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ABSTRACT: In the past decade, wet chemical strategies for solution-based Cu(In,Ga)Se, (CI(G)Se)
photovoltaic devices have gained a tremendous amount of attention in solar-cell research fields. In
particular, nanoparticles allowing for liquid-phase densification have been recognized as viable
candidates for advancements in photovoltaic devices. In this study, multiphase CIGSe nanoparticles are
synthesized by the microwave-assisted solvothermal method, in which the chemically incorporated
CuSe; and Se phases form liquid phases for inducing vigorous reactions at elevated temperatures. The
morphological/crystalline structural properties of multiphase nanoparticles are analyzed, in conjunction
with the temperature dependent evolution in multiphase nanoparticle-incorporating functional layers.
Furthermore, we examine physical parameters including the cell performance, shunt conductance, and
series resistance for multiphase CIGSe nanoparticle-derived solar cells, from which the cell

performance-limiting factors are discussed.
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1. INTRODUCTION

Various chalcogen-based materials have received much attention as a basic building block of light-
absorbing layers applicable to thin-film solar cells. Among them, Cu(In,Ga)Se, (CI(G)Se) and
CuZnSnS4 (CZTS) have been exploited in recent decades as multicomponent materials for high-
performance photovoltaic devices."? In particular, the CI(G)Se-based absorber layers have been widely
researched, showing high conversion efficiency levels reaching 20% as well as excellent environmental
stalbility.3 To date, CI(G)Se-based absorber layers for high-performance photovoltaic devices have been
fabricated through well-established vacuum-based deposition techniques, three-stage co-evaporation
methods and two-step sputtering methods.** However, in order to realize low-cost, large-area solar cells,
inexpensive, non-toxic, chemical route-based, solution-processable methodologies are required with the
generation of highly efficient photovoltaic devices.

Recently, two distinct chemical approaches have been suggested for the realization of solution-
processed CI(G)Se absorber layers. The first is based on the incorporation of metal salts as precursors
for generating device-quality absorber lalyers.S’6 The prerequisite in this approach is merely the simple
formulation of an ink or a paste containing the Cu, In, and Ga cations, from commercially available
compounds, as well as organic additives to adjust the rheological properties. However, this method is
associated with several processing drawbacks: a multiple coating process for a desirable thickness
around 1~2 um and an additional/sequential annealing step for eliminating the inherently-incorporated
impurities (from metal salts and organic additives). The second approach is a classical, nanoparticle-
based methodology that has been, in general, exploited in various wet-chemistry approaches.7'9
However, in this methodology, the most crucial requisite for the formation of the CI(G)Se absorber
layer is the capability to lead to microstructural densification, unlike the other application-oriented
nanoparticles. Porous particulate films, which do not undergo a densification reaction, suffer from a
high leakage current, with extremely low conversion efficiencies.”'” The conventional densification

reaction is derived through an atomic rearrangement between neighboring particles at elevated
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temperatures close to the melting point.'"' However, the melting point of the CI(G)Se phase is
unfortunately much higher than the softening temperature of the glass substrate. As alternatives, the
chemical densification reaction through the replacement of S with Se'? and the liquid-phase
densification through the mass transport inside a liquid-like phalse,7’8 have been suggested, showing the
high conversion efficiency above 8 %. In particular, the liquid-phase densification process has the
advantages: the versatility to be applied to other material system and the full-understanding on basic
mechanisms for the case of vacuum-deposited corresponding layers. In this characteristic approach, the
incorporation of low melting-point phases, which can melt below 530 °C, is of paramount importance
for inducing the vigorous densification reaction.’ However, to date, the formation of device-quality,
particulate CI(G)Se absorber layer through a liquid-phase densification has been rarely achieved due to
the lack of in-depth study in incorporating chemically the low-melting point phase in CI(G)Se-based
nanoparticle systems. In particular, the Ga-added CulnSe; phase has not been demonstrated due to the
challenges associated with the realization of Ga-added multicomponent nanoparticle systems,8 even
given the fundamental probability of improvements in the performance levels of devices.

