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ABSTRACT

Supercritical Anti-Solvent (SAS) 1s a promising technique to prepare supported metallic
nanoparticles. This review paper highlights the potential of supercritical anti-solvent process in the
enhancement of Dye-Sensitized Sclar Cell (DSSC) efficiency. The fundamental aspects in SAS
process has been applied through the analysis on the controls and modification of main properties
of particles such as morphology, size, particle size distribution and erystallinity for the improvement,
of solar cell application. The current issues and technologies associated with SAS process were
stated throughout the study.
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INTRODUCTION

The Dye-Sensitized Solar Cell (DSSC) that belongs to the group of thin film solar cells is
propesed by O'Regan and Gritzel (1991). It is based on a semiconductor formed between a photo-
sensitized anode and an electrolyte, a photoelectrochemical system. Dye Sensitized Solar Cells
{(DSSC) 1s one of the efficient and promising alternative clean energy harvesting technology to
directly convert solar energy into electricity as it only requires a low production cost and low
environmental impact during fabrication. A typical DSSC is composed of a Transparent Conductive
Oxide (TCO) glass such as F-doped SnO, glass (F/SnQ.,) covered with nanocrystalline TiO,, dye
molecules attached to the surface of TiQ,, an electrolyte containing a redox couple (I3} and a
counter electrode such as a Pt deposited TCO glass (Fig. 1). The nano-sized of TiO, makes large
amount of dye can be adsorped due to the large surface area of nanocrystalline TiQ,.
Photoexcitation of the dye injects an electron into the conduction band of TiO,. The electron can be
conducted to the outer circuit to drive the load and making the electric power (Xiaobo, 2009;
Gratzel, 2004). Hence, the nanocrystalline Ti0, structure plays a major role in the enhancement
of DBSC efficiency.

Recently, several studies have been utilized to improve the performance of the DSSC.
Alonso et al. (2007) states that the control of particle size, crystallinity and surface area 1s very
important for solar cell efficiency. They studied the effect of cperational parameters on the synthesis
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Fig. 1: The structure and mechanisms of dye-sensitized solar cell

of TiO, particles such as particle morphology, Particle Size Distribution (PSD), specific surface area
and crystallinity by wusing two different precursors which is diisopropoxititanium
bis(acetylacetonate) (DIPBAT) and titanmium tetraiscpropoxide (TTIF). Shi ef al. (2009) has studied
the effect of TiO, layer derived by pretreating the TCO with TiCl, aqueous soluticn, on the
performance of the DSSC. The TiQ, compact layer can effectively control the dark current at lower
voltages, which is beneficial to enhance the conversion efficiency (1) due to the improvement of
open circuit voltage (v.) and Fill Factor (FF). Tsai and Lu (2009) has obtained a studies of the
improvement of the light to electricity conversion efficiency of the DSSC by enhancing the
scattering of the incident light within the cell, most often through addition of a light scattering
structure on top of the photo-anode layer, to better utilize the light for electron generation.

Some research also has been carried ocut on the modifications of the film structure as an effort
to improve the efficiency in DSSC application. Pollou et al. (2009) developed a wave-like
microstructure titanium layer which is cbtained by electro-polishing processes. The surface texture
of the layer typically contains sharp corners and depends strongly upon the underlying crystallite
orientation and morphology. Its benefit is most significant in the designs that use a very thin
photoactive layer with high quantum efficiency, which 1s light that is not utilized in the energy
conversion process, 1s refiected rather than absorbed. Paulose ef al. (2008) developed nanotube
array electrodes in DSSC system to reduce logses incurred by charge-hopping across nancparticle
grain boundaries. The ordered nanostructured allows larger electron lifetimes and a suppression
of back electron transfer from electrode to electrolyte. The nanotube layer has been further
improved by Wang ef al. (2010) whom developed a DNA-like structured DSSC which offers a high
surface area for the absorption of sunlight from any directions. However, for this type of structure,
it 18 necessary to use other colourless redox couple system instead of the traditional high absorbance
iodine-based electrolyte as the sunlight has to pass through the electrolyte first and then gets to the
surface of anode.

