1.42 eV) of the GaAs cell 1160.

In such a case, the band gap of the Ga(x)InP
laYer used as the bonding layer 1130 is greater thah
or equal to the band gap (1.42 eV) of the GaAs cell
1160. _

When'the band gap of the tunnel junctién
layer 1150 and the bonding layer 1140 is greater than
the band gap (1.42 eV) of the GaAs cell 1160, the
light transmitted through the GalAs cell 1160 is
guided to the bonding layer 1130 including the GaInP
layer without being absorbed by the tunnel junction

layer 1150 and the bonding layer 1140.
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Therefore, when the band gap of the bonding
layer 1130 including the GaInP layer is greater than
the band gap (1.42 eV) of the GaAs cell 1160, light
is not absorbéd by the bonding layer 1130 including
the GaInP layer, so that the light transmitted
through the tunnel junction layer 1150 and the
bonding layer 1140 can be effectively guided to the
GaInPAs cell 1120.

Further, the GaInP layer (fhe bonding layer
1130) having a tensile strain is formed thinner than
that of the GaInP layer where lattice relaxation
occurs.

Besides the GaInP having a tensile strain,
as a material having a band gap greater than or equal
to the band gap (1.42 eV) of the GaAs cell 1160 and
capable of growing on the InP substrate 1110, GaPSb
is used.

Therefore, as the bonding layer 1130, a
GaPSb layer may be used in place of the GaInP layer
described above. In this case, the composition is
adjusfed so that the GaPSb layer has a band gap
greater than or equal to the band gap (1.42 eV) of
the GaAs cell 1160.

Further, for example, Al (Ga)InAs, Al (Ga)AsSb,

Al (Ga)PSb, and Al (In)Psb are the materials that have
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the compositions so as to have a band gap greater
than or equal to that of the GaAs cell 1160 (1.42 eV)
and that can grow on the InP substraté 1110.

Therefore, a thin film formed of, for
example, Al(Ga)InAs, Al(Ga)AsSb, Al (Ga)PSb, or
Al (In)PSb may be uséd in place of the
[Al(x)Gal (y)InAs layer 1124 which is the window layer
of the GaInPAs cell 1120.

In this case, the composition is adjusted so
that the band gap of the thin film formed of, for
example, Al (Ga)InAs, Al (Ga)AsSb, Al(Ga)PSb, or
Al (In)PSb used in place of the [Al(x)Ga](y)InAs layer
1124 is greater than or equal to that of the GaAs
cell 1160 (1.42 eV).

Here, the expression “(Ga)” is used becauée
each of the compositions of Al (Ga)InAs, Al (Ga)AsSb,
and Al(Ga)PSb may include Ga or may not include Ga.
Namely, “Al(Ga)InAs” denotes AlGaInAs and AlInAs, |
“Al (Ga)AsSb” denotes AlGaAsSb and AlAsSb, and
“Al (Ga)PSb” denotes AlGaPSb and AlPSb.

Here, the expression “(In)” is used because

- the composition Al(In)PSb may include In or may not

include In. Namely, “Al(In)PSb” denotes AlInPSb and
AlPSb.

In a triple-junction photovoltaic cell such
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as the compound semiconductor photovoltaic cell 1100
according to the fifth embodiment, OYO BUTURI Vol.79,
No. 5, 2010 page 436 describes that as the
combination of the band gaps of the three cells,
values “1.9 eV/1.42 eV/1.0 eV” and “1.7 eV/1.2
evV/0.67 eV” are preferable to the values “1.88 eV/1.4
eV/0.67.eV" of a triple-junction photovoltaic cell in
the related technology.

However, it is difficult to have such
combination band gap as described above with a single
lattice constant.

In this regara, according to the fifth
embodiment, the compound semiconductor photovoltaic
cell 1100 is formed by bonding two cells having
different lattice constants (i.e., the layered body
1100A and the layered body 1100B, see FIG. 10A) using
a direct bonding method. By doing this, it becomes

easier to form the compound semiconductor

- photovoltaic cell 1100 including cells having

different lattice constants.

In the above description, a case is
described where cells are formed on the InP substrate
1110 and the GaAs substrate 1020 by MOCVD method.

However, the cell may be formed by Molecular Beam

Epitaxy (MBE) method.
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Also, in the above description, a case is
described where the compound semiconductor
photovoltaic cell 1100 is formed by using the layered
body 1100A and the layered body 1100B using the InP
substrate 1110 and the GaAs substrate 1020, |
respectively. However, any combination other than
the combination of the InP substrate 1110 and the
GaAs substrate 1020 may be used.

For example, any of the combinations
including, for example, Ge substrate and InP
substrate, GeSb substrate and GaAs substrate, GaSb
substrate and Ge substrate, Si substrate and Ge
substrate, and Si substrate and GaAs substrate may be
used to form the layered body 1100B and the layered
body 1100A.

Further, in the above description, a case is

described where the layered bodies 1100A and 1100B

are directly bonded. However, the layered bodies
1100A and 1100B may be mechanically bonded as shown
in FIG. 12.

Further, in the above description, a case is
described where the GaInPAs cell 1120 is used as the
InP lattice matching based material cell. However,
the InP lattice matching based material cell is not

limited to the GaInPAs cell 1120. For example, a
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cell expressed in GaIn(P)As may be used.

Here, the expréssion “(P)f is used because
the composition GaIn(P)As may include P or may not
include P. Namely, “GalIn(P)As” denotes GaInPAs and
GaInAs. Therefore, a GalInAs cell may be used in
place of the GaInPAs cell 1120.

