
Page 1/23

Analysis of Spectral Transmission in Si Solar Cell
With Pyramidal Texturization by Using PC3S
Simulation
Ahmad Rujhan Mohd Rais 

Universiti Kebangsaan Malaysia Institut Penyelidikan Tenaga Suria
Nurul Aqidah Mohd Sinin 

Universiti Kebangsaan Malaysia Institut Penyelidikan Tenaga Suria
Suhaila Sepeai  (  suhailas@ukm.edu.my )

Universiti Kebangsaan Malaysia Institut Penyelidikan Tenaga Suria
Mohd Adib Ibrahim 

Universiti Kebangsaan Malaysia Institut Penyelidikan Tenaga Suria
Saleem H. Zaidi 

Universiti Kebangsaan Malaysia Institut Penyelidikan Tenaga Suria
Kamaruzzaman Sopian 

Universiti Kebangsaan Malaysia Institut Penyelidikan Tenaga Suria

Research Article

Keywords: Crystalline, Pyramidal Texturing, Scattering, Two-Dimensional Texturing

Posted Date: July 30th, 2021

DOI: https://doi.org/10.21203/rs.3.rs-741857/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-741857/v1
mailto:suhailas@ukm.edu.my
https://doi.org/10.21203/rs.3.rs-741857/v1
https://creativecommons.org/licenses/by/4.0/


Page 2/23

Abstract
Management of light is a crucial task in solar cell design and structure because it increases the path
length of the light inside, which in turn increases the probability of electron-hole pair generation. This
study addresses the impact of a pyramidal textured structure on spectral transmission in the morphology
of silicon. The morphology of silicon wafers was investigated using PC3S spectral transmission software
to study the spectral transmission, re�ectance, collection probability, mobility, carriers, electric �eld,
velocity, current and surface recombination. Spectral transmission on the front surface with pyramidal
texture showed a better transmission percentage than the planar surface. The texture with a depth of 20
µm and base length of 20 µm exhibited good performance in front spectral transmission, spectral
re�ectance, electric �eld, velocity, current and surface recombination from the top to the bottom of the
sample. The planar surface had more re�ectance and lower collection probability than the other
pyramidal textured samples due to its low mobility, carriers, electric �eld, velocity and current but high
surface recombination.

Introduction
Texturization is the formation of a rough surface on silicon wafer, and it can be performed through the
texturing process. This process increases the surface area of silicon solar cells that can extract and trap
more photon energy than a planar surface can. Increasing the surface area of silicon solar cells enhances
the performance of the solar cells and can produce an improved photoelectric output. Light trapping can
be increased by creating a textured surface on a silicon solar cell via suitable texturing procedures [1]. By
contrast, a planar surface silicon solar cell has high optical losses, which affect the entire performance of
the solar cell considerably [2]. The high re�ective index of crystalline silicon causes huge optical losses of
around 30%–40%, which are the main factors that degrade solar cell performance [3]. Incident photons
are re�ected in planar surface silicon solar cells rather than being fully absorbed internally by the solar
cells. By contrast, a textured surface signi�cantly reduces optical losses by trapping incident photons
inside the textured structures, thus improving the performance of the solar cell. In addition, it overcomes
all of the main problems related to production costs [3–4].

Texturization in the form of a homogenous and uniform pyramidal distribution can improve the minority
carriers’ lifetime and overcome optical losses, thereby reducing recombination losses [5]. Texturization
with a pyramidal structure by using alkaline solutions can decrease the overall re�ection losses to below
15%. Anti-re�ective coatings (ARCs) include silicon oxide (SiO2) and silicon nitride (SiNx) for front
surfaces. These �lms produce a good outcome in improving optical transmittance (~90%) in the
wavelength range of 400–1100 nm. Adding texturization and anti-re�ective coatings reduces re�ectance
losses and increases the overall performance of silicon solar cells.

Extensive research has been conducted on texturization to improve optical losses caused by surface
re�ectance [6–9]. The majority of recent studies discussed the effect of texturization on minority carrier
lifetime in monocrystalline silicon solar cells. E. Yu Plotnikova et al. [10] conducted simulation studies on
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textured solar cells by using TCAD modelling with different textured structures and concluded that solar
cells with small and large pyramidal textures perform better than �at structures. Although this study
evaluated electrical performance, optical performance on textured surfaces was not thoroughly
discussed. Chen Jin et al. [11] studied the impact of substrate thickness and front surface recombination
velocity on the overall photo-electrical performance of an interdigitated back contact (IBC) silicon solar
cell with a random pyramidal texture by using Silvaco ATLAS simulation software. Their results proved
that thinning the substrate causes losses in short-circuit current density whilst maintaining the open-
circuit voltage. In addition, wafer ray tracer simulation was used to study the optical properties of the
random pyramidal texture for thin substrates. Shijun Ma et al. [12] performed a theoretical study on the
optical properties of black silicon nanostructures in the range of visible light to near-infrared light by
using statistical programming and the numerical �nite-difference time-domain (FDTD) method. These
studies showed that almost 80% of incident light is redirected and subjected to internal re�ection. 

