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(57) Abstract: A photovoltaic conversion device includes alight absorbing layer all or part of which includes a Cu2Gei., Sn.S;-based
compound (O<x<l). A light absorbing layer with few pinholes isproduced as follows. a Cu-based precursor is first prepared, and a

vapor containing S and Ge isthen generated from an S source and a Ge source, and finally the vapor is reacted with the Cu-based

precursor. Preferably, S powder isused asthe S source, and powder or athin film of one or more materials selected from Ge, GeS,
and GeS, isused asthe Ge source.
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Description

Title of Invention: PHOTOVOLTAIC CONVERSION DEVICE
AND METHOD OF MANUFACTURING PHOTOVOLTAIC

[0001]

[0002]

[0003]

[0004]

[0005]

CONVERSION MATERIAL

Technical Field

The present invention relates to aphotovoltaic conversion device and a method of
manufacturing a photovoltaic conversion material. In particular, the invention relates to
aphotovoltaic conversion device using anovel photovoltaic conversion material
including a Cu,Ge,,Sn, S;-based compound (0<x<I) and amethod of manufacturing a
photovoltaic conversion materia formed of a Cu-Ge-S based compound including Cu,
Ge,Sn, Sybased compound (0<=x<lI).

Background Art

The photovoltaic conversion device refers to adevice that can convert photon energy
to electric energy through acertain physical phenomenon (photovoltaic conversion).
Solar cells, which are atype of the photovoltaic conversion device, can efficiently
convert the energy of the solar illumination to electric energy.

Single-crystal Si, polycrystalline Si, amorphous Si, GaAs, InP, CdTe, Culn,Ga Se,
(CIGY), and CuZnSnS, (CZTS) are known as the semiconductors used for the solar
cells.

Among them, the chalcogenide compounds typified by CIGS and CZTS can each be
formed into a cost-advantageous thin film due to the large light absorbing coefficient
thereof. In particular, asolar cell with CIGS as alight absorbing layer has arelatively
high conversion efficiency among thin-film solar cells, and has exhibited a conversion
efficiency higher than that of apolycrystalline-Si solar cell (see Non Patent Literature
1).

The spectrum of the sunlight is widely distributed from ultraviolet rays to infrared
rays. A light absorbing layer, however, can absorb only photons each having energy
larger than the bandgap of amaterial forming the light absorbing layer. In addition,
even if aphoton having energy larger than the bandgap is absorbed, the energy in
excess of the bandgap dissipates as heat; hence, the output voltage necessarily has a
value corresponding to the bandgap. Asaresult, as the bandgap of the light absorbing
layer increases, the output voltage of the solar cell increases, but the current decreases
due to adecrease in number of absorbed photons. In contrast, as the bandgap of the
light absorbing layer decreases, the current increases due to an increase in number of
absorbed photons, but the output voltage decreases.

In other words, a solar cell (single-junction solar cell) having alight absorbing layer
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formed of one material has atrade-off relationship between current and voltage. Asa
result, for example, either conversion efficiencies of anano-crystalline silicon single-
junction solar cell and an amorphous-silicon single-junction solar cell have made no
significant progress for over adecade (see Non Patent Literature 2).

Furthermore, the CIGS single-junction solar cells are expensive due to In, which isa
rare metal, included therein. The bandgap of CIGS can be adjusted through adjustment
of the elemental ratio between In and Ga. The CIGS single-junction solar cell,
however, disadvantageously exhibits alow conversion efficiency for a Garrich state
giving awide bandgap while exhibiting ahigh conversion efficiency for an In-rich

state giving anarrow bandgap.
To solve such aproblem, there isproposed amulti-junction solar cell including

stacked light absorbing layers having different bandgaps.

Asthe multi-junction solar cell, for example, the following solar cells are currently
commercialy available:

(8 nanocrystalline silicon/amorphous silicon double-junction solar cells, and

(b) amorphous silicon-germanium/amorphous  silicon double-junction solar cells.

The bandgaps of the light absorbing layers must be adjusted in order to achieve a
high conversion efficiency of the multi-junction solar cell. In case of producing the
multi-junction solar cell, it may cause an increase in production cost that materials
having entirely different compositions or materials produced by entirely different
process are used as materials having different bandgaps. Hence, a material that can be
appropriately controlled from ahigh-current/low-voltage materia to a low-
current/high- voltage material ispreferred asthe material forming the light absorbing
layers of the multi-junction solar cell.

