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A B S T R A C T

To enhance energy absorption of photovoltaics, several etching experiments with various parameters were
performed. In addition, an Artificial Neural Network (ANN) simulation was utilized to predict chemical nano
etching parameters such as masking and etching durations for Silicon (Si) solar cell applications to reach
minimum surface reflectance in an optimum etching duration. Experiments were performed with different
masking and etching durations to determine the characteristics of surface reflectance of micro textured n-type
single crystalline Si wafers in 25mmx25mm width and 300 µm thickness to provide training data for ANN. For
this purpose, solutions with identic properties including Ag nanoparticles were applied with different application
durations on the surfaces of n-type single crystalline Si wafers to cover partially the Si surfaces with Ag nano-
particles at masking step. After, partially masked Si surfaces were exposed to chemical nano etching to develop
nano-sized porous structures under different etching durations in an identic acidic etching solution. For the
etching of Si wafers, 32 masking and etching processes were performed. Reflectance measurements and SEM
images were evaluated to determine the optimum etching duration resulting the best surface quality with
minimum reflectance. In addition, reflectance values were utilized as input data for training, testing and vali-
dation steps of developed ANN. In the ANN simulation, 70% of reflectance values were used as training, 15% of
reflectance values were used as validation and 15% of reflectance values were used to test data in the ANN.
Consequently, surface reflectance values under different masking and etching durations were predicted with the
new parameter set by using the trained ANN with a success level above 99%.

1. Introduction

Polished Si surface has a reflectivity above 35% with a very high
value, hence decreasing the surface reflectivity is a significant issue to
prevent the optical loses for higher efficiency [1]. Nano-sized structures
have been explored intensively for last two decades because of its
contribution to optical properties on electronics, optoelectronics, ther-
moelectric, photodetectors, energy storage and solar cell applications
[2–6]. Particularly, the quantum efficiency of solar cell applications is
intensively depending on the reflectance values of Si wafer surfaces
[3,7]. For this purpose, many different surface morphologies increasing
the sunlight absorption performance are available in literature formed
with different chemical and physical methods [3,6,8]. That's because
trapping the light effectively is a critical factor for high-efficient solar
cell production [9,10]. The main idea in developing micro and nano-

sized structures on Si surface is extending the path of the photons to
increase the energy absorption and decrease the reflectance values from
35% to minimum as possible as [11,12]. However, dry methods are
complex, expensive and possible to damage the crystal lattice of Si
wafers. In addition, they are not sufficient for mass deposition on sur-
faces [3,4,6,8]. Si wafers with nano structures such as nanowires,
porous surface, nano-pillars, honeycombs are known as “Black Silicon”
with excellent surface reflectance values around 1–6% in the literature
[3,7,13,14]. Among all these methods, metal-assisted wet chemical
etching method as relatively simpler, faster and cheaper, is the most
effective one due to the promising reflectance results [1,8]. However,
high costs of the used materials such as Si wafer and chemical etchant
solutions are limiting number of experiments and may prevent the
determination of excellent parameters for the etching process to reach
the minimum reflectance values [15–17]. Such these difficulties make
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the use of artificial intelligence a necessity in etching processes. Arti-
ficial neural networks (ANNs) are simple, practical and quick methods
that are frequently used for the derivation of new parameters and
parameter optimization [18–21]. ANNs are utilized effectively, and
they providespromising results, when the relationship between ex-
perimental parameters and experimental results could not be defined by
equations or when the relationship is complex and non-linear. In ad-
dition, it can be said that ANNs gives better results than mathematical
solutions in some applications [18–20,22–24].

In order to enhance energy absorption performance by improving
light trapping capacity, recently, many researches were performed to
investigate the development of nano-sized shapes for Si photovoltaic
cells. For instance, Sheng et al. [25] studied on a simple and lower cost
chemical etching method consisting of a controllable cupper assisted
process on as-cut polycrystalline Si surface. They have developed a low
reflectance Si surface with 5.8% by forming inverted pyramids in
copper assisted solutions and removed the diamond wire saw damages
after the etching. Salhi et al. [2] studied an electroless metal-assisted
etching in HF/AgNO3 and HF/H2O2 consisting of two stages to form
nanowire structures on Si wafer and examined total absorption differ-
ence. In addition, they investigated the relation between absorption
level and etching time and etching solution concentration. Saxena et al.
[14] manufactured a Si wafer with a surface that regularly aligned
nano-wires in a metal-assisted etching solution. They also examined the
effects of etching time on the geometrical properties of nanowires. Niu
et al. [26] studied Ag -assisted electroless (AgNO3 +HF+H2O2) etching
to investigate the transformation of nano-pores dimensions character-
istics during the etching process in detail. Hu et al. [27] used alkali
solutions to obtain nanostructures on multi-crystalline Si wafer by using
sodium hydroxide and a mixture consisting of sodium hydroxide and
sodium hypochlorite solutions in two stages to develop a plane surface
with a reflectance value below 3%. Zeng at al. developed a composite
micro and nano shapes on Si surface with chemical etching in sodium
hydroxide and isopropyl alcohol (IPA) solution and reactive ion etching
method respectively. They reached minimum 1.27% reflectance values
successfully. Jin et al. [28] formed pyramidal nanotip shapes on Si
wafer by using indentation assisted selective etching method. They
investigated the effects of indentation force and etching time on the
transformation of nano pyramidal shapes. They used chemical etching
method in potassium hydroxide (KOH) after nanoindentation step.
Rabha et al. [29], developed uniformly distributed nano-wire structures
on Si substrates by using nano-sized metal particle-assisted chemical
etching method. They achieved an excellent reflectance value lower
than 1% and provided 8% efficiency improvement for a solar cell. Ray
et al. [30] developed an ANN model to monitor the surface porosity of
the Si surface during the etching operation both in situ and con-
tinuously. Lee et al. [31] investigated the effects of nanowire dimen-
sions on solar cell performance, developed by using a micro-textured Si
wafer with upright pyramidal shapes. They realized an electroless
etching process with Ag nanoparticles. They determined 2min etching
time for maximum power conversion efficiency of solar cell. However,
no study has yet been conducted on the determination of the etching
parameters using artificial intelligence.