Kawasaki ef al. (2009) states that at industrial stage, it is necessary to produce nanoparticles
of smaller size with a narrow size distribution, controllable size and high crystallinity at low
manufacturing costs using a green process route. The effectiveness of titania as a photocatalyst
depends on its crystal phase, particle size and crystallinity which are greatly influenced by the
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Fig. 2: Schematic diagram of Supercritical Anti-Solvent apparatus (1: High pressure pump;
2. Pressure gauge; 3: Injector nozzle; 4. Jurguson vessel; 5: Solution mixture; 6: Filter;
7. Phase separator)

preparation methods (Binitha et al., 2009). Recently, the research on supercritical technology has
become a major interest and has been widely applied, mostly in pharmaceutical and biological
additives application. The use of supercritical fluids process malke it possible to obtain a dry and
clean product, with a simpler one-step process, avoiding subsequent purification stages and
minimizing particle agglomeration, in comparison with the conventional methods of micronization
(Sierra-Pallares ef al., 2009). However, the study that relates supercritical antisolvent process with
the efficiency of solar cell application is still lacking. The supereritical antisolvent process as shown
schematically in Fig. 2, offer a great benefits in the simple modification and controlling of particle
formation to achieve the desired characteristics. The SAS process is usually operated as follows: a
supercritical-CO, is delivering to the precipitation chamber until the desired pressure is reached.
When antisolvent steady flow is established, pure solvent is sent through the nozzle to the
chamber. When a quasi-steady state composition of sclvent and antisolvent 1s realized within the
precipitator, the flow of the pure solvent 1s stopped and the lhiquid solution is delivered through the
nozzle, producing the precipitation of the solute. At the end of the liquid solution delivery, the
chamber is purged with supercritical CO, to wash it from the residual solvent solubilized in the
supercritical antisolvent. SAS processing also benefits from the rapid mass transfer oceurring in
supercritical fluids due to their lower wviscosity and higher diffusivity relative to liquids
{Gokhale et al., 2007). Thus, in this paper, we highlight the findings on the potential of SAS
process 1in the improvement of solar cell efficiency by controlling the properties of TiQ,
nancparticles.
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CONTROL OF NUCLEATION AND CRYSTAL GROWTH KINETICS

The nucleation and particle growth affects the final size of the particles and particle size
distribution. The particle formation 1s controlled by phase equilibrium, mass transfer and chemical
reaction. Dukhin et al. (2005) states that major sub-processes of the sclute nucleation involve
droplet formation, droplet interaction and ccagulation together with droplet mass transfer. The

droplet residence time, T, and precipitation time that affects the nancparticle dimension is

controlled by the stream velocity which led to the rate of turbulent droplet coagulation.

Alonso et al. (2007) states that the nucleation process in supercritical fluid can be described by
the growth of particles through condensation and coagulation. The sclubility of desired solid
product initiates the nucleation step and the precipitation of the product controlled by the
supersaturation degree of the medium. Hence, the size of the particles is inversely proportional to
the supersaturation degree of the medium. The mixture formation between the solvent and the
antisolvent is the vital issue in producing fine and uniform particle (Cansell and Aymonier, 2009;
Aymonier ef al., 2008; Dowy et al.,, 2009a, b). Dowy et al. (2009a, b) studied a homogenous mixture
on the molecular scale, prior to nucleation and particle growth, as the homogenous solute
supersaturation will lead to a uniform particle size distribution. In the experiment, the injected
liquid experiences the progressive disappearance of the interfacial tension and the droplets are not
formed as the interfacial tension reduces to zero before jet break-up for both selvents. At single-
phase mixing conditions, scolidification of the sclute has to be attributed to the classical gas-to-
particle nucleation and the subsequent growth mechanism. Gas-to-solid particle formation 1is
characterized by nucleation, followed by a reduced growth since mass transfer from the bulk of the
gas phase to the surface of the particle is poor, as the sclute is practically not soluble in the fluid
phase.

