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Description

Title of Invention: FABRICATION METHOD OF PHOTO

ACTIVE LAYER FOR SOLAR CELL

. Technical Field

The present invention relates to a fabrication method of a photo active layer for a
solar cell, and more particularly, to a fabrication method of a compound semiconductor

based photo active layer for a solar cell.

Background Art

In a manufacturing process of a compound semiconductor (CIG(S, Se), CZT(S, Se))
photo active layer based on an existing vapor deposition method, there is a limitation
in that process cost is expensive in spite of excellent characteristics. Therefore, in order
to commercialize a solar cell using the compound semiconductor, a fabrication method
of a CIG(S, Se) or CZT(S, Se) photo active layer using a solution process is considered
as an essential technology.

As disclosed in US Patent Nos. 6127202 and 6268014, a fabrication method of a
photo active layer using a particle based solution process of coating a mixture of metal
oxide nanoparticles or a mixture of a metal oxide and particles that are not metal
oxides on a substrate and performing a reaction under a reducing atmosphere and Se
gas atmosphere to prepared a CI(G)S film has been attempted.

However, in the case of fabricating the photo active layer using the metal oxide based
solution process, a parenthetical reduction‘process should be necessarily performed,
and a defect may be generated in a film at the time of the reduction process, which may
cause non-uniformity of the reaction at the time of heat-treatment process under Se gas
atmosphere.

Therefore, research into a new economical method for fabricating a dense single
phase CIG(S, Se) or CZT(S, Se) film by heat-treatment at about 550°C, which is a
process allowable temperature, has been demanded.

Disclosure of Invention
Technical Problem

An object of the present invention is to provide ink capable of fabricating a dense
compoimd semiconductor based photo active layer composed of a single phase through
heat treatment at a low tefnperature of 550°C or less, which is a process allowable tem-
perature. | | | |

Another obJect of the present invention is to provide a fabrication method of a dense

compound semiconductor based photo active layer composed of a smgle phase through
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heat treatment at a low temperature of 550°C or less, which is a process allowable tem-
perature, and a photo active layer fabricated therefrom.
Solution to Problem

In one general aspect, there is provided an ink including: composite particles in
which a first chalcogenide of Group 11 metals and a second chalcogenide of Group 11
metals having a melting point lower than that of the first chalcogenide are mixed in a
single particle; and a precursor of at least one element selected from Groups 12 to 14
elements.

The precursor of at least one element selected from Groups 12 to 14 elements may be
chloride, nitrate, sulfate, acetate, phosphate, silicate, or hydrochloride of one or at least
two elements selected from the Groups 12 to 14 elements, or a mixture thereof.

The precursor of at least one element selected from Groups 12 to 14 elements may be
a third chalcogenide of one or at least two elements selected from Groups 12 to 14
elements. '

In another general aspect, there is provided a fabrication method of a photo active
layer for a solar cell, the fabrication method including: a) coating ink containing
composite particles in which a first cha]cOgenide of Group 11 metals (hereinafter,
referred to as a high melting point first chalcogenide) and a second chalcogenide of
Group 11 metals (hereinafter, referred to as a low melting point second chalcogenide)
having a melting point lower than that of the first chalcogenide are mixed in a single
particle and a precursor of at least one element selected from Groups 12 to 14 elements
onto a substrate to form a coating film; and b) heat tréating the coating film to prepare
a multinary chalcogenide. ' '

The low melting point second chalcogenide may have a melting point of 220 to
550°C. N | o o

The composite particle may contain 10 to 900 parts by weight of the high melting
point first chaléog‘enide based on 100 parts by weight of the low meltihg point second
chalcogenide. ' ‘ - o

A molar ratio of at least one element selected from Groups 12 to 14 elements and
contained in the ink to the Group 11 metal contained in the first and second
chalcogenides may be 1:0.7 to 1.2, R

The high melting point first vchalcog‘enide may include Cu,Se, and the low melting
point second chalcogenide may include CuSe, CuSe;, or a mixture thereof.

“The composite particle including the first and second chalcogenides may be prepared
b‘y preparing a first solution containing a precursor of a Group 11 metal and a second
solution containing a surfactant, which is trioctylphosphine, trioctylphosphineoxide,

acid, or a mixture thereof, and a chalcogenide precursor and then injecting the first
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solution into the second solution having a temperature of 160 to 240°C.

The heat treatment may be performed at 400 to 550°C.

The heat treatment may be performed under chalcogen atmosphere.

The precursor of at least one element selected from Groups 12 to 14 elements may be
chloride, nitrate, sulfate, acetate, phosphate, silicate, or hydrochloride of one or at least
two elements selected from the Groups 12 to 14 elements, or a mixture thereof.

The precursor of at least one element selected from Groups 12 to 14 elements may be
a third chalcogenide of one or at least two elements selected from Groups 12 to 14
elements.

The third chalcogenide may include one or at least two particles selected from (In,Ga
1.4(S,Seyy)s particles, (InyGa,..)(S,Se,,) particles, (In,Ga,4)s(S,Se,.,); particles, (In,Ga
i-0e(SySey ) particles, (IngGa,4),(S,Se,)s particles, and (In,Ga,)s(S,Se.,); particles
(x and y are real numbers satisfying the following Equations, respectively: 0<x<1 and
0<y<1); or include one or at least two particles selected from Sn(S,Se,.,) particles, Sn,
(S,Se,.,); particles, and Sn(S,Se,.,), particles (y is a real number satisfying the
following Equation: 0<y<1) and Zn(S,Se,.,) particles (y is a real number satisfying the
following Equation: 0<y<1).

A single phase multinary chalcogenide may be formed by the heat treatment.

In another general aspect, there is provided an ink including: copper nanoparticles;
and chalcogenide particles of one or at least two elements selected from Groups 12 to
14 elements. In this case, the ink may be’ink for a photo active layer of a solar cell.

In another general aspect, there is provided a fabrication method of a photo active
layer for a solar cell, the fabrication method inc]uding:' a) coating ink containing
copper nanoparticles; and chalcogenide particles-of one or at-least two elements
selected from Groups 12 to 14 elements onto a substrate to form a coating film; and b)
heat treating the coating film to prepare a multinary chalcogenide film of copper and
one or at least two elements selected from Groups 12 to 14 elements.

The Group 12 element may include zinc (Zn), the Group 13 element may be at least
one selected from indium and gallium, the Group 14 element may include Sn, and a
chalcogen element may be at least one selected from sulfur and selenium.

The chalcogenide particles may include chalcogen (S and/or Se) compound particles
of at least one selected from In and Ga. For example, the chalcogenide particles may
include one or at least two particles selected from (In,Ga,.()4(S,Se,.y); particles, (In,Ga
1-0(SySe,.,) particles, (In,Ga,..)s(S,Se..,); particles, (In,Ga,)o(S,Se, ), particles, (In,Ga
1-02(SySe,.,)s particles, and (In,Ga,.)s(S,Se..y); particles. In these chalcogenide
particles, x and y may be real numbers satisfying the following Equations, re-
spectively: 0<x<1 and O<y<1."

The chalcogenide particles may include chalcogen (S and/or-Se) compound particles
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of at least one selected from Sn and Zn. For example, the chalcogenide particles may
include a mixture of one or at least two particles selected from Sn(S,Se, ) particles, Sn
2(§,Se,)s particles, and Sn(S,Se,.,), particles and Zn(S,Se,.,) particles. In these
chalcogenide particles, each y may be a real number satisfying the following Equation:
O<y<lI.

A molar ratio of one or at least two elements selected from Groups 12 to 14 elements
and contained in the ink to copper may be 1:0.7 to 1.2.

The heat treatment may be performed at 400 to 550°C.

The heat treatment may be performed under chalcogen‘ atmosphere.

A single phase multinary chalcogenide may be formed by the heat treatment.

The copper nanoparticles may be copper nanoparticles prepared by heating and
stirring a copper precursor solution containing a copper precursor, acid, and amine and
then injecting a reducing agent thereinto to thereby be capped with acid and amine.

In another general aspect, there is provided a photo active layer for a solar cell
fabricated by the fabrication method as described above.

In another general aspect, there is provided a solar cell provided with a photo active

layer for a solar cell fabricated by the fabrication method as described above.

Advantageous Effects of Invention

With a fabrication method of a photo active layer according to the present invention,
a high quality multinary chalcogenide (photo active layer) may be prepared, a photo
active layer made of a single phase multinary chalcogenide may be fabricated at a tem-
perature within a process allowable temperature of 550°C or less, and a photo active
layer having compositional stability, excellent uniformity, and a dense micro structure
and composed of coarse grains méy be fabricated, by a 'sig'nificantly‘simple safe, and
easy process of coatmg ink containing composite partlcles in which a high meltmg
point first chalcogenide of Group 1 1 metals and a low melting point second
chalcogemde of Group 11 metals are mixed in a single particle and a precursor of at
least one element selected from Groups 12 to 14 elements and heat treating a coatmg
film at a low temperature. ‘ ‘

With a fabrication method of a photo active layer according to the present invention,
a high quality multinary chalcogenide (photo active layer) may be prepared a photo
active layer made of a single phase multinary chalcogenide may be fabricated at a tem-
perature within a process allowable temperature of 550°C or less, and a photo active
]ayer having excellent uniformity and a dense micro structure and composed of coarse
grains having a micrometer-order size may be fabricated, by a significantly simple,

safe, and easy process of coating ink containing copper nanoparticles and chalcogenide
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particles and heat treating a coating film at a low temperature.
Brief Description of Drawings

The above and other objects, features and advantages of the present invention will
become apparent from the following description of preferred embodiments given in
conjunction with the accompanying drawings, in which:

FIG. 1 is a view showing a result obtained by X-ray diffraction (XRD) analysis of
copper chalcogenide particles prepared in Preparation Example 1;

FIG. 2 is a scanning electron microscope (SEM) photograph of the copper
chalcogenide particles prepared in Preparation Example 1;

FIG. 3 is scanning electron microscope (SEM) photographs of a cross section of a
photo active layer fabricated in Preparation Example [; '

FIG. 4 is a view showing a result obtained by X-ray diffraction analysis of the photo
active layer fabricated in Preparation Example 1;

FIG. 5 is a view showing a result obtained by X-ray diffraction analysis of copper
chalcogenide particles prepared in Comparative Example 1;

FIG. 6 is a scanning electron microscope (SEM) photograph of the copper
chalcogenide particles prepared in Comparative Example 1;

FIG. 7 is a scanning electron microscope (SEM) photograph of a cross section of a
photo active layer fabricated in Comparative Example 1; '

FIG. 8 is scanning electron microscope (SEM) photographs of a surface of a photo
active layer fabricated in Comparative Example 4;

FIG. 9 is scanning electron microscope (SEM) photographs of a surface of a photo
active layer fabricated in Comparative Example 5; '

FIG. 10 is a view showing a result obtained by X-ray diffraction analysis of copper
chalcogenide particles prepared in Preparation Example 4;

FIG. 11 is a scanning electron microscope (SEM) photograph of the copper
chalcogenide particlés prepared in Preparation Example 4,

FIG. 12 is a scanning electron microscope (SEM) photograph of In,Se; synthesized

~ in Preparation Example 5;

FIG. 13 is a scanning electron microscope (SEM) photograph of a photo active layer
fabricated in Preparation Example 5 '

FIG. 14 is a view showing a result obtained by X-ray diffraction analysis of the photo
active layer fabricated in Preparation Example 5;

FIG. 15 is a view showing a result obtained by X-ray diffraction analysis of copper
chalcogenide particles prepared in Comparative Example 9;

FIG. 16 is a scanning electron microscope (SEM) photograph of the copper

chalcogenide particles prepared in Comparative Example 9;
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FIG. 17 is a scanning electron microscope (SEM) photograph of a photo active layer

fabricated in Comparative Example 9;
FIG. 18 is a scanning electron microscope (SEM) photograph of a surface of a photo

active layer fabricated in Comparative Example 10;

FIG. 19 is a scanning electron microscope (SEM) photograph of a surface of a photo
active layer fabricated in Comparative Example 11; |

‘FIG. 20 is a view showing an X-ray diffraction pattern of Cu nanoparticles syn-
thesized in Preparation Example 9; |

FIG. 21 is a scanning electron microscope (SEM) photograph of the Cu nanoparticles
synthesized in Preparation Example 9;

FIG. 22 is a scanning electron microscope (SEM) photograph of In,Se; synthesized
in Preparation Example 9,

FIG. 23 is a scanning electron microscope (SEM) photograph of the photo active
layer fabricated in Preparation Example 9 ‘

FIG. 24 a view showing an X-ray diffraction pattern of a photo active layer
fabricated in Preparation Example 9;

FIG. 25 is a view showing an X-ray diffraction pattern of CulnSe, particles prepared
in Comparative Example 12;

FIG. 26 is a scanning electron microscope (SEM) photograph of the CulnSe,
particles prepared in Comparative Example 12; and

FIG. 27 is a scanning electron fnicroscope (SEM) photograph of a cross section of a
photo active layér fabricated in Comparative Example 12.

Mode for the Inven_tioh -

Hereinafter, ink and a fabrication method of a photo active layer according to the
present invention will be described in detail with reference to accompanying drawings.
The drawings to be provided below are provided by way of example so that the idea of
the present invention can be sufficiently transferred to those skilled in the art to which
the present invention pertains. Therefore, the present invention is not limited to the
drawings to be provided below, but may be modified in many different forms. In
addition, the drawings to be provided below may be exaggerated in order to clarify the
scbpe of the present invention. Technical terms and scientific terms used in the present
specification have the general meaning understood by those skilled in the art to which
the present invention pertains unless otherwise defined, and a description for the
known function and configuration obscuring the present invention will be omitted in
the following description and the accompanying drawings.

The present applicant conducted further studies on a photo active layer of a

compound semiconductor based solar cell and found that in the case of using a
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composite particle in which a high melting point first chalcogenide of a Group 11
metal maintaining a solid phase in a heat treatment temperature and a low melting
point second chalcoge.nide of a Group 11 metal maintaining a liquid phase in the heat
treatment temperature are mixed with each other in a single particle as a raw material,
a hi gh quality photo active layer may be fabricated by heat treatment at a low tem-
perature of 550°C or less, which is a process allowable temperature, and a photo active
layer made of a single phase multinary chalcogenide, a dense and uniform photo active
layer, and a photo active layer composed of coarse grains may be fabricated.

In addition, the present applicant conducted further studies on a photo active layer of
a compound semiconductor based solar cell and found that a high quality photo active
layer may be fabricated by heat treatment at a low temperature of S50°C or less, which
is a process allowable temperature, and a photo active layer made of a single phase
multinary chalcogenide, a dense photo active layer, and a photo active layer composed
of coarse grains may be fabricated by performing a process of mixing and heat treating
chalcogenide particles between copper nanoparticles and elements configuring a photo
active layer to be fabricated except for copper.

Hereinafter, ink containing composite particles and a fabrication method of a photo
active layer using the composite particles will be described in detail.

The ink according to the present invention contains composite particles in which a
first chalcogenide of the Group 11 metal (hereinafter, referred to as the high melting
point first chalcogenide) and a second chalcogenide of the Group 11 metal having a
melting point lower than that of the high melting point first chalcogenide (hereinafter,
referred to as-the low melting point second chalcogenide) are mixed in the single
particle; and a precursor of at least one element selected from Groups 12 to 14
elements. In this case, the ink according to the present invention may be ink for a photo
active layer of a solar cell. ' o

In detail, the ink contains the chalcogenide of the Group 11 metals; and a precursor
of an element configuring of the photo active layer to be fabricated except for the
Group 11 metals and a chalcogen element, wherein the chalcogenide of the Group 11
metal contains the first chalcogenide of the group 11 metal and the second
chalcogenide of the Group 11 metal that have different melting points from each other.

In the ink according to an exemplary embodiment of the present invention, the high
melting point first chalcogenide may maintain the solid phase, and the low melting
point second chalcogenide may form a molten phase (liquid phase) at the heat
treatment temperature for fabricating the photo active layer for the solar cell.

In detail, the heat treatment temperature for fabricating the photo active layer for the
solar cell may be 400 to 550°C. Here, the high melting point first chalcogenide may
maintain the solid phase at 400 to 550°C, and the low melting point second
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chalcogenide may form the molten phase at 400 to 550°C.

In the ink according to the exemplary embodiment of the present invention, in order
to fabricate a single phase multinary chalcogenide film to be desired by reacting the
precursor contained in the ink with the chalcogenide of the Group 11 metal through the
heat treatment at the low temperature of 550°C or less and fabricate a uniform and
dense film, the low melting point second chalcogenide may have a melting point of
220 to 550°C. As the high melting point first chalcogenide, any chalcogenide of the
Group 11 metal maintaining a solid phase at a-heat treatment temperature, that is, a
temperature more than 550°C may be used. For example, the first chalcogenide may
have a melting point of 600 to 1200°C. ‘

In the ink according to the exemplary embodiment of the present invention, the high
melting point first chalcogenide and the low melting point second chalcogenide may be
mixed with each other in the single particle and may be homogeneously aggregated
with each other in a synthetic step to have a particle shape.