In this study, we demonstrate a chemical pathway based on multiphase, stoichiometric CIGSe
nanoparticles that can undergo a liquid-phase densification reaction. A microwave-assisted solvothermal
method, introduced earlier in our previous publications,7’8 is adopted to enable controllability of the
compositional ratio of Cu/(In+Ga) and Ga/(In+Ga), one of the most important variables in CI(G)Se
solar cells, and to control the crystalline structural evolution of the low-melting-point phases. The
temperature-dependent microstructural evolution at elevated temperatures is also studied, and factors
which should be taken into consideration when developing device-quality absorber layers are suggested

in conjunction with an investigation of the performance levels of devices.
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2. EXPERIMENTAL SECTION

2.1. Raw Materials. All reagents for metal sources, copper (II) acetate monohydrate
(Cu(CO,CH3),-H,0, 98+%,), indium (III) acetate (In(C,H30,)3, 99.99%), gallium (III) acetylacetonate
([CH3COCH=C(O-)CHj3]3Ga), and selenium powder (Se, 99.99%) were purchased from Aldrich and
used as received without further purification. Polyethylene glycol 400 (PEG 400, Junsei,
H[OCH,CH;],OH, M,, = 400, extra pure) was used as a solvent. Ethyl alcohol (EtOH, Burdick &
Jackson, CH3CH,OH, ACS/HPLC certified grade) was used for the centrifugation of the synthesized
multiphase CIGSe nanoparticles and for the preparation of multiphase CIGSe nanoparticle ink. Ethylene
glycol (EG, Junsei, HOCH,CH,OH, guaranteed reagent) was used as a solvent for the ink preparation,
and polyvinylpyrrolidone (PVP, Aldrich, (CcHoNO),, M, = 55,000) was incorporated as an organic
additive.

2.2. Synthesis of multiphase CIGSe nanoparticles through a microwave-assisted solvothermal
method. 0.81 g (4.0 mmol) of copper (II) acetate monohydrate, 1.02 g (3.5 mmol) of indium (III)
acetate, 0.55 g (1.5 mmol) of gallium (III) acetylacetonate, and 0.79 g (10.0 mmol) of selenium powder
were dissolved in 20 g of PEG 400. In our previous report based on microwave (MW) irradiation, the
crystalline phases were predominantly determined by the chemical role of polyol solvents.” Multiphase
chalcopyrite nanoparticles were formed by a strong steric hindrance against the chemical reaction ability
of metal cations with the use of PEG 400, which has a long hydrocarbon chain between two hydroxyl
groups.” For the MW-assisted synthesis of multiphase CIGSe nanoparticles, the precursor solution was
transferred to a Teflon-lined vessel after stirring for 1 h at room temperature. The precursor solution was
heated under MW irradiation at 280 °C for 25 min. Upon the 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 EtOH. Then, the resulting nanoparticles were
dried under vacuum overnight at 40 °C, resulting in a black powder.

2.3. Ink preparation and film formation. To prepare the ink, 2.5 g of the multiphase CIGSe
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nanoparticles were added to a solvent with 5 g of EG. The multiphase CIGSe solution was initially
mixed by planetary ball milling to break agglomerated nanoparticles. Then, 5 g of EtOH and PVP as an
organic additive to form a crack-free layer were added into the initially dispersed multiphase CIGSe
precursor. Next, the prepared ink was dispersed by ball milling and was deposited on molybdenum
(Mo)-coated soda lime glass substrate. Mo was deposited as a back contact layer by sputtering with a
thickness of 1 um. The solution-processed thin film was dried at 80 °C in a vacuum oven. Selenization
was carried out in a vacuum evaporator equipped with Knudsen-type effusion cell. The chamber was
evacuated to base pressure of 5 x 10 torr, and elemental Se was evaporated. The flux of the Se vapor
was adjusted according to the effusion cell temperature and the Se was effused at 220 °C. The samples
were selenized at 300, 400, and 550 °C for 3 h on a hot plate located in a chamber. A shutter connected
to the hot plate was opened at 200 °C during each of the three trials. The ramping rate of the hot plate
was 5 °C/min and 60 °C/min before and after the shutter was opened, respectively.