The jet fluid dynamics has a vital effect on reaction rate as it controls the mass transfer and
phase equilibrium process in supercritical phase. Reverchon et al. (2009a, b) studied the jet fluid
dynamics using thin wall injectors for the investigation of the liquid solvents acetone and DMSO
at operating conditions of 40°C in the pressure range between 6 and 16 MPa, where the break-up
length of the jet is studied and correlated as a function of the Reynolds and Ohnesorge numbers.
When S5AS 1s performed at supercritical conditions, a transition between multi-phase and single-
phase mixing is observed by increasing the operating pressure. Single-phase mixing is due to the
very fast disappearance of the interfacial tension between the liquid solvent and the fluid phase
in the precipitator. The transition between these two phenomena depends not only on the operating
pressure, but also on the viscosity and the surface tension of the solvent. Indeed, single-phase
mixing has been observed for acetone very near the mixture critical point, whereas DMSO showed
a progressive transition for pressures of about 12 MPa. Later, Reverchon et al. (20094, b) study the
interaction of emulsion droplets with the atomization process. Indeed, SAS atomization at
suberitical and near critical conditions produces organic solvent droplets that can contain one or
more micelles. During the atomization, micelles can be disturbed by the shear stress due to the jet
break-up and the final result could be a partial disaggregation or reorganization of the micelles that
can produce smaller particles. In a well-developed supercritical condition (150 bar, 35°C), no
droplets exists and the process evolves as a single phase mixing. If droplets of the less soluble
aqueous solution are contained in the liquid phase, they can be subject to a stronger perturbation
{since the external liquid shell of the continuocus phase is not formed as in the SAS at subcritical

and near critical conditions).
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Dowy et al. (2009a,b) studied the rapid mixture formation during high-pressure injection of
liquid ethanol into supercritical CO,to investigate the density distribution during the injection
process. From the research, they found no influence of the injected ethanol on the density
distribution of CO,in the condition above the Mixture Critical Point (MCP). During the penetration
of the injected ethanol into the CQ,, the surface tension vanishes, driven by the mixing process and
a homogeneous supercritical mixture is generated. As no droplets are formed because of the none
existence of interface tension, neither absorption of CQO, nor evaporation of the droplets occurs.
Later Dowy et al. (2009a, b) carried out an investigation on the influence of solute onto the phase
behavior of the pseudo-binary system ethanol/ CO, in the supercritical antisolvent process. The
studies highlight the influence of the solute on the mixing mechanisms between the injected
solution and the antisolvent from homogeneous supercritical jet mixing to multi-phase mixing with
particle precipitation from liquid phase. At conditions above the MCP, the mixing process 1s gas-like
and therefore characterized by turbulent flow and vortices in the jet structure. The variation in
process conditions from below the MCF to above the MCP of the binary mixture ethanol/ CO, and
the variation of the temperature clearly stated that mixture formation can be influenced between
spray and jet mixing mechanisms by changing the CO, pressure and therefore with the density of
the antisolvent. Changing the injection pressure result in comparatively small variations in the
mole fraction distribution but cannot influence the phase behavior of the mixing mechanism.
Precipitation from a fully developed supercritical single-phase maybe possible at higher pressures,
where the CQ, partial density within the mixing regime and the bulk density of CQO, within the SAS
chamber converge.

Very few works has been performed towards the development of numerical models to predict
the growth of nanoparticles. Mostafa Nowee et al. (2008) developed a model based on a population
balance approaches to describe the dynamic change of particle size in crystallization processes
under the effect of antisolvent addition in identifying the nucleation and growth kinetic in the
crystallization of particle. They found that the feed rate at the early stages of the process 1s crucial
as it defines the outcomes of the final particle size characteristics due to the formation of a high
peak of supersaturation at the early stages of the process when primary nucleation occurs.
Sierra-Pallares ef @l. (2009) developed a comprehensive mathematical model to estimate the
average diameter attained by the particles that are being generated by supercritical fluid process.
The model 1s solved by using CFD (Computational Fluid Dynamices) for the experimental geometry
consists of a tee piece as mixed and cylindrical reactor. The model was applied to the system of
CQypethanol-DIFBAT (diisopropoxititanium bis(acetilacetonate)). The monodisperse model has been
used to describe integral properties of particle size distribution such as concentration, aeroscl
volume and particle diameter. The results of this investigation allowed to a conclusion that the
residence times and the Reynolds numbers have a strong influence on the control of particle
formation. KErriguible et al. (2009) also developed a monodisperse model of particle growth in
supercritical fluid process based on two steps mechanism which 1s coalescence followed by
aggregation mechanism, to predict the evelution of primary particle size and the number of primary
particles per aggregate to estimate the aggregate size in the reactor as a function of the operating
parameters which 1s pressure, temperature, precursor concentration and residence time. The
population balance equation is solved by assuming a monodisperse distribution. This model
describes the evolution of particles by the variation of the particle concentration, the volume and

the average surface of aggregates.
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CONTROL OF SIZE AND PARTICLE SIZE DISTRIBUTION