That is, the ink according to the exemplary embodiment of the present invention may
contain the composite particle in which the high melting point first chalcogenide
forming the solid phase at the time of heat treatment for fabricating the photo active
layer and the low melting point second chalcogenide forming the liquid phase at the
time of the heat treatment are homogeneously distributed in the single particle.

The ink according to the exemplary embodiment of the present invention contains the
low melting point second chalcogenide molten at the heat treatment temperature for
fabricating the photo active layer and the high melting point first chalcogenide
maintaining the solid phase at the heat treatment temperature and may include the -
composite particle in which the high melting point first chalcogenide and the low
melting point second chalcogenide are highly homogeneously distributed in the single
particle in the synthetic step. Therefore, the single phase multinary chalcogenide may
be rapidly and homogeneously formed by the second chalcogenide formed in the
molten phase and the first chalcogenide maintaining the solid phase, and a loss of the
chalcogen element is prevented, such that compositional stability may be obtained. In
the case in which the high melting point chalcogenide and low melting point
chalcogenide are independently synthesized and then physically mixed with each other
in a specific solvent to thereby prepare the ink, distribution of the molten phase in a
heat treatment process may be determined according to the distribution of the low
melting point chalcogenide after coating the ink, such that a non-uniform micro
structure of the finally fabricated photo active layer may be formed. Further, in the
case in which the ink is prepared based on only the low melting point chalcogenide
without using the high melting point chalcogenide, evaporation of crystalline phases

having low melting points may be generated due to excessive formation of the molten
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phase during the heat treatment after coating the ink, such that it may be difficult to
control a composition of the finally fabricated photo active layer.

In the ink according to the exemplary embodiment of the present invention, the
composite particle in which the high melting point first chalcogenide and the low
melting point second chalcogenide are homogeneously mixed may be a nanoparticle
and have an average particle size of 5 to S00nm.

In the ink according to the exemplary embodiment of the present invention, the
Group !l metal may include copper, and the chalcogenide of the Group 11 metal may
be a copper chalcogenide. In addition, the first chalcogenide may be a first copper
chalcogenide, and the second chalcogenide may be a second copper chalcogenide
having a melting point lower than that of the first copper chalcogenide. The first and
second copper chalcogenides may be crystalline phases, respectively, have different
crystalline phases from each other, and have different melting points from each other
by the different crystalline phases. |

In the ink according to the exemplary embodiment of the present invention, the first
chalcogenide may include Cu,Se, and the second chalcogenide may include CuSe,
CuSe,, or a mixture thereof. '

In the ink according to the exemplary embodiment of the present invention,
composite particle may contain 10 to 900 parts by weight of the first chalcogenide
based on 100 parts by weight of the second chalcogenide. In the case in which a weight
ratio of the second chalcogenide to the first chalcogenide is out of the above-
mentioned range, low temperature reactivity and film quality may be deteriorated by
the low melting point of the second chalcogenide, and a loss of the chalcogen element
may be generated. In the ink according to the exemplary embodiment of the present
invention, composite particle may contain 10 to 900 parts by weight of the first
chalcogenide, preferably 100 to 900 parts by weight of the first chalcogenide, and
more preferably 200 to 600 parts by weight of the first chalcogenide, based on 100
parts by weight of the second chalcogenide.

In the ink according to the exemplary embodiment of the present invention, the
chalcogenide (chalcogenide of the Group 11 metal) including the first and second
chalcogenides that are contained in the ink may be a chalcogeni'de prepared by
preparing a first solution containing a precursor of the: Group 11 metals and a second
solution containing the surfactant, which is trioctylphosphine, trioctylphosphine oxide,
acid, or a mixture thereof, and a chalcogen precursor and then injecting the first
solution into the second solution having a temperature of 160 to 240°C. -

The chalcogenide of the Group 11 metals may be prepared in a-composite particle
shape in which the first and second chalcogenides are homogeneously aggregated with
each other by the fabrication method of the chalcogenide as described above, and
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chalcogenide nanoparticles reacting with the precursor of at least one element selected
from Groups 12 to 14 elements to have a stable compositibn and including a dense film
of the single phase multinary chalcogenide formed thereon may be prepared by the
heat treatment at a low temperature of 550°C or less.

In the fabrication method of the chalcogenide as described above, a relative ratio of
the first and second chalcogenides in the synthesized chalcogenide may be controlled
by the temperature of the second solution into which the first solution is injected simul-
taneously with using trioctylphosphine, trioctylphosphine oxide, acid, or the mixture
thereof as the surfactant. Chalcogenide particles (composite particles) in which the
weight ratio of the first chalcogenide to the second chalcogenide is 10 to 900(first
chalcogenide): 100(second chalcogenide), preferably 100 to 900(first
chalcogenide): 100(second chalcogenide), more preferably 200 to 600(first
chalcogenide): 100(second chalcogenide) may be prepared by controlling the tem-
perature of the second solution to 160~240°C. A molar ratio of the surfactant may be
preferably 0.1 to 30 based on the precursor of the Group 11 metal.

In the fabrication method of the chalcogenide as described above, the precursor of
the Group 11 metal may include a copper precursor, wherein the Copper precursor may
be any one or at least two selected from copper chloride, copper nitrate, copper sulfate,
copper acetate, copper phosphate, copper silicate, and copper hydrochloride.

In the fabrication method of the chalcogenide as described above, the acid used as the
surfactant may be a saturated or unsaturated acid and have one or at least two shapes
selected from a linear shape, a branched shape, or a circular shape in which 6 to 30
carbon atoms are contained. Substantial examples of the acid may include one or at
least two acids selected from oleic acid, ricinoleic acid, stearic acid, hydroxy stearic
acid, linoleic acid, aminodecanoic acid, hydroxy decanoic acid, lauric acid, decanoic
acid, undecanoic acid, hexyldecanoic acid, hydroxy palmitic acid, hydroxy myristic
acid, palmitoleic acid, and myristoleic acid. -

In the fabrication method of the chalcogenide as described above, a solvent of the
first solution may be an amine based solvent, wherein the amine based solvent may be
a saturated or unsaturated amine and have one or at least two shapes selected from a
linear shape, a branched shape, or a circular shape in which 6 to 30 carbon atoms are
contained. As a substantial example, the amine based solvent may include one or at
least two solvents selected from diethyl amine, triethylamine, 1,3-propane diamine,
1,4-butane diamine, 1,5-pentane diamine, 1,6-hexane diamine, 1,7-heptane diamine,
1,8-octane diamine, diethylene diamine, diethylene triamine, toluene diamine, m-
phenylenediamine, diphenyl methane diamine, hexamethylene diamine, triethylene
tetramine, tetraethylenepentamine, hexamethylene tetramine, ethanolamine, di-

ethanolamine, triethanolamine, and oleylamine.
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In the fabrication method of the chalcogenide as described above, a molar con-
centration of the precursor of the Group 11 metal contained in the first solution may be
0.01 to 10M, and the first solution injected into the second solution may be in a state in
which it is heated to 100~200°C at the time of injection.

In the fabrication method of the chalcogenide as described above, the chalcogen
precursor may include a precursor of sulfur (S) and/or selenium (Se) and include sulfur
(S) and/or selenium (Se) powder. v

In the fabrication method of the chalcogenide as descrlbed above, a solvent of the
second solution may be an amine based solvent, independently from the solvent of the
first solution, wherein the amine based solvent may be a saturated or unsaturated amine
and have one or at least two shapes selected from a linear shape, a branched shape, or a
circular shape in which 6 to 30 carbon atoms are contained. As a substantial example,
the amine based solvent may include one or at least two solvents selected from diethyl
amine, triethylamine, 1,3-propane diamine, 1,4-butane diamine, 1,5-pentane diamine,
1,6-hexane diamine, 1,7-heptane diamine, 1,8-octane diamine, diethylene diamine, di-
ethylene triamine, toluene diamine, m-phenylenediamine, diphenyl methane diamine,
hexamethylene diamine, triethylene tetramine, tetraethylenepentamine, hexamethylene
tetramine, ethanolamine, diethanolamine, triethanolamine, and oleylamine.

In the fabrication method of the chalcogenide as described above, a molar con-
centration of the chalcogen precursor contained in the second solution may be 0.01 to
10M, and the molar ratio of chalcogen precursor(in the second solution) based on the
precursor of the group 11 metal(in the first solution) is 0.8 to 1.2, preferably 09to 1.1
at m1xmg of the first solution and the second solution.

In the fabrication method of the chalcogenide as described above, the surfactant,
which is trioctylphosphine, trioctylphosphine oxide, acid, or a mixture thereof, may be
contained in the second solution together with the chalcogen precursor, and the-
surfactant contained in the second solution may be added at a molar ratio of 0.1 to 30
based on the precursor of the group 11 metal.

In the fabrication method of the chalcogenide as described above, the chalcogenide
may be prepared by heating the second solution containing'th‘e chalcogen precursor to
160~240°C together with the surfactant, which is trioctylphosphine, trioctylphosphine
oxide, acid, or a mixture thereof, and instantaneously injecting the first solution heated
to 100~200°C into the second solution in a state in which the second solution is heated
to 160~240°C, followed by maintaining the temperature (160 ~240°C) of the second
solution for 30 minutes to 2 hours.

In the ink according to the exemplary embodiment of the present invention; a
precursor of one or at least two elements selected from Groups 12 to 14 elements

(hereinafter, referred to as a Groups 12 to 14 element precursor) is contained therein
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together with the composite particles of the first and second chalcogenides.

In the ink according to the exemplary embodiment of the present invention, a Group
12 element may include zinc (Zn), a Group 14 element may include tin (Sn), and a
Group 13 element may include one or at least two elements selected from indium (In)
and gallium (Ga). More specifically, the precursor of one or at least two elements
selected from Groups 12 to 14 elements may include a precursor of one or at least two
elements selected from Group 13 elements and/or a precursor of one or at least two
elements selected from each of the Groups 12 and 14 elements.

In the ink aécording to the exemplary embodiment of the present invention, the
Groups 12 to 14 element precursors may be a precursor dissolved in a solvent forming
a liquid medium of the ink. For example, the precursor may be chloride, nitrate,
sulfate, acetate, phosphate, silicate, or hydrochloride of one or at least two elements
selected from Groups 12 to 14 elements, or a mixture thereof.

As a specific example, in the case in which the photo active layer to be fabricated is
made of CI(S,Se) (Cu-In-(S,Se)), the Groups 12 to 14 element precursors may be
chloride, nitrate, sulfate, acetate, phosphate, silicate, and hydrochloride of In, or a
mixture thereof. '

As a specific example, in the case in which the photo active layer to be fabricated is
made of CIG(S,Se) (Cu-In-Ga-(S,Se)), the Groups 12 to 14 element precursors may
include one or at least two indium precursors selected from chloride, nitrate, sulfate,
acetate, phosphate, silicate, and hydrochloride of In and one or at least two gallium
precursors selected from chloride, nitrate, sulfate, acetate, phosphate, silicate, and hy-
drochloride of Ga. ) ' '

As a specific example, in the case in which the photo active layer to be fabricated is
made of CZT(S,Se) (Cu-Zn-Sn-(S,Se)), the Groups 12 to 14 element precursors may
include one or at least two zinc precursors selected from chloride, nitrate, sulfate,
acetate, phosphate, silicate, and hydrochloride of Zn and one or at least two tin
precursors selected from chloride, nitrate, sulfate, acetate, phosphate, silicate, and - hy-
drochloride of Sn.

In the ink according to the exemplary embodiment of the present invention, the
Groups 12 to 14 element precursor may be a third chalcogenide, which is a
chalcogenide of one or at least two elements selected from Groups 12 to 14 elements.
That is, the ink according to the exemplary embodiment of the present invention may
contain the composite particle in which the first chalcogenide of the Group 11 metal
(hereinafter, referred to as the high melting point first chalcogenide) and the second
chalcogenide of the Group 11 metal having a melting point lower than that of the high
melting point first chalcogenide (hereinafter, referred to as the low melting point

second chalcogenide) are mixed in the single particle; and the third chalcogenide of
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one or at least two elements selected from Groups 12 to 14 elements.

More spemfxcally the third chalcogenide may include a chalcogenide of one or at
least two elements selected from Group 13 elements and/or a chalcogenide of one or at
least two elements selected from each of the Groups 12 and 14 elements.

The Group 12 element may include zinc (Zn), the Group 14 element may include tin
(Sn), and the Group 13 element may include 6ne or at least two elements selected from
indium (In) and gallium (Ga).

In detail, the third chalcogenide contained in the ink may be a chalcogenide particle
containing all of the elements configuring the photo active layer to be fabricated except
for copper. .

As an example, in the case in Wthh the photo active layer to be fabricated is made of
CI(S,Se) (Cu-In-(S,Se)), the third chalcogenide may be a chalcogenide particle
containing In. As a substantial example, the chalcogenide particle containing In may be
an In-Se compound particle, an In-S compound particle, or an In-Se-S compound
particle. '

As an example, in the case in which the photo active layer to be fabricated is made of
CIG(S,Se) (Cu-In-Ga-(S,Se)), the third chalcogenide may be a chalcogenide particle
containing In-Ga. As a substantial example, the chalcogenide particle containing In-Ga
may be an In-Ga-Se compound particle, an In-Ga-S compound partlcle oran In-
Ga-Se-S compound particle.

As an'example, in the case in which the photo active layer to be fabricated is made of
CZT(S,Se) (Cu-Zn-Sn-(S,Se)), the third chalcogenide may be a chalcogenide particle -
containing Zn and Sn As a substantial example, the chalcogenide particles containing
Zn and Sn may be a mixed particle of at least one particle selected from a Sn-Se
compound particle, a Sn-S compound particle, and Sn-Se-S compound particle and at
least one particle selected from a Zn-Se compound partlcle aZn-S compound particle,
and Zn-Se-S compound particle.

A substantial example of the third chalcogenide may include one or at least two
particles selected from (In,Ga,.)(S,Se;.,); particles, (In,Ga,)(S,Se.,) particles, (In,Ga
1-06(S,Sey.)s particles, (In,Ga,.)o(S,Se., ) particles; (In,Ga,.)S,Se.,); particles, and
(In,Ga,.,)s(S,Se,.y), particles. Here, in the third chalcogenide particle, x and y are real
numbers satisfying the following Equations, respectively: 0<x<1 and 0<y<1. A sub-
stantial example of the third chalcogenide may include a mixture of one or at least two
selected from Sn(S,Se,.,) particles, Sn,(S,Se,.,); particles, and Sn(S,Se,.,), particles and
Zn(S,Se,.,) particles. Here, in the third chalcogenide particle, y is a real number
satisfying the following Equation: 0<y<1.

As a more substantial example, the third chalcogenide may include one or at least

two particles selected from an In,Se; particle, a Ga,S; particle, a ZnS particle, and a
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SnS particle.

In the ink according to the exemplary embodiment of the present invention, the third
chalcogenide particles may be nanoparticles in view of low temperature reactivity with
the copper nanoparticles and have an average particle size of 5 to 200nm.

In the ink according to the exemplary embodiment of the present invention, the third
chalcogenide particles may be amorphous chalcogenide particles. Therefore, the third
chalcogenide particles react with copper nanoparticles at a low temperature within the
process allowable temperature, such that the single phase multinary chalcogenide may

be rapidly and uniformly prepared.

In the ink according to the exémplary embodiment of the present invention, when the
photo active layer to be fabricated is made of CIGS (Cu-In-Ga-Se or Cu-In-Ga-S),
CIGSS (Cu-In-Ga-Se-S), CZTS (Cu-Zn-Sn-Se or Cu-Zn-Sn-S), or CZTSS

- (Cu-Zn-Sn-Se-S), a molar ratio of one or at least two elements selected from Groups

12 to 14 elements contained in the ink to the Group 11 metal contained in the first and
second chalcogenides may be 1:0.7 to 1.2, That is, a molar ratio of Groups 12 to 14
elements contained in the Groups 12 to 14 element precursors (including the third
chalcogenide) to the Group 11 metal contained in the chalcogenide (first and second
chalcogenides) may be 1:0.7to 1.2. ~

The ink according to the exemplary embodiment of the present invention may further
contain a solvent dissolving or dispersing a precursor of at least one element selected
from Groups 12 to 14 elements or dispersing the composite particle.

As the solvent contained in the ink, any solvent may be used as long as it contains a
particle phase and is used for a general ink composition used in a coating process. For
example, the solvent may contain one or at least two solvents selected from a non-
polar solvent, a polyol based solvent, an amine based solvent, a phosphine based
solvent, an alcohol based solvent, and a polar solvent.

A substantial example of the polyol based solvent may include one or at least two
solvents selected from diethylene glycol, diethylene glycol ethyl ether, diethylene
glycol butyl ether, triethylene glycol, polyethylene glycol (Mw: 200~100,000),
poly(ethylene glycol) diacrylate, poly(ethylene glycol) dibenzonate, dipropylene
glycol, dipropylene glycol, and glycerol. v '

A substantial example of the amine based solvent may include one or at least two
solvents selected from diethyl amine, triethylamine, 1,3-propane diamine, 1,4-butane
diamine, 1,5-pentane diamine, 1,6-hexane diamine, 1,7-heptane diamine, 1,8-octane
diamine, diethylene diamine, diethylene triamine, toluene diamine, m-
phenylenediamine, diphenyl methane diamine, hexamethylene diamine, triethylene

tetramine, tetraethylenépentamine, hexamethylene tetramine, ethanolamine, di-
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ethanolamine, and triethanolamine.

