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ABSTRACT: Nanoparticle-based, solution-processed chalcopyrite pho-
tovoltaic devices have drawn tremendous attraction for the realization of
low-cost, large-area solar cell applications. In particular, it has been
recently demonstrated that the CuSe phase plays a critical role in
allowing the formation of device-quality, nanoparticle-based chalcopyrite
absorber layers. For further in-depth study, with the aim of under-
standing the thermal behavior of the CuSe phase that triggers the
vigorous densification reaction, a requisite for high-performance %
chalcopyrite absorber layers, both multiphase (CuSe-phase including)

CuSe-phase incorporating NPs CuSe-phase free NPs
n 80
X 60 -=-Cu 3 70 -+-Cu
G [-eh Sl O
~ 50 { ] ~
-A-Se J —A-Se 1]
5 20 /'?" & A ——a— ./
’5) f—<0_ 1 =40 "
g NE——n— §30 ° —0 \g
ga BN Ema——a—a TN\
[e]
010 ad S "
100 200 300 400 500 00 100 200 300 400 500
Temperature (°C) Temperature (°C)

and single-phase (CuSe-phase free) CISe nanoparticles are investigated

from the viewpoint of compositional variation and crystalline structural evolution. In addition, with CuSe-phase including CISe
particulate layers, the basic restrictions in thermal treatment necessary for activating effectively the CuSe-phase induced
densification reaction are suggested, in conjunction with consideration on the thermal decomposition of organic additives that
are inevitably incorporated in nanoparticle-based absorber layers.

KEYWORDS: CuSe, nanoparticle, absorber, solution-processed, chalcopyrite, photovoltaic device

1. INTRODUCTION

Chalcopyrite compounds, Cu(In,Ga)(S,Se),, have been re-
garded as promising light absorbers in photovoltaic device
applications owing to their high absorption coefficient and also
to their band gap, which is adjustable depending on the In/Ga
and S/Se ratios." Device-quality absorber layers have been, in
general, created by depositing each element in the form of
vapor phase through either evaporation or sputtering
techniques.” However, the high manufacturing cost poses an
inhibitory in realizing large-area, low cost, high performance
photovoltaic devices. In contrast, the solution-processed
deposition techniques, based on the soluble functional
materials, could allow a variety of advantages, including a less
energy intensive route, scalability, simplicity, and high
throughput, over conventional vacuum-deposition methods.
However, nanoparticle-based, solution-processable materials
have been shown to have limitations in improving device
performance due to the inherent nature of chalcopyrite-phase
nanoparticles.® In order to establish an electrical path for
efficient charge carrier conduction, a well-interconnected, dense
particulate structure should be evolved during annealing at
elevated temperatures, generally below 550 °C. However, by
annealing in such a temperature region, no interparticular
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junction between neighboring nanoparticles is generated, which
gives rise to restrictions in accomplishing high-performance
photovoltaic devices. In this regard, in spite of their easy
accessibility on large-area, low-cost solar cell applications,
nanoparticle-based chemical pathways have been reported only
in a limited number of studies due to the lack of strategies for
provoking the chemical activation for densification reactions;
on the other hand, with precursor-solution based techniques,
facile methodologies have been demonstrated for creating
dense, solution-processed chalcopyrite absorber layers.*
Recently, in nanoparticle-based approaches, two specific
methodologies have opened the novel possibility of enabling
highly efficient devices: (i) densification through elemental
substitution between S and Se element™ and (ii) liquid-phase
densification triggered by the low melting-point phase, CuSe,
which is transformed into the desired chalcopyrite phase during
annealing at elevated temperatures.*” In particular, the latter
case possesses the versatility to allow it to be applied to various
material systems. Furthermore, the physical/chemical mecha-
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nisms of the CuSe phase for densification reactions have been
clarified in impurity-free chalcopyrite absorber layers. There
have been several theoretical reports on the transition of CuSe
binary phases formed by a sequential evaporation,® sputter-
ing”~"" chemical bath deposition,'>'® and chemical vapor
deposition.'* Studies of CuSe binary phase transitions,
however, have rarely been reported for nanoparticle-based
thin-films, even if the CuSe nanoparticles have been
synthesized by various chemical approaches.">™'® The realiza-
tion of CuSe-phase induced densification reaction has not been
achieved due to the chemical/thermal instability of CuSe phase
in solution-processed films, even if the CuSe phase has been
well-manipulated for adjusting the microstructural quality in
vacuum-deposited CI(G)S films. In nanoparticle-based thin-
films, the organic components should be incorporated in films
as both a capping molecule (to stabilize the nanoparticle
surface) and an organic additive (to meet the rheological
requirements adequate for the wet-coating method), which
alters the kinetic activity in phase transitions. In addition, the
annealing processes in air should be involved in order to
effectively decomyose both the capping molecules and the
organic additives, ”*® which part of this process is different
from the impurity-free deposition technique. The air annealing
process can transform the CuSe phase into undesired secondary
phases before triggering liquid-phase sintering, which is
determined by the thermal/chemical stability of the CuSe
phase at elevated temperatures in air. It is well-known that the
chalcogenide compounds are easily decomposable in the form
of oxide phases at elevated temperatures in air. Thus, to adjust
the microstructural evolution in CuSe-phase incorporating
nanoparticle-based absorber layers, the thermal behavior of the
CuSe phase in particulate films should be monitored. However,
to date, the meaningful study on the thermally driven evolution
of CuSe phase, in conjunction with consideration on the burn-
out annealing of organic components, has been not reported,
due to the lack of model material system for CuSe-phase
incorporating nanoparticle-based absorber layer.