Further, in the above description, a case is
described where the GaInP cell 1180 is used as the
GaAs lattice matching based material cell. However,

the GaAs lattice matching based material cell is not

limited to the GaInP cell 1180. A cell expressed in

(Al)GaInP(As) may be used.

Here, the expressions “(Al)” and “(As)” are

rused because the composition (Al)GalInP(As) may

include Al or may not include Al and may include Al
and may not include As. Namely, “(Al)GaInP(As)”
denotes AlGaInP, GalInPAs, and GaInP. Therefore, an

AlGaInP cell or a GaInPAs cell may be used in place

of the GaInP cell 1180.

FIG. 12 is a cross-sectional view of a
compound semiconductér photovoltaic cell 1101
according to a first modified example of the fifth
émbodiment.

In the compound semiconductor photovoltaic

cell 1101 according to the first modified example of
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the fifth embodiment, the bonding layer 1130 and the
bonding layer 1140 of FIG. 9 are mechanically bonded
to each other.

In the compound semiconductor photovoltaic
cell 1101 of FIG. 12, the bonding layer 1130 and the
bonding layer 1140 are bonded via a fixing member
1102. As the fixing member 1102, a Pd Nanoparticle
Array may be used.

The Pd Nanoparticle Array is for causing
conductive nanoparticles to be self-arranged on the
junction interface, with the use of the separation
arrangement of a block copolymér. Nano arrangements
of Pd, Au, Pt, Ag, etc.,.are possible. A diluted
solution of a block copolymer is spin-coated, the
block copolymer is caused to be self-arranged, and
the block copolymer is exposed to an agueocus solution
including metal ions such as Pd®+ (palladium ions), so
that metal ions are selectively formed in the block
copolymer. Then, Ar (argon) plasma is radiated, so
that the block copolymer template is rémoved, and a
nanoparticle array which is self-arranged, is formed.
Light is transmitted through parts without
nanoparticles. By using a palladium nanoparticle
array, light that has been transmitted through the

GaAs cell 1160 can be efficiently guided to the
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GaInPAs cell 1120.

With the Pd Nanoparticle Array formed on
either the bonding layer 1130 or the bonding layer
1140, the bonding layer 1130 and the bonding layer
1140 are bonded to each other to form the compound
semicoﬁductor photovoltaic cell 1101.

The fixing member 1102 is an example of a
fixing unit. The method of mechanically bonding two
layered bodies with the fixing member 1102 is called
“mechanical stack”.

The fixing member 1102 is not limited to the
Pd Nanoparticle Array. For example, the fixing

member 1102 may be a Nanoparticle Array including

another metal (e.g., Au) or may be another mechanical

means.

The compound semiconductor photovoltaic cell
1101 includes surface layers 1130A and 1i4OA in place
of the bonding layers 1130 and 1140. The surfacé
layers 1130A and 1140A are similar to the bonding
layers 1130 and 1140 but are not directly bonded to
each other. Therefore, those layers are called
“surface layers 1130A and 1140A” in FIG. 12.

As described above, in the compound
semiconductor photovoltaic cell 1101, the bonding

layers 1130 and 1140 are bonded with the fixing

92



10

15

20

25

WO 2014/142340 PCT/JP2014/057424

member 1102. Therefore, it is not necessary to
include the tunnel junction layer 1150 (see FIG. 9)

between the GaAs cell 1160 and the bonding layer 1140,

'so that the GaAs cell 1160 is directly bonded to the

bonding layer 1140.

As described above, the layered body

'including the GaInPAs cell 1120 may be bonded to the

layered body including the GaAs cell 1160 and the
GaInP cell 1180 by mechanical stack.

Further, the compound semiconductor
photovoltaic cell 1100 according to the fifth
embodiment may also be modified as shown in FIG. 13.

FIG. 13 is a cross-sectional view of a
compound semiconductor photovoltaic cell 1103
according to a second modified example of the fifth
embodiment.

The compound semiconductor photovoltaic céll
1103 according.to the second modified example of the
fifth embodiment includes the electrode 1010, the InP
substrate 1110, the GaInPAs cell 1120, the bonding

layer 1130, the tunnel junction layer 1150A, the GaAs

cell 1160, the tunnel junction layer 1170, the GaInP

cell 1180, the.contact layer 1040A, and the electrode
1050.

In the compound semiconductor photovoltaic
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cell 1103, the bonding layer 1140 and the n+type GaAs
layer 1151 are removed from the cémpound
semiconductor photovoltaic cell 1100, so that the
bonding layer 1130 is directly bonded to the p+type
GaAs layer 1152. The tunnel junction layer 1150A in
FIG. 13 is similar to the p+type GaAs layer 1152 in
FIG. 9. In such a compound semiconductor
photovoltaic cell 1103, a tunnel junction is formed
between the bonding layer 1130 and the tunnel
junction layer 1150A.

In the compound semiconductor photovoltaic
cell 1100 according to the fifth embodiment of FIG. 9,
when the band gap of the tunnel junction layer 1150
and the bonding layer 1140 is greater than or equal
to the band gap (1.42 eV) of the GaAs cell 1160, the
light transmitted through the GaAs cell 1160 is
guided to the bonding layer 1130 without being
absorbed by the tunnel junction layer 1150 and the
bonding layer 1140.