A substantial example of the phosphine based solvent may include one or at least two
solvents selected from trioctylphosphine, trioctylphosphineoxide, and acid.

A substantial example of the alcohol based solvent may include one or at least two
solvents selected from methyl cellosolve, ethyl cellosolve, butyl cellosolve, and
alcohols having 1 to 8 carbon atoms.

A substantial example of the non-polar solvent may include one or at least two
solvents selected from toluene, chloroform, chlorobenzene, dichlorobenzene, anisole,
xylene, and hydrocarbon based solvents having 6 to 14 carbon atoms.

A substantial example of the polar solvent may include one or at least two solvents
selected from formamide, diformamide, acetonitrile, tetrahydrofuran, dimethyl-
sulfoxide, acetone, a-terpineol, 3-terpineol, dihydro-terpineol, and water.

The ink according to the exemplary embodiment of the present invention may further
contain a dispersant and an organic binder.

As the dispersant and the organic binder, any dispersant and organic binder may be
used as long as they contain a particle phase and are used for a general ink composition
used in a coating process. | ‘

Examples of the dispersant may include one or at least two selected from low
molecular weight anionic corﬁpbunds such as fatty acid salts (soap), a-sulfofatty acid
ester salts (MES), alkyl benzene sulfonate (ABS), linear alkyl benzene sulfonate
(LAS), alkyl sulfonate (AS), alkyl ether sulfonate ester salts (AES), alkyl sulfonate
triethanol, and the like; low molecular weight non-ionic compounds such as fatty acid
ethanol amide, polyoxyethylenealkylether (AE), polyoxyethylenealkylphenylether
(APE), sorbitol, sorbitan, and the like; lower molecular weight cationic compounds
such as alkyltrimethyl ammonium salts, dialkyldimethyl ammonium chloride,
alkylpyridinium chloride, and the like; low molecular weight ampholytic compounds
such as a]kylcérboxybetaine;v sulfobetaine, and lecithin; high molecular weight aqueous
dispersants such as a condensate of naphthalene sulfonate with formalin, polystyrene

sulfonate, polyacrylate, copolymer salts of vinyl compounds and carboxylic acid based

monomer, carboxymethylcellulose, and polyvinylalcohol; high molecular weight non-
aqueous dispersants such as partial alkyl ester of polyacrylate and '
polyalkylenepolyamine; and high molecular cationic dispersants such as copolymers of
polyethyleneimine and aminoalkylmethacrylate.

As a non-restrictive example of the dispersant may be a commercialized product. For
example, EFKA4008, EFKA4009, EFKA4010, EFKA4015, EFKA4046, EFKA4047,
EFKA4060, EFKA4080, EFKA7462, EFKA4020, EFKA4050, EFKA4055,
EFKA4400, EFKA4401, EFKA4402, EFKA4403, EFKA4300, EFKA4330,
EFKA4340, EFKA6220, EFKA6225, EFKA6700, EFKA6780, EFKA6782, and
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EFKA8503 (manufactured by EFKA ADDITIVES B. V.), TEXAPHOR-UV2I and
TEXAPHOR-UV61 (manufactured by Cognis Japan Ltd.), DisperBYK101,
DisperBYK 102, DisperBYK 106, DisperBYK108, DisperBYK111, DisperBYK116,
DisperBYK130, DisperBYK140, DisperBYK142, DisperBYK145, DisperBYK161,
DisperBYK 162, DisperBYK163, DisperBYK164, DisperBYK166, DisperBYK167,
DisperBYK168, DisperBYK170, DisperBYK171, DisperBYK174, DisperBYK180,
DisperBYK 182, DisperBYK192, DisperBYK193, DisperBYK?2000, DisperBYK2001,
DisperBYK2020, DisperBYK2025, DisperBYK2050, DisperBYK2070,
DisperBYK2155, DisperBYK2164, BYK220S, BYK300, BYK306, BYK320,
BYK322, BYK325, BYK330, BYK340, BYK350, BYK377, BYK378, BYK380N,
BYK410, BYK425, and BYK430 (manufactured by Bigchemi Japan Co., Ltd.), FTX-
207S, FTX-212P, FTX-220P, FTX-220S, FTX-228P, FTX-710LL, FTX-750LL,
Ftergent212P, Ftergent220P, Ftergent222F, Ftergent228P, Ftergent245F,
Ftergent245P, Ftergent250, Ftergent251, Ftergent710FM, Ftergent730FM,
Ftergent730LL, Ftergent730LS, Ftergent750DM, and Ftergent750FM (manufactured
by Neos Co., Ltd), MEGAFACE F-477, MEGAFACE 480SF, or MEGAFACE F-482
(manufactured by DIC Corp.) may be used. o ‘

An example of the organic binder may include one or at least two selected from
polyvinyl alcohol.(PVA), pdlyvinyl butyral (PVB), polyvinyl pyrrolidone (PVP),
polyvinylidene difluoride (PVDF), a self-cross linking acrylic resin ¢mulsi0n; hydroxy
ethyl cellulose (HEC), carboxy methyl cellulose (CMC), styrene butadiene rubber
(SBR), a copolymer of C1-10 alkyl(meth)acrylate and unsaturated carboxylic acid, ni-
trocellulose, gelatine, thiXoton, starch, polyether-polyol, amine terminated polystyrene
(PS-NH,), hydroxycellulose, methylcellulose, ethylcellulose, ethylhydroxyethyl-
cellulose, polyefhyleneoxide;'p'olyurethane, a resin including a carboxyl group, a
phenolic resin, a mixture of ethylcellulose and a phenolic résin; an ether pol‘ymer, a
methacrylate polymer, a copolymer having an ethylenically unsaturated group, ethyl-
cﬂellu'lose based materiéls, acrylate based material, and epoxy resin based materials.

The ink according to the exemplary embodiment of the present invention may
contain 200 to 900 parts by weight of the solvent based on 100 parts by welght of the
particle phase including the first and second chalcogenides.

In the case in which the ink according to the exemplary embodiment‘of the present
invention further contains the dispersant and the organic binder, the ink may contain
0.5 to 10 parts by weight of the dispersant and 0.5 to 10 parts by weight of the organic
binder, based on 100 parts by weight of the particle phase 1ncludmg the first and
second chalcogenides. ' :

The content of the solvent, and selectively, contents of the dispersant and the organic

binder based on the particle phase including the first and second chalcogenides may be
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contents at which the coating process may be smoothly performed, and deterioration of
mechanical strength for maintaining a shape of a film, deterioration of adhesive force
with a substrate onto which the ink is coated, deterioration of quality of the film by
organic materials dissolved and removed at the time of drying and heat-treatment may
be prevented. '

Hereinafter, a fabrication method of a photo active layer for a solar cell using the
above-mentioned ink will be described in detail. |

The fabrication method of a photo active 1ayer for a-solar cell according to another
exemplary embodiment of the preSént invention includes: a) coating the above-
mentioned ink containing the composite particle in which the first chalcogenide of the
Group 11 metal and the se_cond chal'cogenidé of the Group 11 metal having a melting
point lower than that of the first chalcogenide are mixed in the single particle and the
precursor of at least one element selected from Groups 12 to 14 elements onto a
substrate to form a coating film; and b) heat-treating the coating film to fabricate a
multinary chalcogenide film of the Group 11 metal, a chalcogen element, and one or at
least two elements selected from the Groups 12 to 14 elements.

As described above, in the case in which the precursor of at 'least one element -
selected from the Groups 12 to 14 elements is a third chalcogenide of one or at least
two element selected from the Groups 12 to 14 elements, the fabrication' method of a
photo active layer for a solar cell according to another .exemplary embodiment of the
present invention may include: a) coating the above-mentioned ink containing the
composite particle in which the first chalcogenide of the Group 11 metal and the
second chalcogenide of the Group 11 metal having a melting point lower than that of
the high melting point first chalcogenide are mixed in the single particle and the third
chalcogenide of one or at least two element selected from Groups 12 to 14 elements
onto a substrate to form a coating film; and b) h‘eat-t"reating‘the édating film to
fabricate a mu]tinary chalcogenide film of the Group 11 metal and one or at least two
elements selected from the Groups 12 to 14 elements. ' |

Since a general corripbund s‘er‘niconductdr (CIG(S,Se)) or CZT(S,Se)) based photo
active layer is made of a multinafy compound, a fabrication process thereof is sig-
nificantly complicated. As a physica1 fabrication method of a thin film, there are an
evaporation method and a sputtering-selenization method, and as a chemical fab-
rication method thereof, there is an electro-deposition method. Tn each method, various
fabrication methods are used according to the kind of raw materials.

However, in the fabrication method accordirig to the present invention, gas-phase
organic metal compounds of which cost is expensiVe and handling is difficult or an
ekpensivé vacuum equipment are not used, and a highly complicated process such as
multilayer deposition is not needed. That is, in the fabrication' method according to the
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present invention, a high quality multinary chalcogenide (photo active layer) may be
prepared by a significantly simple, safe, and easy process of coating the ink containing
the composite particle of chalcogenides (first and second chalcogenides) of the Group
11 metals that have different melting points from each other and the precursor material
configuring the photo active layer to be fabricated and heat treating the coating film at
a low temperature.

In addition, in the fabrication method according to the present invention, the photo
active layer is fabricated using the above-mentioned ink, such that a photo active layer
made of a single phase multinary chalcogenide may be fabricated at a temperature .
lower than the prdces_s allowable temperature of 550°C or less, and a photo active layer
héving excellent uniformity and a dense micro structure may be fabricated.

In the fabrication method of a photo active layer for a solar cell according to the
exemplary embodiment of the present invention, the substrate onto which the ink is
coated rhay include a laminated substrate in which a back contact generally used in a
solar cell field is laminated on an insulating substrate generally used in the solar cell
field. As an example of the insulating substrate, there is a glass substrate, a sodalime
glass substrate, a ceramic substrate, or a semiconductor substrate. As an example of the
back contact formed on the insulating substrate, there is-a molybdenum (Mo) layer.

In the fabrication method ofa photo active layer for a solar cell according to the
exempléry embodiment of the present invention; the coating of the ink may be
performed by-one or at least two methods selected from a spin coating method, a bar
coating method, a dip coating method, a drop casting method, an ink-jet printing
method, a micro-contact printing method, an imprinting method, a gravure printing
method, a gravure-offset printing method, a flexography printing method, and a screen
printing method. ' '
- In the fabrication method of a photo active layer for a solar cell according to the
exemplary embodiment of the present invention, after step a) and before step b), drying
the coating film may be further performed. The drying is to evaporate and remove a
liquid phase contained in the coating film, and any drying method may be used as long
as the method may be generally used in a field in which a film is formed by coating
ink. As a non-restrictive example, the drying of the coating film may be performed at
60 to 90°C in the air. | ’
- In the fabrication method of a photo active layer for a solar cell according to the
exemplary embodiment of the present invention, the heat treatment of the coating film
formed by coating ink onto the substrate may be performed at 400 to 550°C, preferably
500 to 530°C. . : :

In the fabrication method of a photo active layer for a solar cell according to the

exemplary embodiment of the present invention, densification of the film, crystal
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growth, phase transition into the single phase multinary chalcbgenide may be
performed by heat treatment of the coating film. That is, the coating film is heat
treated, such that the phase transition into the single phase of the desired multinary
chalcogenide may be performed by reaction between the copper and elements con-
figuring the photo active layer to be fabricated except for copper.

As described above, the pure single phase multinary chalcogenide is formed by phase
transition, such that a multinary chalcogenide film having significantly dense, stable,
and hofnogeneous composition may be fabricated at a low heat treatment temperature
within the process allowable temperature of 550°C or less at which mechanical strength
of the glass substrate generally used as the insulating substrate for a solar cell is
maintained. |

In the fabrication method according to the present invention, the heat treatment of the
coating film may be performed under chalcogen atmosphere. The chalcogen at-
mosphere includes an atmosphere in which sulfur (S), selenium (Se), or a mixed gas
thereof are present.

In detail, the coating film may be heat treated while supplying chalcogen containing
gas or heat treated together with chalcogen powder to use the chalcogen powder as a
source of chalcogen gas. ' ’ '

In more detail, the coating film may be heat treated under chalcogen atmosphere
containing sulfur (S), selenium (Se), or a mixed gas thereof. In this case, the chalcogen
gas atmosphere may be formed by supplying gas containing a chalcogen element (S,
Se) such as H,S or H,Se, evaporating the chalcogen element (S, Se) and then supplying
the evaporated chalcogen element, or heat treating the chalcogen powder, which is a
powder phase of the chalcogen element, together with the coating film to use the
chalcogen powder as the source of the chalcogen gas.

As a substantial example, in the case of sﬁpplying the chalcogen gas, chalcogen
containing gas including H,S or H,Se, chalcogen element (S, Se) vapor, or a mixed gas
thereof may be supplied at a flow of 5 to 300 sccm.

As a substantial example, in the case of evaporating chalcogen powder itself
containing S powder, Se powder, or a mixed powder thereof to form the chalcogen at-
mosphere in a chamber in which the heat treatment of the coating film is performed, a
temperature at which the chalcogen powder is heated may be the same as or different
from that of the coating film on which heat treatment is p’erforrhed.

More specifically, in the case in which the chalcogen powder is used as the source of
the chalcogen gas, the chalcogen powder may be heated to 80~250°C.

In the case in which the chalcogen powder is used as the source of the chalcogen gas,
the chalcogen powder in a heat treatment apparatus may be positioned on a region

different from a region on which the coating film is positioned. In this case, the heat
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treatment may be performed using an apparatus provided with a heater and a controller
so that at least two uniform zones may be each independently formed in a single heat
treatment space in which fluid may flow, and a heating temperature of the chalcogen
powder may be adjusted by adjusting a position on which the chalcogen powder is po-
sitioned in a general heat treatment apparatus forming a single uniform zone.

The heat treatment of the coating film may be performed under any pressure, but as a
non-restrictive example, the heat treatment may be performed under vacuum or at-
mospheric pressure.

In the fabrication method of a photo active layer for a solar cell according to the
exemplary embodiment of the present invention, the multinary chalcogenide may
include Culn,Ga, Se,S,,(x and y are real numbers satisfying the following Equations,
respectively: 0<x<1 and 0<y<1) and Cu,Zn,Sn,,(Se,S,.,)s (z and y are real numbers
satisfying the following Equations, respectively: 0<z<2 and 0<y<1).

As an example, a single phase multinary chalcogenide represented by Culn,Ga,_Se,
(x is a real number satisfying the following Equation: 0<x<1) may be prepared using
ink containing composite particles in which a first chalcogenide (Cu,Se) and a second
chalcogenide (CuSe) are'mixed in a single particle and a precursor of In and/or Ga. In
this case, as described above, a molar ratio of In and/or Ga (In and/or Ga of the
precursor) to Cu (Cu contained in the composite particle of the first and second
chalcogenides) that are contained in the ink may be 1:0.7 to 1.2

As an example, a single phase multinary chalcogenide represented by Cu,Zn,Sn,.,Se,
(z is a real number satisfying the following Equation: 0<z<2) may be prepared using
ink containing composite particles in which the first chalcogenide (Cu,Se) and the
second chalcogenide (CuS.e) are mixed in a single particle and the precursor of Zn and/
or Sn. In this case, as described above, a molar ratio of Zn and/or Sn (Zn and/or Sn of
the precursor) to Cu (Cu contained in the composite particle of the first and second
chalcogenides) that are contained in the ink may be 1:0.7to 1.2, wherein a molar ratio
of Zn to Sn may satisfy the composition of the desired photo active layer (for example,
Zn: Sn=z: 2-z, where z is a real number satisfying the following Equation: 0<z<2).

As an example, a single phase multinary chalcogenide (CulnSe,) may be prepared
using ink containing composite particles in which the first chalcogenide (Cu,Se) and
the second chalcogenide (CuSe) are mixed in a single particle and chalcogenide (In,Se;
) particles. / ) '

As an example, a single phase multin'ary chalcogenide represented by Culn,Ga,,Se,S
1y (x and y are real numbers satisfying the following Equations, respectively: 0<x<1
and 0<y<1) may be prepared using ink containing composite particles in which the
first chalcogenide (Cu;Se) and the second chalcogenide (CuSe) are mixed in a single

particle and third chalcogenide particles, which are mixed particles of chalcogenides
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represented by In,Se; and Ga,S;. In this case, a molar ratio of In and Ga (In and Ga of
the chalcogenide particle) to Cu (Cu of the copper particle) that are contained in the
ink may be 1:0.7 to 1.2, wherein a molar ratio of In to Ga may depend on a molar ratio
(x:1-x) of In to Ga of the multinary chalcogenide to be prepared.

