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with antireflection effect for silicon solar cells

Imran Kanmaz'*®, Murat Tomakin'®, and Abdullah Uzum?

"Faculty of Arts and Sciences, Department of Physics, Recep Tayyip Erdogan University, 53100 Rize, Tiirkiye
2 Faculty of Engineering, Department of Electrical and Electronics Engineering, Karadeniz Technical University, 61080 Trabzon, Tiirkiye

ABSTRACT

This study introduces CeO,/SiO, double-layer film stacks and its antireflection
coating effect. Optical properties were analyzed by spectrophotometer measure-
ments; surface morphology and cross-sections were observed by Scanning Elec-
tron Microscopy (SEM); elemental distributions and crystallographic properties
were determined by Energy Dispersive Spectroscopy (EDS) and X-ray Diffraction
(XRD) measurements. Average reflectance of single-layer 0.3MSiO,, 0.6MSiO,,
and 0.3MCeO, thin films were 30.54%, 20.12%, and 14.23%, respectively. Aver-
age reflectance was decreased significantly down to 5.9% by 0.3MCeO,/0.6MSiO,
double-layer thin films comparing to those of the results of single-layer films and
bare silicon surface reflection (~40%). Antireflective effect of the films on solar
cells was estimated by simulation using the measured reflection data. Simulated
solar cells indicate that 0.3MCeO,/0.6MSiO, double-layer antireflective coatings
are capable to increase the efficiency significantly and conversion efficiency of
21.7% could be achieved.

Received: 1 March 2024
Accepted: 20 July 2024

© The Author(s), 2024

1 Introduction

Improving the absorption ratio of the photons has sig-
nificant effect on the increasing of solar cell conver-
sion efficiency. The reflected photons from the surface
cannot contribute to the photovoltaic effect and are
considered as a loss. Reflections on the surface of a
solar cell can be minimized by employing an appropri-
ate antireflection coating on the illuminated surface of
the device. Additionally, advanced design techniques
such as surface texturing are employed to improve
light trapping and to achieve higher efficiency solar
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cells, aiming to minimize losses. Various materials
such as TiO,, HfO,, AL,O;, CeO,, SiN,, ZnO, and SiO,
are utilized as a single and double-layer antireflection
coating films. Transparent conductive oxide thin film
electrodes can act simultaneously as an antireflective
layer as well [1]. Generally single-layer antireflection
coatings (SLAR) are designed to achieve minimum
reflection on a solar cell surface at a wavelength of
550 nm where the solar spectrum peaks. The refractive
index (n) of these coatings typically ranges between 1.8
and 2.0, while the thickness (d) falls within the range
of 60 to 70 nm [2]. Due to the limitations of SLAR
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coatings in covering a broad solar spectrum, inves-
tigations are going on for DLAR as well [3-5]. DLAR
coatings are capable to provide lower average reflec-
tion over a broader wavelength range compared to
SLAR coatings. The compatibility between the design
and materials used in DLAR coatings is crucial for
minimizing the reflection. For instance, materials with
higher refractive indices (2.2 ~ 2.6) are preferred for
the bottom layer of a DLAR coating where the lower
refractive index materials (1.3 ~ 1.6) are used for the
top layer of the coating [6] for sequential indexing for
silicon substrates. SiO,- and CeO,-based thin films
have not been studied in detail for the antireflection
purposes yet. However, considering that the refractive
indexes of Si0O, and CeO, thin films are 1.56 and 2.20,
respectively [7, 8], this stack can be an alternative for
DLAR coatings.

Solution-based methods in thin film coatings are
simpler and more economical compared to other
coating techniques and are more useful and advanta-
geous in industrial production because they contain
non-hazardous precursors [9]. In this study, CeO,/SiO,
double-layer thin films were produced on crystalline
silicon substrates using cost-effective and easy-to-
apply spin coating method. Different precursors were
prepared, and characterizations were carried out to
show its potential as an alternative antireflection coat-
ing film. Introduced CeO,/SiO, film stacks in this work
can be an important contribution to the literature as an
alternative set of double-layer antireflection coatings.