Nanostructured materials have offered new opportunities in desighing a more efficient solar
cells, by facilitating photon absorption, electron transport and electron collection. Nanostructures
are promising for photovoltaic devices due to several performance and processing benefits, such as
a direct path for charge transport and large surface areas for light harvest offered by the geometry
of such nanostructures (Yu and Chen, 2009). The nanosize particles provide a wide band gap
which allows electron injection from the excited state of the dye in DSSC application. A large
surface area of nanoparticles gives an efficient interfacial transfer and allows absorption of large
amount of dye. When size of the particle decreased, the fraction of atom located on the surface
increased with higher surface area to volume ratios which led to the enhancement of photocatalytic
activity (Xiacbo, 2009). The reduction of particle size also led to an increased of the photoredox
reactions due to the increased of redox potential of the valence-band holes and the conduction band
electrons.

Many research evaluate that the growth of particles is directly related te mass transfer
(Alonso et al., 2007; Erkey, 2009; Argemi ef al., 2009; Park and Yeo, 2008a, b; Shariati and Peters,
2003). The collission between the nuclei or new material adhesion to form the particles are
controlled by mass transfer (Alonso ef al., 2007). The mixing of reactants and diffusion are
favored by turbulence. Sierra-Pallares et al. (2009) proposed a pseudo-first order kinetic for the
extinction of the chemical precursors. In the studies of the preparation of nanoparticles by
supercritical fluid processes, Reverchon and Adami (2008) stated that in the supercritical
antisolvent precipitation process, the supercritical fluid should be completely miscible with the liquid
solvent; whereas, the sclute should be insoluble in the supercritical fluid (SCF). Therefore,
contacting the liquid sclution with the SCF induces the formation of a solution, producing
supersaturation and precipitation of the solute. The formation of the liquid mixture 1s very fast due
to the enhanced mass transfer rates that characterize supercritical fluids and as a result,
nanoparticles could be produced. An important role in enhancing the mass transfer is also played
by the liquid solution injection device. The injector is designed to produce liquid jet break-up and
the formation of small droplets to produce a large mass transfer surface between the liquid and the
gaseous phase.

Petit-Gas et al. (2009) studied the jet dispersion of liquid organic solvents in supercritical
continucus phase under miscible conditions but just above the mixture critical point. This study
highlights the influence of hydrodynamics upon the powder characteristics for generated particles
using SAS process. The result from their experiments shows that the key-point te form finer
particles appears to be the mixing state more than the atomization state even if the characteristics
powder are more homogeneous when the jet is atomized. For the same velocity jet, finer particles
are formed for higher jet Reynolds numbers. Based on their studies, it 1s essential to also consider
and characterize the hydrodynamic jet conditions in the vessel for the interpretation of
crystallization of particles in SAS process. In conjunction with hydroedynamic properties
(Barrett ef al., 2008) reported that the decreased of particle size can be attributed to the higher
carbon dioxide density which increases the deforming pressure forces necessary to break up the
liquid droplet into smaller droplets hence creating smaller particles. As a summary, as shown in
Table 1, the size of particles can be varied by the controlling of mass transfer and jet dynamics by

the variation of process parameters.
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Table 1: Different morphologies and sizes of the particles derived by SAS process

