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Abstract:

This paper proposes a Gaussian grating to enhance light
: absorption in perovskite thin-film solar cells. As gratings are

: effective structures for trapping light within the active layer of a
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: cell, a two-dimensional Gaussian grating with a rectangular

structure is considered for the front surface of the cell. Finite

: element method results demonstrate that the Gaussian grating
: significantly increases light absorption in a 0.5 micrometer thick
: cell within the visible and near-infrared range compared to a cell
: without a grating and a cell with a conventional or incremental
: grating. The average absorption of the cell with a Gaussian
: grating is 85.6%, representing a 90% increase compared to the

reference cell. Moreover, the short-circuit current density and

: efficiency were found to be 283 mA/cm® and 34.8%,
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: respectively, indicating increases of 74% and 74.8%,
: respectively, compared to the reference cell. The proposed cell
: structure shows promise for improved light-to-electricity
conversion.
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1.INTRODUCTION

Given the global energy crisis and the urgent need for sustainable technologies,
solar cells (SCs) have emerged as a viable option for converting solar energy into
electricity [1]. Extensive research has been conducted annually on various
generations of solar cells. Economic considerations also play a crucial role in the
adoption of SCs, as they must be more cost-effective compared to other energy
sources such as fossil fuels, nuclear energy, geothermal, tidal, and others [2]. A
significant portion of the costs is associated with the fabrication process of SCs.
For instance, the production of thick silicon-based SCs requires substantial
amounts of raw materials and energy to achieve the necessary purity [3]. In
contrast, thin-film solar cells can be produced through deposition processes,
which are much more energy-efficient and material-friendly. Therefore, thin-film
technology seems to be a suitable solution to address these challenges. Moreover,
various materials such as CIGS, CdTe, amorphous silicon, and perovskite can be
used in this technology, and extensive research has been conducted to develop
thin-film SCs [4].Despite their economic advantages, thin-film solar cells
(TFSCs) exhibit lower power conversion efficiencies due to limited light
absorption. This is because the active layer thickness is less than a few
micrometers, preventing the absorption of a significant portion of incident
photons. This effect is more pronounced for long-wavelength photons, which can
be reflected from the back surface without being absorbed [5].To improve the
efficiency of SCs, various approaches have been proposed, including intermediate
bandgap SCs [6, 7], hot carriers [8, 9], and light trapping techniques [10]. Light
trapping enhances absorption by employing specific structures and geometries
such as front and back surface gratings [11], plasmonic nanostructures [12-14],
and nanowires [15, 17]. Grating structures, in particular, induce changes in the
propagation vector of incident light due to periodic variations in the refractive
index, thereby increasing light trapping [18].Furthermore, these structures
increase the optical path length through scattering and diffraction, thereby
enhancing the probability of photon interaction with atoms in the active layer.
One-dimensional and two-dimensional periodic and quasi-periodic gratings have
been employed on the front, back, or both surfaces of the cell [19-21]. For
instance, Chen et al. investigated enhanced light absorption in amorphous silicon
by incorporating aluminum-copper plasmonic nanowire networks on both sides.
The top pair of networks, coupled with an anti-reflection coating, is responsible
for minimizing reflection losses and enhancing absorption of short-wavelength
visible light in the active layer. The bottom pair enhances the absorption of long-
wavelength photons in the active layer. As a result, amorphous silicon, which
exhibits low absorption for long wavelengths, can now absorb broadband light
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from 670 to 1000 nm with an average absorption rate of over 70% and an
improved current density of 21.9 mA/cm? [22].Zhang Chen et al. investigated
nanostructured plasmonic metals, including copper, gold, and silver, as back
reflectors for thin-film amorphous silicon solar cells. Solar cells with these
reflectors demonstrated excellent light trapping in the long-wavelength region. By
combining hybrid cavity resonances, horizontal modes, and surface plasmon
resonances, more incident light is coupled into the active layer. Compared to
reference cells, the proposed structures with plasmonic reflectors exhibit lower
parasitic absorptions with distinct absorption distributions. Simulation and
experimental results indicate that the silver reflector performs the best with a
promising efficiency of 7.28% and a current density of 13.76 mA/cm?
[23].Bozzola et al. presented the effect of front surface microstructures on light
trapping in amorphous silicon thin-film solar cells. The structured coatings
provide strong broadband improvements in the generated current due to reduced
light reflection at short wavelengths and increased optical path length for long
wavelengths. As a result, in the structures analyzed in this study, significant
increases in efficiencies (up to 14.5%) and currents (up to 21.7%) were achieved
compared to reference cells [24].Kamal et al. investigated the enhancement of
light absorption in hydrogenated amorphous silicon solar cells using dielectric
nanostructures made of silicon nitride. Silicon nitride acts as an anti-reflective
coating, reducing light reflection from the cell surface. The customized design of
the anti-reflective coating in the form of nanostructured dielectric layers resulted
ina 15.2% increase in short-circuit current compared to the reference cell [25].All
proposed networks have a regular, periodic, or quasi-periodic structure that
increases the absorption rate of the active layer. In this paper, a grating structure
with a Gaussian distribution along the x-axis is presented and simulated using the
finite element method (FEM). Gaussian gratings trap light by scattering it into the
active layer, resulting in higher light absorption compared to solar cells with
conventional gratings. The highest average absorption, short-circuit current
density, and efficiency are 85.6%, 34.8 mA/cm?, and 28.3%, respectively. This
represents a 90% increase in average absorption, 73% increase in current density,
and 74.8% increase in efficiency compared to solar cells without gratings.