However, even in a case where light can be
absorbed by the GaAs cell 1160 due to the wavelength,
if the GaAs cell 1160 disposed on the light incident
side of the tunnel junction layer 1150 and serving as
an absorbing layer is thin, so that the incident

light cannot be sufficiently absorbed, the light
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transmitted through the GaAs cell 1160 is absorbed by
the tunnel junction layer 1150 and the bonding layer
1140, thereby affecting the efficiency.

Further, in a case of é multi-junction
photovoltaic cell having'multiple cellé, in order to
equalize the values of the currents that can be drawn
from the multiple cells, any of the multiple cellé
may be thinly formed so that light having an
absorbable wavelength can be transmitted therethrough
and the cell in the back side in the light incident
direction can absorb the light. Further, it is
desired that the overall thickness of the ﬁulti—
junction photovoltaic cell be reduced as much as
possible.

Therefore, by removing the bonding layer
1140 and the n+type GaAs layer 1151 of FIG. 9 so that -
the tunnel junction is formed by the bonding layer
1130 and the tunnel junction layer 1150A as shown in
FIG. 13, it becomeé possible to provide the compound
semiconductor photovoltaic cell 1103 capable of
reducing light absorption more than and having less
thickness than the compound semiconductor
photovoltaic celi 1100 of FIG. 9.

Sixth ehbodiment

In the fifth embodiment, a triple-junction
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type cempound semiconductor photovoltaic cell 1100
including'the GaInP cell 1180, the GaAs cell 1160,
and the GaInPAs cell 1120 is formed. The combination
of the band gaps of the three photoelectric
conversion cells thereof is 1.9 eV/1.42 eV/1.0 eV.

In a sixth embodiment, by adding a GalnAs
cell (0.75 eV) to the GaInP cell 1180, the GaAs cell
1160, and the GaInPAs cell 1120, a quad-junction type
compound semiconductor photovoltaic cell 1200 is
provided. The combination of the band gaps of the
four photoelectric conversion cells thereof is.1.9
ev/1.42 ev/1.0 evV/0.75 eV.

FIG. 14 is a cross-sectional view of the
compound semiconductor photovoltaic cell 1200
according to the sixth embodiment. In the following,
the same reference numerals are repeatedly used to
describe the same constituent elements as those in
the compound semiconductor photovoltaic cell 1100 in
the fifth embodiment, and the repeated descriptions
thereof may be omitted.

The compound semiconductor photovoltaic cell
1200 includes the electrode 1010, the InP substrate
1110, a GaInAs cell 1210, a tunnel junction layer
1220, the GaInPAs cell 1120, the bonding layer 1130,

the bonding layer 1140, the tunnel junction layer
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1150, the GalAs cell 1160, the tunnel junction layer
1170, the GaInP cell 118O,Ithe contact layer 1040A,
and the electrode 1050.

The compound semiconductor photovoltaic cell
1200 according to the sixth embodiment is a quéd—
junction photovoltaic cell in which the GaInAs cell
1210 (0.75 eV), the GaInPAs cell 1120 (1.0 eV), the
GaAs cell 1160 (1.42 eV), the GaInP cell 1180 (1.9
eV) are connected in series.

Here, the GaInAs-cell 1210 and the GafnPAs
cell 1120 are examples of multiple first
photoelectric conversion cells which are formed of a
first compound semiconductor material.

In FIG. 14, light is incident in the
direction from the upper side to the lower side in
the figure (i.e., in the direction from the GaInP
cell 1180 to the GaInAs cell 1210).

IEEE Document (Processing of the 28th IEEE
Photovoltaic Specialists Conference (20009) pp.1090—
1093) describes that it is preferable for a quad-
junction photovoltaic cell»to have a band gap balance
of a combination approximately 1.9 eV/1.4 evV/1.0
ev/0.7 eV.

In the compound semiconductor photovoltaic

cell 1200, the GaInAs cell 1210 and a tunnel junction
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layer 1220 are formed between the InP substrate 1110
and the GaInPAs cell 1120 of the compound '
semiconductor photovoltaic cell 1100 according to the
fifth embodiment.

The GaInAs cell 1210 includes a p-type InP
layer 1211, a p-type Ga(x)InAs layer 1212, an n-type
Ga(x)InAs layer 1213, and an n-type InP layer'1214.
The InP layer 1211 is a BSF layer, and the InP layer
1214 is a window layer.

Here, the GalnAs cell 1210 may be regarded
as a cell which does not include the InP layer 1211
and the InP layer 1214(so as to include only the
Ga(x)InAs layer 1212 and the Gaéx)InAs layer 1213.

In this case, it is assumed that the InP layer 1214
is formed on the light incident side of the GaInAs
cell 1210 including the Ga(x)InAs layer 1212 and the
Ga(x)InAs layer 1213 and the InP layer 1211 is formed
on the back side of the GaInAs cell 1210 in the light
incident direction.

The band gap of the p-type Ga(x)InAs layer
1212 and the n-type Ga(x)InAs layer 1213 is 0.75 eV.

Thé tunnel junction layer 1220 is formed
between the GaInPAs cell 1120 and the GalnAs cell
1210. The tunnel junction layer 1220 includes an

n+type InP layer 1221 and a pt+type Al ({x)InAs layer

98



10

15

20

25

WO 2014/142340 PCT/JP2014/057424

1222.