As an example, a single phase multinary chalcogenide represented by Cu,Zn,Sn,.,
(Se,S1.)4 (m and n are real numbers satisfying the following Equations, respectively:
0<m<2 and 0<n<1) may be prepared using ink containing composite particles in
which the first chalcogenide (Cu,Se) and the second chalcogenide (CuSe) are mixed in
a single particle; and third chalcogenide particles, which are mixed particles of
chalcogenides represented by ZnS,Se,., (y is a real number satisfying the following
Equation: 0<y<1) and SnS,Se,, (y is a real number satisfying the following Equation:
0<y<1). In this case, a molar ratio of Zn and Sn (Zn and Sn of the chalcogenide
particle) to Cu (Cu of the copper particle) that are contained in the ink may be 1:0.7 to
1.2, wherein a molar ratio of Zn to Sn may depend on a molar ratio (m:2-m) of Zn to
Sn of the multinary chalcogenide to be prepared. |

Hereinafter, ink containing copper nanoparticles and a fabrication method ofa photo
active layer using the copper nanoparticles will be described in detail.

The ink according to the présent invention contains copper nanoparticles; and
chalcogenide particles of one or at least two elements selected from Groups 12 to 14
elements. In this casé, the ink according to the present invention may be ink for a photo
active layer of a solar cell.

In detail, the copper particle contained in the ink is a nanoparticle having a nano size
in order to obtain driving force for sintering and low temperature reactivity with the
chalcogenide particle. As a substantial example, the copper nanoparticles may have an
average particle size of 5 to 200nm and have uni-modal, bi-modal, or multi-modal dis-
tribution. Here, in the case in which the copper nanoparticles have the bimodal or
multi-modal distribution, central points of the peaks may be each independently 5 to
200nm. o ' ‘ | '

In detail, the chalcogenide particles contained in the ink is chalcogenide particles
containing all of the elements configuring the photo active layer to be fabricated except
for copper.
~ As an example, in the case in which the photo active layer to be fabricated is made of
CI(S,Se) (Cu-In-(S,Se)), the chalcogenide particle may be a chalcogenide particle
containing In. As a substantial example, the chalcogenide particle containing In may be
an In-Se compound particle, an In-S compound particle, or an In-Se-S compound
particle.

As an example, in the case in which the photo active layer to be fabricated is made of
CIG(S,Se) (Cu-In-Ga-(S,Se)), the chalcogenide particle may be a chalcogenide
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containing In-Ga. As a substantial example, the chalcogenide particle containing In-Ga
may be an In-Ga-Se compound particle, an In-Ga-S compound particle, or an In-
Ga-Se-S compound particles.

As an example, in the case in which the photo active layer to be fabricated is made of
CZT(S,Se) (Cu-Zn-Sn-(S,Se)), the chalcogenide particle may be a chalcogenide
particle containing Zn and Sn. As a substantial example, the chalcogenide particle
containing Zn and Sn may be a mixed particle of at least one particle selected from a
Sn-Se compound particle, a Sn-S compound particle, and Sn-Se-S compound particle
and at least one particle selected from a Zn-Se compound particle, a Zn-S compound
particle, and Zn-Se-S compound particlc.'

A substantial example of the chalcogenide particle may include one or at least two
particles selected from (In,Ga, 4)4(S,Se,.,); particles, (InyGa,..)(S,Se,.,) particles, (In,Ga
1-06(S,Se1.y)7 particles, (InyGay.)o(SySeiy)1) particles, (InGa,)2(S,Se,.,)s particles, and
(In,Ga,.)s(S,Se,.y); particles;. Here, in the chalcogenide particle, x and y are real
numbers satisfying the following Equations, respectively: 0<x<1 and 0<y<1. A sub-
stantial example of the chalcogenide particle may include a mixture of one or at least
two selected from Sn(S,Se,.,) particles, Sny(S,Se,.,); particles, and Sn(S,Se, ,), particles
and Zn(S,Se,.,) particles. Here, in the chalcogenide particle, y'is a real number
satisfying the following Equation: 0<y<1.

A more substantial example of the chalcogenide particle may include one or at least
two particles selected from an In,Se; particle, a Ga,S; particle, a ZnS particle, and a
SnS particle. - g ‘ ‘ ‘

In the ink according to the vexemplary embodiment of the present invention, the
chalcogenide particles may be nanoparticles in view of low temperature reactivity with
the coppef nanoparticles and have an average particlé size-of 5 to 200nm. In this case,
the chalcogenide particle may have uni-modal, bi-modal, or multi-modal distribution.

In the ink according to the exemplary embodiment of the present invention, in order
to prepare the single phase multinary chalcogenide by reacting the copper
nanoparticles with the chalcogenide particles at a low heat treatment temperature of
550°C or less, which is the process allowable temperature, and prepare the multinary
chalcogenide composed of coarse grains, the average particle size of the chalcogenide
particle may be smaller than that of the copper nanoparticles.

As a substantial example, in order to prepare a single phase multinary chalcogenide
having an average grain size of micrometer-order at a low heat treatment temperature,
the average particle size of the chalcogenide particle may be preferably 1/100 or 1/10
of the average particle size of the copper nanoparticles. '

As a more substantial example, the ‘average particle size of the chalcogenide particles

may be 1 to 20nm, and the average particle size of the copper nanoparticles may be 10
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to 200nm.

In the ink according to the exemplary embodiment of the present invention, the
chalcogenide particles may be amorphous chalcogenide particles. Therefore, the
chalcogenide particles react with copper nano particles at a low temperature within the
process allowable température, such that the single phase multinary chalcogenide may
be rapidly and uniformly prepared.

In the ink according to the exemplary embodiment of the present invention, the
copper nanoparticles contained in the ink may be copper hanoparticles prepared by
heating and stirring a copper precursor solution containing a copper precursor, acid,
and amine and then injecting a reducing agent thereinto to thereby be capped with acid
and amine.

The copper nanoparticles prepared by heating the copper precursor solution simul-
taneoﬁsly containing the copper precursor, acid, and amine and then injecting the
reducing agent thereinto are capped with acid and amine, such that formation of a
surface oxide film on the particles may be prevented at the time of forming the copper
nanoparticles. In addition, formation of a surface oxide film on the particles may be
prévented regardless of a storage state and storage time of the ink, thereby making it
possible to significantly prevent reactivity from being deteriorated by the surface oxide
film of the copper nanoparticles. | '

At the time of pfeparing the copper nanoparticles, the copper precursor may be one
or at least two selected from inorganic salts consisting of copper nitrate, copper sulfate,
copper acetate, copper phosphate, copper silicate, and copper hydrochloride.

At the time of preparing the copper nanoparticles, the acid contained in the copper
precursor solution may be a saturated or unsaturated acid and have one or at least two
shapes selected from a linear shape, a branched shape, or a circular shape in which 6 to
30 carbon atoms are contained. Substantial examples of the acid contained in the
copper precursor solution may include one or at least two acids selected from oleic
acid, riqinoleic acid, stearic acid, hydroxy stearic acid, linoleic acid, aminodecanoic
acid, hydroxy decanoic acid, lauric acid, decanoic acid, undecanoic acid,
hexyldecanoic acid, hydroxy palmitic acid, hydroxy myristic acid, palmitoleic acid,
and myristoleic acid. o

“In this case, in the copper precursor solution, a molar ratio between the copper
precursor and the acid may be lr(copper precursor):0.2 to 4 (acid). The molar ratio of
acid to the copper precursor is a ratio at which the copper nanoparticles may be
prepared in a shape in which the particles are capped with acid and amine while
preventing formation of the surface oxide film and perfectly performing the capping.
That is, when the molar ratio of the acid to the precursor is less than 0.2, the capping

may not be perfectly performed, such that cupper that is not partially capped may be
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oxidized, and when the molar ratio is more than 4, all of the capping agents may not be
reacted but coagulated with each other, such that it is impossible to obtain the capped
particles.

At the time of preparing the copper nanoparticles, amine contained in the copper
precursor solution may serve as a solvent as well as the capping agent together with
acid. The amine as the capping agent and the solvent may be a saturated or unsaturated
amine and have one or at least two shapes selected from a linear shape, a branched
shape, or a circular shape in which 6 to 30 carbon atoms are contained. A substantial
example of the amine contained in the copper precursor solution may include one or at
least two amines selected from hexyl amine, heptyl amine, octyl amine, dodecyl amine,
2-ethylhexyl amine, 1,3-dimethyl-n-butyl amine, and 1-aminotridecane.

In this case, in the copper precursor solution, a molar ratio between the copper
precursor and the amine may be 1 (copper precursor):5 to 15 (amine). The molar ratio
of the amine to the precursor is a ratio at which the amine may serve as the solvent and
the capping agent and form a capping film together with the acid so that formation of
the surface oxide film is prevented.

At the time of preparing the copper nanoparticles, the reducing agent may include
one or at least two materials selected from hydrazine, phenylhydrazine, tetrabutyl -
ammonium borohydride, tetramethyl ammonium borohydride, tetraethyl ammonium
borohydride, sodium phosphate, sodium borohvydride, and ascorbic acid. -

" At the time of preparing the copper nanoparticles, the copper precursor solution may
be heated and stirred to 100~240°C, preferably 140~240°C, and the reducing agent may
be injected thereto in a state in which the copper precursor solution is heated
(100~240°C). | |
~ At the time of preparing the copper nanoparticles, 80 to 200 parts by weight of the
reducing agent may be injécted based on 100 parts by weight of the copper precufsor
solution heated to a temperature of 100~240°C.

The reducing agent is'injected after heating the copper precursor solution simul-
taneouSly containing the copper precursor, the amine, and the acid to the temperature
of 100~240°C, such that the copper particles capped with acid and amine may be
prepared at a nano size, and copper nanoparticles (cappéd copper nanoparticles) having
a uniform spherical shape may be prepared. Further, the reaction is carried out by
injecting amine and the acid are injected at a time, such that the process may be
simplified, and an oxide film that may be formed when the copper nanoparticles are
capped with only amine may be perfectly prevented, thereby making it possible to-
prepare copper nanoparticle on which the surface oxide film is not at all present.

The ink according to the exemplary embodiment of the present invention may further

contain a solvent forming a dispersion medium of the copper nanoparticles and the
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chalcogenide particles.

As the solvent forming the dispersion medium, any solvent may be used as long as it
contains a particle phase and is used for a general ink composition used in a coating
process one or at least two solvents selected from a non-polar solvent, a polyol based
solvent, an amine based solvent, a phosphine based solvent, an alcohol based solvent,
and a polar solvent. S

A substantial example of the polyol based solvent may include one or at least two -
solvents selected from diethylene lecol, diethylene glycol ethy! ether, diethylene
glycol butyl ether, triethylene glycol, polyethylene glycoi (Mw: 200~100,000),
poly(ethy]ene‘ glycol) diacrylate, poly(ethylene glycol) dibenzonate, dipropylene
glycol, dipropylene glycol, and glycerol; '

A substantial example of the amine based solvent may include one or at least two
solvents selected from diethyl amine, triethylamine, 1,3-propane diamine, 1,4-butane
diamine, 1,5-pentane diamine, 1,6-hexane diamine, 1,7-heptane diamine, 1,8-octane
diamine, diethylene diamine, diethylene triamine, toluene diamine, m-
phenylenediamine, diphenyl methane diamine, hexarﬁethylene diamine, triethylene
tetramine, tetracthylenepentamine, hexamethylene tetramine, ethanolamine, di-
ethanolamine, and triethanolamine. ‘ :

A substantial example of the phosphine based solvent may include one or at least two
solvents selected from trioctylphosphine and trioctylphosphineoxide.

* A substantial example of the alcohol based solvent may include one or at least two
solvents selected from methyl cellosolve, ethyl cellosolve, butyl cellosolve, and
alcohol having 1 to 8 carbon atoms. '

A substantial example of the non-polar solvent may include one or at least two
solvent selected from t_oluerie, chloroform, chlorobenzenc, dichlorobenzene, anisole,
xylene, and hydrocarbon based solvents having 6 to 14 carbon atoms.”

" A substantial example of the polar solvent may include one or at least two solvents
selected from formamide, diformamide, acetonitrile, tetrahydrofuran, dimethyl-
sulfoxide, acetone, a-terpineol, B—terpineol, dihydro-terpineol, and water.

The ink according to the exemplar‘y embodiment of the present invention may further
contain a dispersant and an organic binder. v '

As the dispersant and the organic binder, any dispersant and organic binder may be
used as long as they contain a particle phase and are used for a general ink composition
used in a coating process.

Examples of the dispersant may include one or at least two selected from low
molecular weight anionic compounds such as fafty acid salts (soap), a-sulfofatty acid
ester salts (MES), alkyl benzene sulfonate (ABS), linear alkyl benzene sulfonate
(LAS), alkyl sulfonate (AS), alkyl ether sulfonate ester salts (AES), alkyl sulfonate
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triethanol, and the like; low molecular weight non-ionic compounds such as fatty acid
ethanol amide, polyoxyethylenealkylether (AE), polyoxyethylenealkylphenylether
(APE), sorbitol, sorbitan, and the like; lower molecular weight cationic compounds
such as alkyltrimethyl ammonium salts, dialkyldimethylammonium chloride,
alkylpyridinium chloride, and the like; low molecular weight ampholytic compounds
such as alkylcarboxybetaine, sulfobetaine, and lecithin; high molecular weight aqueous
dispersants such as a condensate of naphthalene sulfonate with formalin, polystyrene
sulfon(a_te, polyacrylate, copolymer salts of vinyl compounds and carboxylic acid based
monomer, ceirboxymethylcellulose, and polyv.inylalcohol;‘high molecular weight non-
aqueous dispersants such as partial alkyl ester of polyacrylate and
polyalkylenepolyamine; and high molecular cationic dispersants such as copolymers of
polyethyleneimine and aminoalkylmethacrylate.

As a non-restrictive example of the dispersant may be a commercialized product. For
example, EFKA4008, EFKA4009, EFKA4010, EFKA4015, EFKA4046, EFKA4047,
EFKA4060, EFKA4080, EFKA7462, EFKA4020, EFKA4050, EFKA4055,
EFKA4400, EFKA4401, EFKA4402, EFKA4403, EFKA4300, EFKA4330,
EFKA4340, EFKA6220, EFKA6225, EFKA6700, EFKA6780, EFKA6782, and
EFKA8503 (manufactured by EFKA ADDITIVES B. V.), TEXAPHOR-UV21 and
TEXAPHOR-UV61 (manufactured by Cognis Japan Ltd.), DisperBYK101,
DisperBYK102, DisperBYK106, DisperBYK108, DisperBYK111, DisperBYK116,
DiéperBYK130, DisperBYK140, DisperBYK142, DisperBYK145, DisperBYK 161,
DisperBYK 162, DisperBYK163, DisperBYK 164, DisperBYK 166, DisperBYK 167,
DisperBYK 168, DisperBYK 170, DisperBYK171, DisperBYK 174, DisperBYK180,
stperBYK182 DlsperBYK192 DisperBYK193, DlsperBYKZOOO D15perBYK2OOl
DlsperBYKZOZO DisperBYK?2025, DlsperBYKZOSO DisperBYK2070, '
D1sperBYK2155, DisperBYK2164, BYK220S, BYK300, BYK306, BYK?320,
BYK322, BYK325, BYK330, BYK340, BYK350, BYK377, BYK378, BYK380N,
BYK410, BYK425, and BYK430 (manufactured by Bigchemi Japan Co., Ltd.), FTX-
2078, FTX-212P, FTX-220P, FTX-220S, FTX-228P, FTX-710LL, FTX-750LL,
FtergéntZIZP, Ftergent220P, Ftergent222F, Ftergent228P, Ftergent245F,‘
Ftergent245P, Ftergent250, Ftergent251, Ftergent710FM, Ftergen’t730FM,
Ftergent730LL, Ftergent730LS, Ftergent750DM, and Ftergent750FM (manufactured
by Neos Co., Ltd), MEGAFACE F-477, MEGAFACE 480SF, or MEGAFACE F-482
(manufactured by DIC Corp.) may be used. h

" An example of the organic binder may include one or at least two selected from
polyvinyl alcohol (PVA), polyvinyl butyral (PVB), polyvinyl pyrrolidone (PVP),
polyvinylidene difluoride (PVDF), a self-cross linking acrylic resin emulsion, hydroxy
ethyl cellulose (HEC), carboxy methyl cellulose (CMC), styrene butadiene rubber
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(SBR), a copolymer of C1-10 alkyl(meth)acrylate and unsaturated carboxylic acid, ni-
trocellulose, gelatine, thixoton, starch, polyether-polyol, amine terminated polystyrene
(PS-NH,), hydroxycellulose, methylcellulose, ethylcellulose, ethylhydroxyethyl-
cellulose, polyethyleneoxide, polyurethane, a resin including a carboxyl group, a
phenolic resin, a mixture of ethylcellulose and a phenolic resin, an ether polymer, a
methacrylate polymer, a copolymer having an ethylenically unsaturated group, ethyl-
cellulose based materials, acrylate based material, and epoxy resin based materials.

In the ink according to the exemplary embodiment of the present invention, when the
photo active layer to be fabricated is made of CIGS (Cu-In-Ga-Se or Cu-In-Ga-S),
CIGSS (Cu-In-Ga-Se-S), CZTS (Cu-Zn-Sn-Se or Cu-Zn-Sn-S), or CZTSS
(Cu-Zn-Sn-Se-S), the copper nanoparticles and the chalcogenide particles are
contained so that a molar ratio of one or at least two elements selected from Groups 12
to 14 elements (Groups 12 to 14 elements contained in the chalcogenide) to copper
may be 1:0.7to 1.2, »

The ink according to the exemplary embodiment of the present invention may
contain 200 to 900 parts by weight of the solvent based on 100 parts by weight of the
particle phase including the copper nanoparticles and the chalcogenide particles.