2. THE PROPOSED STRUCTURE

Figure.1 shows the schematic of the proposed solar cell with a Gaussian grating
on its back surface. The proposed solar cell consists of a 250 nm thick silver back
reflector, a 500 nm thick perovskite active layer, and a Gaussian distributed
grating with width wg, height hg, and period P. The refractive indices of silver
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and perovskite are also taken from reference [26]. Equation (1) shows the
distribution function used for the proposed Gaussian gratings, where n represents
the number of gratings, which is chosen as 9 in this paper, nave represents the
average value of the gratings and is equal to 5, hg0 represents the height of the
central grating, hg0 = 250 nm, and PO is the period of the structure and is
considered to be 300 nm, and { is also a constant that determines the width of the
gratings. [27] In Figure 2, the Gaussian grating distribution is plotted for different
values of (. It is observed that as the value of { increases from 0.2 to 0.7, the height
of the side gratings increases.

P=nx P

Fig. 1: The schematic of SC with Gaussian gratings.
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Fig. 2. a) Gaussian function distribution profile according to the number of gratings and
for different of 0.1, 0.3, and 0.6; Gaussian grating distribution diagram according to: b)
{=0.1,c){=0.3and d) {=0.6.

3.MATHEMATICAL FORMULATIONS

The figure shows how the parameter ( affects the shape of the Gaussian curve
and consequently the grating structure. A crucial parameter that plays a significant
role in the design of solar cells is the plot of absorption versus the wavelength of
incident light, which indicates the cell's ability to absorb light. Light absorption
in each region of the cell can be calculated using equation (2) [27]:

_(n:ve_l) :
hy = hgoexp e (1)
il!(}\‘)
A =55 [y EQI? dV )

Where o is the angular frequency, A is the wavelength, €0 is the permittivity of
free space, €(A) is the imaginary part of the dielectric constant, E(A) is the
wavelength-dependent electric field intensity, and Pin()) is the solar irradiance.
On the other hand, as a result of light irradiation, charge carriers are generated,
which lead to the creation of a photocurrent, so that the short-circuit current
density and the open-circuit voltage of the cell can also be calculated from the
following relations [27]:
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Jsc = Lomm ™ LA (DI ) 3)
KT, (o
Voc— p In ( 2 + 1) (4)

Where q is the electron charge, h is the Planck constant, c is the speed of light, K
1s the Boltzmann constant, T is the ambient temperature, Jph is the generated
photocurrent, JO is the dark saturation current, and I(A) is the AMI1.5 irradiance
reaching the Earth. Finally, the following formula can be used to calculate the
power conversion efficiency:

U:% (5)

Where FF is the fill factor and Pin is the solar irradiance, which is equal to 100
milliwatts per square centimeter [27].

4. RESULTS
4.1.0PTIMAL DIMENSION

In this section, we present the simulation results of the proposed structure using
the finite element method (FEM). Simulations include a cell without a grating
(reference cell), cells with conventional and Gaussian gratings. In Figure 3, the
absorption and reflection spectra of three types of solar cells with an active layer
thickness of 500 nm are shown. Figure 3(a) corresponds to the reference cell,
which has an average absorption of 47.5%. It is observed that this cell has a weak
absorption due to more light reflection from its surface. In this case, we observe
absorption peaks at wavelengths of 743 nm and 883 nm. In order to increase its
absorption, a conventional grating with a width and height of 100 nm and a period
of 300 nm was used and its absorption spectrum is shown in Figure 3(b). It is
observed that by applying the conventional grating, the amount of absorption in
the visible region has increased significantly and the average absorption has
reached 62.8%, which represents a 44.3% increase compared to the reference cell.
The reason for this is the reduction of reflection from the cell surface and acting
as an anti-reflection layer. The reason for the reduction in reflection is due to the
scattering of light by the gratings. Thus, it can be concluded that by reducing the
amount of reflection, more light scattering can be achieved in the active region,
and as a result, absorption increases. In Figure 3(c), the amount of light absorption
for hg0 = 250 nm, wg = 250 nm, and { = 0.3 is plotted. It is observed that the
presence of a Gaussian grating causes maximum light absorption in the visible
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wavelengths, and the average absorption reaches 85.6%, which represents a 90%
increase compared to the reference cell. For a better comparison of the absorption
spectra of the three types of cells, the absorption plot based on their wavelength
1s shown in Figure 3(d). For the cell with Gaussian gratings, in addition to a
significant increase in the visible region, we observe the formation of absorption
peaks at longer wavelengths in the infrared region, which is due to the presence
of gratings with different heights that scatter longer wavelengths into the active