As the impurity to set the conductive type
of the InP layer 1221 to n+type, for example, silicen
(Si) may be used. As the impurity to set the
conductive type of the Al (x)InAs layer 1222 to p%type,
for example, carbon (C) may be used. The n+type InP
layer 1221 and the pt+type Al(x)InAs layer 1222
include a thin pn junction doped in high
concéntration.

The n+type InP layer 1221 and the p+type
Al (x)InAs layer 1222 of the tunnel junction layer
1220 are doped with higher concentraticn than the
GalnPAs cell 1120.“ The tunnel junction layer 1220 is
a junction layer which is formed in order to flow
current between the p-type Ga(x)InP(y)As layer 1122
of the GaInPAs cell 1120 and the n-type Ga(x)InAs
layer 1213 of the GalnAs cell 1210 (by tunnel
junction).

The compound semiconductor photovoltaic cell
1200 according to the sixth embodiment has a
combination of band gaps 1.9 eV/1.42 ev/ 1.0 eV/0.75
eV by the four photoelectric conversion cells which
are the GaInP cell 1180, the GaAs cell 1160, the
GaInPAs cell 1120, and the GaInAs cell 1210.

Therefore, according to the sixth embodiment,
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it becomes possible to provide the compound
semiconductor photovoltaic cell 1200 having higher
energy conversion efficiency than the compound
semiconductor photovoltaic cell 1100 according to the
fifth embodiment.

Further, similar to the case of the second
modified example of the fifth embodiment, the
thickness of the compound semiconductor photovoltaic
cell 1200 of FIG. 14 may be reduced and the light
absorption may be reduced than the compound
semiconductor photovoltaic cell 1200 of FIG. 14 by
removing the bonding layer 1140 and the n+type GaAs
layer 1151 to form the tunhel junction by the bonding
layer 1130 and the p+type GalAs layer 1152.

Seventh embodiment

FIG. 15 is a cross-sectional drawing of a
compound semiconductor photovoltaic cell 1300
according to a seventh embodiment .

In the compound semiconductor photovoltaic
cell 1300 according to the seventh embodiment, a
GaInAs cell (1.40 eV) having an In composition of
1.5% and a distortion (strain) of 0.1% is used‘in
place of the GaAs cell 1160 (1.42eV) in the compound
semiconductor photovoltaic cell 1100 according to the

fifth embodiment.
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Further, in the compound semiconductor
photovoltaic cell 1300 according to the seventh
embodiment, the bonding layer 1130 and the
[Al(x)Gal (y)InAs layer 1124 in the compound
semiconductor photovoltaic cell 1100 according to the
fifth embodiment (FIG. 9) are replaced by the bonding
layer 1330 and a Ga(x)InP layer 1324, respectively.

The compound semiconductor photovoltaic cell
1300 accofding to ‘the seventh embodiment includes the
electrode 1010, the InP substrate 1110, a GaInPAs
cell 1320, the bonding layer 1330, the bonding layer
1140, the tunnel junction layer 1150, the GaInAs cell
1360, the tunnel junction layer 1170, the GaInP cell
1180, the contact layer 1040A, and the electrode 1050.

Here, the GaInPAs cell 1320 is an InP based
photoelectric conversion cell, and the GalInAs cell
1360 is a GaAs based photoelectric conversion cell.

The GaInPAs cell 1320 includes the InP layer
1121, the Ga(x)InP(y)As layer 1122, the Ga(x)InP(y)As
layer 1123, and a Ga(x)InP layer 1324. Namely, in
the GaInPAs cell 1320, the [Al(x)Ga](y)InAs layer
1124 of the GaInPAs cell 1120 in the fifth embodiment
is replaced by the Ga(x)InP layer 1324. The band gap
of the Ga(x)InP layer 1324 is 1.40 eV.

As the bonding layer 1330, a GaInP layer
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having a Ga composition of 7% and having a tensile
strain of 0.5% is used. The band gap of the GaInP
layer is 1.40 eV. Namely, the bonding layer 1330 is
a layer having a Ga composition less than that of the
bonding layer 1130 (having a Ga composition of 10%)
in the fifth embodiment.

The GaInAs cell 1360 includes the p-type
Ga (x)InP layer 1161, a p-type Ga(x)InAs layer 1362, a
n-type Ga(x)InAs‘layér 1363, and the n-type
[Al (x)Gal (y)InP layer 1164.

In the GaInAs cell 1360, the pn layer for
photoelectric conversion of the GaAs cell 1160 (FIG.
9) is replaced by the Ga(X)InAs layer 1362 and the
Ga(x)InAs layer 1363 which have a In composition of
1.5%, a distortion (strain) of 0.1%, and a band gap
of 1.40 eV.

When the GaInAs cell 1360 has a distortion
(strain) of approximately Oll% relative to the GaAs
substrate 1020, the GaInAs cell 1360 can grow to have
a sufficient.thickness as an absorbing layer.

In the compound semiconductor photovoltaic
cell 1300 according to the seventh embodiment, the
Ga(x)InP layer 1324 having a band gap of 1.4 eV is
formed as the window layer of the GaInPAs cell 1320

formed on the InP substrate 1110, and the GaInP
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bonding layer having a band gap of 1.40 eV is formed
as the bonding layer 1330 formed thereon.

The GaInP bonding layer formed as the
bonding layer 1330 has a Ga composition of 7% and has
a tensile strain of 0.5%. The band gap of the GalnP
bonding layer is 1.40 eV. The band gap (1.40 eV) of
the bonding layer 1330 is set to be greater than or
equal to the band gap of the (1.40 eV) of the GalnAs
cell 1360 which is a phofoelectric conversion cell
adjacent to the bonding layer 1330 on the light
incident side.

