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Abstract: Laser scribing of the front-layer metal contact in thin-film silicon solar cell is one method that
enhances optical absorption through localized surface plasmon resonance (LSPR) induced at the laser-scribed
gold nano-grooves. A new approach investigates both the plasmonic effect and increasing the absorption of the
gold via laser scribing to improve the cell performance. A 3D ultra- thin film silicon solar cell (dimensions of
400 x 400 x 900 nm?® for width, length, and height) was designed, with a 50 nm thick gold front contact scribed
at groove depths of 10, 20, 30, and 40 nm (fixed width of 200 nm). COMSOL Multiphysics software version
6.2, using the finite element method (FEM), was employed to design and numerically investigate the proposed
cell. The results revealed a maximum photocurrent of 24.66 mA/cm? at a scribed depth of 40 nm. The laser-
scribed nano-grooves excite localized surface plasmon resonances at the gold-silicon interface, enhancing
electromagnetic field confinement and light trapping in the ultra-thin silicon layer. It is concluded that the laser
scribing of the front gold contact improves the light absorption, leading to a significant increase in photo-
generation rate and photocurrent density due to plasmonic field enhancement.

Keywords: COMSOL Multiphysics, Laser scribing, Plasmonic, Silicon.

1. Introduction

Recent global economic development has led to adverse climate changes. Therefore, efficient
renewable energy sources are in high demand [1,2]. Currently, solar cells represent the essential
devices that depend on the photovoltaic materials, ranging from p-n junction solar cells to dye solar
cells (DSCs). DSCs have gained wide interest due to several reasons, including their environmental
friendliness, low energy fabrication, and low cost, but their efficiency remains limited (maximum
reported of 13 %). Perovskite solar cells improved efficiency to, 22.1 % but stability over long period
is poor compared to conventional cells, which ordinary work for 25 years [3, 4].

The substantial components of the optical electronics are the semiconductor devices, including
various applications such as photodetectors, photodiodes, photo sensors, and solar cells. Those
devices are essential for optoelectronic, where they are distinguished by tunable properties that have
attracted a great interest of researchers [5, 6]. Silicon solar cells emerged among the mentioned
sources because of the low cost of the engineering process and their affinity with adaptable substrates
[7]-

The main issue with first-generation silicon solar cells is the active layer thickness (100 to 300
micrometers), requiring high-purity silicon and increasing costs [8]. Researchers developed thin-film
solar cells to reduce thickness as much as possible, but this decreased absorption length and
efficiency. Current efforts focus on maximizing absorption thin-film solar cells. A new problem
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appeared, represented by the reduction of the absorption thickness of the active layer. As a result, the
length of effective absorption is reduced, and for sure, the efficiency of the cell is decreased. The next
purpose of the researchers is to find a certain method to increase the optical path length. The recent
research works are focused on the design of thin-film solar cells with maximum absorption, without
ignoring their efficiency [9-11]. The plasmonic effect enhances solar cell performance by increasing
the field intensity, and hence, the produced photocurrent. In p-n junction silicon solar cells, plasmons
raise light absorption, reduce exciton energy (improving photocurrent), and lengthened absorption
paths (leading to increase current and voltage). Plasmonics significantly enhances efficiency [12].
The front contact of ultra-thin film solar cells affects light absorption and the efficiency, therefore,
various structures were designed for this purpose. Laser-scribed metal contacts are promising, as this
non-contact method minimizes damage and contamination. Laser scribing increases exposed surface
area, raising absorption. The efficiency of the solar cells could be increased by laser scribing through
the reduction in the optical losses. To ensure long-term stability of the scribed module, different
factors should be taken into account, including the criteria of grooves and the balance between the
optical and electrical losses [13, 14]. The scribing of the front layer is increasing the surface area that
is exposed to the incident light, leading to raise the rate of absorption. The gold nanoparticles are
widely used in solar cell due to its unique optical and electrical properties. Gold nanoparticles
enhance absorption via plasmonic effect. Because of the small front-layer contact area of the thin-film
solar cell, the surface area should be enlarged to get higher efficiency. The previous studies used laser
scribing for the variation of the structures which cannot be obtained through traditional methods. The
present work investigates the possibilities of laser scribing to get a larger surface area within similar
dimensions. A new approach is investing both the plasmonic effect and increasing the absorption of
the gold via laser scribing to enhance the cell performance. This work is to design and investigate an
ultra-thin film silicon solar cell with a laser-scribed gold front contact to increase the optical
absorption.