layer [26].
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Fig. 3. Absorption and reflection spectra vs. wavelength for: a) reference cell, b) cell with
normal gratings with wg = 100 nm, hg = 100 nm, and PO = 300 nm, and c) cell with
Gaussian grating for hg0 =250 nm, wg =250 nm, PO =300 nm, and {=0.4; d) Absorption
spectra in terms of wavelength for all three types of SCs.
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The reason for this is the reduction of reflection from the cell surface, acting as
an anti-reflection layer. The decrease in reflection is due to the scattering of light
by the gratings. Thus, it can be concluded that by reducing reflection, more light
scattering can be achieved in the active region, leading to increased absorption. In
Figure 3(c), the light absorption for hg0 = 250 nm, wg = 250 nm, and { = 0.3 is
plotted. The presence of a Gaussian grating results in maximum light absorption
in the visible wavelength range, with an average absorption reaching 85.6%,
representing a 90% increase compared to the reference cell. For a better
comparison of the absorption spectra of the three cell types, the absorption plot
based on wavelength is shown in Figure 3(d). For the cell with Gaussian gratings,
in addition to a significant increase in the visible region, absorption peaks are
observed at longer wavelengths in the infrared region. This is due to the presence
of gratings with varying heights that scatter longer wavelengths into the active
layer [26].In Table 1, the average absorption, short-circuit current density, and
efficiency for all three types of cells are shown. It is observed that the short-circuit
current density and efficiency increased from 21.6 mA/cm? and 11.8% in the
reference cell to 26.37 mA/cm? and 15.4% in the cell with conventional gratings.
Meanwhile, the values of current density and efficiency for the cell with Gaussian
gratings are 34.8 mA/cm? and 28.3%, respectively, indicating an increase of 73%
and 74.8% compared to the reference cell [26,27].

Table 1: Average absorption of the SC without grating and SCs with normal gratings
and Gaussian gratings.

Gratings type No Normal Gaussian
gratings gratings gratings

Average absorption (%) 50.32 54.97 68.33

Short circuit current density 21.6 26.37 34.8

(mA/cm2)

Efficiency (%) 22.35 23.31 28.3

The results indicate that increasing the grating size generally leads to a decrease
in average absorption. This is attributed to the reduced efficiency of conventional
gratings in scattering light into the cell, coupled with increased parasitic losses in
silver gratings, which ultimately reduces net absorption. To enhance light
scattering and absorption, Gaussian gratings with varying heights, widths, and
values, as described in [26], were introduced. Figures 4(b) and 4(a) show the

average absorption for different widths and heights relative to different { values. The
highest absorption is obtained at a width of 150 nm and a height of 250 nm for {=0.3.
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Figure .4. The average absorption versus hg with different wg for for SC the average
absorption according to the C for different wg.

To investigate the absorption mechanism in the proposed solar cells, the electric
field intensity for the reference cell and cells with conventional and Gaussian
gratings is shown in Figure 5. Figure 5-a shows the electric field intensity for the
reference cell at a wavelength of 741 nm, corresponding to the absorption peak.
It is observed that the electric field has a uniform distribution, and darker regions
are formed due to resonances. Due to the effect of light on the back reflector and
its reflection into the active layer, constructive interference with the incident wave
1s formed, and absorption increases. In Figures 5(b) and 5(c), the electric field
distribution profiles for the cell with conventional gratings at a wavelength of 835
nm and the cell with Gaussian gratings at a wavelength of 823 nm are shown,
respectively. It is observed that both gratings have changed the distribution of
field profiles within the active regions and formed darker spots, indicating light
confinement and increased electric field intensity. On the other hand, due to the
dependence of absorption on it, absorption increases[28].
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=741 nm Vim =835 nm

Fig.5. Electric field distribution profile for the: reference cell, b) cell with normal gratings
and c) cell with Gaussiangratings at determined wavelengths.