Namely, the Ga(x)InP layer used as the
bonding layer 1330 has the above-described band gap
so that the light transmitted through the GalInAs cell
1360, which is the adjacent photoelectric conversidn
cell disposed on the light incident side (the
upstream side) in the light incident direction,
without being absorbed therein, is guided to the
GaInPAs cell 1320 disposed on the back side thereof
in the light incident direction.

Further, the band gap of the tunnel junction
layer 1150 and the bonding layer 1140 is 1.42 eV
which is greater than the band gap (1.40 eV) of the
GaInAs cell 1360.

Further, in order to ensure that the light
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transmitted through the bonding layer 1330 reaches
the Ga(x)InP(y)As layer 1122 and the Ga(x)InP(y)As
layer 1123 of the GaInPAs cell 1320, the band gap of
the Ga(x)InP layer 1324, which is the window layer of
the GaInPAs cell 1320, is set to 1.40 eV which is
equal to the band gap of the GalnAs cell 1360.

In a related technology, an InP layer (1.35
eV) is used as the bonding layer to bond wafers.

Here, for example, similar to a compound
semiconductor photovoltaic cell in a related
technology, when an InP layer is used as the bonding
layer 1330, since the band gap of InP is 1.35 eV, a
part of sunlight transmitted through the GaInAs cell
1360 (1.40 eV) is absorbed.

When a part of sunlight transmitted through
the GaInAs cell 1360 (1.40 eV) is absorbed by the InP
layer, an energy loss occurs which is a cause of
reduction of efficiency of the compound semiéonductor
photovoltaic cell.

On the other hand, in the compound
semiconductor photovoltaic cell 1300 according to the
seventh embodiment, in order to prevent the
occurrehce of the energy loss, the Ga(x)InP layer
having a band gap equal to that of the GalInAs cell

1360 is used as the bonding layer 1330.
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By doing this, according to the seventh
embodiment, it becomes possible to provide the
compound semiconductor photovoltaic cell 1300 having
a higher efficiency and a method of manufacturing the
cémpound semiconductor photovoltaic cell 1300.

Further, in the compound semiconductor
photovoltaic cell 1300 according te the seventh
embodiment, in addition to the setting of the band
gap of the bonding layer 1330 as described above, the
band gap of the GalInAs layer 1324, which is the
window layer of the GaInPAs cell 1320, is set to 1.40
eV which is equal to that of the GaInAs cell 1360.

By doing this, it also becomes possible to.
provide the compound semiconductor photovoltaic cell
1300 where the éfficiency is enhanced.

Further, similar to the case of the second
modified example of the fifth embodiment, the
thickness of the compound semiconductor photovoltaic
cell 1300 of FIG. 15 may be reduced‘and the light
absorption may be reduced by removing the bonding
layer 1140 and the n+type GaAs layer 1151 to form the
tunnel junction by the bonding layer 1130 and the
pttype GaAs layer 1152.

Further, in the seventh embodiment, a case

is described where as the cell on the side where the
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“band gap is greater, a GaAs lattice matching based

material grows on the GaAs substrate 1020. However,

a Germanium (Ge) substrate may be used in place of

-the GaAs substrate 1020 and a Ge lattice matching

based material may grow on the Ge substrate.

In this case, although the lattice constant
of Ge is slightly greater than that of the GaAs, for
example, a composition of the material to be formed
on the GaAs substrate may be modified for lattice
matching. Especially, the In composition of the
GaInAs to be in lattice matching with Ge is
approximately 1%. Therefore, the GalnAs cell‘1360
having an In composition of 1.5% in the seventh
embodiment can more easily crystal-grow on the Ge
substrate than on the GaAs substrate.

Eighth embodiment

FIG. 16 is a cross-sectional view of a
compound semiconductor photovoltaic cell 1400
according to an eighth embodiment of the present
invention.

The compound semiconductor photovoltaic cell
1400 according to the eighth embodiment is a quad-
junction photovoltaic cell which is formed by forming
the GaInAs cell 1210 and the tunnel junction layer

1220 between the InP substrate 1110 and the GaInPAs
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cell 1320 of fhe compound semiconductor photovoltaic
cell 1300 according to the seventh embodiment.

This relationship is similar to the
relationship in which the gquad-junction-type compound
semiconductor photovoltaic cell 1200 acéording to the
sixth embodiment is formed by forming the GalnAs cell
1210 and the tunnel junction layef 1220 between the
InP substrate 1110 and the GaInPAs cell 1120 of the
compound semiconductor photovoltaic‘cell 1100
according to the fifth embodiment.

In the following, the same referenée
numerals are repeatedly used to describe the same
constituent elements as those in the fifth through
seventh’embodiments, and. the repeated descriptions
thereof may be omitted.

The compound semiconductor photovoltaic cell
1400 according to the eighth embodiment includes the
eiectrode 1010, the InP substrate 1110, the GalnAs
cell 1210, the tunnel junction layer 1220, the
GaInPAs cell 1320, the bonding layer 1330, the
bonding layer 1140, the tunnel junction layer 1150,
the GaInAs cell 1360, the tunnel junction layer 1170,
the GaInP cell 1180, the contact layer 1040A, and the
electrode 1050.

The combination of the band gaps of the
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GaInP cell 1180, the GaInAs cell 1160, the GaInAs
cell 1360, and the GaInAs cell 1210 which are four
photoelectric conversion cells thereof is 1.9 eV/1.40
eV/1.0 eV/0.75 eV.