Furthermore, if alight absorbing layer has apinhole, aconversion efficiency of the
photovoltaic conversion device isreduced.
Citation List

Non Patent Literature
NPL 1: T.Eisenbarth et a., Thin Solid Films, 517(2009)2244.
NPL 2: A/Luque, JAppl.Phys., 110(2011)031301.

Summary of Invention

Technical Problem

A problem that the invention isto solve isto provide anovel method of manu-
facturing aphotovoltaic conversion materia that can be appropriately controlled from
ahigh-current/low-voltage material to alow-current/high- voltage material, and a pho-
tovoltaic conversion device using the photovoltaic conversion material as alight
absorbing layer.



WO 2013/099180 PCT/JP2012/008183

[0010]

[001 1]

[0012]

[0013]

Another problem that the invention isto solve isto provide amethod of manufacturing
athin film with few pinholes formed in anovel photovoltaic conversion material, and a
photovoltaic conversion device using the photovoltaic conversion material as alight
absorbing layer.
Solution to Problem

To solve the above-described problems, aphotovoltaic conversion device according
to the invention is summarized by including alight absorbing layer al or part of which
includes a Cu,Ge,.,Sn S,-based compound (0<x<l).

A method of manufacturing aphotovoltaic conversion material according to the
invention is summarized by including:

preparing a Cu-based precursor;

generating avapor containing S and Ge from an S source and a Ge source; and

reacting the vapor with the Cu-based precursor to synthesize aphotovoltaic
conversion material including Cu-Ge-S based compound.

Preferably, aCu-Ge based precursor, aCu-Sn based precursor or a Cu-Ge-Sn based
precursor isused asthe Cu-based precursor.

Advantageous Effects of Invention

The Cu,Gei_, Sn,S;-based compound has a narrower bandgap with an increase in x.
Asaresult, any of materials from ahigh-current/low-voltage material to a low-
current/high- voltage material can be appropriately produced through control of the Sn
content (x).

In addition, the vapor containing S and Geisreacted with the Cu-based precursor for
synthesis of the Cu.,Ge,,Sn,S;-based compound, thus alowing synthesis of alight
absorbing layer with few pinholes formed in the Cu,Ge,.Sn,S;-based compound.

Brief Description of Drawings

[fig. 1]Fig. lisaschematic sectional view illustrating an exemplary structure of a pho-
tovoltaic conversion device.

[fig.2]Fig. 2 isaschematic sectional view of areactor for manufacturing aphotovoltaic
conversion material according to the present invention.

[fig.3]Fig. 3isagraph illustrating external quantum efficiencies of photovoltaic
conversion devices using Cu,Ge;,Sn,S; (x=0.059, 0.214, and 0.832) aslight absorbing
layers.

[fig.4]Fig. 4 isagraph illustrating current- voltage characteristics of photovoltaic
conversion devices using Cu,Ge,Sn,S; (x=0.832 and 1.000) as light absorbing layers.
[fig.5]Fig. 5isagraph illustrating aresult of pinhole test which compares light
absorbing layers (Samples No. 2 to No. 4) sulfurized with vapor containing sulfur and
Ge with light absorbing layers (Samples No. 6 to No. 8) sulfurized with vapor
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containing only sulfur.
Description of Embodiments

Hereinafter, an embodiment of the present invention will be described in detail.

(1. Photovoltaic Conversion Device)

A photovoltaic conversion device according to the invention includes alight
absorbing layer all or part of which includes a Cu,Gei_,Sn S;,-based compound
(O<x<l).

(1.1. Light Absorbing Layer)

(1.11. CuGe;., Sn S;-based compound)

The light absorbing layer includes a Cu,Gei_,Sn,S;-based compound (0<x<l).