In this study, we report, for the first time, the thermal
evolution of the CuSe phase in nanoparticle-based absorber
layers, with a sophisticatedly controlled multiphase nano-
particles including CuSe phase that facilitate the formation of
highly efficient, 8.2% solution-processed CISe photovoltaic
devices.® The phase stability of the CuSe phase, associated with
the formation of secondary phases during thermal treatment
either in air or under inert atmosphere, is analyzed through a
comparative investigation of both CuSe-phase including and
CuSe-phase free nanoparticles. In addition, through in-depth
investigation on CuSe-phase incorporating absorber layers, a
thermal requisite is suggested for the preservation of the CuSe
phase as well as for the complete decomposition of organic
components.

2. EXPERIMENTAL SECTION

2.1. Raw Materials. All reagents for metal source,
copper(I) acetate monohydrate (Cu(CO,CH,;),-H,0, 98+
%,), indium(III) acetate (In(C,H;0,)3, 99.99%), and selenium
powder (Se, 99.99%) were purchased from Aldrich and used as
received without further purification. Ethylene glycol (EG,
Aldrich, HOCH,CH,OH, 98%) and polyethylene glycol 400
(PEG 400, Junsei, HHOCH,CH,],OH, M,, = 400, extra pure)
were used as solvents. Polyvinylpyrrolidone (PVP, Aldrich,
(C¢HoNO),, M,, = 55,000) was incorporated as an organic
additive in preparing the CISe nanoparticle ink.
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2.2. Synthesis of Multiphase (CuSe-Phase Including)
and Single-Phase (CuSe-Phase Free) CISe Nanoparticles.
For microwave-assisted synthesis of multiphase CISe nano-
particles, 0.6 g (2.9 mmol) of copper(II) acetate monohydrate,
143 g (49 mmol) of indium(III) acetate, and 0.75 g (9.8
mmol) of selenium powder were dissolved in 20 g of
polyethylene glycol 400. In the case of multiphase nano-
particles, the indium is partially lost during annealing under Se
atmosphere;6 thus, the excess indium acetate was added in a
reaction batch in order to reach the appropriate Cu/In ratio of
~0.8. For microwave-assisted synthesis of single-phase CISe
nanoparticles, 0.8 g (4.0 mmol) of copper(Il) acetate
monohydrate, 1.43 g (4.9 mmol) of indium(III) acetate, and
0.75 g (9.8 mmol) of selenium powder were dissolved in 20 g
of ethylene glycol. In our synthetic pathway based on a
microwave irradiation, the crystalline phases were predom-
inantly determined by the chemical role of polyol solvents; the
use of polyethylene glycol 400, with a long hydrocarbon chain
between two hydroxyl groups facilitates the formation of
multiphase CISe nanoparticles, while the ethylene glycol-based
microwave synthesis results in a single phase CISe nano-
particls.z1 After stirring for 1 h at room temperature, each
precursor solution was transferred to a Teflon liner vessel and
heated under MW irradiation at 280 °C for 25 min. Upon
completion of the synthesis reaction, the reaction solution was
cooled to room temperature, and the nanoparticles were
separated by centrifugation, collected, and washed three times
with ethyl alcohol. Then, the resulting nanoparticles were dried
under vacuum overnight at 40 °C to yield black powders. In
order to investigate the crystalline structural evolution depend-
ing on annealing temperature and atmosphere, either multi-
phase or single-phase CISe nanoparticle was annealed at
various temperatures between 200 and 530 °C for 30 min
under Ar atmosphere or in air.