Condition parameters
Cone. Solvent flowrates CO, flowrates

Compound Solvent T (¢C) P (bar) wt (%) ------en (ML min)- eeeem oo e Shape Size Ref.
TiO, Ethanol 300 200 21 2 8.3 Spherical 25-400  Hakuta et al. (2003)
TiO, Ethanol 300 200 21 2.4 9.7 Spherical 22-350  Hakutaet ol. (2003)
TiO, Ethanol 300 200 21 3.6 14.5 Spherical 14-300  Hakutaet ol. (2003)
TiO, Ethanol 300 200 21 72 29 Spherical 11-250  Hakutaet of. (2003)
TiO, Ethanol 300 200 21 11 44 Spherical 14-220  Hakutaet ol. (2003)
WO, i-octane 35 100 40 2 Spherical 60-80 Reverchon ef ¢l. (20092, b)
WO, Cyclohexane 35 150 40 2 Spherical 24-34 Reverchon ef ¢l. (20092, b)
WO, Ethyl Acetate 35 150 40 2 Spherical 10 Reverchon ef al. (20092, b)
WO, Cyclohexane 36 0 40 2 Spherical 500 Reverchon ef al. (20093, b)
Si0, Cyclohexane 35 100 40 2 Spherical 500 Reverchon ef al. (2009a, b)
Mo, Cyclohexane 35 150 40 2 Spherical 10-100  Reverchon ef al. (20093, b)
Yac DMSO 40 150 5* 2 Spherical 20-100  Reverchon ef al. (2007)
Gdac DMSO 40 150 100* 2 Spherical 100-500 Reverchon ef al. (2007)
Amoxicilin NMP 40 150 20* 2 Spherical 100-500 Reverchon ef al. (2007)
Rifampicin DMBO 40 150 10* 2 Spherical 70-100  Reverchon ef al. (2007)
Agtemizole DMBO 40 150 10* 2 Spherical 100-300 Reverchon ef al. (2007)
HMX DMSO 40 150 5 2 15 Needles  13.4* Kim ef «i. (2009)
HMX DMF 40 151 2 2 15 Plates 7.8* Kim ef «i. (2009)
HMX Cyclohexane 40 152 2 2 15 Prisms 6.1* Kim ef al. (2009)
HMX Acetone 40 153 2 2 15 Prisms 9.5% Kim et al. (2009)
HMX NMP 40 154 2 2 15 Plates 4.1* Kim et al. (2009)
Phenylbutazone Acetone 35 95 30 0.61*% Needles 6.8-56.56% Park and Yeo (2008a, b)
Phenylbutazone Acetone 35 95 30 16.70* Needles  3.2-15.5% Park and Yeo (2008)
CeO Methanol 40 110 13.33% 0.1 7 Spherical 3-8nm  Tang et al. (2007)
CeO Methanol 40 150 13.33% 0.1 7 Spherical 3-8nm  Tang et al. (2007)
CeO Methanol 60 110 13.33* 0.1 7 Spherical 3-8nm  Tang et al. (2007)

*Concentration of precursor in mg mL™!, CO, flowrates in bar/min and size in ym range

CONTROL OF PARTICLE MORPHOLOGIES

Morphologies attract significant interest due to their potential applications in micreelectronics,
interconnections, optoelectronics and as nanoscale electronic devices (Aymonier ef al., 20008),
Zhao et al. (2010) found that the morphology of the particles produced 1s depends on the position
of operating point with respect to the mixture critical point of ternary systems. By varying the
critical pressure and temperature, different morphologies were obtained. From the studies, the
presence of spherical microparticles were obtained in a completely developed supercritical phase
region, while an irregular sphere and a plate-like microparticle were obtained in an operating
condition near supercritical region and in a subcritical condition, respectively. Reverchon ef al.
{2008) states that the spherical particles are the result of droplets drying after effective atomization
of the liquid solution. At pressure far above the critical pressure, the spherical nanoparticles are
consistently produced by precipitation from the fluid phase. Reverchon ef al. (2007) studied the
morphology of the microparticles formed during SAS precipitation at the different process conditions
and found a correlation between particle morpheolegy and the observed jet fluid dynamics.
Expanded microparticles were obtained working at suberitical conditions; whereas spherical
microparticles were obtained operating at supercritical conditions up to the pressure where the
transition between multi-phase and single-phase mixing was observed. Nanoparticles were
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obtained at far above the mixture critical pressure. During this condition, the fllud dynamie
behavior acts as a single phase mixing. Park and Yeo (2008a, b) found that the crystal obtain in
SAS process have better external shape compare from conventional method which i1s solvent
evaporation method. In their studies, they obtain a regular external shape with a clean surface
texture and sharp angles for the particles produced by SAS process compare to the particles
produced by solvent evaporation process which have a significant agglomeration problem. In
summary, data in Table 1 presents a wide range of particle morphologies produced by SAS process
by the variation of parameters condition.