The <CuGe,,Sn,S;-based compound> refers to a sulfide-based compound semi-
conductor containing Cu, Ge, Sn, and S as essential components. The elemental ratio
of the Cu,Ge, ;Sn,S;isformally given as Cu:(Ge+Sn):S=2:1:3. The <Cu,Ge,,Sn,S;-
based compound> in the invention, however, includes not only the stoichiometric
compound but also compounds with a dlight deviation from the stoichiometric com-
position aslong asthe compounds can be regarded to be substantially identical to Cu,
Ge,Sn,S; The substantially  identical> means that the deviation of Cu/(Sn+Ge) ratio
from the stoichiometric composition iswithin arange of plus or minus 20%.
Preferably, the deviation from the stoichiometric composition iswithin arange of plus
or minus 10%.

(2.1.2. x)

Here, <x> represents Sn/(Ge+Sn) ratio. The bandgap of Cu GeS,is about 1.55 eV,
while the bandgap of Cu,SnS;isabout 0.90 eV. Asaresult, the Cu,Ge,  Sn,S;-based
compound has a smaller bandgap with an increase in x. Specificaly, the bandgap of
the Cu,Gei_,Sn,S;-based compound can be appropriately controlled from about 0.90 eV
to about 1.55 eV through control of x. Preferably, x is0.7<x<l.

The CuZGei_XSnxss—based compound may include Li, Na, K, Mg, Ca, Ag, Zn, Cd, Al,
Ga, In, Si, Pb, Sb, Bi, Se, Te or the like for the purpose of suppression of lattice
defects, control of the bandgap, control of carrier concentration or the like.

(1.1.3 Structure of Light Absorbing Layer)

The Cu,Ge, . Sn,S;-based compound may either entirely or partially form the light
absorbing layer.

Specificaly, the light absorbing layer may include any one of

(1) only aCu,Ge,  Sn,Sybased compound having one composition (single-junction
photovoltaic conversion device),

(2) astack of two or more Cu,Ge, ,Sn,S;-based compound layers having different
compositions (multi-junction photovoltaic conversion device), and
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(3) astack of one or more Cu,Ge,, Sn, S,-based compound layers having different com-
positions and another compound layer (multi-junction photovoltaic conversion device).

For example, itisknown that adouble-junction solar cell, which includes two
materials having different bandgaps of about 1.8 eV and 1.1 eV asfirst and second
layers from an incident side of the sunlight, exhibits the maximum conversion ef-
ficiency among double-junction solar cells. In such acase, the Cu,Ge,, Sn,S.-based
compound according to the invention is preferred asthe second-layer material.

In addition, for example, it isknown that atriple-junction solar cell, which includes
three materials having different bandgaps of about 2.2 eV, 1.4 eV, and 0.9 eV asfirt,
second, and third layers from an incident side of the sunlight, exhibits the maximum
conversion efficiency among triple-junction solar cells. In such acase, the Cu,Ge, . Sn,
S;-based compound according to the invention is preferred as amateria for the second
and third layers.

(1.1.4. Pinhole and Peeling Resistance)

The light absorbing layer configuring the photovoltaic conversion device according
to the invention is synthesized by aprocess described later, leading to few pinholes and
excellent peeling resistance of the light absorbing layer compared with alight
absorbing layer synthesized by another process.

(1.2. Other Layers)

The photovoltaic conversion device commonly includes layers other than the light
absorbing layer. The stacked structure of the device and a material forming each layer
isnot limited and may be optimally selected depending on atype of the photovoltaic
conversion device.

For example, a solar cell commonly has a structure where abottom electrode, alight
absorbing layer, abuffer layer, awindow layer, and agrid electrode are provided in
this order on a substrate.

In the case where the photovoltaic conversion device serves as asolar cell, materials
for the layers other than the light absorbing layer include the following.

Examples of the material for the substrate include glass (for example, SLG, low-
alkali glass, non-alkali glass, quartz glass, Na-ion implanted quartz glass, and sapphire
glass), ceramics (for example, oxides such as silica, dumina, yttria, and zirconia, and
various ceramics containing Na), and metal (for example, stainless steel, stainless steel
containing Na, Au, Mo, and Ti).

Examples of the material for the bottom electrode include Mo, MoSi ,, stainless sted,
In-Sn-O, In-Zn-O, ZnO: Al, ZnO: B, Sn0 ,: F, Sn0 ,: Sb, ZnO: Ga, and Ti0 ,: Nb.

Examples of the material for the buffer layer include CdS, Zn(0, S), and (Zn, Mg)0.