2. The proposed cell

The structure of ultra-thin film silicon with Laser- scribed gold layer solar cell was designed.
COMSOL Multiphysics software version 6.2, using the finite element method (FEM),
Electromagnetic field, Frequency Domain (EWFD), was performed to study the optical properties of
the suggested design numerically, as shown in Fig. 1.
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Fig. 1: The design of silicon solar cell, a) with a gold layer front contact, b) with a scribed gold front contact.

The structure of the proposed cell consisted of Au (front contact, n, k from Werner et al, 2009, 0.0176-
2.48 um), n-type Si Silicon ETL [600 Q-cm], p-type Si, active layer/HTL (n, k from Shkondin et al.,
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2017, 2-20 um), (14 ohm-cm) and Al back reflector contact (McPeak et al., 2015). The energy band of
the silicon solar cell is depicted in Fig. 2.
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Fig. 2: Energy bands of the proposed cell.

Layer thicknesses were 450 nm air, 50 nm Au, 50 nm ETL, 200 nm AL, 50 nm HTL, and 100 nm Al
from top to bottom. Cell dimensions of the cell were 400 x 400 x 900 nm3. A plane wave (y-polarized,
normal incidence along z) illuminated the cell under AM1.5G spectrum (300-1300 nm, 10 nm steps).
Periodic boundary conditions (PBCs, 900 nm period, Floquet type) applied in x-y direction, perfect
electric conductor (PEC) on Al back. They acted as a back reflector to reflect the incident light to be
absorbed again. The utilized mesh was set on a User-controlled, finer elements (max 49.5 nm, min
3,6), swept for AlI/HTL/air, tetrahedral for active/ETL/Au. The width between the grooves was fixed
at 100 nm, related to the gold layer width and the focal spot diameter of the laser used. To observe the
effect of the groove dimension on the absorption of the cell, different depths were chosen (10-40) nm,
as shown in Fig. 3.

10 nm 20 nm 30 nm 40 nm 50 nm
 S—  S— [

Fig. 3: The proposed cell with scribing laser groove on the front contact at varying depths: (a) 10 nm, (b) 20 nm,
(c) 30 nm, and (d) 40 nm.
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The optical properties of different structures used in the current study were investigated and analyzed,
including (optical absorption, photo-generation rate, photocurrent density, and electric field
distribution profile).

The light absorption and electromagnetic field (EM) distribution were calculated and simulated by
solving the well-established Helmholtz equation V x V % E- k(z,erﬁ = 0 [15], where Ky is the wave
vector of the incident light, €, is the dielectric permittivity of the concerned medium.

Reflection (R(w)) and transmission (T(w)) monitors were installed above and below the structure to
measure the absorption (4(w)) by Eq. (1) [16]:

Alw) =1 -R(w) — T(w) (@]
The calculation of the power absorbed density in a unit cell is illustrated in Eq. (2):
Paps(2) = 0.50|E(w)|*Im(e(w)) )

The optical carrier generation rate is the number of photons absorbed in the ultra-thin film silicon
solar cell per unit volume Gpn, and was calculated by Eqg. (3) [16]:

_ (1300 Pgps
Gpn = fgoo he/A dA )

Where|E(w)| and Im((w)) is the electric field at angular frequency ® and the imaginary part of the
dielectric constant of the material, respectively [17]. The photocurrent could be calculated as Eq. (4)
[12]:

A (1300
Jon(A) = Z_cfsoo Papslam 1.5 (A)dA (4)

3. Result and discussion

The simulation results for the proposed cell with a 50 nm thick gold layer thickness and the solar cell
with a scribed gold layer are presented and analyzed. The investigation covered normalized
absorption, photo-generation rate, photocurrent density, and electric field distribution.

3.1. Normalized absorption

The normalized absorption was calculated using Eq. (2). Fig. 4 shows the absorption spectra for the
proposed cell and the reference with a scribed layer. Normalized absorption as a function of
wavelength is shown for different groove depths (10, 20, 30, and 40 nm).