The compound semiconductor photovoltaic cell
1400 according to the eighth embodiment is a quad-
junction photovoltaic cell in which the GaInAs cell
1210 (0.75 eV), the 1GaInPAs cell 1320 (1.0 eV), the
GaInAs cell 1360 (1.40 eV), and the GaInP cell 1180
(1.9 eV) are connected in series.

In FIG. 1leo, light is incident in the
direction from the upper.side to the lower side in
the figure (i.e., in the difection from the GalInP
cell 1180 to the GaInAs cell 1210).

The compound.semiconductor photovoltaic cell
1400 according to the eighth embodiment has a
combination of band gaps 1.9 eV/1.40 eV/ 1.0 eV/0.75
eV by the four photoelectric conversion celis which
are the GaInP cell 1180, the GalInAs cell 1360, the
GaInPAs cell 1320, and the GaInAs cell 1210.

Therefore, according to the eighth
embodiment, it becomes possible to provide the
compound semiconductor photovoltaic cell 1400 having
higher energy conversion efficiency than the compound

semiconductor photovoltaic cell 1300 according to the
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seventh embodiment.

Further, similar to the case of the second
modified example of the fifth embodimeht, the
thickness of the compound semiconductor photovoltaic
cell 1400 of FIG. 16 may be reduced and the light
absorption may be reduced by removing the bonding
layer 1140 and the n+type GaAs layer 1151 to form the
tunnel junction by the bonding layer 1130 and the
pttype GaAs layer 1152.

Further, in the eighth embodiment, a case is
described where as the cell on the side where the
band gap is greater, a GaAs lattice matching based
material grows on the GaAs substrate 1020. However,
a Germanium (Ge) substrate may be used in place of
the GaAs substrate 1020 énd a Ge lattice métching
based material may grow on the Ge substrate.

In this case, although the lattice constant
of Ge is slightly greater than that of the GaAs, for
egample, a composition of the material to be formed
on the GaAs substrate may be modified for lattice
matching. Especially, the In composition of the
GaInAs to be in lattice matching with Ge is
approximately 1%. Therefore, the GaInAs cell 1360
having an In composition of 1.5% in the seventh.

embodiment can more easily crystal-grow on the Ge
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substrate than on the GaAs substrate.

As described above, the compound
semiconductor'photovoltaic cells and the methods of
manufacturing the compound semiconductor photovoltaic
cells according to embodiments are described.
However, the present invention is not limited to the
embodiments specifically described and variations and
modifications may be made without departing from the
scope of the present invention.

The present application is based on and

claims the benefit of priority of Japanese Priority .

Patent Application No. 2013-052519, filed on March 14,
2013, Japanese Priority Patent Application No. 2013~
147485, filed on July 16, 2013, Japanese Priority
Patent Application No. 2013-272522, filed on December
27, 2013, and Japanese Priority Patent Application No.
2014-002832, filed on January 10, 2014, the entire
contents of which are hereby incorporated herein by

reference.

DESCRIPTION OF THE REFERENCE NUMERALS

100: COMPOUND SEMICONDUCTOR PHOTOVOLTAIC CELL
10: ELECTRODE
20: GaAs SUBSTRATE

30: InP ETCHING STOP LAYER
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40: GaAs CONTACT LAYER

40A:

CONTACT LAYER

50: ELECTRODE

110:
120:
130:
140:
150:
160:
170:
180:
200:
210:
220:
300:
320:
330:
400:
1100:
1010:
1020:
1030:
1040:

InP SUBSTRATE
GaInAs CELL
BONDING LAYER
BONDING LAYER
TUNNEL JUNCTION LAYER
GaInAs CELL
TUNNEL JUNCTION LAYER
GaInP CELL
COMPOUND SEMICONDUCTOR PHOTOVOLTAIC CELL
GaInAs CELL
TUNNEL JUNCTION LAYER
COMPOUND SEMICONDUCTOR PHOTOVOLTAIC CELL
GaInPAs CELL
BONDING LAYER
COMPOUND SEMICONDUCTOR PHOTOVOLTAIC CELL
COMPOUND SEMICONDUCTOR PHOTOVOLTAIC CELL
ELECTRODE

GaAs SUBSTRATE

InP ETCHING STOP LAYER

GaAs CONTACT LAYER

1040A: CONTACT LAYER

1050:

ELECTRODE
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1110: InP SUBSTRATE

1120: GaInAs CELL

1130: BONDING LAYER

1140: BONDING LAYER

1150: TUNNEL JUNCTION LAYER

1160: GaInAs CELL

1170: TUNNEL JUNCTION LAYER

1180: GaInP CELL

1200: COMPOUND SEMICONDUCTOR PHofbVOLTAIc CELL
1210: GaInAs CELL

1220: TUNNEL JUNCTION LAYER

1300: COMPOUND SEMICONDUCTOR PHOTOVOLTAIC CELL
1320: GaInPAs CELL

1330: BONDING LAYER

1400: COMPOUND SEMICONDUCTOR PHOTOVOLTAIC CELL
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IEEE Photovoltaic Specialists Conference (20105
pp.412-417.
Non-Patent Document 2: Applied Physics letters,
101,191111 (2012).
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89,102106 (2006).
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CLAIMS