Examples of the material for the window layer include ZnO: Al, ZnO: Ga, ZnO: B,
In-Sn-O, In-Zn-O, Sn0 ,: Sb, and TiO0 ,,: Nb.
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Examples of the material for the grid electrode include Al, Cu, Ag, and Au, and aloy
including one or more of them. Such alloy specifically includes Al-Ti alloy, Al-Mg
aloy, Al-Ni aloy, Cu-Ti dloy, Cu-Sn dloy, Cu-Zn aloy, Cu-Au aloy, Ag-Ti dloy,
Ag-Sn aloy, Ag-Zn dloy, and Ag-Au daloy.

Fig. lillustrates a schematic sectional view of asolar cell as atype of the pho-
tovoltaic conversion device. In Fig. 1, the solar cell includes Mo, alight absorbing
layer, CdS, ZnO: Ga, and an Al grid electrode in this order on aglass substrate. All or
part of the light absorbing layer includes the Cu, Ge,,Sn, S;-based compound.

Furthermore, an additional layer (for example, an adhesive layer for improving
adhesion between the substrate and the bottom electrode, alight scattering layer, and
an anti-reflection layer) may be provided between the layers.

(2. Method of Manufacturing Photovoltaic Conversion Material)

A method of manufacturing the photovoltaic conversion material according to the
invention includes aprecursor preparation step, avapor generation step, and areaction
step.

(2.1. Precursor Preparation Step)

In the precursor preparation step, a Cu-based precursor is prepared.

In the invention, the Cu-based precursor isused as aprecursor to synthesize a Cu-
Ge-S based compound.

The <Cu-Ge-S based compound> refers to acompound containing at least Cu, Ge,
and S. The Cu-Ge-S based compound may further contain Sn. Examples of the Cu-
Ge-S based compound include the Cu,Ge,,Sn, S;-based compound (0<=x<l).

The <Cu-based precursor> refers to aprecursor containing at least Cu. The Cu-based
precursor containing two or more elements may be an alloy with asingle composition
or amixture containing two or more elements or aloys.

Examples of the Cu-based precursor include:

(a Cu,

(b) aCu-Ge based precursor which includes at least Cu and Ge (for example, a Cu-
Ge compound such as Cu,Ge, or a Cu-Ge dloy),

(c) aCu-Sn based precursor which includes at least Cu and Sn (for example, a Cu-Sn
compound such as CusSn;, CuzSn, or Cu, Sn,, or a Cu-Sn dloy),

(d) aCu-Ge-Sn based precursor which includes at least Cu, Ge, and Sn (for example,
amixture of a Cu-Ge compound such as CuyGe and a Cu-Sn compound such as CusSn,
» CuzSn, or Cui ;Sn,, amixture of the Cu-Ge compound and the Cu-Sn aloy, a mixture
of the Cu-Ge aloy and the Cu-Sn compound, or a Cu-Ge-Sn alloy), and

(e) amixture containing any two or more materials from (a) to (d).

The Cu-based precursor may further contain apart of Swhich should be supplied in
the reaction step described later.
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A precursor having a Cu,Sn composition isheated under an S-containing  at-
mosphere, thus allowing Cu,SnS;to berelatively readily synthesized. In contrast, a
precursor having a Cu Ge composition isheated under an S-containing atmosphere,
which, however, does not alow preparation of Cu,GeS,with few pinholes. The reason
for this is speculated as follows. That is, the Cu-Ge binary system has no Cu,Ge phase.
Therefore, Cu,Geisdecomposed into a Cu,Ge phase and a Ge phase, and the Ge phase
readily vaporizes during the heating process.

Thus, in the invention, a Cu-based precursor isused as the precursor, and the
precursor is sulfurized while Geisexternaly added, in order to prevent Ge from va-
porizing in the case where Geisincluded in the precursor, and to compensate the in-
sufficiency to predetermined Ge composition of the Cu-Ge-S based compound to be
synthesized. The method of the invention isdifferent from typical methods in this
point.

To synthesize the Cu-Ge-S compound containing Sn in any appropriate proportion
() (that is, CuGei_,Sn, S;-based compound (0<=x<l)), the elementa ratio of Cu, Ge
and Snin the Cu-based precursor must meet the following formulas in general.

Cu/(Get+Sn)>2, and

Sn/(Ge+Sn)>x.