2.3. Ink Preparation and Film Formation. For the
preparation of the colloidal functional ink, each nanoparticle
was added with a solid content of 20 wt % in a mixed solvent
with 0.72 g of ethyl alcohol and 1.68 g of ethylene glycol. Then,
polyvinylpyrrolidone was added to the mixture of CISe
nanoparticles and solvents, to form a crack-free layer. The
prepared ink was mixed by ball milling to break the softly
agglomerated nanoparticles and was subsequently deposited on
a Mo/glass substrate. The resulting thin-film was dried at 80 °C
in a vacuum oven. Selenization (annealing under Se
atmosphere) was carried out in a vacuum evaporator equipped
with a Knudsen-type effusion cell. The chamber was evacuated
to a base pressure of 5 X 107° Torr, and the elemental Se was
evaporated. The flux of Se vapor was adjusted by the effusion
cell temperature and Se was effused at 180 °C. The samples
were selenized at 300, 400, and 530 °C for 30 min on a hot
plate located in the chamber.

2.4. Measurements. The compositional changes and the
phase variations of multiphase and single-phase CISe nano-
particles depending on the annealing temperature and
atmosphere were investigated using an energy dispersive
spectrometer (EDS, Quantax 200, Bruker) and X-ray diffraction
(XRD, D/Max 2200 V/PC, Rigaku), respectively. Selenized
multiphase CISe films, including an organic additive,
polyvinylpyrrolidone, were observed using a field emission
scanning electron microscopy (FE-SEM, JSM-6700F, JEOL).
The thermal behavior of the organic additive, polyvinylpyrro-
lidone, was monitored using a thermal gravimetric analysis
(SDT2960, TA Instruments).
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3. RESULTS AND DISCUSSION

3.1. The Temperature-Dependent Compositional and
Crystalline Structural Evolution of Multiphase ClSe
Nanoparticles. The multiphase CISe nanoparticles synthe-
sized in this study consisted of the chalcopyrite CISe phase,
indexed to (112), (220), and (312), together with CuSe,
Cu,.,Se, and In,O; secondary phases (Figure 1). In a previous
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Figure 1. XRD spectrum for as-synthesized multiphase (CuSe phase-
including) CISe nanoparticles.