2.4. Solar cell fabrication. The coated absorber layer selenized at 550 °C was integrated into a
photovoltaic device following standard procedures, including the chemical bath deposition of CdS (60
nm) buffer layer, the RF sputtering of i-ZnO (50 nm) and Al-doped n-ZnO (500 nm) window layer, and
the thermal evaporation of the patterned Al grid as a current collector. An antireflection layer was not
deposited onto the devices tested in this study. Finally, the devices were mechanically scribed into
individual cells with an active area of 0.44 cm®.

2.5. Measurements. The morphological properties, crystalline phase, and composition of the
multiphase CIGSe nanoparticles were analyzed using a field emission scanning electron microscope
(FE-SEM, JSM-6700F, JEOL), X-ray diffraction (XRD, D/Max 2200V/PC, Rigaku), and inductively
coupled plasma mass spectrometry (ICPMS, Thermo Scientific iCAP 6500), respectively. Scanning
transmission electron microscopy (STEM) image and the TEM-energy dispersive X-ray spectroscopy
(EDS) compositional profile for multiphase CIGSe nanoparticles were analyzed using a field emission

transmission electron microscope (FE-TEM, Tecnai F20, Philips). The composition and phase
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transformation of the multiphase CIGSe films after the selenization process were analyzed by EDS
(Quantax 200, Bruker) and XRD measurements, respectively. Surface images and the morphological
changes in the multiphase CIGSe films after selenization were analyzed by an optical microscope (OM,
iCamscope, Sometech Vision) and FE-SEM, respectively. A depth compositional profile of the
selenized film at 550 °C was obtained by auger electron spectroscopy (AES, SAM 4300, Perkin Elmer).
The conversion efficiency of the device was characterized using a class AAA solar simulator (WXS-

155S-L2, WACOM, Japan).

3. RESULT AND DISCUSSION

The microwave-assisted solvothermal method allows for the formation of well-crystallized
nanostructured particles via the instant supply of thermal energy. In particular, as reported previously,
the phase evolution in chalcopyrite-based multiphase nanoparticles can be kinetically tailored depending
on the nature of the solvent molecules and the synthetic conditions (i.e., the reaction temperature and
time).” As shown in Figure 1a, multiphase, stoichiometric CIGSe nanoparticles were obtained when the
reactant mixture containing a PEG 400, as a microwave-absorbing solvent and a reaction medium, was
heated up to 280 °C for 25 min. The main phase of Culng;Gag3Se, was observed with the presence of
other secondary phases, CulnSe,, CuSe,, GaSe, and Se. A part of Cu, In, Ga, and Se not involved in the
formation of the Culng;Gap3Se; main phase was transformed into various secondary phases; among
them, the CuSe, and Se phase could take part in triggering of liquid-phase densification below 550 °C.
The melting points of CuSe, and Se are 523 °C and 221 °C, respectively. The measured particle size was
~60 nm (Figure Sla). Unlike general nanoparticle-derived functional layers,”’ the morphological
properties of CI(G)Se nanoparticles are not of crucial importance, as the on-set temperature for a solid-
state densification reaction does not decrease dramatically depending on the diameter of CI(G)Se-based
nanoparticles.m Rather, exploiting a chemical methodology for incorporating the melting phases is a

more critical prerequisite of a vigorous densification reaction. The formation of multiphase CIGSe-
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based nanoparticles was proven by STEM image and TEM-EDS compositional profile, showing an
inhomogeneous lateral compositional distribution (Figure S1b). It was tentatively revealed that the as-
synthesized multiphase CIGSe nanoparticles are composed of fine aggregates of various phases
including CuSe, and Se phases. A reproducible synthesis process was confirmed with multiple
experiments under a synthetic condition in which multiphase nanoparticles were evolved (Figure S2).
One of the most crucial physical properties in CI(G)Se-based solar cells is the compositional
controllability of the absorber layers. The photovoltaic device performance is determined predominantly
by the composition of absorber layers owing to the composition-dependent physical defect generation.14
As shown in Figures 1b and Ic, the composition, analyzed via ICPMS, of the multiphase nanoparticles
was easily controlled as a function of the relative concentrations in reaction batches, ranging from 0.6 to
1.0 in atomic ratio of Cu to (In+Ga). The atomic ratio of In to Ga was maintained at ~7/3. These results
indicate that for our microwave-assisted chemical synthetic approach, even with the kinetically-
controlled formation of multiphase CIGSe-based nanoparticles, the compositional controllability on
well-stoichiometric nanoparticles is easily obtainable.