In the case in which the ink according to the exemplary embodiment of the present

invention further contains the dispersant and the organic binder, the ink may contain

0.5to 10 parts by weight of the dispersant and 0.5 to 10 parts by weight of the organic
binder, based on 100 parts by weight of the particle phase including the copper
nanoparticles and the chalcogenide partlcles

The content of the solvent, and selectively, contents of the dispersant and the organic
binder based on the particle phase including the copper nanoparticles and the
chalcogenide particles may be contents at which a coating process may be smoothly
performed, and deterioration of mechanical strength for maintaining a shape of a film,
deterioration of adhesive force with a substrate onto which the ink is applied; and dete-
rioration of quality of the film by organic materials »diss’olv‘ed and removed at the time
of drying and heat-treatment may be prevented. »
* Hereinafter, a fabrication method of a photo active layer for a solar cell using ink
containing the copper nanoparticles as described above will be described in detail.
* The fabrication method of a photo active layer for a solar cell according‘td the
present invention includes: a) coating the above-mentioned ink containing the copper

nano-particles and the chalcogenide particles of one or at least two elements selected

~ from Groups 12 to 14 elements onto a substrate to form a coating film; and b) heat

treating the coating film to fabricate a multinary chalcogenide film of copper and one
or at least two elements selected from the Groups 12 to 14 elements.
Since a general Compound semiconductor (CIG(S,Se)) or CZT(S,Se)) based photo
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active layer is made of a multinary compound, a fabrication process thereof is sig-
nificantly complicated. As a physical fabrication method of a thin film, there are an
evaporation method and a sputtering-selenization method, and as a chemical fab-
rication method thereof, there is an electro-deposition method. In each method, various
fabrication methods are used according to the kind of raw materials.

However, in the fabrication method according to the present invention, gas-phase
organic metal compounds of which cost is expensive and handling is difficult or an
expensive vacuum equipment are not used, and a highly complicated process such as
multilayer deposition is not needed. That is, in the fabrication method according to the
present invention, a high quality multinary chalcogenide (photo active layer) may be
prepared by a significantly simple, safe, and easy process of coating the ink containing
the copper nanoparticles and the chalcogenide particles and heat treating the coating
film. .

Further, in the fabrication method according to the present invention, the photo active
layer is fabricated using the above-mentioned ink, such that the photo active layer -
made of the single phase multinary chalcogenide may be fabricated at a temperature
within the process allowable temperature of 550°C or less at which mechanical strength
of an organic substrate generallyijsed as an insulating substrate of a solar cell is
maintained, and the photo active layer having excellent uniformity and a dense micro
structure and composed of coarse grains having a micrometer-order size may be
fabricated. v '

In the fabrication method of a photo active layer for a solar cell according to the
exemplary embodiment of the present invention, the substrate onto which the ink is
coated may include a laminated substrate in which a back contact generally used in a
solar cell field is laminated on an insulating substrate generally used in the solar cell
field. As an example of the i'nsulating substrate, there is a glass substrate, a sodalime
g]ass substrate, a ceramic substrate, or a semiconductor substrate. As an example of the
back contact formed on the insuléting substrate, there is a molybdenum (Mo) layer.

In the fabrication method of a photo active layer for a solar cell according to the
exemplary embodiment of the present invention, the coating of the ink may be
perforfned‘by one or at least two methods selected from a spin coating method, a bar

‘coating method, a dip coating method, a drop casting method, an ink—jét printing

method, a micro-contact printing method, an imprinting method, a gravure printing
method, a gravure—offse‘t printing method, a flexography printing method, and a screen
printing method. '

In the fabrication method of a photo active layer for a solar cell according to the
exemplary embodiment of the present invention, after step a) and before step b), drying
the coating film may be further performed. The drying is to evaporate and remove a
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liquid phase contained in the coating film, and any drying method méy be used as long
as the method may be generally used in a field in which a film is formed by coating
ink. As a non-restrictive example, the drying of the coating film may be performed at
60 to 90°C in the air.

In the fabrication method of a photo active layer for a solar cell according to the
exemplary embodiment of the present invention, the heat-treating of the coating film
formed by coating the ink on the substrate ink may be performed at 400 to 550°C,
preferably 500 to 530°C. | |

In the fabrication method of a photo active layer for a solar cell according to the
exemplary embodiment of the present invéntion, densification of the film, crystal
growth, phase transition to the single phase multinary chalcogenide may be performed
by heat treating the coating film. That is, the coating film is heat treated, such that the
phase transition into the single phase of the desired multinary chalcogenide may be
performed by reaction between copper and the chalcogenides containing elements con-
figuring the photo active layer to be fabricated except for copper.

As described above, as the pure single phase multinary chalcogenide is formed by the
phase transition, the multinary chalcogenide having an average grain size of mi-
crometer-order, substantially 1 to 5¢m may be formed at a heat treatment temperature
of 550°C or less. '

In the fabrication method according to the present invention, the heat treating of the
coating film may be performed under chalcogen atmosphere. The chalcogen “at-
mosphere includes an atmosphere in which sulfur (S), selenium (Se), or a mixed gas
thereof are present. ' ‘

In detail, the coating film may be heat treated while supplying chalcogen containing
gas or heat treated together with chalcogen powder used as a source of chalcogen gas.

In more detail, the coating film may be heat treated under chalcogen atmosphere
containing sulfur (S), selenium (Se), or a mixed gaé thereof. In this case, the chalcogen
gas atmosphere may be formed by supplying gas containing a chalcogen element (S,
Se) such as H,S or H,Se, evaporating the chalcogen element (S, Se) and then supplying
the evaporated chalcogen element, or heat treating the chalcogen pdwder, which is a
powder phase of the chalcogen element, together with the coating film to use the
chalcogen powder as the source of the chalcogen gas. -

As a substantial example, in the case of supplying the chalcogen gas, chalcogen
containing gas including H,S or H,Se, chalcogen element (S, Se) vapor, or a mixed gas
thereof may be supplied at a flow of 5 to 300 sccm.

As asubstantial example, in the case of evaporating chalcogen powder itself
containing S powder, Se powder, or a mixed powder thereof to form the chalcogen at-
mosphere in a chamber in which the heat treatment of the coating film is performed, a
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temperature at which the chalcogen powder is heated may be the same as or different
from that of the coating film on which heat treatment is performed.

More specifically, in the case in which the chalcogen powder is used as the source of
the chalcogen gas, the chalcogen powder may be heated to 80~250°C.

In the case in which the chalcogen poWder is used as the source of the chalcogen gas,
the chalcogen powder in a heat treatment apparatus may be positioned on a region
different from a region on which the coating film is positioned. In this case, the heat
treatment may be perforfned using an apparatus provided with a heater and a controller
so that at least two uniform zones may be each independently formed in a single heat
treatment space in which fluid may flow, and a heating temperature of the chalcogen
powder may be adjusted by adjusting a position on which the chalcogen powder is po-
sitioned in a general heat treatment apparatus forming a single uniform zone.

The heat treatment of the coating film may be performed under any pressure, but as a
non-restrictive example, the heat treatment may be performed under vacuum or at-
mospheric pressure.

In the fabrication method of a photo active layer for a solar cell according to the
exemplary embodiment of the present invention, examples of the multinary
chalcogenide may include Culn,Ga,,Se;S,, (k and | are real numbers satisfying the
following Equations, respectively: 0<k<1 and 0<I<1) and Cu,Zn,,Sn,.,(S€e,S,.,)s (M
and n are real numbers satisfying the following Equations, respectively: 0<m<2 and
0<n<l). | o -

As an example, a single phase multinary chalcogenide fepresented by Culn,Ga,,Se,S
11 (k and 1 are real numbers satisfying the following Equations, respectively: 0<k<1
and 0<I<1) may be prepared using ink containing Cu nanoparticles; and chalcogenide
particles represented by (In,Ga,)»(Se,S:.,); (x and y are real numbers satisfying the-
following Equations, respectively: 0<x<1 and 0<y<1). In this case, as described -
above, a molar ratio of In and Ga (In'and Ga of the chalcogenide particles) to Cu (Cu
of the copper particles) that are contained in the ink may b_é 1:0.7to 1.2. -

As an example, a single'phasé fnultinary chalcogenide (CulnSe,) may be vp‘r’epared
using ink containi'ng Cu nanoparticles and cha'lcog'enid'eb (In,Se,) partiéles.

As an example, a single phase multinary chalcogenide represented by Culn,Ga,SeS
11 (k and 1 are real numbers satisfying the following Equations, respectively: 0<k<1
and 0<I<1) may be prepared using ink containing Cu nanoparticles; and chalcogenides
(In,Se; and Ga,S;) particles. In this case, a molar ratio of In and Ga (In and Ga of the
chalcogenide particles) to Cu (Cu of the copper particles) that are contained in the ink
may be 1:0.7 to 1.2, wherein a molar ratio of In to Ga may depend on a molar ratio
(k:1-k) of In to Ga of the multinary chalcogenide-to be prepared.

As an example, a single phase multinary chalcogenide represented by Cu,Zn,Sn, .,
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(Se,S1.0)4 (m and n are real numbers satisfying the following Equations, respectively:
0<m<2 and 0<n<1) may be prepared using ink containing Cu nanoparticles; and
chalcogenides particles represented by ZnS,Se,., (y is a real number satisfying the
following Equation: 0<y<1) and SnS,Se,., (y is a real number satisfying the following
Equation: 0<y<1). In this case, a molar ratio of Zn and Sn (Zn and Sn of the
chalcogenide particles) to Cu (Cu of the copper particles) that are contained in the ink
may be 1:0.7 to 1.2, wherein a molar ratio of Zn to Sn may depend on a molar ratio
(m:2-m) of Zn to Sn of the fnﬁltihary chalcogenide to be prepared.

The present invention includes a photo active layer fabricated by the above-
mentioned fabrication method. - ‘ ,

T‘he'present invention includes a solar cell provided with a photo active layer
fabricated by the above-mentioned fabrication method.

The solar cell according to another exemplary embodiment of the present invention
may include the above-mentioned photo active layer formed on a substrate (substrate
formed with a lower electrode); a buffer layer formed on the photo active layer; a
window layer formed on the buffer layer; and a grid electrode formed on the window
layer. ' ‘ ‘ ’

As the buffer layer, any buffer layer may be used as ldng as the buffer layer is used in
a general compound semiconductor based solar cell in order to alleviate differences in
a lattice constant and band gap energy between two layers at the time of p-n junction
between the photo active layer, which is a first conductive semiconductor (as an
example, in the case of CIGS, p-type), and the window layer, which is a second
conductive semiconductor (as an example, in the case of a ZnO thin film, n-type). For
example, the buffer layér may be a CdS thin film.

The window layer is a layer having semiconductor characteristics complementary to
those of the photo active layer, and any window layer may be used as long as it may
form the p-n junction with the photo active layer and be used in the general compound
semiconductor based solar cell. For example, the window layer may be a ZnO thin
film. '

The grid electrode, which is to collect current from a surface of the solar cell, may
include a finger electrode and a bus bar electrode, and a front electrode structure and a
material used in the general compound semiconductor based solar cell may be used.
For example, the grid electrode may have a fish bone structure and be made of Al or
NI/AL

The solar cell according to the exemplary embodiment of the present invention may
further include an anti-reflection film formed on the grid electrode, wherein as the anti-
reflection film, any anti-reflection film may be used as long as it is used in the general

compound semiconductor based solar cell. For example, the anti-reflection film may
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be a silicon oxide film.

Hereinafter, although the present invention is described based on Preparation
Examples, they are provided only for assisting in the entire understanding of the
present invention. Therefore, the present invention is not limited to the following
Preparation Examples, and various modifications and changes may be made by those
skilled in the art to which the present invention pertains from this description.

(Preparation Example 1)

50ml of oleylamine was put into two flasks, respectively, and a temperature was
fixed to 60°C. Then, CuCl, (10mmol) was added to a first flask, and 3g of trioctylphos-
phineoxide (TOPO, 77mmol) and Se powder (10mmol) were added to a second flask.
Next, after the first flask was heated to 130°C and the second flask was heated to
200°C, Cu,Se nanoparticles containing a CuSe second phase were synthesized by in-
stantaneously injecting a solution in the first flask into the second flask and
maintaining the temperature to 200°C for 1 hour. Thereafter, the synthesized particles
were separated using a centrifugation method and then washed with toluene.

In order to prepare ink, the Cu,Se nanoparticles containing the CuSe second phase
were added to tetrahydrofuran, such that a dispersion solution containing 20 weight%
of copper chalcogenide particles (nanoparticles in which CuSe and Cu,Se are mixed
with each other) was prepared. InCl, was added to the prepared dispersion solution so
that a molar ratio of Cu in the coppéf ‘Chéiéogenide particles (CuSe and Cu,Se
nanbparticles) to In is 1:1, thereby pre.parir'ig ink. At this time, for homogeneous
mixing of the ink, ball milling was performed at 20Hz for 60 minutes.

After the prepared ink was bar-coated onto a sodalime glass substrate on which a Mo
electrode was deposited and dried at 80°C, the ink coated glass substrate was heat
treated at 530°C while heating Se powder to 230°C, thereby fabricating a photo active
layer, which was a CulnSe, thin film. In this case, pressure in a heat treatment chamber

was 10-5torr.

(Preparation Example 2)

50ml of oleylamine was put into two flasks, respe‘ctively, and a temperature was
fixed to 60°C. Then, CuCl, (10mmol) was added to a first flask, and 3g of " trioctylphos-
phiheoxide (TOPO, 77mmol) and Se powder (10mmol) were added to a second flask.
Next, after the first flask was heated to 130°C and the second flask was heated to
200°C, CuéSe nanoparticles containing' a CuSe second phase were synthesized by in-
stantaneously injecting a solution in the first flask into the second flask’and -
maintaining the temperature to 200°C for 1 hour. Thereafter, the synthesized particles
were separated using a centrifugation method and then washed with toluene.

In order to prepare ink, the CUZSe'nan'oparticles containing the CuSe second phase
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were added to tetrahydrofuran, such that a dispersion solution containing 20 weight%
of copper chalcogenide particles (nanoparticles in which CuSe and Cu,Se are mixed
with each other) was prepared. InCl; and Ga(NO;); were added to the prepared
dispersion solution so that a molar ratio of Cu in the copper chalcogenide particles
(CuSe and Cu,Se nanoparticles) to (In+Ga) was 1:1, thereby preparing ink. A molar
ratio of In to Ga was 7:3. At this time, for homogeneous mixing of the ink, ball milling
was performed at 20Hz for 60 minutes.

After the prepared ink was bar-coated onto a sodalime glass substrate on which a Mo
electrode was deposited and dried at 80°C, the ink coated glass substrate was heat
treated at 530°C while heating Se powder to 230°C, thereby fabricating a photo active
layer, which was a Culn,,Ga,;Se, thin film. In this case, pressure in a heat treatment

chamber was 10-5torr.

(Preparation Example 3)

50ml of oleylamine was put into two flasks, respectively, and a temperature was
fixed to 60°C. Then, CuCl, (10mmol) was added to a first flask, and 3g of "trioctylphos-
phineoxide (TOPO, 77mmol) and Se powder (10mmol) were added to a second flask.
Next, after the first flask was ‘heated to 130°C and the second flask was heated to
200°C, Cu,Se nanoparticles containing a CuSe second phase were synthesized by in-
stantaneously injecting a solution in the first flask into the second flask and’
maintaining the temperature to 200°C for 1 hour. Thereafter, the synthesized particles
were separated using a centrifugation method and then washed with toluene.

In order to prepare ink, the Cu,Se nanoparticles containing the CuSe second phase
were added to tetrahydrofuran such that a dispersion solution containing 20 weight%
of copper chalcogemde particles (nanopartlcles in which CuSe and Cu,Se are mixed
with each other) was prepared. Cu(C,0,H,),, Zn(Czoon)z, and SnCl, were added to
the prepared dispersion solution so that a molar ratio of Cu in the copper chalcogenide
particles (CuSe and Cu,Se nanoparticles):Zn:Sn was 2:1:1, thereby preparing ink. At
this time, for homogeneous mixing of the ink, ball milling was performed at 20Hz for
60 minutes. |

After the prepared ink was bar-coated onto a sodalime glass substrate on which a Mo
electrode was deposited and dried at 80°C, the ink coated glass substrate was heat
treated at 530°C while heating Se powder to 230°C thereby fabricating a photo active
layer, which was a Cu,ZnSnSe, thin film. In this case, pressure in a heat treatment

chamber was 10-torr.

(Comparatrve Example 1)
50ml of oleylamme was put into two flasks respectlvely, and a temperature was
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fixed to 60°C. Then, CuCl, (10mmol) was added to a first flask, and Se powder
(10mmol) was added to a second flask. Next, after the first flask was heated to 130°C
and the second flask was heated to 200°C, pure Cu,Se nanoparticles in which a CuSe
second phase was not present were synthesized by instantaneously injecting a solution
in the first flask into the second flask and maintaining the temperature to 200°C for 1
hour. Thereafter, the synthesized particles were separated using a centrifugation
method and then washed with toluene. -

In order to prepare ink, the synthesized Cu,Se nanoparticles were added to tetrahy-
drofuran, such that a dispersion solution containing 20 weight% of Cu,Se particles was
prepared. InCl, was added to the prepared dispersion solution so that a molar ratio of
Cu in the Cu,Se nanoparticles to In is 1:1, thereby preparing ink. At this time, for ho-
mogeneous mixing of the ink, ball milling was performed at 20Hz for 60 minutes.