Furthermore, D. Pera et al. [13] implemented a numerical 3D image reconstruction algorithm with FDTD
simulations to analyse the optical performance of a random pyramidal texture. FDTD was used to
investigate re�ectance, absorption and charge generation, and it produced accurate optical generation
rates related to complex micro- and nano-textured surfaces. This method’s results showed good
agreement with the experimental results on effective re�ectivity, spectral re�ectance and spectral
absorbance for the textured silicon cell. D. Shah et al. [14] conducted a simulation and experimental study
on the impact of the length and re�ectance of silicon nanowires (SiNWs) by using PC1D to evaluate
optical performance. The optical evaluation for SiNWs was not stimulated by using PC1D, but the
electrical performance of the solar cell in the simulation is close to the experimental value. Halo Dalshad
Omar et al. [15] simulated light trapping on an inverted pyramidal texture by using wafer ray tracer to
study the light scattering effect and electrical performance. This work used planar texture as the baseline
to examine the improvement in inverted pyramids; the texture resulted in an enhancement of light
absorption for all inverted pyramids compared with the planar surface. 

This work focuses on the comprehensive evaluation of the optical performance of pyramidal
texturization pro�le structures of silicon solar cell devices by using PC3S [16]. PC3S [16] simulation was
performed to give insights into the physical cell structure that provides a superior, fully 3D treatment of
pyramidal texturization. The simulation was built in Microsoft Excel, and all calculations were performed
in a code �le, which was extracted in Microsoft Excel. PC3S offers a good means of studying the physics
within a texturization structure. This software was created by Paul Basore and released in December
2020. 

PC3S has several solution modes that can be used to study the physics within a textured surface region.
In this study, a simulation was performed by applying the bipolar mode to the voltage between the front
and rear of the silicon cell, which is known as a doped emitter. The rear of the silicon cell was applied
with voltage (quasi-Fermi splitting) through the �oating mode. The total recombination applied in the
simulation solution region was equal to the total photo-generation in the solution region; the former was
applied using the open mode, which allows quasi-Fermi levels to �oat non-uniformly. Moreover, �at-band
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mode was applied to the solution to assess the recombination losses as a function of applied voltage for
the high-e�ciency limit. The quasi-Fermi separation was uniform throughout. The left-to-right voltage
across the solution region induced a lateral current �ow, which could be used to determine the
effectiveness of the sheet resistance of the textured surface known as lateral mode.  

This study explored the use of the bipolar, �oating, open, �at-band and lateral mode device simulators in
PC3S to simulate and study the spectral transmission in 2D surface morphologies of silicon wafer. The
aim is to study the mobility, carriers, surface recombination, electric �eld, velocity and current under
various pyramidal structure sizes. The performance of the proposed device is analysed with respect to
the in�uence of the front passivation of SiO2 and SiNx.

Methodology
PC3S software has �ve important components, namely, dashboard, device, optics, data and image. Each
of these components plays an important part in studying the spectral transmission inside solar cell
devices. The �rst part of the software, the PC3S dashboard, consists of the initial �le data that can be
uploaded from external sources and will be estimated by the PC3S software. This part also consists of
output results from the solved external input data, which are spectral transmission, recombination, sheet
Rho and graphical output of solar cell samples.

The second part, the PC3S device, presents the details of the device uploaded from the external
command data into the software, which include solution volume of the device, textured patterns,
diffusion doping, bulk doping, surface charge and recombination. The third part, PC3S optics, provides
information on the parameter used in PC3S simulation to estimate the spectral transmission of the solar
cell samples; the information consists of spectrum, surface coating, power density, absorption coe�cient
and index of re�ection with respect to wavelength in air. The fourth part, PC3S data, calculates and
produces the output data from the external command �le uploaded on the PC3S dashboard. This part
shows the output recombination, sheet Rho and spectral re�ected, absorbed and collected. The last part,
PC3S image, shows the graphical output variable as plotted on the PC3S dashboard for each calculated
input datum across multiple symmetry planes of the devices. 