Resonance wavelengths appeared at 400, 490, and 650 nm in the visible region, plus one peak in the
IR region at 1050 nm. These optical absorptions clearly indicated the effect of plasmonic LSPR.
Absorption of the resonance wavelength increased with groove depth. An IR shift in the resonance
wavelength was observed with increasing depth.

This is attributed to plasmonic effect in the gold layer, which became prominent as light penetrates
deeply. LSPR also indicated indication of the near-field intensity. The depth of 40 nm gives the
highest absorption. The resonance wavelengths are a little bit shifted to IR. The normalized absorption
for all resonance wavelengths at different depths is illustrated in Table 1.

Maximum absorption values corresponding to the groove depth are 0.39, 0.5, 0.81, and 0.87 for 10,
20, 30, and 40 nm, respectively. The influence of the groove depth on the optical absorption is shown
in Fig. 5. A linear increase was observed, with maximum absorption at 40 nm. This is expected
because increasing groove depth reduces the effective gold thickness, directly enhancing light
absorption and revealing the plasmonic effect. Subtracting the 40 nm groove depth from the 50 nm
gold thickness leave 10 nm, which supports the LSPR and enhances the plasmonic effect. Maximum
normalized absorption values as a function resonance wavelength and depth are shown in Fig. 6.
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Fig. 4: Normalized absorption for the scribed laser with different groove depth (10, 20, 30, and 40) nm with the
reference cell.

Table 1. Normalized absorption at each groove depth and resonance wavelengths.

A (nm) A (10 nm) A (20 nm) A (30 nm) A (40 nm)
400 0.39 0.47 0.62 0.87
490 0.38 0.46 0.6 0.87
650 0.23 0.5 0.81 0.82
1050 0.14 0.31 0.4 0.84
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Fig. 5: Normalized absorption for the scribed laser with different groove depth (10, 20, 30, and 40) nm with the
reference cell.
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Fig. 6: Maximum normalized absorption for all resonance wavelengths at various
depths (10, 20, 30, and 40) nm.

3.2. Photo-generation rate

Photo-generation rate as a function of wavelength is shown in Fig. 7, (based on Eq. 6). Similar
behavior was observed across cases, with the maximum at 1050 nm, with decreasing toward shorter
wavelengths and a minimum at 420 nm. Groove depth clearly influences the photo-generation rate,
with deeper grooves yielding higher as absorption increases toward the electron transport layer.
Surface plasmon polariton became prominent. Incident light on the gold surface, raises absorption via
local surface plasmon polariton (near-field) or by scattering (far-field).

Referenc
e
—— 10 nm
5E+24 —20nm
W
o —30nm
€ 4E+24
1
e
c
2 3E+24
©
o}
c
S
& 2E+24
=
o
1E+24
0
300 500 700 900 1100 1300
Wavelength nm

Fig. 7: Spectra of photo-generation rate for the scribed laser with different groove depth
(10, 20, 30, and 40) nm with the reference cell.

The impact of groove depth on photo-generation rate is shown in Fig. 8. Similar behavior of

normalized absorption was observed, remaining linear regardless of absolute values at each
wavelength.
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Fig. 8: Photo-generation rate for the scribed laser with different groove depth (10, 20, 30, and 40) nm with the
reference cell.

Photo-generation rate represents the number of electron-hole pairs per unit volume per unit time due
to the absorption of the light. Plasmonic enhanced absorption, therefore, increased the
photogeneration rate.

3.3 Photocurrent density

Cell efficiency of the proposed ultra-thin film silicon solar cell with a scribed gold layer is determined
by the produced photocurrent using Eq. (4) Fig. 9 shows the photocurrent versus the related
wavelength. Here, the maximum photocurrent is detected at 660 nm, decreasing toward shorter
wavelength then decreased toward shorter wavelengths, with another peak atl050 nm in the IR
region. Photocurrent enhancement was due to increase absorption in the flowing mechanism: higher
photo-generated rate, and thus greater photocurrent. This behavior is mainly influenced by the
distribution of the incident light on the solar cell (A.M 1.5 G), with two peaks at 650 and 1050 nm
matching high intensity region.