CLAIM 1. A compound semiconductor
photovoltaic cell comprising:

a compound semiconductor substrate;

one or more firét photoelectric conversion
cells formed of a first compound seﬁiconductor
material and deposited on the compound semiconductor
substrate;

a bonding layer formed of a second compound
semiconductor material and deposited on the one or
more first photoelectric conversion cells; and

one or ﬁore’second photoelectric conversion
cells formed of a third compound semiconductor
material, bonded to the one or more first
photoelectric conversion cells via the bonding layer,
and disposed on a light incident side of the one or
more first photoelectric conversion cells in a light
;ncident direction,

wherein band gaps of the one or more first
photoelectric conversion cells and the one or more
second photoelectric conversion cells decrease as the
first and the second photcelectric conversion cells
approach from the light incident side toward a back

side in the light incident direction, and
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wherein, when a number of the cne or more
second photoelectric conversion cells is one, a band
gap of the bonding layer is greater than or equal to
a band gap of the one second photoelectric conversion
cell, and, when a number of the one or more second
photoelectric conversion cells is more than one, the
band gap of the bonding layer is greater than or
equal to the band gap of at least one of the second

photoelectric conversion cells.

CLAIM 2. A compound semiéonductor
photovoltaic cell comprising:

a compound semiconductor substrate;

one or more first photoelectric conversion
cells formed of a first compound semiconductor
material and deposited on the compound semiconductor
substrate;

a surface layer formed of a second compound

semiconductor material and deposited on the one or

.more first photoelectric conversion cells;

one or more second photoelectric conversion
cells formed of a third compound semiconductor
material, disposed on a light incident side of the

surface layer and the one or more first photoelectric
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conversion cells in a light incident direction, and
separated from the surface layer by a distance; and

a fixind unit configured to fix a layered
body of the one or more first photoelectric
éonversion cells and the surface layer to the one or
more second photoelectric conversion cells,

wherein band gaps of the one or more first
photoelectric conversion cells and the one or more
second photoelectric conversion cells decrease as the
first and the second photoelectric conversion cells
approach from the light incident side toward a back
side in the light incident direction, and

wherein, when a number of the one or more
second photoelectric conversion cells is one, a band
gap of the surface layer 1is gfeater than or equal to
a band gap of the one second photoelectric conversion
cell, and, when a number of the one or more second
photoelectric conversion cells is more than one, the
band gap of the surface layer is greater than or
equal to the band gap of at least one of the second

photoelectric conversion cells.

CLAIM 3. The compound semiconductor

photovoltaic cell according to claim 1 or 2,

116



10

15

20

25

WO 2014/142340 PCT/JP2014/057424

wherein the band gap of the bonding layer
according to claim 1 is greater than or equal to a
band gap of the second photoelectric conversion cell
which is adjacent to the bonding layer on the light
incident direction or the band gap of the surface
layer according to claim 2 is greater than or egual
to a band gap of the second photoelectric conversion
cell which is adjacént to the surface layer in the

light incident direction.

CLAIM 4. The compound semiconductor
photovoltaic cell according to claim 1 or 2,

wherein the bonding layer according to claim
1 or the surface layer according to claim 2 is formed
of GaInP or GaPSb having a tensile strain relative to

an InP substrate.

CLAIM 5. The compound semiconductor
photovoltaic cell accordingbto claim 1,

wherein the bonding layer forms a tunnel
junction between the one or more second photoelectric
conversion cells and the one or more first.

photoelectric conversion cells, the one or more
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second photoelectric conversion cells being adjacent
to the bonding‘layer and disposed on the light
incident side of the bonding layer in the light
incident direction, the one or more first
photoelectric conversion cells being adjacent to the
bonding layer and disposed on the back sidg of the

bonding layer in the light incident direction.

CLAIM 6. The compound semiconductor
photovoltaic cell according to any one of claims 1
through 5,

wherein the first photoelectric conversion
cell, which is disposed in the most front side in the
light incident direction among the one or more first
photoelectric conversion cells, is an InP based
photoelectric conversion celi, and

wherein the second photoelectric conversion
cell, which is disposed in the most back side in the
light incident direction among the one or more second
photoelectric conversion cells, is a GaAs based

photoelectric conversion cell.

CLAIM 7. The compound semiconductor
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photovoltaic cell according to any one of claims 1
through 6,

| wherein the one or more first photoelectric
conversion cells include a window layer disposed on
the light incident side in the light incident
direction, the window layer having a band gap greater
than or équal to a band gap of a second photoelectric
-conversion cell, which is disposed in the most back
side in the light incident direction among the one or

more second photoelectric conversion cells.

CLAIM 8. The compound semiconductor
photovoltaic cell according to claim 7,

wherein the window layer is formed of any
one of GaInP, GaPSb, Al (Ga)InAs, Al (Ga)AsSb,

Al (Ga)PSb, and Al (In)PSb.

CLAIM 9. The compound semiconductor
photovoltaic cell according to any one of claims 1
through 8,

wherein the one or more second photoelectric
conversion cells include a GalInAs cell having a

compressive strain relative to a GaAs substrate.

119



WO 2014/142340 PCT/JP2014/057424

CLAIM 10. The compound semiconductor
photovoltaic cell according to any one of claims 1
through 9,

wherein the compound semiconductor

5 photovoltaic cell is a multi-junction cell consisting

of at least three photoelectric conversion cells,
which are optically bonded in series in the
laminating direction, based on the one or more first
photoelectric conversion cells and the one or more

10 second photoelectric conversion cells.