The functional suspension including multiphase CIGSe-based nanoparticles was formulated by
incorporating the particles in a solvent mixture of EtOH and EG with an organic additive, PVP. PVP
was added for adjusting the rheological properties suitable to a simple bar-coating as well as for
facilitating the crack-free absorber layer. For the CIGSe-based ink prepared without PVP, micron-sized
cracks formed in the films, having a detrimental effect on the performance of devices.® The prepared
suspensions were deposited on Mo-coated glass substrates using a bar-coating technique, followed by
drying at 80 °C and selenization (annealing under a Se atmosphere) at various temperatures. In forming
the CI(G)Se absorber layer, the supply of Se vapor during an annealing process is, in general, essential
in inducing the microstructural evolution and preventing the formation of (In, Ga)-Se volatile phases.
All of the selenized films were free of cracks (Figure S3). Figure 2a shows the crystalline phase

evolution of multiphase CIGSe-based particulate films depending on the selenization temperature
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Figure 1. (a) XRD pattern of as-synthesized multiphase, stoichiometric CIGSe nanoparticles, (b)
compositions, and (c) elemental analysis of multiphase nanoparticles controlled as a function of the
relative concentration between starting precursors in a reaction batch; the atomic ratio of Cu to (In+Ga)

1s 0.6 to 1.0 with a constant atomic ratio (~7/3) of In to Ga.

when it exceeded 300 °C. It was revealed that after selenization at 300 °C, the peaks for secondary
phases almost completely disappeared through the phase transformation into the CIGSe phase, leaving
behind a small amount of untransformed CuSe phase positioned at 31.06° and 46.00°. As the
selenization temperature increased to 550 °C, temperature-dependent crystallization took place, and only

the main CIGSe phase existed, indicative of the complete phase transformation of the secondary phases
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Figure 2. (a) XRD spectra and (b) compositional changes for multiphase CIGSe-based particulate films

selenized at 300, 400, and 550 °C.

into the CIGSe phase. According to a compositional analysis of the selenized CIGSe-based films
(Figure 2b), the relative composition of each element did not vary regardless of the selenization
temperature. This indicates that the prepared multiphase CIGSe-based layer does not undergo a
composition change in conjunction with the formation of volatile phases. In many cases, the
chalcopyrite nanoparticles underwent a compositional change at an elevated temperature, as the atoms
in nanoparticles are not bound strongly enough to prevent the thermal phase-decomposition forming

volatile selenide-based binary phases, even under a high vapor pressure Se atmosphere.*'> The

10
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multiphase CIGSe-based nanoparticles prepared in this study are stable against thermally enhanced
phase-decomposition reactions, thus allowing for the easy optimization of the selenization process
without the complicated consideration on temperature-dependent compositional variation of absorber
layers.

The microstructural evolutions of multiphase CIGSe-based particulate films are shown in Figure 3.
After selenization at 300 °C, a distinct grain structure did not evolve. In this temperature region, the Se,
one of the secondary phases, can melt and act as an active flux material for liquid-phase densification.
However, the PVP, incorporated as an organic additive, does not start to decompose at 300 °C (Figure
S4), which hinders the mass transport between neighboring nanoparticles through a liquid phase,
critically interrupting the reactive densification reaction. In contrast, after selenization at 400 °C, at
which the thermal decomposition of PVP is partially initiated, grain-like microstructures were observed
with a disconnected inter-grain morphology (Figure 3b). Additionally, at 400 °C, the supply of the
additional Se phase, which evolves due to the phase transition of CuSe, into CuSe/Cu,Se and Se, leads
to a more vigorous liquid phase densification process.16 However, while the densification reaction
occurs, the PVP is simultaneously decomposed, thus releasing the vaporized organic moieties
throughout the film and in turn restricting the inter-connections between the grains. When the
multiphase CIGSe-based absorber layer was selenized at 550 °C in order to induce the complete thermal
decomposition of PVP as well as the complete melting of the CuSe, phase prior to the phase transition,
a well-crystallized and much denser morphology was obtained. The chalcopyrite films, composed of
nanoparticles without low-melting-point secondary phases, do not undergo a densification reaction in
any case; thus, it is presumed that the low-melting-point phases, Se and CuSe,, incorporated
intentionally by tailoring the phase evolution during the synthesis reaction, play a critical role in
forming the dense, film-like microstructure. In current research, the prerequisites for generating the
more densely packed grain structures are as follows: (i) restriction of the phase transition of secondary