This wavelength was located in the maximum spectral intensity region of the incident light. It was
noticed that the photocurrent of the proposed cell increased in comparison to the reference cell with a
plane gold layer, indicating clearly the effect of the absorption of the incident light through the large
surface area, regardless of the groove depth. Deeper grooves yielded higher photocurrent at all
resonance wavelengths. Visible spectral region contributions improved overall performance related to
IR. Groove depth impact on the photocurrent density was also investigated. The photocurrent density
versus groove depth is shown in Fig. 10, with linear behavior.

According to equations (1), (3), and (4), photocurrent depends on the photo-generation rate, which is
tied to the light absorption of the incident light.
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Fig. 9: Spectra of photocurrent density for the scribed laser with different groove depth (10, 20, 30, and 40) nm
with the reference cell.
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Fig. 10: Photocurrent density for the scribed laser with different groove depth (10, 20, 30, and 40) nm with the

reference cell.
3.4 . Electric field distribution

Electric field scattering is related to absorption region, with maximum value at plasmonic sites (near-
field LSPR or far-field scattering). Combining o LSPR (near-field enhancement) and far-field
scattering (redirected light for absorption) enhance the performance of the cell. Distribution at
resonance wavelengths are shown in Figs 11-14 for visible (400, 490, and 620 nm) and IR (1050 nm).

It was observed that the electric field distribution concentrated on the gold, was the strongest at
groove depth edges. The difference in the field distribution intensity is related to their absorption, and
the highest intensity field was observed in the deepest grooves (40 nm). Table 2 demonstrates the
results of normalized absorption (A), photo-generation rate (Gpn), and photocurrent density (Jon) for
the proposed cell in comparison to the reference cell.
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Fig. 11: Electric field distribution profile (slice plot, XY view) at 440 nm for ultra-
thin film silicon solar cell with laser scribing the front contact with different groove 120
depth: a) 10 nm, b) 20 nm, ¢) 30 nm, and d) 40 nm.

o)

Fig. 12: Electric field distribution profile (slice plot XY view) at 490 nm for ultra-
thin film silicon solar cell with laser scribing the front contact with different groove .
depth: a) 10 nm, b) 20 nm, ¢) 30 nm, and d) 40 nm.

C) d)

Fig. 13: Electric field distribution proflle (slice plot, XY view) at 620 nm for ultra-
thin film silicon solar cell with laser scribing the front contact with different groove
depth: a) 10 nm, b) 20 nm, ¢) 30 nm, and d) 40 nm.
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Fig. 14: Electric field distribution profile (slice plot, XY view) at 1050 nm for 0
ultra-thin film silicon solar cell with laser scribing the front contact with different
groove depth: a) 10 nm, b) 20 nm, c) 30 nm, and d) 40 nm.
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Table 2. Performance comparison of the scribed laser front contact layer silicon solar cell with different groove

depths.
Groove depth (nm) Reference cell 10 20 30 40
Normalized absorption 0.05 0.14 0.17 0.23 0.33
Gph x10% (m3.s7) 0.34 0.74 0.87 1.12 15
Jpn (MA/CcmM?) 4.06 12.92 15.09 19.13 24.66
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It was observed that the behavior of the electric field for all resonance wavelengths reflects the
absorption of incident light and hence boosting in electric field via the plasmonic effect.

Limitations of the work included small cell dimensions of the proposed cell and manufacturing cost.

4. Conclusion

The extracted results showed clear improvements in ultra-thin-film silicon solar cells using laser
scribing for the gold layer. LPRS (near-field) depends mainly on the light absorbed via enlarged gold
surface area and light trapping, enhancing absorption through local surface plasmon polariton (near-
field) or by scattering (far-field). Performance enhancement of the optical properties was (0.33, 1.5 m
357, 24.66 mA/cm?) for normalized absorption, photo-generation rate, and photocurrent density,
respectively. The increasing of absorption was leading to an increment in the photo-generated rate,
reaching to the final result of a rise in the produced photocurrent. The depth of the scribed groove
influenced clearly on the cell performance, the deepest groove (40 nm) performs the best, representing
the thinnest gold (10 nm remaining), minimizing optical losses and increased absorption at resonance
wavelengths. COMSOL is distinguished in handling complex multiphysics simulations, such as
electromagnetic waves, multi-layered thin films, and field distributions for absorption efficiency. The
proposed cell advances high-efficiency ultra-thin film silicon designs.
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