2 Materials and methods

Cerium (III) chloride heptahydrate (CeCl;.7H,0O, 99%
trace metals basis, Sigma-Aldrich) was utilized as the
cerium source and ethyl alcohol was chosen as the
solvent in the solution for CeO, thin films. Addition-
ally, 0.2M citric acid monohydrate (Merck, 99.7%) was
added to the mixed solution, and stirred for 5 min. The
mixture underwent an aging process for 24 h. Then,
75 ul of triethanolamine (97%) was added and mixed
at 50 °C to improve the adhesion between the film and
substrate. The solution for the SiO, thin films was pre-
pared by mixing TEOS (CgH,;0,Si-99%), ethyl alcohol,
and deionized water in a ratio of 3:2:4 (in volume).
Solutions with concentrations of 0.3 M and 0.6 M were
prepared, and 25 ul of HCI acid was added to each
solution. After obtaining a homogeneous mixture
using a magnetic stirrer for half an hour, the solution
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was aged for 24 h. 725-pm-thick p-type crystalline sili-
con substrates (100) with the size of 1.5 x 1.5 cm were
used as a substrate for reflectance measurements. The
cleaning of the substrates was performed in three sub-
sequent stages: immersion in diluted HF acid, ultra-
sonic bath in distilled water for 5 min, and then ultra-
sonic bath in ethyl alcohol for 5 min.

For optical measurements on glass, 1 x 1 cm quartz
glass was used. Quartz glasses were cleaned with
ethyl alcohol, acetone, and pure water for 5 min each,
respectively. Coating of CeO, thin films was carried
out at 6000 rpm for 20 s, while coating of SiO, thin
films was carried out at 4000 rpm for 20 s [2, 10].

Formation of the CeO,/SiO, double-layer films was
carried out in two stages: preparation of solutions
and formation of the films by spin coating, as shown
in Fig. 1. CeO, thin films were spin coated first on
the crystalline silicon substrates. To form CeO,/SiO,
double layer, SiO, thin films were deposited onto
CeO, thin films at two different molarities of 0.3 M
and 0.6 M. To form a compact CeO,/SiO, double
layer, CeO, film was coated on silicon substrate and
annealed at 500 °C for 120 min. Then, SiO, film was
coated on CeO, layer and annealed at 950 °C for 7 min.

Characterizations of the fabricated thin films were
performed mainly by spectrophotometer measure-
ments, Scanning Electron Microscopy (SEM) measure-
ments, Energy Dispersive Spectroscopy (EDS) meas-
urements, and X-ray Diffraction (XRD) measurements.
The impact of CeO,/SiO, DLAR antireflective coatings
on the conversion efficiency of silicon solar cells was
simulated by SCAPS.

3 Result and discussion
3.1 XRD patterns

XRD patterns measured at both 1° and 3° degrees for
bare silicon (5i) are presented in Fig. 2a. As seen in the
figure, the peaks at 1° are weaker and broader, indicat-
ing their association with crystalline silicon where the
peaks at 3° are sharper and more distinct. XRD meas-
urements were performed at 1° angles in each sample
to minimize peaks originating from crystalline silicon
and enhance the clarity of peaks of the thin film. The
XRD patterns of CeO,/SiO, thin films grown on crys-
talline silicon are given in Fig. 2b. When compared
with the characteristics of CeO, SLAR thin films, it is
observed that the peak intensities of CeO,/SiO, DLAR
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thin films have significantly increased. Increased peak
intensities can be due to the annealing of the 5iO, thin
film as the upper layer at a high temperature of 950 °C.

The elevated annealing temperature has led to
a more pronounced appearance of CeO, peaks.
Additionally, among the DLAR structures of 0.3M
Ce0,/0.3M SiO, and 0.3M CeO,/0.6M SiO,, the
bilayer structure of 0.3MCe0O,/0.3MSiO, demon-
strated stronger peaks originating from CeO, thin
films. This is attributed to the formation of a thicker
5i0O, thin film due to the higher molarity of S5iO,
in the 0.3M CeO,/0.6M SiO, structure that could be