Asdescribed above, the CuGei_ Sn, S;-based compound to be synthesized includes
not only the stoichiometric compound but also compounds with adlight deviation from
the stoichiometric composition. Specifically, it includes compounds which have Cu/
(Sn+Ge) ratio deviated from the stoichiometric composition within arange of plus or
minus 20%. That is, it includes compounds which have a composition of
1.6<Cu/(Sn+Ge)<2.4.

Therefore, the Cu-based precursor used for synthesis of the compound may be ac-
companied by the deviation from the stoichiometric composition similar to the
compound. That is, the Cu-based precursor used for synthesis of the compound
includes aprecursor having acomposition of 1.6<Cu/(Ge+Sn).

The configuration of the precursor isnot limited and may be any one of a mass,
powder, and athin film.

The Cu-Sn based precursor having acomposition of 1.6<Cu/Sn ispreferred asthe
Cu-based precursor. By reacting avapor containing S and Ge with the Cu-Sn based
precursor, Cu,Ge;  SnS;-based compound (0.7<x<l) may be obtained.

Furthermore, the Cu-Ge-Sn based precursor having acomposition of
1.6<Cu/(Ge+Sn) and 0.7<Sn/(Get+Sn) ispreferred asthe Cu-based precursor. By
reacting avapor containing Sand Ge with the Cu-Ge-Sn based precursor, Cu,Gei_,SnS,
-based compound (0.7<x<l) may be obtained.

The Cu-based precursor may include Li, Na, K, Mg, Ca, Ag, Zn, Cd, Al, Ga, In, S,
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Pb, Sb, Bi, Se, Te or the like for the purpose of suppression of lattice defects, control
of the bandgap, control of carrier concentration or the like.

[0027] The Cu-based precursor for synthesis of the Cu,Ge,, SnS;-based compound should
have an overall composition equal or equivalent to Cu/(Ge+Sn)>2 and Sn/(Ge+Sn)>X,
but may have any internal structure.

For example, the Cu-based precursor may be formed of a Cu-Ge-Sn thin film
deposited by aco-sputter process, or may be formed of stacked films deposited by
sputter in apluraity of steps with multiple targets.

If the Cu-based precursor having free Geisdirectly heated to a sulfurization tem-
perature, the free Ge may vaporize. In such acase, the Cu-based precursor is
preferably preheated before sulfurization of the Cu-based precursor to induce
generation of Cu,Ge from the free Ge.

[0028] (2.2. Vapor Generation Step)

In the vapor generation step, avapor containing S and Geisgenerated from an S
source and a Ge source.

(2.2.1. S source and Ge source)

The S and Ge sources for generation of the vapor should be sources that allow
generation of avapor containing sufficient amounts of S and Ge to synthesize a Cu,Ge
139N, Sy-based compound with few defects.

Examples of the S source include S powder, GeS, and GeS,. Among them, S powder
ispreferred asthe S source since it allows generation of alarge amount of an S vapor
through low-temperature heating.

Examples of the Ge source include Ge, GeS, and GeS,,

[0029] Each of the S and Ge sources may be used alone, or two or more sources may be
used in combination.

The configuration of each of S and Ge sources isnot limited and may be any one of a
mass, powder, and athin film. In particular, Spowder ispreferred asthe S source since
it readily vaporizes. Powder and athin film of each of Ge, GeS, and GeS, are preferred
asthe Ge source for a similar reason.

[0030] (2.2.2. Generation of Vapor)

Any method of vapor generation may be used aslong as the method allows
generation of the vapor containing predetermined amounts of S and Ge.

For example, if the vapor containing predetermined amounts of S and Ge can be
generated by heating the S source and the Ge source at the same temperature, the S and
Ge sources should be heated at the same temperature. In this case, the S source and the
Ge source may be placed away from each other, or may be placed adjacent to each
other.

[0031] In contrast, if the S source and the Ge source, which have significantly different va-
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porization temperatures, are heated at the same temperature, the content of each of S
and Ge in the vapor isdifficult to be controlled. In such acase, the S source and the Ge
source are preferably placed away from each other to heat each source at the optimum
temperature.