In the following, we investigate the effect of parameters £, height hg0, and width
wg in solar cells with Gaussian gratings. The absorption spectra as a function of
wavelength for values of 0.1, 0.3, 0.6, and 1 are shown in Figure 6(a). It is
observed that when ( is equal to 0.3, the absorption curve has the highest
absorption value compared to the others. This is due to the ability to trap light by
reducing light reflection from the cell surface, and it can be said that this height is
the optimal dimension. In Figure 6(b), the absorption spectra as a function of
wavelength for different widths wg in the range of 50 to 250 nm are shown. In
Figure 6(c), the effect of height hg0 on absorption is plotted. Gaussian gratings
with a height of 250 nm show better absorption compared to other heights. It is
observed that with increasing the width of the gratings, the absorption spectra
show significant changes and their values increase, so that the highest absorption
is observed at wg = 250 nm. The reason for this is the significant reduction in light
reflection from the cell surface due to its scattering inside the cell. In other words,
gratings with a width of 250 nm have the ability to couple more light into the
active layer. In Figure 6(c), the average absorption spectrum as a function of  and
for different heights hg0 is shown. It is observed that with increasing { from 0.1

. Journal of Optoelectronical Nanostructures. 2024; 1 (1): 48- 57
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to 1, the average absorption also increases, and at { = 0.3, the highest average
absorption of 85.6% is obtained. However, for values greater than 0.3, the average

absorption decreases [26,29].
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Fig. 6. Absorption spectrum in terms of wavelength for: a) different ¢, b) different wg, c)
different Ag.
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To investigate the effect of changing the grating width and { on absorption, all
widths from 50 to 300 nm were swept, and the absorption spectra for (= 0.1, { =
0.3, and { =1 are shown in Figure 7. It is observed that the absorption value shows
significant changes with variations in both width and {. This is because both
parameters play an important role in reducing light reflection as an anti-reflection
layer. Near-complete absorption occurred for { = 0.3, which is better than the other
two values, and an increase in absorption is observed for widths greater than 150
nm, as indicated by the darker regions [26,30].
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Fig. 7. Absorption spectra in terms of wavelength and gratings width for: a) {=0.1, b)
(=0.3,andc) {=1.
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4.2.CURRENT ABSORPTION

Short-circuit current density and efficiency are two important parameters for
analyzing the performance of solar cells. In Figures 8(a) and (b), the values of
short-circuit current density and efficiency as a function of { for different hg0
values are shown, respectively. As can be seen, in each of the hg0 values, with
increasing , both current density and efficiency increase and reach a maximum
value, and then show a decreasing trend. The reason for this is the changes in the
amount of light absorption, since the current density is directly related to the
absorbed light. The highest values of current density, 34.8 mA/cm? and
efficiency, 28.3%, are obtained for { = 0.3 and hg0 = 250 nm in Figure 8(a). In
Figure 8(b), the effect of changing wg on both current density and efficiency is
shown. In this case, { = 0.3 and hg0 = 250 nm are selected, and it is observed that
at wg = 250 nm, the maximum values of current density and efficiency occur. In
Figure 8(c), the absorption spectrum as a function of wavelength and angle of
incidence from 0 to 85 degrees for solar cells with Gaussian gratings is shown. It
1s observed that up to an angle of 45 degrees, the absorption for wavelengths less
than 800 nm has values higher than 0.7, and therefore it can be said that Gaussian
gratings perform well at oblique angles of incidence, and it is also clear in this
figure that the Gaussian grating has an average of more than 87% for angles less
than 40 degrees.
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- 15
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Fig. 8. a) Short circuit current density diagrams and efficiency in terms of grating width,
and b) Current-voltage characteristic for reference cell, ¢) Absorption spectrum of cell
with Gaussian gratings in terms of wavelength and radiation angle.

5.CONCLUSION

Due to their unique structure, gratings scatter light into the active region, thereby
increasing light absorption. Various types of grating structures, including one-
dimensional and two-dimensional gratings with regular and random distributions,
have been presented in different works. In this paper, the effect of Gaussian
gratings on increasing absorption in the active layer of perovskite solar cells was
investigated. To this end, Gaussian gratings were considered on the front surface
of the cell, and the absorption rate in the active region was calculated and
compared with the absorption rate of the reference cell and the cell with a
conventional grating. FEM simulation results showed that these types of gratings,
due to their special geometry, effectively trap sunlight within the active layer and
significantly increase the amount of absorption in the visible and near-infrared
regions of the solar spectrum. The findings show that the average absorption of
cells with Gaussian gratings is 85.6%, which represents a 90% increase compared
to the absorption of reference cells. On the other hand, the short-circuit current
density and efficiency were obtained as 34.8 mA/cm? and 28.3%, respectively,
indicating an increase of 74% and 74.8% compared to the reference cell. Thus, a
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newly designed solar cell with higher absorption and higher efficiency was
presented, promising the emergence of a cell with the ability to convert more and
more light into electricity.
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