\
20 25 30 35 40 45 50 55 60 65 70 75 80
20 (degree)
(b)

able to suppress the CeO, peaks. As the crystalliza-
tion of the SiO, cannot occur at 950°C, no related
XRD peaks were observed [11]. The 0.3M CeO,
SLAR thin film contains a total of four major peaks.
The main peak of the CeO, thin film is positioned
at 28.44°, and it is determined to grow on the (111)
plane. Additionally, it possesses three major peaks
at 32.96°, 47.42°, and 56.52°, growing on the (200),
(202), and (311) planes, respectively. However, it is
observed that the CeO, peak at 56.52° overlaps with
the Si peak as shown in Fig. 2b. The peak charac-
teristics of 0.3M CeO, SLAR on Fig. 2b are listed
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Table 1 XRD peak parameters of CeO, thin film (Card No:
96-434-3162)

Peakno 20 (hk) FWHM D (am) o6=1/D?
1 2844 111 1.1600  7.06 0.020
2 3296 200  1.1000  7.53 0.017
3 4742 202 1.6000  5.42 0.034
4 56.52 311 13200  6.83 0.021

in Table 1. The average crystal size (D) and dislo-
cation density (0) of the crystalline films based on
X-ray diffraction patterns were calculated using the
Debye-Scherrer equation (Eq. 1 and Eq. 2);

0.9\
- PcosO 1)
1
6= D2’ (2)

where A is the wavelength, 0 is the Bragg angle, and
is the half-peak width [12, 13].

The crystal size related to the main peak at 28.44°
in the (111) plane is 7.06 nm which is in a good
agreement with the literature [14]. The smallest
crystal size was calculated to be 5.42 nm at an angle
of 47.42°.

Fig. 3 SEM images of
0.3MCeO, SLAR-coated
surface (a), 0.6MSiO, SLAR-
coated surface (b), and
0.3MCe0,/0.6MSiO, DLAR
coating cross-section (c, d)

x40,000  0.5pm

SEl  18kV

@ Springer

J Mater Sci: Mater Electron (2024) 35:1497

3.2 SEM images and EDS patterns

SEM measurements were conducted to observe the
surface morphology of coated silicon substrates with
SLAR and DLAR. SEM images of CeO, and SiO, SLAR
coatings are presented in Fig. 3a, b. According to
Fig. 3, both CeO, and SiO, thin films exhibit a homoge-
neous distribution. However, CeO, thin films display
a more crack-prone structure compared to SiO, thin
films. Cross-sectional images of CeO,/SiO, DLAR are
provided in Fig. 3¢, d. SiO, thin film formation onto
the CeO, thin film successfully filled the cracks on the
surface, resulting in a more homogeneous thin film
structure. Figure 3d reveals a two-layer structure in
the cross-section of the thin films, with the SiO, thin
film appearing thicker upper layer compared to the
CeO, thin film. According to the cross-section meas-
urements of CeO,/S5i0, DLAR thin films, the average
thicknesses of CeO, and SiO, thin films are around 75
nm and 115 nm, respectively. Resulted thickness of the
Ce0,/Si0, DLAR structure is 190 nm.

EDS micrographs of CeO,/SiO, double-layer thin
films are given in Fig. 4. Composition ratios of Si, Ce,
and O are 55.3%, 21.4%, and 23.3%, respectively.

EDS results present higher ratio of Si compared to
the ratio of other elements. This can be due to the pres-
ence of silicon as a substrate and the contribution by
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Fig. 4 EDS micrographs of double-layer CeO,/SiO, thin films

the coated SiO, thin films as a second layer. Besides,
since the atomic number of Ce is higher than that of
the Si and O, the X-rays coming to the surface may
excite more to the Si atoms.

3.3 Optical properties

Minimizing the surface reflections is a key factor to
improve the efficiency of crystalline silicon solar cells
that can be achieved by using SLAR and DLAR coat-
ings. In this part, the antireflective effects of SiO, and
CeO, SLAR and Ce0O,/SiO, DLAR thin films formed
onto the crystalline silicon surface were investigated.
Figure 5 presents the reflectance spectra of coated
SLAR and DLAR thin films on silicon substrates. Aver-
age reflectance and minimum reflectance values for
each structure are summarized in Table 2.