For example, in the case where Spowder and GeS, are used as the S and Ge sources,
respectively, the vaporization temperature of the S powder islower than that of GeS,.
In such acase, the Spowder and GeS,, are preferably independently heated at different
temperatures.

Each concentration of S and Ge in the vapor should be equal to or higher than the
minimum  concentration to convert the precursor to the Cu,Ge,, Sn, S;-based
compound.

Cu,GeS;is the sulfide having the maximum Ge content in the Cu-Ge-S system.
Hence, even if the precursor isreacted with the vapor containing excessive S and Ge,
no heterogeneous phase is generated.

(2.3. Reaction Step)

In the reaction step, the vapor produced in the vapor generation step isreacted with
the Cu-based precursor to synthesize the photovoltaic conversion material including
Cu-Ge-S based compound. That is, the method of the invention may be applied not
only to producing Cu.Gei_ Sn, S;-based compound with O<x<I but aso to producing
Cu,GeS;-based compound with x=0.

(2.3.1. Reaction Process)

In the case where each vaporization temperature of the S and Ge sources is similar to
the reaction temperature between the precursor and the vapor, the S source, the Ge
source, and the precursor should be heated at the same temperature. In this case, the S
source, the Ge source, and the precursor may be placed away from one another, or may
be placed adjacent to one another.

In contrast, one or more of the vaporization temperatures and the reaction tem-
perature is significantly different from others, the corresponding one or more of the S
source, the Ge source, and the precursor are preferably placed away from the others so
asto be heated at adifferent temperature.

(2.3.2. Reactor)

Fig. 2 illustrates an exemplary reactor for manufacturing the photovoltaic conversion
material according to the invention.

In Fig. 2, the reactor (three-zone reactor) includes aquartz tube and three electric
furnaces. The quartz tube holds the S source, the Ge source, and the precursor, and
supplies the vapors generated from the S and Ge sources to the precursor. The quartz
tube is designed to alow flow of acarrier gas (N,) from one end to the other end
thereof.
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The first ceramic container in which the S source (sulfur) is put, the second ceramic
container in which the Ge source (GeS,) isput, and the third ceramic container in
which the precursor isput, are located in this order from the upstream side of the
quarts tube to the downstream side. GeS,, and the precursor may be put in the same
ceramic container. That is, the heating of the low materials may be done by using a
reactor (two-zone reactor) having two electric furnaces. This isbecause the va-
porization temperature of GeS, is close to the reaction temperature between the
precursor and the vapor. In contrast, sulfur ispreferably placed away from the others,
because the vaporization temperature of sulfur islower than the vaporization tem-
perature of GeS, and the reaction temperature. An electric furnace isplaced around
each ceramic container so that temperature of each ceramic container can be inde-

pendently controlled.
The electric furnaces are heated while the carrier gas isflowed into the quartz tube.

Thus, an Svapor isfirst generated from the sulfur in the electric furnace on the
upstream side and is carried to the downstream side. Then, Geszvaporizes in the
middle point, so that the vapor containing S and Geisformed. Finally, the vapor reacts
with the precursor to synthesize the CuGei_,Sn, S,-based compound at the downstream
side.

(3. Effects)

The Cu,Gei_, Sn,S;-based compound has a narrower bandgap with an increase in x.
Asaresult, any material from ahigh-current/low- voltage material to a low-
current/high- voltage material can be arbitrarily produced through control of the Sn
content (x).

If an Svapor isreacted with the Cu-based precursor in an atmosphere not to include
Ge vapor for synthesis of athin film including Cu,Ge, Sn,S;-based compound
(O<=x<l), apinhole isformed in the thin film, or the thin film ispeeled from a
substrate.

In contrast, if the vapor containing S and Ge isreacted with the Cu-based precursor
for formation of the Cu,Ge, Sn,S;-based compound, the Cu,Ge, ,Sn,S;-based
compound with few pinholes can be formed. The reason for this is assumed to be due
to sufficient reaction between the Cu-based precursor and Ge, or suppression of va-
porization of Ge from the Cu-based precursor in the case where the Cu-based precursor
includes Ge.

Examples

(Samples No. 1to No. 5)

(1. Production of Photovoltaic Conversion Devices)

Single-junction photovoltaic conversion devices, each of which includes aMo layer,
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alight absorbing layer, a CdS layer, aZnO: Galayer, and an Al grid electrode in this
order on glass, were produced.