phases into the CIGSe phase while reaching the desirable, high selenization temperature, and (ii)

11
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Figure 3. Top-view SEM images for the solution-processed multiphase CIGSe-based particulate films

selenized at (a) 300, (b) 400, and (c) 550 °C. All scale bars are 500 nm.

selection of an organic additive easily decomposable at a lower temperature. As the temperature
increases during the selenization process, the secondary phases are consumed by the partial phase
transition into the CIGSe phase, which should be suppressed during the ramping process to induce a
vigorous melting-induced densification reaction at 550 °C. Rapid thermal annealing is an alternative
means of controlling the reaction path of the secondary phases; however, the absorber layer,
incorporating PVP as an organic additive, does not accommodate the thermal shock which occurs with
films during a rapid heating/cooling step, resulting in micron-sized cracks on the surface of the films.
Thus, organic additives, which release the mechanical stress accumulated inside the films, should be
investigated in a future study. As described above, the thermal decomposition behavior of the organic
additive is an important factor in determining the lateral microstructural evolution at an elevated
temperature. In addition, the remaining organic moieties that have an adverse effect on the densification
reactions influence the vertical morphology of the microstructures. Before reaching 550 °C, a slight
densification reaction, caused by the subtle melting of the low-melting-point phases, occurs gradually
during the ramping process, together with the temperature-dependent thermal decomposition of the PVP.
This leads to the trapping of decomposed organic moieties inside a film with a dense, top-surface layer,

restricting the densification to the bottom surface of the absorber layer (Figure S5a). The presence of

12
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undecomposed organic moieties was proven during the examination of the depth compositional profile
(Figure S5b). For solution-processed CI(G)Se absorber layers, the presence of residue in the bottom
layer is usually observed,’ as the carbon-containing components should be incorporated in an ink in the
form of an organic additive and/or precursor; moreover, they are not easily eliminated in the final,
selenized film. Basic research which attempts to find organic additives that meet the aforementioned
prerequisites is currently underway. In addition, the migration of Ga toward a bottom of CIGSe absorber
layer was also observed. The Ga migration toward the Mo back contact has been frequently observed
during the selenization of metallic precursors, which has been attributed to the difference in reaction
rates of Cu-In-Se and Cu-Ga-Se phalses.17 The reaction rate between Cu and In is much faster than that
between Cu and Ga, resulting in the preferential formation of (Cu,In)-Se phases at a top surface.

A completely phase-transformed CIGSe absorber layer, selenized at 550 °C, was implemented in a
photovoltaic device architecture through the following standard procedures: the chemical bath
deposition of CdS (60 nm), the RF sputtering of i-ZnO (50 nm), the RF sputtering of Al-doped n-ZnO
(500 nm), and the thermal evaporation of a patterned Al grid as a current collector. An anti-reflection
layer was not deposited for the devices tested in this study. Finally, the devices were mechanically
scribed into individual cells with an active area of 0.44 cm?. For films selenized at 300 and 400 °C, the
reproducible photovoltaic data were not obtainable, owing to the incomplete phase transformation and
relatively less dense microstructures. The current-voltage (I-V) characteristics of the photovoltaic device
are displayed in Figure 4a, showing a conversion efficiency of 2.3% with an open-circuit voltage (Voc),
a short circuit current density (Js¢), and a fill factor (FF) of 0.29 V, 23.3 mAcm™>, and 33.7%,
respectively. According to the external quantum efficiency (EQE) result (Figure 4b and 4c), the band
gap of CIGSe absorber layer was measured to be 1.18 eV, corresponding to a conventional vacuum-
deposited CIGSe lalyer.18 However, the V,. was quite lower than the values reported for highly-efficient
CIGSe solar cells. It was speculated that the V. is lowered mainly by following factors, including the

localized shunting pinholes correlating with the low Ry, value, and the migration of Ga toward the