study, the presence of the CuSe phase was proven with TEM-
EDS composiitonal profile analysis on multiphase CISe
nanoparticles.”” Figure 2 shows both compositional and
crystalline structural evolution, measured by EDS and XRD
analysis, depending on the annealing temperature in air. The
synthesized multiphase nanoparticles are spherical in shape and
their average size is measured as ~80 nm (Figure S1). In the
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Figure 2. (a) Compositional (atomic ratio) variation and (b) XRD
spectra for as-synthesized multiphase (CuSe phase-including) CISe
nanoparticles annealed at 200, 300, 400, 500, and 530 °C in air.
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case metal nanoparticles, the thermal properties including a
melting behavior is predominantly influenced by a particle size;
the CI(G)S chalcogenide nanoparticles, however, do not
undergo such a characteristic thermal behavior as a function
of nanoparticle size. It was reported that the CIGS nano-
particles, even with the particle below 10 nm, do not melt by a
high temperature annealing above 500 °C, maintaining the
individual particle morphology, crystalline structure, and
composition.'” Therefore, in investigating the thermal
evolution of multiphase nanoparticles, the particle size effect
was not taken into consideration. As can be seen in Figure 2a,
the Se content decreased gradually above 200 °C, while the Cu
content increased together with the In content. There are three
plausible reasons for these phenomena: (i) the decomposition
reaction of the CuSe phase into the Cu, Se phase, leading to
the evaporation of the low melting point Se phase,”'>**~>*
(ii) the oxidation of CISe, CuSe, and Cu,_Se phases into Cu,O,
In,0;, and SeO, phases, and (iii) the formation of In, Se,, which
has a volatile nature. In particular, the formation of the volatlle
Se02 phase (T,,: 340 °C) can contribute dominantly to the Se
loss.® However, the third reason can be excluded if we take into
consideration the identical slopes in the compositional change
of Cu and In. The proposed phase transitions, based on a
compositional evolution, were also confirmed by the crystalline
structural evolution at elevated temperatures in air (Figure 2b).
The main CISe phase disappeared gradually between 200—400
°C, mainly above 300 °C, and oxide phases of In,0; and CuO
began to form above 300 °C. The additional formation of the
Cu,_Se phase, by decomposition of the CuSe phase, was not
observed. Theoretically, the phase transition of CuSe into the
Cu,_,Se phase is favorable thermodynamically above 380 °C in
an oxygen-free atmosphere. However, since the formation of
oxide phases from Cu—Se compounds proceeded at lower
temperatures, the contribution of the CuSe-Cu,,Se phase
transition is believed not to be predominant. Therefore, it is
speculated that the compositional variation of Cu, In, and Se is
caused by the formation of Cu,O, In,0; and volatile SeO,
oxide phases from CISe, CuSe, and Cu,_,Se phases.

In contrast, no noticeable changes in composition and
crystalline structure were seen under inert atmosphere even at
high temperatures (Figure 3). The formation of oxide phases is
restricted because of the lack of oxidants under the oxygen-free
atmosphere. The phase transition between Cu—Se compounds
was not activated vigorously enough to be detectable by rough
EDS and XRD analysis, since the transformation from the CuSe
phase to the Cu, Se phase is suppressed by the structurally
impedimental interaction with the main CISe phase.”**** Only
the thermally enhanced crystallization of the main CISe phase
was observed, as a thermal behavior of multiphase nanoparticles
under inert atmosphere. This temperature independency of Cu,
In, and Se composition under oxygen-free atmosphere reflects
the facile processability in optimizing the annealing process,
without the consideration on compositional variation. For Cu—
In—(Ga)—Se nanoparticle systems, the binary chalcogenide and
chalcopyrite phases are commonly unstable at elevated
temperatures, even under oxygen-free atmosphere, owing to
the presence of environmentally vulnerable, energetically
unstable surface atoms; this situation brings an impediment
in adjusting the annealing process for the generation of high-
performance chalcopyrite thin-films. It has been reported that
the decomposition of CI(G)Se nanoparticles occurs in the form
of In,Se (g) and Ga,Se (g), even under N, atmosphere, when
the temperature approaches 500 °C for inducing micro-
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Figure 3. (a) Compositional (atomic ratio) variation and (b) XRD
spectra for as-synthesized multiphase (CuSe phase-including) CISe
nanoparticles annealed at 200, 300, 400, 500, and 530 °C under
nitrogen atmosphere.

structural densification.”® The characteristic phase-stability of
the multiphase nanoparticles, synthesized in this study, is
attributed to the strong chemical binding of surface atoms by
polyol molecules, which prevents chemical interaction with
other moieties forming the volatile phases. In wet-chemical
synthesis using polyol solvents, the polyol molecule surrounds
effectively the nanoparticle surface through a covalent bonding
with metal cations prior to a nanoparticle nucleation.