The light absorbing layers (Cu,Ge,,Sn,S;) were prepared in the reactor (three-zone
reactor) illustrated in Fig. 2. Five kinds of precursors of Cu,Gey, for Sample No. 1,
Cu,Ge, 63,5N, 050 for Sample No. 2, Cu.Ge . .Sn,,,, for Sample No. 3, Cu,Sn, . for
Sample No. 4, and Cu,Sn for Sample No. 5 were used as Cu-based precursors. For
Samples No. 1to No. 4, the vapor containing S and Ge was reacted with the
precursors. For Sample No. 5, the vapor of S was reacted with the precursor. In this
case, nothing was put in the second ceramic container. Asaresult, composition x of
the obtained thin film including Cu,Ge, . Sn,S;-based compound was 0.000 for Sample
No. 1, 0.059 for Sample No. 2, 0.214 for Sample No. 3, 0.832 for Sample No. 4, and
1.000 for Sample No. 5.

(2. Test Method and Results)

(2.1. External Quantum Efficiency)

The external quantum efficiency of each photovoltaic conversion device was
measured. Fig. 3illustrates the external quantum efficiencies of the photovoltaic
conversion devices using Cu,Gei_,Sn,S; (x=0.059, 0.214, and 0.832) asthe light
absorbing layers. Fig. 3 aso illustrates arising position of each absorption edge at x=0,
0.059, 0.214, 0.832, and 1.000.

The rising positions of the absorption edges reveal that the bandgap can be adjusted.
Specificaly, Fig. 3 shows that the bandgap can be adjusted within arange of 1.55 to
0.90 eV through adjustment of x of Cu,Ge, . Sn,S,. Current matching, which is
essential for an increase in efficiency of two-terminal multi-junction solar cells, can be
readily achieved through use of the Cu,Ge, ,Sn,S;-based compound as the light
absorbing layer.

(2.2. Current- Voltage Characteristics)

The current- voltage characteristics of the photovoltaic conversion devices were
measured. Fig. 4 illustrates the current- voltage characteristics of the photovoltaic
conversion device using Cu,Ge;Sn,S; (x=0.832). Fig. 4 aso illustrates the results of
the photovoltaic conversion device using Cu Ge, ,Sn,S; with x of 1.000. In Fig. 4, each
numerical value represents conversion efficiency (%).

Fig. 4 reveds that Ge is added to Cu,Sn,S; (x=1.0) to produce Cu,Ge,Sn,S,, thereby
the conversion efficiency isimproved. Further, it reveals that maintaining x in a
specific range in case of using CdS as abuffer layer makes not only voltage but also
current density of the device improved compared to x=1.000.

The conversion efficiency of Cu,GeS; (x=0) may be measured depending on the
condition. However, the measurement was not performed because the peeling off of
the light absorbing layer from the substrate may occur.
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(Samples No. 6 b No. 10)

(1. Preparation of Samples)

(1.1. Samples No. 6to No. 8)

A thin film including a Cu-Ge-Sn based precursor was formed on a glass substrate.
CuGe,,,Sn;, 2o for Sample No. 6, Cu,Ge, .S, ., for Sample No. 7, and Cu,Ge, ., Sn

0953 for Sample No. 8 were used as the Cu-Ge-Sn based precursors. By using the
reactor (three-zone reactor) illustrated in Fig. 2, the vapor containing only Swas

061

reacted with the precursor to form a Cu,Ge,,Sn S;thin film about 1 micrometer in
thickness. In this case, nothing was put in the second ceramic container.

As aresult, composition x of the obtained thin film including Cu,Ge, ,Sn,S;-based
compound was 0.219 for Sample No. 6, 0.430 for Sample No. 7, and 0.953 for Sample
No. 8.

(1.2. Samples No. 9 and No. 10)

A thin film including a Cu-Ge based precursor (Cu/Ge=3) was formed on a glass
substrate. The vapor containing S and Ge was reacted with the precursor to prepare a
Cu,GeS; thin film about 1 micrometer in thickness (Sample No. 9).

Similarly, athin film including a Cu-Ge based precursor (Cu/Ge=2) was formed on a
glass substrate. The vapor containing only Swas reacted with the precursor to prepare
aCu,GeS;thin film about 1 micrometer in thickness (Sample No. 10).