CLAIM 11. The compound semiconductor
photovoltaic cell according claim 10, comprising:
15 a GaAs or Ge lattice matching based material
cell including (Al)GaInP(As); and
an InP lattice matching based material cell

including GaIn(P)As.

20
CLAIM 12. A compound semiconductor
photovoltaic cell comprising:
a compound semiconductor substrate:;
one or more first photoelectric conversion

25 cells formed of a first compound semiconductor
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material and deposited on the compound semiconductor
substrate;

a bonding layer formed of a second compound
semiconductor material and depocsited on the one or
more first photoelectric conversion cells; and

one ér more second photoelectric conversion
cells formed of a third compound semiconductor
material, bonded to the one or more first
photoelectric conversion cells via the bonding layer,
and disposed on a light incident side of the 6ne or
more first photoelectric conversion cells in a light
incident direction,

wherein the compound semiconductor substrate
is an InP substrate,

wherein band gaps of the one or more first
photoelectric conversion cells and the one or more
second photoelectric conversion cells decrease asvthe
first and the second photoelectric conversion cells
approach from the light incident side toward a back
side in the light incident direction, and

wherein the one or more second photoelectric
conversion cells include a GaInAs cell having a

compressive strain relative to a GaAs substrate.
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CLAIM 13. A compound semiconductor
photovoltaic cell comprising:
a compound semiconductor substrate;
one or ﬁore first photoelectric conversion
5 «cells formed of a first compound semiconductor
material and deposited on the compound semiconductor
substrate;
a surface layer formed of a second compoﬁnd
semiconductor material and deposited on the one or
10 more‘first photoelectric conversion cells;
| one or more second photoelectric conversion
cells formed of a third compound semiconductor
material, disposed on a light incident side of the
surface layer and the one or more first photoelectric
15 conversion cells in a light incident direction, and
separated from the surface layer by a distance; and
a fixing unit cpnfigured to fix a layered
body of the one or more first photoelectric
conversion cells and the surface layer to the one or
20 more second photoelectric conversion cells,
wherein the compound semiconductor substrate
is an InP substrate,
wherein band gaps of the one or more first
photoelectric conversion cells and the one or more

25 second photoelectric conversion cells decrease as the
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first and the second photoelectric conversion cells
approach from the light incident side toward a back
side in the light incident direction, and

wherein the one or more second photoelectric
conversion cells include a GalInAs cell having a

compressive strain relative to a GaAs substrate.

CLAIM 14. The compbund semiconductor
photovoltaic cell according to claim 12 or 13,

wherein the first photqelectric conversion
cell, which is disposed in the most front side in the
light incident direction among the one or more first
photoelectric conversion cells, is an InP substrate
lattice matching based photoelectric conversion cell,
and

wherein the second photoelectric conversion
cell, which is disposed in the most back side in the
light incident direction among the one dr more second
photoelectric conversion cells, is a GaAs or Ge
substrate.lattice matching based photoelectric

conversion cell.

CLAIM 15. The compound semiconductor
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photovoltaic cell éccording to any one of claims 12
through 14,

wherein the one or more first photoelectric
conversion cells include a window layer disposed on
the light incident side in the light incident
direction, the window layer having a band gap greater
than or‘equal to a band gap of a second photoelectric
conversion cell, which is disposed in the most back
side in the light incident direction among the one or

more second photoelectric conversion cells.

CLAIM 16. The compound semiconductor
photovoltaic cell according to claim 15,

wherein the window layer is formed of any
one of GaInP, GaPSb, Al (Ga)InAs, Al (Ga)AsSb,

Al (Ga)PSb, and Al (In)PSb.

CLAIM 17. The compound semiconductor
photovoltaic cell according to claim 12,

wherein the bonding layer forms a tunnel
junction between the one or more second photoelectric
conversion cells and the one or more first

photoelectric conversion cells, the one or more
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second photoelectric conversion cells being adjacent
to the bonding layer and disposed on the light
incident side of the bonding layer in the light
incident directioh, the one or more first
photoelectric conversion cells being adjacent to the
bonding layer and disposed on the back side of the

bonding layer in the light incident direction.

CLAIM 18. The compound semiconductor
photovoltaic cell according to any one of claims 12
through l7,

wherein the compound semiconductor
photovoltaic cell is a multi-junction cell including
at least three photoelectric conversion cells, which
are optically bonded in series in the laminating
direction, based on the one or more first
photoelectric conversion cells and the one or more

second photoelectric conversion cells.

CLAIM 19. The compound semiconductor
photovoltaic cell according to claim 18,
wherein the multi-junction cell includes at

least two of the second photoelectric conversion
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cells, and

wherein one of the at least two second
photoelectric conversion cells is a GalInAs cell and
another of the at least two second photoelectric
conversion cells is a cell having a lattice constant
being different from the lattice constant of the

GaInAs cell.

CLAIM 20. The cémpound semiconductor
photovoltaic cell according to claim 18,

wherein the number of the second
photoelectric conversion cells is two or more, and

wherein one of the two or more second
photoelectric conversion cells is a GaInAs cell
having a compressive strain relative to the GaAs
substrate and another of the two or ﬁore second
photoelectric conversion cells is a cell which is in

lattice matching with the GaAs substrate.

CLAIM 21. The compound semiconductor
photovoltaic cell according to any one of claims 17
through 20, comprising:

a GaAs or Ge lattice matching based material
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cell including (Al)GaInP(As); and

an InP lattice matching based material cell

including GaIn(P)As.
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FIG.11B
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