Average reflection of bare Si surface within the
wavelength range of 380-1100 nm (Table 2) was
39.16%. Surface reflectance of the Si substrate coated
with 0.3MSiO,, 0.6MSiO,, and 0.3MCeO, thin films
were 30.54%, 20.12%, and 14.23%, respectively. Further
decrease of the reflectance could be confirmed on the
DLAR-coated surfaces. For instance, when 0.3MSiO,
was coated on the 0.3MCeO, thin film, the reflection
decreased to down to 11.15%, representing a further
reduction of approximately 3% compared to the sin-
gle-layer 0.3MCeQO, thin film. Moreover, the average
reflection decreased further to a value of 5.9% when
0.6MSiO, was coated on the 0.3MCeO, thin film. These
results show that 0.3MCeO,/0.6MSiO, DLAR thin film
provides approximately 33% and 9% lower reflection
when comparing to that of the reflections on the bare
Si and single-layer 0.3MCeO, thin film coated surface,
respectively.
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Fig. S Reflectance of bare silicon surface and SiO, SLAR, CeO,
SLAR, and CeO,/SiO, DLAR thin film coated surfaces

These findings demonstrate that DLAR coatings are
more effective than single-layer antireflection coatings
as reported elsewhere [15, 16]. Specifically, SiO, thin
films are highly effective in double-layer antireflection
coatings and are commonly preferred as the top low
refractive index layer [17, 18]. Additionally, transmit-
tance and absorbance measurements of CeO, and SiO,
SLAR thin films (Fig. 6a, b) were performed. As can be
confirmed in Fig. 6a, 0.6MSiO, thin films exhibit better
transparency compared to 0.3MCeO, thin films. Simi-
larly, CeO, thin films demonstrate superior absorption
characteristics as can be confirmed in Fig. 6 (b). Par-
ticularly in the wavelength range of 200-400 nm, sig-
nificant absorption was observed in CeO, thin films.

Transmittance and absorbance of CeO,/SiO,
DLAR thin films are given in Fig. 7. The deposi-
tion of 0.3MSiO, and 0.6MSiO, thin films on top of
0.3MCeO, thin film to form DLAR structure increased
the transmittance and decreased the absorbance. For
instance, the transmittance kink of 0.3MCeO, SLAR
thin film was at 350 nm (with transmittance of 80%),
while the kink of 0.3MCe0O,/0.6MSiO, DLAR thin
film was observed at 450 nm (with transmittance of
98%). The average transmittance of those SLAR and
DLAR layers were 66.6% and 78.6% in the range of
200-1000 nm, respectively.

Additionally, both 0.3MCe0O,/0.3MSiO, and
0.3MCeO,/0.6MSiO, DLAR-coated thin films
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Table 2 Reflectance data

£ Si0.. CeO Sample Rpve(%) Rpye(%) Rytin Ry, point
summary of ik, et (400-700nm) (380-1100nm) (%) (nm)
SLAR, and CeO,/SiO,
DLAR thin films Bare Si 42.12 39.16 33.6 1043
0.3MSiO, SLAR 29.36 30.54 28.3 520
0.6MSiO, SLAR 16.26 20.12 13 530
0.3MCeO, SLAR 6.35 14.23 0.6 506
0.3MCe0O,/0.3MSiO, DLAR 5.33 11.15 0.9 535
0.3MCe0O,/0.6MSiO, DLAR 4.96 5.90 1.7 680
Fig. 6 Transmittance (a) and 100 4
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exhibited an increase in transmittance of approxi- 3.4 Solar cell structure and simulation results

mately 25% at low wavelengths (200-300 nm). These

results indicate that CeO,/SiO, DLAR coatings  The impact of SLAR and DLAR coatings on the con-
enhance optical properties, particularly leading toa  version efficiency of crystalline silicon solar cells
significant increase in transmittance below 700 nm. was assessed by a simulation study by SCAPS using
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Fig. 8 Schematic representation of simulated conventional sili-
con solar cell

experimentally determined reflectance parameters.
SCAPS is a one-dimensional simulation software
offered to design solar cell structures such as hetero-
junctions and crystalline silicon. The program solves
basic semiconductor equations based on the optical
properties of the selected materials, simulating electri-
cal parameters to analyze the performance of the solar
cell comprehensively [19, 20]. Simulated solar cell
structure is illustrated in Fig. 8, and the initial param-
eters of the solar cell are given in Table 3. Designed
conventional silicon solar cell consists of a total of four
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layers, including back surface field (p*-Si BSF), base
(p-Si), emitter (n'-Si), and antireflection coating.