Both Sample No. 9 and Sample No. 10 were prepared in the reactor (two-zone
reactor) having two electric furnaces. A ceramic container in which the S source
(sulfur) was put was placed on the upstream side of the quartz tube, and another
ceramic container in which the Ge source (GeS,) and the precursor were put was
placed on the downstream side thereof.

(2. Test Method)

Each Sample was irradiated with light from the back of the glass substrate, and
leakage light was photographed by acamera, so that 256-grayscale monochrome
images were captured. The number of white pixels was counted, the white pixels corre-
sponding to more than the 16th grayscale from deep black among the 256 grayscales.
The pinhole level was obtained from formula (1):

Pinhole level=P/P  *** (1),

where P represents aratio of the number of white pixels to the total pixel number of
each Sample, and

P,represents aratio of the number of white pixels to the total pixel number of
Sample with x of 0.059.

(3. Results)

Fig. Sillustrates aresult of pinhole test which compares light absorbing layers
(Samples No. 2 to No. 4) sulfurized with vapor containing sulfur and Ge with light
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absorbing layers (Samples No. 6 to No. 8) sulfurized with vapor containing only sulfur.
Although not shown in drawings, the thin film as Sample No. 9 had five or fewer
pinholes per square centimeter. In contrast, the thin film as Sample No. 10 had six to
nine pinholes per square centimeter.

Fig. 5, and the results of sample No. 9 and No. 10 reveals that the sulfurization with
the vapor containing only sulfur leads to a significant increase in pinhole level. Thisis
most likely due to sublimation of Ge during the sulfurization, causing formation of
pinholes. In contrast, ahigh-quality film with few pinholes is achieved due to sup-
pression of sublimation of Ge through the sulfurization with the vapor containing

sulfur and Ge.
Although the embodiment of the invention has been described in detail hereinbefore,

the invention should not be limited thereto, and various modifications or aterations
thereof may be made within the scope without departing from the spirit of the
invention.
Industrial Applicability

The photovoltaic conversion device and the method of manufacturing the pho-
tovoltaic conversion material can be used for thin-film solar cells, photoconductive
cells, photodiodes, and phototransistors, for example.
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Claims

A photovoltaic conversion device, comprising:

alight absorbing layer, all or part of the light absorbing layer including
aCuGe; Sn, Sy-based compound (0<x<lI).

The photovoltaic conversion device according to clam 1, wherein the
photovoltaic conversion device has a stacked structure of a bottom
electrode, the light absorbing layer, abuffer layer, awindow layer, and
agrid electrode.

The photovoltaic conversion device according to clam 1, wherein the
photovoltaic conversion device has a stacked structure of glass, Mo, the
light absorbing layer, CdS, ZnO: Ga, and an Al grid electrode.

A method of manufacturing aphotovoltaic conversion material,
comprising:

preparing a Cu-based precursor;

generating avapor containing S and Ge from an S source and a Ge
source; and

reacting the vapor with the Cu-based precursor to synthesize a pho-
tovoltaic conversion material including Cu-Ge-S based compound.
The method of manufacturing aphotovoltaic conversion material
according to claim 4,

wherein the Cu-based precursor isaCu-Ge based precursor, a Cu-Sn
based precursor, or a Cu-Ge-Sn based precursor.

The method of manufacturing aphotovoltaic conversion material
according to claim 4,

wherein the Cu-based precursor isaCu-Sn based precursor having a
composition of 1.6<Cu/Sn, and

the Cu-Ge-S based compound is a Cu,Gei_,Sn, S;-based compound
having a composition of 0.7<x<l.

The method of manufacturing aphotovoltaic conversion material
according to claim 4,

wherein the Cu-based precursor isaCu-Ge-Sn based precursor having
acomposition of 1.6<Cu/(Ge+Sn) and 0.7<Sn/(Get+Sn), and

the Cu-Ge-S based compound is a Cu,Ge,.Sn,S;-based compound
having a composition of 0.7<x<l.

The method of manufacturing aphotovoltaic conversion material
according to claim 4,

wherein the S source is S powder, and
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the Ge source is powder or athin film of one or more materials selected
from Ge, GeS, and GeS.,,
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