CONTROL OF CRYSTALLINITY AND SPECIFIC SURFACE AREA

Kawasalki et al. (2009) have developed a fast micromixing method using high temperature by
applying supercritical CO, synthesis. Based on their study, the crystallinity of the particles can be
improved by increasing the residence time in a constant high temperature. A large surface area
may lead to an increase of photocatalytic activity; however, it also becomes a defective site led to
a faster recombination. Therefore, the improvement. of the crystallinity of particles can reduce the
bulk defects and enhance the photocatalytic activity lhaocbe, 2009). High temperature treatment
usually improves the crystallinity of TiO, nanomaterials, which in return can induce the
aggregation of small nanoparticles and decrease of the surface area (Xiacbo, 2009; Alonso ef al.,
2007). However, increment of temperature treatment can reduce the fill factor of the cell due to the
degradation of conductive layer by oxidation (Ngamsinlapasathian et al., 2008). Park and Yeo
{20084, b) has studied the effect of SAS on the degree of crystallinity. They observed that the
degree of preferred orientation could be controlled by varying the CO, injection rate. From their
studies, the slow injection rate of CO,; may facilitate the molecules to arrange in a particular
orientation during the packing inside the crystalline lattice.

However, some study found that for non-doped TiO,, less than 5% of solar energy are absorbed,;
therefore, numerous studies have been conducted to enhance the interfacial charge-transfer
reaction and narrows the band gap of TiO, which led to the increasing of photo-reactivity of Ti0Q,
(Chen et al., 2009) such as doping of Ti0O, by carbon (Chu et al., 2008), nitrogen (Dong et al., 2009,
Joshi et al., 2009), phosphorous (Jin et al., 2009) and rare earth elements (Stengl et «l., 2009).
Doping of the film can improve the crystallinity (Pu et al., 2010) and specific surface area
{Tian et al., 2009) of the prepared solar cell to increase their conductivities (Lau ef al., 2010) by
shifting the optical absorption edge of TiO, toward lower energy region, thereby increasing the
photosensitivity of material (Xiacho, 2009; Ao et al.,, 2009; Chu ef al., 2008). Current doping process
on TiO, involves a high temperature treatment and a long time of hydrothermal treatment
{(hin et al., 2009; Pu ef al., 2010), both of which are unfavorable in energy as high temperature can
degrade the conductive layer of the cell by oxidation (Chen ef al., 2008). Therefore, SAS is chosen
as it offers a mild condition process and a rapid recrystallization process. SAS process also offers a
more flexibility in designing the characteristics of a given materials which results in higher yields
and provide a wide range of possibilities for in-situ doping (Aymonier et al., 2006).

SAS DESIGN CONFIGURATION AND SCALE-UP IMPLEMENTATION

Calvignac and Boutin (2009) have introduced a new mixing contacting device based on the
impinging jets technology to help the micronized molecules dissolved in an appropriate organic
solvent. The technique consists of arranging two jets in face to face position in order to generate a
zone of high turbulence and favor the mass transfer. The study highlight the influence of operating
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parameters and geometric parameters of the impinging jets device which is the jet velocity,
impinging distance, organic solvent and solute concentration on particle size and particle size
distribution. They found that compared to traditional SAS process, the impinging jet device allows
a significant reduction on particle size from few millimeters to 10 um,.

Jarmer et al. (2008) studied the different criteria for scaling up the nozzle in the precipitator.
They cbserved that the best scale-up criterion was a constant energy dissipation rate in the nozzle,
while maintaining a constant Reynolds number. Adami et @l (2008) found that the efficiency of
the atomization device and the droplets distribution in the spray influence the diameter of the
products produced. They obtained the same morphology of particles when similar operating
conditions of the key process parameters were used in their scaling-up comparison studies.

CONCLUSION

The analysis of literature results has confirmed that the SAS technology is a reliable process
which allows the production of well designed materials with controlled properties and can be
consistently used to manufacture spherical nanoparticles with a high crystallinity and low particle
size distribution which are the major characteristics of the particles used for the improvement of
dye-sensitized solar cell efficiency. By focusing on the modification of particle which 1s the main
structure of the film in solar cell applications, SAS technology allows the control of morphology,
crystallinity and particle size distribution of the particles. The fundamental mechanisms of SAS
precipitation process such as high pressure phase equilibria, fluid dynamics and mass transfer are
fundamentally essential in the modification and controls of particle characteristics. Many efforts
have been carried out through the research development of theoretical models and experiments.
These attempts are indeed necessary for development. of systematic procedures for the design and
scale-up for commercial application of SAS process in solar cell industry.
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