After the prepared ink was bar-coated onto a sodalime glass substrate on which a Mo
electrode was deposited and dried at 80°C, the ink coated glass substrate was heat
treated at 530°C while heating Se powder to 230°C, thereby fabricating a photo active
layer, which was a CulnSe, thin film. In this case, pressure in a heat treatment chamber

was 10-torr.

(Comparative Example 2)

50ml of oleylamine was put into two flasks, respectively, and a temperature was
fixed to 60°C. Then, CuCl, (10mmol) was added to a first flask, and 3g of tri.octylphos-
phineoxide (TOPO, 77mmol) and Se powder (10mmol) were added to a second flask.

~Next, after the first flask was heated to 130°C and the second flask was heated to

250°C, copper chalcogenide nanoparticles were synthesized by instantaneously
injecting a solution in the first flask into the second flask and maintaining the tem-
perature to 250°C for 1 hour. Thereafter, the synthesized particles were separated using

a centrifugation method and then washed with toluene.

(Comparative Example 3)

50ml of oleylamine was put into two flasks, _respectiv-ely', and a temperature was
fixed to 60°C. Then, CuCl, (10mmol) was added to a first flask, and 3g of trioctylphos—
phineoxide (TOPO, 77mmol) and Se powder (10mmol) were added to a second flask. -
Next, after the first flask was heated to 130°C and the second flask was heated to
150°C, a solution in the first flask was instantaneously injected into the second flask,

and then the temperature was maintained at 150°C for 1 hour.

: (Comparative Example 4) |
“In order to synthesize Cu,Se nanoparticles, S0ml of oleylamine was put into two "
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flasks, respectively, and a temperature was fixed to 60°C. Then, CuCl, (10mmol) was
added to a first flask, and Se powder (10mmol) was added to a second flask. Next,
after the first flask was heated to 130°C and the second flask was heated to 200°C, pure
Cu,Se nanoparticles in which a second phase was not present were synthesized by in-
stantaneously injecting a solution in the first flask into the second flask and
maintaining the temperature to 200°C for 1 hour. Thereafter, the synthesized particles
were separated using a centrifugation method and then washed with toluene.

In order to synthesize CuSe, nanoparticles, 3.75g of copper nitrate and 5.16g of H,
SeO, were mixed in a flask chérged with 200ml of polyethylene glycol solvent. After
the inside of the flask was saturated with Ar, the mixture was reacted at 160°C for 4
hours. Thereafter, washing and separation were performed by precipitation and cen-
trifugation.

In order to prepare ink, the synthesized Cu,Se nanoparticles and CuSe, nanoparticles
were added to tetrahydrofuran, such that a dispersion solution containing 20 weight%
of the Cu,Se nanoparticles and CuSe, nanoparticles was prepared. In this case, a molar
ratio of Cu,Se to CuSe, was 1:1. InCl; was added to the prepared dispersion solution so
that a molar ratio of Cu in the Cu,Se nanoparticles and the CuSe, nanoparticles to In is
1:1, thereby preparing ink. At this time, for homogeneous mixing of the ink, ball
milling was performed at 20Hz for 60 minutes.

After the prepared ink was bar-coated onto a sodalime glass substrate on which a Mo
electrode was deposited and dried at 80°C, the ink coated glass substrate was heat
treated at 530°C while heating Se powder to 230°C, therebyA fabricating a photo active
layer, which was a CulnSe, thin film. In this case, pressure in a heat treatment chamber

was 10-torr.

(Comparative Example 5)

In order to synthesize CuSe, nanoparticles, 3.75g of copper nitrate and 5.16g of H,
SeO; were mixed in a flask charged with 200ml of polyethylene glycol solvent. After
the inside of the flask was saturated with Ar, the mixture was reacted at 160°C for 4
hours. Thereafter, washing and separation were performed by précipitation and cen-
trifugation, " o

In order to prepare ink, the synthesized CuSe, nanoparticles were added to tetrahy-
drofuran, such that a dispersion solution containing 20 weight% of CuSe, nanoparticles
was prepared. InCl; was added to the prepared dispersion solution so that a molar ratio
of Cu in the CuSe, n'anoparticles to In is 11, thereby preparing ink. At this time, for
homogeneous mixing of the ink, ball milling was performed at 20Hz for 60 minutes.

After the prepared ink was bar-coated onto a sodalime glass substrate on which a Mo

electrode was deposited and dried at 80°C, the ink coated glass substrate was heat
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treated at 530°C while heating Se powder to 230°C, thereby fabricating a photo active
layer, which was a CulnSe, thin film. In this case, pressure in a heat treatment chamber
~ was 105torr.
[266] The copper chalcogenide particles synthesized in Preparation Example 1 and Com-
parative Examples 1 to 3 were analyzed using X-ray diffraction, and results obtained

by measuring presence or absence of the second phase and a kind thereof were shown

in Table 1.
[267] (Table 1)
[268] Synthetic
temperature Surfactant Crystalline phase
(°c)
Preparation
200 TOPO CuSe and Cu,Se -
Example 1 :
Comparative
200 X Cu;Se
Example 1
Comparative
250 . TOPO Cu,Se
Example 2
Comparative Particles were not
150 TOPO
Example 3 synthesized

[269] As shown in Table 1, it may be appreciated that in the case of Preparation Example
1, the nanoparticles including crystalline CuSe and Cu,Se were synthesized by
preparing a first solution containing a Group 11 metal precursor and a second solution
containing a surfactant, which is trioctylphosphine, trioctylphosphineoxide, or a
mixture thereof, and a chalcogen precursor and then injecting the first solution to the
second solution having a temperature of 160 to 240°C.

[270] In the case of Comparative Examples 1 and 2, only pure single phase Cu,Se was
prepared, and in the case of Comparative Example 3, particles were not synthesized.

[271] FIG. 1 shows a result obtained by X-ray diffraction (XRD) analysis of the copper
chalcogenide particles prepared in Preparation Example 1. As shown in FIG. 1, it may
be appreciated that the nanoparticles in which high melting point crystalline Cu,Se and
low melting point crystalline CuSe were mixed were formed in a synthetic step and a
weight ratio of CuSe to Cu,Se in the nanoparticles was 100(CuSe):400(Cu,Se). As a
fesult of composition analysis using a transmission electron microscope (TEM)
equipment, a change in composition was not present in each nanoparticle, Therefore, it
may be appreciated that crystalline Cu,Se and CuSe were mixed with each other in a
single nanoparticle. ’ '

[272] FIG. 2 is a scanning electron microscope (SEM) photograph of the copper
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chalcogenide particles prepared in Preparation Example 1. As shown in FIG. 2, it may
be appreciated that the copper chalcogenide particles (composite particles) having an
average particle size of 40nm were prepared.

FIG. 3 is scanning electron microscope (SEM) photographs of a cross section of the
photo active layer fabricated in Preparation Example 1. As shown in FIG. 3, it may be
confirmed that a dense thin film of which a micro structure was significantly improved
was fabricated.

FIG. 4 is a view showing a result obtained by X-ray diffraction analysis of the photo
active layer fabricated in Preparation Example 1. As shown in FIG. 4, it may be
confirmed that the photo active layer made of single phase CulnSe, was fabricated.

FIG. 5 is a view showing a result obtained by X-ray diffraction analysis of the copper
chalcogenide particles prepared in Comparative Example 1, and it may be appreciated
that only pure Cu,Se particles were synthesized.

FIG. 6 is a scanning electron microscope (SEM) photograph of the copper
chalcogenide particles prepared in Comparative Ex\ampIe' 1, and FIG. 7 is a scanning
electron microscope (SEM) photograph of a cross section of the photo active layer
fabricated in Comparative Example 1. As'shown in FIGS. 6 and 7, it may be ap-
preciated that shapes and sizes of the nanopafti‘cles in Comparative Example 1 were
similar to those of the particles synthesized in Preparation Examples, but a porous thin
film in which the shape of the nanoparticle was present as it is was fabricated in Com-
parative Exémple 1 as shown in the photograph of the cross section of the photo active
layer. ’ '

FIG. 8 is a scanning electron microscope (SEM) photograph of a surface of the photo
active layer fabricated inComparatiVe Example 4. Unlike the case of using the
composite particles in which high melting point and low melting point crystalline
phases were mixed with each other in Preparation Examples, it may be confirmed that
in the case of the photo active layer fabricated from the ink obtained by independently
synthesizing the high melting point chalcogenide and low melting point chalcogenide
and physically mixed them, since a chemical reaction between the different crystalline
phases did not effectively occur during the heat treatment process, the photo active
layer had a non-uniform micro structure.

FIG. 9 is a scanning electron microscope (SEM) photograph of a surface of a photo

~active layer fabricated in Comparative Example 5. Unlike the case of using the

composite particles in which high melting point and low melting point crystalline |
phases were mixed with each other in Preparation Examples, in the case of the photo
active layer fabricated from the ink composed of only the low melting point
chalcogenide, specific crystalline phases were evaporated due to excessive formation

of a liquid phase during the heat treatment process. This may cause a non-uniform
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micro structure and make it difficult to control the composition of the finally obtained
photo active layer. ’

Whether or not a dense structure was formed in the photo active layers fabricated in
Preparation Examples 1 to 3 and Comparative Examples 1, 4, and 5 were shown in
Table 2.

(Table 2)
Photo active
Ink composition
' ' layer
' CuSe/Cu:Se crystalline phase )
Preparation i ) ) Uniform and
mixed nanoparticles -
Example 1 dense structure
InC 13
) CuSe/Cu,Se crystalline phase )
" Preparation k k Uniform and
mixed nanoparticles
Example 2 dense structure

InCl3, Ga (NO3) 3

CuSe/Cu;Se crystalline phase .
Preparation . Uniform and
mixed nanoparticles

Example 3 o dense structure
, Cu (Cy0;H3) 2, Zn{Cp0;H3),, SnCl;
Comparative CuzSe nanoparticles = - Uniform and

Example 1 . ‘ InCl; dense structure
_ Cu,Se nanoparticles

Comparative - Non-uniform and
CuSe; nanoparticles

Example 4 dense structure

T InCl;
Comparative CuSe, nanoparticles Non-uniform and
Example 5 InCl;, dense structure

As shown in Table 2, it may be appreciated that in Preparation Examples 2 and 3, a
uniform and dense structure was formed similarly to that in Preparation Example 1. On
the other hand, it may be appreciated that photo active layer fabricated in Comparative
Example 1 had a porous structure instead of a dense structure, and the photo active
layers fabricated in Comparative Examples 4 and 5 had a dense structure but

uniformity thereof was significantly deteriorated.

(Preparation Example 4)

In order to synthesize a chalcogenide (composite particle) of a Group 11 metal, 50ml
of oleylamine was put into two flasks, respectively, and a temperature was fixed to
60°C. Then, CuCl, (10mmol) was added to a first flask, and 3g of trioctylphos-
phineoxide (TOPO, 77mmol) and Se powder (10mmol) were added to a second flask.
Next, after the first flask was heated to 130°C and the second flask was heated to
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200°C, Cu,Se nanoparticles containing a CuSe second phase were synthesized by in-
stantaneously injecting a solution in the first flask into the second flask and
maintaining the temperature to 200°C for 1 hour. Thereafter, the synthesized particles
were separated using a centrifugation method and then washed with toluene.

(Preparation Example 5)
In order to synthesize a chalcogenide (composite particle) of a Group 11 metal, SOml

of oleylamine was put into two flasks, respectively, and a temperature was fixed to

60°C. Then, CuCl, (10mmol) was added to a first flask, and 3g of trioctylphos-
phineoxide (TOPQO, 77mmol) and Se powder (10mmol) were added to a second flask.
Next, after the first flask was heated to 130°C and the second flask was heated to
200°C, Cu,Se nanoparticles containing a CuSe second phase were synthesized by in-
stantaneously injecting a solution in the first flask into the second flask and
maintaining the temperature to 200°C for 1 hour. Thereafter, the synthesized particles
were separated using a centrifugation method and then washed with toluene.

In order to synthesize a third chalcogenide, 80ml of oleylamine was put into a flask
and a temperature of the flask was fixed to 60°C. Then, In(acac);
(acac=acetylacetonate, pentane-2,4-dione, 8mmol) and Se powder (12mmol) were
added to the flask and heated to 290°C, and then the temperature was maintained at |
290°C for 1 hour, théreby synthesizing In,Se; nanoparticles. Thereafter, the synthesized
chalcogenide particles were separated using a centrifugation method and then washed
with toluene. .

In order to prepare ink, Cu,Se nanoparticles (composite particles) containing the
CuSe second phase and the In,Se; nanoparticles were added to toluene, thereby
preparing ink containing 20 weight% of particle phase' (CuSe nanoparticie, Cu,Se
nanoparticles, In,Se; nanoparticles). In the prepared ink, a molar ratio of Cu in the
composite particles, which were copper chalcogehidé particles, to In of In,Se,
nanoparticles was 1:1. At this time, for homogeneous mixing of the ink, ball milling
was performed at 20Hz for 60 minutes. |

After the prepared ink was bar-coated onto a sodalime glass substrate on which a Mo
electrode was deposited and dried at 80°C, the ink coated glass substrate was heat
treated at 530°C while heating Se powder to 230°C, thereby fabricating a photo active
layer, which was a CulnSe, thin film. In this case, pressure in a heat treatment chamber

was 10-3torr.

(Preparation Example 6)
In order to synthesize a chalcogenide (composite particle) of a Group 11 metal, 50ml

of oleylamine was put into two flasks, respectively, and a temperature was fixed to
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60°C. Then, CuCl, (10mmol) was added to a first flask, and 3g of trioctylphos-
phineoxide (TOPO, 77mmol) and Se powder (10mmol) were added to a second flask.
Next, after the first flask was heated to 130°C and the second flask was heated to
200°C, Cu,Se nanoparticles containing a CuSe second phase were synthesized by in-
stantaneously injecting a solution in the first flask into the second flask and
maintaining the temperature to 200°C for 1 hour. Thereafter, the synthesized particles
were separated using a centrifugation method and then washed with toluene.

In order to synthesize a third chalcogenide, 80ml of oleylamine was put into a flask
and a temperatore of the flask was fixed to 60°C, Then, In(acac),
(acac=acetylacetonate, pentane-2,4-dione, 8mmol) and Se powder (12mmol) were
added to the flask and heated to 290°C, and then the temperature was maintained at
290°C for 1 hour, thereby synthesizing In,Se; nanoparticles. Thereafter, the synthesized
chalcogenide particles were separated using a centrifugation method and then washed
with toluene.

In order to prepare ink, the Cu,Se nanoparticles (composite particles) containing the
CuSe second phase, the In,Se; nanoparticles, and Ga,S; (Aldrich) were mixed together
with toluene. These materials were added to toluene so that a molar ratio of Cu to
(In+Ga) was 1:1 and a molar ratio of In to Ga was 7:3. In this case, a content of toluene
was 400 parts by weight based on 100 p’afts by weight of the particle phase After the
particle phase was 1njected into toluene for homogeneous mixing, ball milling was ™
performed at 20Hz for 60 minutes.

After the prepared ink was bar-coated onto a sodalime glass substrate on which a Mo
electrode was dep051ted and dried at 80°C, the ink coated glass substrate was heat
treated at 530°C while heating Se powder to 230°C, thereby fabricating a photo active
layer, which was a Cu(Ino,7Gao,3)(S,Se)2 thin film. In this case, pressure in a heat

treatment chamber was 10-5torr.

(Preparation'Example 7

In order to synthesize a chalcogenide (composite particle) of a Group 11 metal, 50ml]
of oleylamine was put into two flasks, respectively, and a temperature was fixed to
60°C. Then, CuCl, (10mmol) was added to a first flask, and 3g of trioctylphos-
phineoxide (TOPO, 77mmol) and Se powder (10mmol) were added to a second flask.
Next, after the first flask was heated to 130°C and the second flask was heated to
200°C, Cu,Se nanoparticles containing a CuSe second phase were synthesized by in-
stantaneously injecting a solution in the first flask into the second flask and
maintaining the temperature to 200°C for 1 hour, Thereafter, the synthesized particles
were separated using a centrifugation method and then washed with toluene.

In order to prepare ink, the Cu,Se nanoparticles (composite particles) containing the
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CuSe second phase, ZnS (Aldrich), and SnS (Aldrich) were mixed together with
toluene. These materials were added to toluene so that a molar ratio of Cu: Zn: Sn was
2:1:1. In this case, a content of toluene was 400 parts by weight based on 100 parts by
weight of the particle phase. After the particle phase was injected into toluene, for ho-
mogeneous mixing, ball milling was performed at 20Hz for 60 minutes.

After the prepared ink was bar-coated onto a sodalime glass substrate on which a Mo
electrode was deposited and dried at 80°C, the ink coated glass substrate was heat
treated at 530°C while supplying H,S gas at a flow rate of 100sccm, thereby fabricating
a photo active layer, which was a Cu,ZnSnS, thin film.