3.2. The Temperature-Dependent Compositional and
Crystalline Structural Evolution of Single-Phase ClSe
Nanoparticles. For single-phase CISe nanoparticles, the
compositional change and phase evolution at elevated temper-
atures were analyzed further in order to figure out which phase
transition is predominantly involved with the CuSe phase and
how those transition reactions can be suppressed or activated.
The major diffraction peaks of the single-phase CISe nano-
particles are indexed to (112), (220), and (312), as a pure
chalcopyrite phase (Figure 4). The In,O5 phase appeared to be
present together with the CISe phase, but its intensity is
negligible, indicating the presence in an extremely small
amount. The size synthesized single-phase nanoparticles were
measured as ~95 nm (Figure S1), which is almost
corresponding to that of multiphase nanoparticles. Figure S
shows the compositional variation and crystalline structural
evolution of the single-phase CISe nanoparticles during
annealing under inert atmosphere. Cu, In, and Se contents in
the films were found to be independent of the annealing
temperature. Phase transitions in single-phase CISe thin-films
did not take place during annealing up to 530 °C; this
annealing was accompanied only by enhanced crystallinity
above 500 °C. Such thermal behavior, which shows no
noticeable variation depending on annealing temperature, is
identical to that of multiphase CISe nanoparticles, indicating
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Figure 4. XRD spectrum for as-synthesized single-phase (CuSe-phase
free) CISe nanoparticles.
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nanoparticles annealed at 200, 300, 400, 500, and 530 °C under
nitrogen atmosphere.

that the polyol molecules, both of PEG 400 and EG, play a role
in stabilizing the nanoparticle surface atoms. However, in the
case of annealing in air, evidently different compositional and
crystalline structural evolutions were observed. In the composi-
tional analysis (Figure 6a), the single-phase CISe nanoparticles
were found to be stable up to 300 °C, showing no change in
composition. From the XRD analysis (Figure 6b), it can be
observed that the oxide phases evolved above 300 °C and the
oxidized phases started being crystallized further above 300 °C.
Therefore, based on all of the analyses of the thermal behavior
in air for both multiphase and single-phase CISe nanoparticles,
it can be revealed that the oxidation of secondary phases,
including the CuSe phase, occurs predominantly between 200
and 300 °C, while the oxidation of the main CISe phase takes
place above 300 °C. Thus, if a primary heat-treatment in air is
required, it should be carried out below 200 °C in order to
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Figure 6. (a) Compositional (atomic ratio) variation and (b) XRD
spectra for as-synthesized single-phase (CuSe-phase free) ClISe
nanoparticles annealed at 200, 300, 400, 500, and 530 °C in air.

prevent the formation of undesirable phases from the CuSe
phase. This indicates that the decomposition of the organic
components, which are inevitably incorporated for the
formation of crack-free thin-films or the preparation of
functional inks with adequate rheological properties, should
be complete below 200 °C in air; thus, the selection of organic
additives that can be thermally decomposed below 200 °C in
air is a principal prerequisite in attempts to generate high-
performance solution-processed chalcopyrite thin-films from
CuSe-phase including nanoparticles. However, organic addi-
tives that comply with this thermal decomposition behavior are
rarely present due to the basic chemical nature of organic
compounds. Alternatively, organic additives that are thermally
decomposable even at high temperature under inert atmos-
phere can be incorporated, since the phases are preserved well
under oxygen-free atmosphere at elevated temperatures.
However, from the viewpoint of microstructural evolution,
the thermal decomposition should be complete below a certain

temperature at which the microstructural densification takes
place, which will be described in a later section. In addition,
under oxygen-free atmosphere, the supply of sufficient Se vapor
is required during heat treatment for restricting the
decomposition of CuSe to Cu,,Se as well as inducing a
phase transition of oxides into chalcogenides.