A conventional silicon solar cell was simulated
without an antireflection coating for comparison.
Based on calculated solar cell parameters, a signifi-
cant influence of the minimized reflection on the
solar cell performance was observed. As summa-
rized in Table 4, the efficiency of solar cell without an
antireflection coating on the surface was 13.9%. High
average reflection on the front surface decreases the
current density and the conversion efficiency. The
presence of antireflection coatings on solar cell sur-
face, on the other hand, minimizes the reflection and
increases the efficiency. For instance, solar cells with
0.3MSiO,, 0.6MSiO,, and 0.3MCeO, SLAR thin films
as an antireflection coating reach the efficiency of
15.9%, 18.4%, and 19.7%, respectively.

However, efficiency of the solar cells with
0.3MCe0,/0.3MSiO, DLAR and 0.3MCe0O,/0.6MSiO,
DLAR layers leads to higher efficiencies of 20.5% and
21.7%, respectively. Figure 9 shows the I-V charac-
teristics of simulated solar cells where the increase
of the short circuit current density (J,.) owing to
the antireflective effect of the coated layer could be
clearly seen. The maximum ] of the solar cells with

Table 3 c¢-Si solar cell initial

p-Si p*-Si-BSF n*-Si
parameters [21, 22]
Thickness (um) 200 7 0.3
Bandgap (eV) 1.12 1.12 1.12
Electron affinity (eV) 4.05 4.05 4.50
Dielectric permittivity 11.90 11.90 11.90
CB effective density of states (cm™) 2.80% 10" 2.80% 10" 2.80x 10"
VB effective density of states (cm™) 1.04x 10" 1.04x10" 1.04x 10
Electron mobility (cm?/Vs) 1041 202 1350
Hole mobility (cm?/Vs) 412 77 480
Shallow uniform donor density Np, (cm™) 1x10'6 0 1x10%
Shallow uniform acceptor density N, (cm™) 1x10"7 1x10" 0
Table 4 Parz.lmetf?rs of V. (V) J.. (mAfem?) FF (%) 0 (%)
solar cells using different
antireflective coatings non-ARC 0.733 23.50 80.34 139
0.3MSiO, SLAR 0.737 26.83 80.33 15.9
0.6MSiO, SLAR 0.740 30.86 80.24 18.4
0.3MCeO, SLAR 0.742 33.13 80.15 19.7
0.3MCe0,/0.3MSiO, DLAR 0.743 34.32 80.11 20.5
0.3MCe0,/0.6MSiO, DLAR 0.745 36.35 80.01 21.7
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Fig. 9 I-V characteristics of solar cells with different antireflec-
tive coatings

SLAR coatings was 33.13 mA/cm?, obtained by the
effect of 0.3MCeO, SLAR coating. ], of the solar cells
could be increased further by 0.3MCeO,/0.3MSiO,
DLAR and 0.3MCe0O,/0.6MSiO, DLAR coatings to
34.32 and 36.35 mA/cm?, respectively. These results
clearly demonstrate the effectiveness of double-layer
antireflection coatings to enhance the efficiency of
solar cells owing to the minimized reflection on the
illuminated surface.

4 Conclusions

CeO,/SiO, DLAR coatings were introduced in this
study by simple and cost-effective spin coating
technique. Optical performances of such films were
compared with CeO, and S5iO, SLAR coatings and
with bare silicon surface. 0.3MSiO,, 0.6MSiO,, and
0.3MCeO, SLAR coatings and 0.3MCeO,/0.3MSiO,
DLAR and 0.3MCe0O,/0.6MSiO, DLAR coatings were
analyzed. 0.3MCeO,/0.6MSiO, DLAR films reduce the
reflectance down to 5.9% when coated on the silicon
substrate. The impact of these coatings on the con-
version efficiency of crystalline silicon solar cells was
estimated through simulation using SCAPS software.
The results indicated a substantial improvement in
efficiency for solar cells with CeO,/SiO, DLAR coat-
ings compared to those of uncoated and SLAR-coated
cells. The DLAR structure improves the solar cell
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performance by achieving a maximum efficiency of
21.7% owing to the significant increase in current
density. In conclusion, this study successfully dem-
onstrated CeO,/SiO, DLAR thin films as an effective
alternative antireflection coating for silicon substrates.
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