(Preparation Example 8)

In order to synthesize a chalcogenide (composite particle) of a Group 11 metal, 50ml
of ol'eylamine was put into two flasks, respectively, and a temperature was fixed to
60°C. Then, CuCl, (10mmol) was added to a first flask, and 3g of trioctylphos-
phineoxide (TOPO, 77mmol) and Se powder (10mmol) were added to a second flask.
Next, after the first flask was heated to 130°C and the second flask was heated to
200°C, Cu,Se nanoparticles contéining a CuSe second phase were synthesized by in-
stantaneously injecting a solution in the first flask into the second flask and
maintaining the temperatlifé to 200°C for 1 hour. Thereafter, the synthesized particles
were separated'Usihg a centrifugation method and then 'washed with toluene.

In order to prepare ink, the Cu,Se nan'oparticle's (composite particles) containing the
CuSe second phase, ZnS (Aldrich), and SnS (Aldrich) were mixed together with
toluene. These materials were added to toluene so that a molar ratio of Cu: Zn: Sn was
2:1:1. In this case, a content of toluene was 400 parts by weight based on 100 parts by
weight of the particle phase. After the particle phase was injected into toluene, for ho-
mogeneous mixing, ball milling was performed at 20Hz for 60 minutes.

After the prepared ink was bar-coated onto a sodalime glass substrate on which a Mo
electrode was deposited and dried at 80°C, the ink coated glaé's substrate was heat
treated at 530°C while heating Se powder to 230°C, thereby fabricating a photo active
layer, which was a Cu2ZnSn(S,Se), thin film. In this case, pressure in a heat treatment

chamber was 10-5torr.

(Comparative Example 6)

50ml of oleylamine was put into two flasks, respectively, and a temperature was
fixed to 60°C. Then, CuCl, (10mmol) wés added to a first flask, and Se powder
(10mmol) was added to a second flask. Next, after the first flask was heated to 130°C
and the second flask was heated to 200°C, pure Cu,Se nanoparticles in which a second
phase was not present were synthesized by instantaneously injecting a solution in the
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first flask into the second flask and maintaining the temperature to 200°C for 1 hour.
Thereafter, the synthesized particles were separated using a centrifugation method and

then washed with toluene.

(Comparative Example 7)

50ml of oleylamine was put into two flasks, respectively, and a temperature was
fixed to 60°C. Then, CuCl, (10mmol) was added to a first flask, and 3g of trioctylphos-
phineoxide (TOPO, 77mmol) and Se powder (10mmol) were added to a second flask.
Next, after the first flask was heated to 130°C and the second flask was heated to
250°C, copper chalcogenide nanoparticles were synthesized by instantaneously
injecting a solution in the first flask into the second flask and maintaining the tem-
perature to 250°C for 1 hour. Thereafter, the synthesized particles were separated using

a centrifugation method and then washed with toluene.

(Comparative Example 8)

50ml of oleylamine was put into two flasks, respectively, and a temperature was
fixed to 60°C. Then, CuCl, ( 10mmol) was added to a first flask, and 3g of trioctylphos-
phineoxide (TOPO, 77mmol) and Se pOWder (10mmol) were added ‘to a second flask.
Next, after the first flask was heated to 130°C and the second flask was heated to
150°C, a solution in the first flask was instantaneously injected into the second flask,
and then the temperature was maintained at 150°C for 1 hour.

(Comparative Example 9)

In order to synthesize Cu,Se nanoparticles, SO0ml of oleylamine was put into two
flasks, respectively, and a temperature was fixed to 60°C. Then, CuCl, (10mmol) was
added to a first flask, and Se powder (10mmol) was added fo a second flask. Next,
after the first flask was heated to 130°C and the second flask was heated to 200°C, pure
Cu,Se nanoparticles in which a CuSe second phase was not present were synthesized
by instantaneously injecting a solution in the first flask into the second flask and
maintaining the temperature to 200°C for 1 hour. Thereafter, the synthesized particles
were separated using a centrifugation method and then washed with toluene.

In order to synthesize chalcogenide (In,Ses) particles, 80ml of octylamine was put
into a flask and a temperature of the flask was fixed to 60°C. Then, In(acac);
(acac=acetylacetonate, pentane-2,4-dione, 8mmol) and Se powder (12mmol) were
added to the flask and heated to 290°C, and then the temperature was maintained at
290°C for 1 hour, thereby synthesizing In,Se; particles. Thereafter, the synthesized
chalcogenide particles were separated using a centrifugation method and then washed

with toluene.
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In order to prepare ink, the synthesized Cu,Se nanoparticles and In,Se; nanoparticles
were added to toluene, thereby preparing a dispersion solution containing 20 weight%
of particle phase. Here, a molar ratio of Cu to In was 1:1. At this time, for ho-
mogeneous mixing of the ink, ball milling was performed at 20Hz for 60 minutes.

After the prepared ink was bar-coated onto a sodalime glass substrate on which a Mo
electrode was deposited and dried at 80°C, the ink coated glass substrate was heat
treated at 530°C while heating Se powder to 230°C, thereby fabricating a photo active
layer, which was a CulnSe, thin film. In this case, pressure in a heat treatment chamber

was 10-torr.

(Comparative Example 10) _

In order to synthesize Cu,Se nanoparticles, 50ml of oleylamine was put into two
flasks, respectively, and a temperature was fixed to 60°C. Then, CuCl, (10mmol) was
added to a first flask, and Se powder (10mmol) was added to a second flask. Next,
after the first flask was heated to 130°C and the second flask was heated to 200°C, pure
Cu,Se nanoparticles in which a CuSe second phase was not present were synthesized
by instantaneously injecting a solution in the first flask into the second flask and
maintaining the temperature to 200°C for 1 hour. Thereafter, the synthesized particles
were separated using a centrifugation method and then washed with toluene.

"In order to synthesize CuSe, nanoparticles, 3.75g of copper nitrate and 5.16g of H,
SeO; were mixed in a flask charged with 200ml of polyethylene glycol solvent. After
the inside of the flask was saturated with Ar, the mixture was reacted at 160°C for 4
hours. Thereafter, washing and separation were performed by precipitation and cen-
trifugation. ' S .

In order to synthesize chalcogenide (In,Ses) particles, 80ml of octylamine was put
into a flask and a temperature of the flask was fixed to 60°C. Then, In(acac),
(acac=acetylacetonate, pentane-2,4-dione, 8mmol) and Se powder (12mmol) were
added to the flask and heated to 290°C, and then the temperature was maintained at
290°C for 1 hour, thereby synthesizing In,Ses particles. Thereafter, the synthesized
chalcogenide particles were separated using a centfifugation method and then washed
with toluene. '

In order to prepare ink, the synthesized Cu,Se nanoparticles, CuSe, nanoparticles,
and In,Se; nanoparticles were added to toluene, thereby preparing a dispersion solution
containing 20 weight% of particle phase. Here, a molar ratio of Cu,Se to CuSe, was
1:1, and a molar ratio of Cu to In was 1:1. At this time, for homogeneous mixing of the
ink; ball milling was performed at 20Hz for 60 minutes.

After the prepared ink was bar-coated onto a sodalime glass substrate on which a Mo
electrode was deposited and dried at 80°C, the ink coated glass substrate was heat
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treated at 530°C while heating Se powder to 230°C, thereby fabricating a photo active
layer, which was a CulnSe, thin film. In this case, pressure in a heat treatment chamber

was 10-torr.

(Comparative Example 11)

In order to synthesize CuSezlhanoparticles, 3.75g of copper nitrate and 5.16g of H,
SeO; were mixed in a flask charged with 200m! of polyethylene glycol solvent. After
the inside of the flask was saturated with Ar, the mixture was reacted at 160°C for 4
hours. Thereafter, washing and separation were performed by precipitation and cen-
trifugation. .

In order to synthesize chalcogenide (In,Se;) particles, 80ml of octylamine was put
into a flask and a temperature of the flask was fixed to 60°C, Then, In(acac),
(acac=acetylacetonate, pentane-2,4-dione, §mmol) and Se powder (12mmol) were
added to the flask and heated to 290°C, and then the temperature was maintained at
290°C for 1 hour, thereby synthesizing In,Se; particles. Thereafter, the synthesized
chalcogenide particles were separated using a centrifugation method and then washed
with toluene. '

In order to prepare ink, the synthesized CuSe, nanoparticles and In,Se; nanoparticles
were added to toluene, thereby preparing a dispersion solution containing 20 weight%
of particle phase. In this case, a molar ratio of Cu to In was 1:1. At this time, for ho-
mogeneous mixing of the ink, ball milling was performed at 20Hz for 60 minutes.

After the prepared ink was bar-coated onto a sodalime giass substrate on which a Mo
electrode was deposited and dried at 80°C, the ink coated glass substrate was heat
treated at 530°C while heating Se powder to 230°C, thereby fabricating a photo active
layer, which was a CulnSe; thin film. In this case, pressure in a heat treatment chamber

was 10-5torr.

The copper chalcogenide particles synthesized in Preparation Example 4 and Com-
parative Examples 6 to 8 were analyzed using X-ray diffraction, and results obtained
by measuring presence or absence of the second phase and a kind thereof were shown
in Table 3. '

(Table 3)
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[339] Synthetic
temperature Surfactant Crystalline phase
(°C)
Preparation
200 TOPO CuSe and Cu,Se
Example 4
mmEomparative
- 200 X Cu,Se
Example 6
Comparative ‘
250 TOPO . Cu,Se
Example 7 : o
Comparative ‘ Particles were not
150 TOPO
Example 8 synthesized
[340] As shown in Table 3, it may be appreciated that the nanoparticles in which CuSe and

[341]

[342]

(343]

[344]

Cu,Se crystal phases were homogeneously agglomerated and distributed were syn-
thesized in Preparation Example 4 by preparing a first solution containing a Group 11
metal precursor and a second solution containing a surfactant, which is tri-
octylphosphine, trioctylphosphineoxide, acid, or a mixture thereof, and a chalcogen
precursor and then injécting the first solution to the second solution having a tem-
perature of 160 to 240°C. .

In the case of Comparative Examples 6 and 7, only pure single phase Cu,Se was
prepared, and in the case of Comparative Example 8, particles were not synthesized.

FIG. 10 shows a result obtained by X-ray diffraction (XRD) analysis of the copper
chalcogenide particles prepared in Preparation Example 4. As shown in FIG. 10, it may
be appreciated that the nanoparticles in which high melting point crystalline Cu,Se and
low melting point crystalline CuSe were mixed were formed in a synthetic step and a
weight ratio of CuSe to Cu,Se in the nanoparticles was 100:400; As aresult of com-
position analysis using a transmission electron microscope (TEM) equipment, a change
in composition was not present in each nanoparticle. Therefore, it may be appreciated
that crystalline Cu,Se and CuSe were mixed with each other in a single nanoparticle.

FIG. 11 is a scanning electron microscope (SEM) photograph of the copper
chalcogen particles prepared in Preparation Example 4. As shown in FIG. 11, it may be
appreciated that the copper chalco'genide particles (composite particles) having an
average particle size of 40nm were prepared.

FIG. 12isa scanning electron microscope (SEM) photograph of In,Se; synthesized
in Preparation Example 5. As shown in FIG. 12, it may be appreciated that the
chalcogenide (In,Ses) particles having an average particle size of 13nm were syn-
thesized. As a result of XRD analysis of the synthesized In2Se3 particles, it was

confirmed that amorphous particles were prepared, and as a result of inductively
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coupled plasma (ICP) composition analysis, it was confirmed that particles having an
In,Se; composition were prepared.

FIG. 13 is a scanning electron microscope (SEM) of a cross section of the photo
active layer fabricated in Preparation Example 5. As shown in FIG. 13, it may be
confirmed that a dense thin film of which a micro structure was significantly improved
was fabricated. '

FIG. 14 is a view showing a result obtained by X-ray diffraction analysis of the photo
active layer fabricated in Preparation Example 5. As shown in FIG. 14, it may be
confirmed that the photo active layer made of single phase CulnSe, was fabricated.

FIG. 15 is a view showing a result obtained by X-ray diffraction analysis of the
copper chalcogenide particles prepared in Comparative Example 9, and it may be ap-
preciated that only pure Cu,Se particles were synthesized.

FIG. 16 is a scanning electron microscope (SEM) photograph of the copper
chalcogenide particles prepared in Comparative Example 9, and FIG. 17 is a scanning
electron microscope (SEM) photograph of a cross section of the photo active layer
fabricated in Comparative Example 9. As shown in FIGS. 16 and 17, it may be ap-
preciated that shapes and sizes of the nanoparticles in Comparative Example 9 were
similar to those of the particles synthesized in Preparation Examples, but a porous thin
film in which the shape of the nanoparticle was present as it is was fabricated in Com-
parative Example 9 as shown in the photograph of the cross section of the photo active
layer. | ’

FIG. 18 is a scanning electron microscope (SEM) photograph of a surface of the
photo active layer fabricated in Comparative Example 10. It may be confirmed that
unlike the case of using the composite particles in which high melting point and low
melting point crystalline phases were mixed with each other in the Preparation
Examples, in the case of the photo active layer fabricated from the ink obtained by in-
dependently synthesizing the high melting point chalcogenide and low melting point
chalcogenide and physically mixed them, since a-chemical reaction between the
different crystalline phases did not effectively occur during the heat treatment process,
the photo active layer had a non-uniform micro structure.

FIG. 19 is a scanning electron microscope (SEM) photograph of a surface of the
photo active layer fabricated in Comparative Example 11. Unlike the case of using the
composite particles in which high melting point and low melting point crystalline
phases were mixed with each other in the Preparation Examples, in the case of the
photo active layer fabricated from the ink composed of only the low melting point
chalcogenide, specific crystalline phases were evaporated due to excessive formation
of a liquid phase during the heat treatment process. This may cause a non-uniform

micro structure and make it difficult to control the composition of the finally obtained
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[351] Whether or not a dense structure was formed in the photo active layers fabricated in
Preparation Examples 5 to 8 and Comparative Examples 9 to 11 were shown in Table
4. ' ”
[352] (Table 4)
[353] ' Heat _
. - Micro
Ink composition treatment
) structure
atmosphere
CuSe/Cu,Se crystalline
Preparation phase composite Se Uniform and
Example 5 particles atmosphere dense
In;Se;
CuSe/Cu;Se crystalline
Preparation phase composite Se Uniform and
Example 6 particles atmosphere dense
InZSeg, Ga,S;
CuSe/Cu;Se crystalline _ _
Preparation phase éomposite ' Uniform and
S atmosphere
Example 7 particles dense
zns, sSns
CuSe/Cu,Se crystalline
Preparation phase composite Se Uniform and
Example 8 particles atmosphere dense
Zns, SnS
Comparative Cu;Se nanoparticles Se Uniform and
Example 9 In,Se; atmosphere porous
i CupSe nanoparticles
Comparative _ Se Non-~uniform
CuSe; nanoparticles
Example 10 atmosphere and dens
In-.Se; )
Comparative CuSe, nanoparticles Se Non-uniform
Example 11 In;Ses atmosphere and dens
[354] As shown in Table 4, it may be appreciated that in Preparation Examples 6 to 8, a

uniform and dense structure was formed similarly to that in Preparation Example 5. On

the other hand, it may be appreciated that photo active layer fabricated in Comparative

Example 9 had a porous structure instead of a dense structure, and the photo active

layers fabricated in Comparative Examples 10 and 11 had a dense structure but
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uniformity thereof was significantly deteriorated.

(Preparation Example 9)

In order to synthesize Cu nanoparticles, after 73.63g of octylamine and 25.1g of oleic
acid were mixed with each other in a flask, 10.38g of Cu acetate was added thereto,
thereby preparing a copper precursor solution. After inert atmosphere was formed
using nitrogen gas, the copper precursor solution was heated to 150°C, and 87.4g of
phenylhydrazine was added thereto to induce a reduction reaction of copper ions,
thereby synthesizing copper nanoparticles. Thereafter, the synthesized copper
nanoparticles were separated using a centrifugation method and then washed with
toluene. '

In order to synthesize chalcogenide particles, 80ml of octylamine was put into a flask
and a temperature of the flask was fixed to 60°C. Then, In(acac), '
(acac=acetylacetonate, pentane-2,4-dione, 8mmol) and Se powder (12mmol) were
added to the flask and heated to 290°C, and then the temperature was maintained at
290°C for 1 hour, thereby synthesizing In,Se; particles. Thereafter, the synthesized
chalcogenide particles were separated using a centrifugation method and then washed
with toluene.

The prepared Cu nanoparticles and In,Se; particles were added to toluene so that a
molar ratio of Cu to In was 1:1. In this case, a content of toluene was 400 parts by
weight based on 100 parts by weight of the particle phase including the Cu
nanoparticles and In,Se, particles. After the particle phase was injected into toluene,
for homogeneous mixing, ball milling was performed at 20Hz for 60 minutes.

After the prepared ink was bar-coated onto a sodalime glass substrate on which a Mo
electrode was deposited and dried at 80°C, the ink coated glass substrate was heat
treated at 530°C while heating Se powder to 230°C, thereby fabricating a photo active
layer, which was a CulnSe; thin film. In this case, pressure in a heat treatment chamber

was 10-3torr.