In this study, 32 wet chemical etching experiments were performed
with different masking and etching durations by using n-type single
crystalline Si wafers in identic properties. In addition to experiments, to
eliminate the measurement errors and derive more parameters for
etching, an ANN simulation was utilized for the first time. Masking and
etching parameters were used as input data and reflectance measure-
ment results were utilized for target data for training the ANN. After all,
new parameters were observed at the end of simulation giving the best
reflectance values for better photon energy absorption. In addition,
during the etching operation, they have seen that the diameters of the
pores increased quickly after by the increasing etching durations.

2. Experimental and method

In this study, firstly, Si raw material in high purity (99.99999%) was
purchased from PVA Tepla (Germany) and phosphorus (P) doped (n-
type) Si ingot was produced by Czochralski (CZ) process. N-type Si
ingot was cut into 340 µm wafers in STX 1202 diamond wire saw (DWS)
machine. Thin, double sides of the wafers were exposed to lapping and
polishing processes to remove DWS damages and achieve a flat and
mirror-like shining surface. After the lapping and polishing steps, the
thicknesses of the wafers were decreased to 300 µm. The double sides of
the wafers were micro textured with the procedure given in [8] and
diced into 25mm×25mm pieces for nano etching process. Finally, the
double-side micro textured in 25mm×25mm sized and 300 µm thick
n-type single crystalline Si wafer specimens were employed in 15%
reflectance values in this study. Si wafer samples were exposed to a
standard cleaning procedure. After, the samples were rinsed into %5 HF
solution by volume for 1min at room temperature [3]. For advanced
optical properties, Ag-assisted nano etching process was applied in 4M
HF mixture containing 0.008M AgNO3 in order to cover the Si wafer
surfaces partially with a thin layer consisting of Ag nanoparticles for
5–20 s in dark medium at room temperature. Following by the de-
position step of Ag layer, wafers were cleaned in deionized water and
rinsed into H2O2:HF:DIW in 1:2:10 ratio by volume at room tempera-
ture in dark medium for 10–120 s in order to develop nano-sized porous
structures [1]. After the etching step remaining of Ag nanoparticles
used for mashing were cleaned in %5 HNO3 for 1 h in an ultrasonic bath
at room temperature [3,8]. Experimental parameter set was given in
Table 1. Every Si samples were used in only one experiment.

Nano etched samples were examined in scanning electron micro-
scope (SEM) with Carl Zeiss Ultra Plus Gemini Fesem instrument in
order to validate the nano-sized porous structure formation. SEM image
and reflectance curve of the initial micro textured Si surface were given
in Fig. 1.

Reflectance measurements were performed with Thermo Scientific
Evolution 600 UV–visible spectrophotometer for 32 samples. An ANN
simulation was carried out with the masking, etching parameters, and
reflectance values. Masking and etching parameters were used as input
data and reflectance values were used as target data for training the
configured ANN as given in Part 1. After the success level above 99%
trained ANN was used employed for testing the initial parameters to
observe how close values were obtained to experimental reflectance
measurements in Part 2. The error list between the experimental results
and configured ANN results was given in Table 2. In the later stage of
Part 2, the new parameter set supplied in Table 3 was generated and
new simulations for predicting new reflectance values with various
experimental parameters were performed. In Part 3, the most promising
parameter giving the lower reflectance was applied in a new

Table 1
Experimental parameter set and reflectance values.

Experiment 1 2 3 4 5 6 7 8

Masking [s] 5 5 5 5 5 5 5 5
Etching [s] 10 15 20 25 35 45 60 120
Reflectance [%] 9.9 9.2 8.5 8.3 8.1 9.0 10.2 10.7
Experiment 9 10 11 12 13 14 15 16
Masking [s] 10 10 10 10 10 10 10 10
Etching [s] 10 15 20 25 35 45 60 120
Reflectance [%] 5.1 4.9 4.7 4.5 4.3 4.7 4.9 5.3
Experiment 17 18 19 20 21 22 23 24
Masking [s] 15 15 15 15 15 15 15 15
Etching [s] 10 15 20 25 35 45 60 120
Reflectance [%] 5.8 5.4 5.15 5.06 4.9 5.4 5.6 6.07
Experiment 25 26 27 28 29 30 21 32
Masking [s] 20 20 20 20 20 20 20 20
Etching [s] 10 15 20 25 35 45 60 120
Reflectance [%] 6.7 6.3 6.05 6.0 5.7 6.2 6.6 7.0

E. Kayabasi et al. Solar Energy Materials and Solar Cells 188 (2018) 234–240

235



Download English Version:

https://daneshyari.com/en/article/10139016

Download Persian Version:

https://daneshyari.com/article/10139016

Daneshyari.com

https://daneshyari.com/en/article/10139016
https://daneshyari.com/article/10139016
https://daneshyari.com