13
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bottom of absorber layer, which reduces the bandgap at a p-n heterojunction.19 Integration of EQE curve
of our device yielded Jsc = 19.3 mA/cmz, which is some extent smaller than the Jsc value, 23.3 mA/cmz,
obtained from the illuminated I-V curve. It is believed that this small discrepancy can be negligible,
taken into consideration the uncertainty in both of the calibrated reference solar cell and the photodiode
used to count the number of incident photons.

The extensive decrease in the EQE within a long-wavelength region was observed, which is
attributable to inefficient charge collection through the absorber layer. The photovoltaic device
fabricated using multiphase CIGSe-based particulate films selenized at 550 °C suffers from much
excessive reduction of EQE compared to that of previously reported one which was fabricated under
similar conditions such as nanoparticle-based approach, solution-processed coating and selenization
process.S'9 In order to obtain information on the physical quality of our CIGSe layer, we plotted dV/dJ vs.
(J+JSC)'1 from the J-V curve, as shown in Figure 5. The extracted shunt conductance and series resistance
were determined to be 26.5 mS/cm” and 7.24 Qcm? respectively. Compared with our previously-
reported, highly efficient, solution-processed CISe solar cell,® it appeared that the obtained physical
parameters show the inferior values. It is believed that the structural imperfection is predominantly
attributable to both of the high shunt conductance and the series resistance, besides the contribution of
physical defects, commonly considered for explaining the performance degradation in high performance
devices. The small voids present between neighboring grains on the top surface of the CIGSe layer
would increase the probability of both the CdS and ZnO layer penetrating the CIGSe layer during the
chemical bath deposition and sputtering processes.8 Moreover, the formation of an unsuitable interfacial
junction adversely influences both physical parameters in conjunction with the carbon-containing
residues, limiting the cell performance. However, it should be noted that the multiphase nanoparticles
synthesized in this study clearly fulfil several prerequisites as a starting precursor nanoparticle, such as
the capability to induce vigorous densification, good composition controllability, thermal stability

against phase decomposition at elevated temperatures, and good crystalline structural homogeneity.
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Figure 4. (a) Current-voltage (I-V) characteristics, and (b, c) external quantum efficiency results for the

photovoltaic device fabricated using multiphase CIGSe-based particulate films selenized at 550 °C.
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The aforementioned microstructural incompleteness resulted from the undesirable thermal
decomposition behavior of the organic additive, which interrupted the effective microstructural
evolution inside the particulate films. As an upcoming study, through basic research on the
physical/chemical properties of organic additives,

the careful selection of a proper organic additive should be carried out, along with its sophisticated
incorporation into a suspension containing multiphase CIGSe nanoparticles, after which it is highly

likely that the device performance would be greatly improved.

4. CONCLUSION

In this study, we demonstrated that a microwave-assisted solvothermal synthetic method facilitates the
formation of multiphase CIGSe nanoparticles containing the CuSe; and Se as a low-melting-point phase.
Reproducibly-synthesized multiphase nanoparticles enabled for the chemical composition control, from
0.6 to 1.0 in atomic ratio of Cu to (In+Ga), as well as the crystalline structure modulation. It was
revealed that the resulting multiphase nanoparticles undergo vigorous liquid-phase densification by
triggering the thermally-derived phase transformation of CuSe; and Se by selenization at 550 °C, which
allowed for a relatively dense, homogenous absorber layer with a bilayer-like structure. A photovoltaic
device employing a solution-processed CIGSe absorber layer was fabricated, the device performance of
which was analytically investigated with calculations of both the shunt conductance and the series

resistance.
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