(Preparation Example 10) _

In order to syr'ithesi.'ze Cu nanoparticles, after 73.63g of octylamine and 25.1¢g of oleic
acid were mixed with each other in a flask, 10.38g of Cu acetate was added thereto,
théreby preparing a copper precursor solution. After inert atmosphere was formed
using nitrogen gas, the copper precursor solution was heated to 150°C, and 87.4g of
phenylhydrazine was added thereto to induce a reduction reaction of copper ions,
thereby synthesizing copper nanoparticles. Thereafter, the synthesized copper
nanoparticles were separated using a centrifugation method and then washed with

toluene.
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In order to synthesize chalcogenide (In,Ses) particles, 80ml of octylamine was put
into a flask and a temperature of the flask was fixed to 60°C. Then, In(acac);
(acac=acetylacetonate, ‘pentane-2,4-dione, 8mmol) and Se powder (12mmol) were
added to the flask and heated to 290°C, and then the temperature was maintained at
290°C for 1 hour, thereby synthesizing In,Se; particles. Thereafter, the synthesized
chalcogenide particles were separated using a centrifugation method and then washed
with toluene. '

In order to prepare ink for a photo active layer, the synthesized copper nanoparticles,
In,Se; particles, and Ga,S; (Aldrich) were mixed with toluene. These materials were
added to toluene so that a molar ratio of Cu to (In+Ga) was 1:1 and a molar ratio of In
to Ga was 7:3. In this case, a content of toluene was 400 parts by weight based on 100
parts by weight of the mixed materials. After the particle phase was injected into
toluene, for homogeneous mixing, ball milling was performed at 20Hz for 60 minutes.

After the prepared ink was bar-coated onto a sodalime glass substrate on which a Mo
electrode was deposited and dried at 80°C, the ink coated glass substrate was heat
treated at 530°C while heating Se powder to 230°C, thereby fabricating a photo active
layer, which was a Cu(Ino 7Gags)(S, Se)z thin fxlm In this case, pressure in a heat

treatment chamber was 10-5torr.

(Preparation Example 11)

In order to synthesize Cu nanoparticles, after 73.63g of octylamine and 25.1g of oleic
acid were mixed with each other in a flask, 10.38g of Cu acetate was added thereto,
thereby preparing a copper precursor solution. After inert atmosphere was formed
using nitrogen gas, the copper precursor solution was heated to 150°C, and 87.4g of
phenylhydrazine was added thereto to induce a reduction reaction of copper ions,
thereby synthesizing copper nanoparticles. Thereafter, the synthesized copper
nanoparticles were separated using a centrifugation method and then washed with
toluene. ' '

In order to prepare ink for a photo active layer, the synthesized copper nanoparticles,
ZnS (Aldrich), and SnS (Aldrich) were mixed with toluene. These materials were
added to toluene so that a molar ratio of Cu: Zn: Sn was 2:1:1. In this case, a content of
toluene was 400 parts by weight based on 100 parts by weight of the mixed materials.
After the particle phase was injected into toluene, for homogeneous mixing, ball
milling was performed at 20Hz for 60 minutes.

After the prepared ink was bar-coated onto a sodalime glass substrate on which a Mo
electrode was deposited and dried at 80°C, the ink coated glass substrate was heat
treated at 530°C while supplying H,S gas at a flow rate of 100sccm, thereby fabricating

a photo active layer, which was a Cu,ZnSnS, thin film.
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(Preparation Example 12)

In order to synthesize Cu nanoparticles, after 73.63g of octylamine and 25.1g of oleic
acid were mixed with each other in a flask, 10.38g of Cu acetate was added thereto,
thereby preparing a copper precursor solution. After inert atmosphere was formed
using nitrogen gas, the copper precursor solution was heated to 150°C, and 87.4g of
phenylhydrazine was added thereto to induce a reduction reaction of copper ions,
thereby synthesizing copper nanoparticles. Thereafter, the synthesized copper
nanoparticles were separated using a centrifugation method and then washed with
toluene. N |

In order to prepare ink for a photo active layer, the synthesized copper nanoparticles,
ZnS (Aldrich), and SnS (Aldrich) were mixed with toluene. These materials were
added to toluene so that a molar ratio of Cu: Zn: Sn was 2:1:1. In this case, a content of
toluene was 400 parts by weight based on 100 parts by weight of the mixed materials.
After the particle phase was injected into toluene, for homogeneous mixing, ball
milling was performed at 20Hz for 60 minutes.

After the prepared ink was bar-coated onto a sodalime glass substrate on which a Mo
electrode was deposited fand dried at 80°C, the ink coated glass substrate was heat
treated at 530°C while heating Se powder to 230°C, thereby fabricating a photo active
layér, which was a Cu,ZnSn(S,Se), thin film. In this case, pressure in a heat treatment

chamber was 10-5torr.

(Comparative Example 12).

10ml of oleylamine was put into first and second flasks, respectively, and a tem-
perature was fixed to 60°C. 0.32ml of oleic acid was put into the first flask, and CuCl,
(2mmol) and InCl; (2mmol) were added thereto. After Se powder (4rhmol) was added
to the second flask, the first flask was heated to 130°C and the second flask was heated
to 240°C, thereby diissolving' thése materials for 1 hour. Next, after the first flask was
cooled to 100°C and the second flask was cooled to 200°C, a solution in the first flask
was instantaneously injected into the second flask when the temperature of the second
flask arrived at 200°C, and the second flask was heated to 240°C simultaneously with
instantaneous injection, followed by maintaining the temperature for 1 hour, thereby
synthesizing CulnSe, particles. Thereafter, the synthesizedCuInSéz particles were
separated using a centrifugation method and fhen washed with toluene. |

The synthesized CulnSe; particles were mixed with toluene, such that ink containing
20 weight% of the CulnSe, particles was prepared. At this time, for homogeneous
mixing of the ink, ball milling was performed at 20Hz for 60 minutes. After the

prepared ink was bar-coated onto a sodalime glass substrate on which a Mo electrode
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was deposited and dried at 80°C, the ink coated glass substrate was heat treated at
530°C while heating Se powder to 230°C, thereby fabricating a photo active layer,
which was a CulnSe; thin film. In this case, pressure in a heat treatment chamber was
10-torr.

[381] A

[382] Results obtained by observing micro structures of the photo active layers fabricated
in Preparation Examples 9 to 12 and Comparative Example 12 using a scanning
electron microscope (SEM) were shown in Table 5.

[383] (Table 5)

[384] Heat
Ink Micro
o treatment
composition structure
atmosphere
Preparation - Se
Cu, InzSe; - Dense
Example 9 atmosphere
Preparation Cu, In,Ses;, - . Se
_ . ' . Dense
Example 10 . Ga,S; atmosphere :
Preparation ' ‘ o '
' Cu, CuS, SnS | S atmosphere Dense
Example 11 ' ' o ' '
Preparation ’ Se
Cu, CuS, SnS Dense
Example 12 atmosphere
Comparative Se
R CulnSe, Porous
Example 12 atmosphere

[385] As shown in Table 5, it may be confirmed that the photo active layer fabricated from
the ink composition containing the copper nanoparticles had a dense micro structure,
but the photo active layer fabricated from the ink composition containing single phase

~ CulnSe; nanoparticles had a porous structure.

[386] FIG. 20 is a view showing an X-ray diffraction pattern of the Cu nanoparticles syn-
thesized in Preparation Example 9, and FIG. 21 is a scanning electron microscope
(SEM) photograph of the copper nanoparticles synthesized in Preparation Example 9.
As shown in FIGS. 20 and 21, it may be appreciated that bimodal copper nanoparticles
having average particle sizes of 40nm and 100nm were synthesized in a spherical
shape. In addition, as a result of X-ray photoelectron spectroscopy (XPS) analysis of
the Cu nanoparticles prepared in Preparation Example 9, it was confirmed that an
oxide film was not formed thereon.

[387] FIG. 22 is a scanning electron microscope (SEM) photograph of In,Se; synthesized
in Preparation Example 9. As shown in FIG. 22, it may be appreciated that the
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chalcogenide (In,Se;) particles having an average particle size of 13nm were syn-
thesized.

As a result of XRD analysis of the synthesized In,Se3 particles, It was confirmed that
amorphous particles were prepared, and as a result of ICP composition analysis, it was
confirmed that particles having an In,Se; composition were prepared.

FIG. 24 is a view showing an X-ray diffraction pattern of the photo active layer,
which was the CulnSe, thin film fabricated in Preparation Example 9, and FIG. 23 is a
scanning electron microscope (SEM) photograph of the photo active layer fabricated in
Preparation Example 9.

As shown in FIG. 23, it may be appreciated that the thin film made of CulnSe, was
fabricated. In addition, as shown in FIG. 24, it may be appreciated that a significantly
improved thin film having a dense micro structure was fabricated at 530°C, and a
coarse-grained photo active layer having an average grain size of 1um or more was
fabricated. Further, it may be confirmed that a photo active layer thin film having only
a pure single phase without a second phase was fabricated through a densification
behavior and a process of the phase transition into CulnSe, single phase.

FIG. 25 is a view showing an X-ray diffraction pattern of the CulnSe, particles

‘ prepared in Comparative Example 12, and FIG. 26 is a scanning electron mlcroscope

(SEM) photograph of the CulnSe, partlcles prepared in Comparative Example 12. As
shown in FIGS. 25 and 26, it may be apprecxated that crystalline CulnSe, particles
havmg an average particle size of 15nm was prepared in Comparative Example 12.

FIG. 27 is a scanning electron microscope (SEM) photograph of a cross section of
the photo active layer fabricated using the ink containing the CulnSe, particles
prepared in Comparative Example 12. As shown in FIG. 27, it may be appreciated that
a porous photo active layer thin film having shapes of the CulnSe, nanoparticles
contained in the ink as it is was fabrrcated and densification and particle growth were
not at all performed. ' '

Although the present invention is described based on Preparatiort Examples, the spirit
of the present invention should not be limited to the above-described Preparation
Examples, and the following claims as well as all modified equally or equivalently to

the claims are intended to fall within the scopes and spirits of the invention.
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53 PCT/KR2013/003063

Claims
An ink comprising:
composite particles in which a first chalcogenide of Group 11 metals
and a second chalcogenide of Group 11 metals having a melting point
lower than that of the first chalcogenide are mixed in a single particle;
and
a precursor of at least one element selected from Groups 12 to 14
elements.
The ink of claim [, wherein the precursor of at least one element
selected from Groups 12 to 14 elements is chloride, nitrate, sulfate,
acetate, phosphate, silicate, or hydrochloride of one or at least two
elements selected from the Groups 12 to 14 elements, or a mixture
thereof.
The ink of claim 1, wherein the precursor of at least one element
selected from Groups 12 to 14 elements is a third chalcogenide of one
or at least two elements selected from Groups 12 to 14 elements.
A fabrication method of a photo active layer for a solar cell, the fab-
rication method comprising:
a) coating ink containing cdmp'osite particles in which a first
éhalcogenide of Group 11 metals and a second chalcogenide of Group
11 metals having a melting point lower than that of the first |
chalcogenide are mixed in a single particle and a precursor of at least
one element selected from Groups 12 to 14 elements onto a substrate to
form a coating film; and
b) heat treating the coating film to prepare a multinary chalcogenide.
The fabrication method of claim 4, wherein the first chalcogenide
maintains a solid phase at the time of the heat treatment in step b), and
the second chaléogénide maintains a molten phase at the time of the
heat treatment in step b).
The fabrication method of claim 4, wherein the second chalcogenide
has a melting point of 220 to 550°C. o
The fabrication method of claim 4, wherein the composite particle
contains 10 to 900 parts by weight of the first chalcogenide based on
100 parts by weight of the second chalcogenide.
The fabrication method of claim 4, wherein a molar ratio of at least one
element selected from Groups 12 to 14 elements and contained in the

ink to the Group 11 metal contained in the first and second
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[Claim 9]

[Claim 10]

[Claim 11]

[Claim 12]

[Claim 13]

[Claim 14]

[Claim 15]

[Claim 16]

[Claim 17]
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chalcogenides is 1:0.7 to 1.2.

The fabrication method of claim 4, wherein the first chalcogenide
includes Cu,Se, and the second chalcogenide includes CuSe, CuSe,, or
a mixture thereof. |

The fabrication method of claim 4, wherein the heat treatment is
performed at 400 to 550°C under chalcogen atmosphere.

The fabrication method of claim 4, wherein the composite particle
including the first and second chalcogenides are prepared by preparing
a first solution containing a precursor of a Group 11 metal and a second
solution containing a surfactant, which is trioctylphosphine, tri-
octylphosphineoxide, acid, or a mixture thereof, and a chalcogenide
precursor and then injecting the first solution into the second solution
having a temperature of 160 to 240°C.

The fabrication method of claim 4, wherein the precursor of at least one
element selected from Groups 12 to 14 elements is chloride, nitrate,
sulfate, acetate, phosphate, silicate, or hydrochloride of one or at least
two elements selected from the Groups 12 to 14 elements, or a mixture
thereof. ' ’ ' ' '

The fabrication method of claim 4, wherein the precursor of at least one
element selected from Groups 12 to 14 elements is a third chalcogenide
of one or at least two elements selected from Groups 12 to 14 elements.
The fabrication method of claim 13, wherein the third éhalcogenide
includes one or at least two particles selected from (In,Ga,4)4(S,Se..y)s
particles, (In,Ga,.)(S,Se,.,) particles, (In,Ga,.)s(S,Se,.,); particles, (In,
Gay.)o(S,Se ., ) particles, (InyGa,..)o(S,Se,.,); particles, and (InxGall_x)S’
(S,Se,.y); particles (x and y are real numbers satisfying the following
Equations, respectively: 0<x<1! and 0<y<1); or includes one or at least
two particles selected from'Sn'(‘SySe,_y) particles, Sn,(S,Se,.,); particles,
and Sn(SySel'_y)g particles (y is a real number satisfying the following
Equation: 0<y<1) and.Zn(S'ySe,_y) particles (y is a real number
satisfying the following Equation: 0<y<1). ‘

A photo active layer for a solar cell fabricated by the fabrication
method of any one of claims 4 to 14. ' '

An ink comprising:

copper nanoparticles; and

chalcogenide particles of one or at least two elements selected from |
Groups 12 to 14 elements. S v

A fabrication method of a photo active layer for a solar cell, the fab-
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[Claim 18]

[Claim 19]

[Claim 20]

[Claim 21]

[Claim 22]

[Claim 23]

[Claim 24]
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rication method comprising: /

a) coating ink containing copper nanoparticles; and chalcogenide
particles of one or at least two elements selected from Groups 12 to 14
elements onto a substrate to form a coating film; and

b) heat treating the coating film to prepare a multinary chalcogenide
film of copper and one or at least two elements selected from Groups
12 to 14 elements. '

The fabrication method of claim 17, wherein the Group 12 element
includes zinc (Zn), the Group 13 element is at least one selected from
Indium and galli'u.m, the Group 14 element includes Sn, and a
chalcogen element is at least one selected from sulfur and selenium.
The fabrication method of claim 17, wherein the chalcogenide particles
includes one or at least two particles selected from (InGa,..)4(S,5¢€,.,);
particles, (In,Ga,..)(S,Se,.) particles, (In,Ga,..)s(S,Se,.,); particles, (In,
Ga . )o(SySei i particle_zs, (In,Ga, 4)(S,Se..,); particles, and (In,Ga,)s
(S,Se,); particles (x and y are real numbers satisfying the following
Equations, respectively: 0<x<1 and 0<y<1); or includes one or at least
two particles selected from Sn(S,Se,.,) particles, Sn,(S,Se,.,); particles,
and Sn(S,Se,.,), particles (y is a real number satisfying the following
Equation: 0<y<1) and Zn(S,Se,.,) particles (y is a real number
satisfying the following Equation: 0<y<1). N

The fabrication method of claim 17, wherein a molar ratio of one or at
least two elements selected from Groups 12 to 14 elements and
contained in the ink to copper is 1:0.7 to 1.2.

The fabrication method of claim 17, wherein the heat treatment is
p'erformed at 400 to 550°C under chalcogen atmosphere.

The fabrication method of claim 17, wherein the copper nanoparticles
is copper nanoparticles prepared by heating and stirring a copper
precursor solution containing a copper precursor, acid, and amine and
then injecting a reducing agent thereinto to thereby be capped with acid
and amine. ' ’

The fabrication method of claim 17, wherein a single phase multinary
chalcogenide is formed by the heat treatment.

A photo active layer for a solar cell fabricated by the fabrication

method of any one of claims 17 to 23.
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[Figure 9]
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[Figure 12]

N
N

L
e
e § W

M
87 i

P
) L A J L
L B W FNRE AR W N
Aoy Dwad Magn Dt WO
140 9 kv 50 Ot 116} 4 O

2 5 R

4N g .
PR ONY B0 MR

[Figure 14]

5/11

f b
08 v

HiGa x4

Pgal SR 0L

I &0 Mo gy
R e W

s e b SL L s el

| T T T

Mo W CulnSe

T
20 30 40

T
50 60 70

2 g{degree)

PCT/KR2013/003063



WO 2013/154374 6/11 PCT/KR2013/003063

[Figure 15]
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[Figure 18}

[Figure 20]
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[Figure 23]
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