3.3. The Temperature-Dependent Compositional and
Crystalline Structural Evolution of Multiphase ClSe
Thin-Films Including Organic Components under Se
Atmosphere. The compositional and crystalline structural
variation was shown in Figure 7 for multiphase CISe thin films
deposited with an organic additive, PVP. The CISe films,
derived from PVP-free CISe nanoparticle ink, suffer from
micrometer-sized cracks; this flaw has a critical adverse
influence on the establishment of an acceptable heterogeneous
junction between the CdS and absorber layer.® As can be seen
in Figure 7a, no noticeable compositional variations were
observed below 300 °C. Above 400 °C, Se composition
increased due to Se substitution for oxygen in In,Oj;; also, the
Cu/In ratio was adjusted to 0.8 by the formation of the volatile
In—Se phase.’ In terms of the crystalline structural evolution
(Figure 7b), at 400 °C, the phase transition to CISe phase
proceeded slightly. The ratio of the peak at 26.7° (CISe) to the
peak at 31.1° (CuSe) increased from 1.2 to 1.3, when the
selenization temperature increased from 300 to 400 °C. This
restricted crystalline structural evolution is associated with the
interference of PVP for the phase transformation. The thermal
decomposition of PVP starts at 340 °C and is completed at 450
°C under an oxygen-free atmosphere (Figure S2). As can be
seen in Figure S3, for the PVP-free multiphase CISe particulate
layer, the ratio of the peak at 26.7° (CISe) to the peak at 31.1°
(CuSe) was 7.75 upon selenization at 400 °C, indicative of the
negative impact of the organic additives on phase trans-
formations. In addition, after selenization at 400 °C, a very thin
dense layer with a thickness of 180 nm was formed on the
surface layer (Figure 8a). It is presumed that the formation of
thin dense layer results from the partial solid-state densification
by the CuSe phase, prior to the liquid phase formation. The
solid-state densification is, in general, triggered at around
0.7xT,, (melting point) for a certain phase, and the melting
point of the CuSe phase is 523 °C. When the annealing
temperature reached 530 °C, the transformation into single
CISe phase was completed and no secondary phases were
observed, yielding a pore-free and well-crystallized CISe layer
(Figure 8b). When a liquid phase forms via melting of CuSe,
the solid dissolves and diffuses through the liquid; the solid
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Figure 7. (a) Compositional (atomic ratio) variation and (b) XRD spectra for multiphase (CuSe phase-including) CISe films, with an organic

additive, PVP, depending on the selenization temperature.
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Figure 8. SEM images for multiphase (CuSe phase-including) CISe films, including an organic additive, PVP, selenized at (a) 400 and (b) 530 °C.

The dashed line and arrow indicate the upper, dense CISe layer.

then precipitates on the particles at other sites, resulting in
densification of the solid particulate network. However, it is
observed that the resulting CISe layer is composed of a bilayer
structure: a dense, well-crystallized layer with a thickness of 1.3
pum as the upper layer and an amorphous layer as the lower
layer. As the dense CISe layer forms from the surface of the
multiphase particulate layer, organic moieties, which result from
the complete thermal decomposition of the organic additive,
are not evaporated through the preformed dense CISe layer;
these moieties remain with the completely transformed CISe
component. This organic-residue remaining in the bilayer
structure results in a high series resistance (R;) and/or high
shunt conductance (Gy,) in the overall device structure, both of
which have a critical impact on device performance.”****’ In
this regard, for creating the device-quality absorber layer using
the CuSe-phase incorporating nanoparticle-based approach, the
annihilation of organic residues should be performed with a
thermal treatment through which the CuSe phase is not
decomposed and the solid-state/liquid phase densification is
triggered. Therefore, for achieving high performance, nano-
particle-based chalcopyrite absorber layers through an effective
liquid-phase densification induced by the CuSe phase, an in-
depth consideration should be taken in terms of the strategy for
incorporating organic additives that can be easily decomposable
via thermal treatment below 200 °C in air or that can be
evaporated prior to triggering the solid-state densification by
the CuSe phase in an oxygen-free atmosphere.

4. CONCLUSION

In summary, the compositional and crystal structural stability of
the CuSe phase, incorporated as a crucial phase for inducing
liquid-phase densification, were investigated based on a
comparative analysis with CuSe phase-including and CuSe
phase-free nanoparticles. It was revealed that the CuSe phase
incorporated in the nanoparticle system was stable even at high
temperatures above 500 °C under inert atmosphere; on the
other hand, this CuSe phase was decomposable above 200 °C
in air owing to the oxidation reaction. In addition to these
criteria for the thermal stability of CuSe-phase including
nanoparticles, it was also demonstrated that the thermal
decomposition behavior of organic additives plays a critical
role in determining the microstructural evolution of the CuSe-
phase including nanoparticle-based chalcopyrite films and that
the decomposition of the organic additives should be
completed prior to triggering the solid-state densification by
the CuSe phase.
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