Table 1 shows the parameter of silicon used in the simulation. Fourteen samples were investigated in this
study. The details of the samples are shown in Table 2. All samples are p-type silicon wafers with width,
length and height of 1.00 µm. The silicon surface was diffused with an n+ emitter and passivated with
thin interfacial oxide and positive-charge silicon nitride for SiNx anti-re�ection coating. The p-type silicon
sample was used with a variable textured surface and diffused via n+ diffusion. The front surface was
passivated with thin interfacial oxide and coated with anti-re�ection coating of positive-charge silicon
nitride. The planar surface morphology of the silicon wafer was used as the baseline to determine any
improvement in the variable textured surface of the silicon cell. The period (P) of the pyramidal texture
was the length from the peak of the pyramidal texture to the next peak of the pyramidal texture. Depth (D)
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was the textured depth from the peak to the base of the pyramidal texture. The P and D of the pyramidal
texture are shown in Fig. 1.

Figures 2(a) and 2(b) show a schematic of the device in planar and textured surface used in this study
respectively. The surface morphology of the p-type wafer had two ARC layers, namely, SiO2 and SiN, as
passivation. The devices were simulated on re�ected and collected light. The measurement was
simulated by varying the wavelength, base length, depth and base angle of the pyramidal texture. The
mobility and carriers were investigated because of their critical in�uence on determining the e�ciency of
the solar cell. Moreover, drift velocity with the presence of an electric �eld was investigated because of its
impact on the mobility of the charge carrier. 

Simulation Results And Discussion
Figures 3, 4, and 5 show the spectral transmission on the front surface morphology of the silicon wafer
for textured surface with period of 4 um, 8 um, and 20 um respectively. The spectral transmission of B, C
and D with a similar length and depth of 4, 6 and 8 um, respectively, exhibited lower spectral performance
on the front surface than the planar baseline. However, the other samples showed an improvement in
spectral transmission compared with the planar baseline. Sample A with a depth of 4 um exhibited better
performance than Samples C (depth of 8 um) and D (depth of 10 um) with a difference of almost 40%
from the visible to infrared range; the difference for B sample was around 30%. Sample A showed
spectral transmission that was 15% better than that of the planar baseline in the range of 300–600 nm,
whereas Samples C and D had less than 15%. Samples B, C and D had a base angle of more than 65º,
which was below that of the planar baseline. The spectral transmission on the front surface was higher
than that under the practical and proposed base angles of texture around 50°–55°. The base angle of the
texture should be close to 50°–52° and the most commonly accepted angle of 54.74° [15, 17–19]. 

As shown in Figures 4 and 5, Samples E (depth of 2 um), M (depth of 20 um) and N (depth of 20 um) with
a base angle below 30° manifested a low spectral transmission percentage in the solar cell devices
because more re�ection occurred on the front surface. The samples with a depth of 2–20 um exhibited
nearly 20% improvement in spectral transmission relative to the planar baseline in the range of
wavelength of light 300–650 nm. The percentage of spectral transmission at 650 nm for all samples in
Figures 3 and 4 displayed almost the same value of about 95% to 99%. However, differences in the
spectral transmission percentage were observed when the wavelength of light increased from 650 nm to
the infrared range. The percentage of spectral transmission for Samples E (base angle of 26.57º), M
(base angle of 26.57º) and N (base angle of 21.80º) declined relative to the planar baseline. 

In addition, Samples M and N that had a base angle below 30° showed almost the same pattern as the
planar baseline, and they had a low percentage of spectral transmission compared with Sample J (period
of 20 µm with depth of 20 µm), K (period of 40 µm with depth of 20 µm) and L (period of 60 µm with
depth of 20 µm). This result is obtained because the structure of texturization for Sample N had a wide
base height and low pyramidal depth, which contributed to numerous losses in incident light on the
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planar surface compared with Sample K. These samples require an encapsulant with increasingly high
refractive index to navigate the internal re�ection between the air–glass interface of light initially re�ected
from the cell surface when the base angle is reduced from an optimised angle to a small one. Therefore,
the base angle of the pyramidal texture should be considered when analysing light-trapping, photo-
generation and surface recombination properties.

Figure 6(a) and 6(b) present the spectral transmission of re�ected and collected incident light (photon) on
the front surface of the solar cell shown in Figure 2 respectively. These data were selected from the
results in Figure 3 because they showed good performance in spectral transmission. The spectral
re�ectance in Figure 6(a) shows the re�ection losses in Samples A, F, G, H, J, K, L and the planar baseline.
The planar baseline showed huge differences in re�ectance of around 25% relative to the other pyramidal
textures in the range of wavelength of light 300–600 nm. The other pyramidal textured surfaces exhibited
almost the same re�ectance on the front surface. Sample F manifested slightly more re�ectance than the
other pyramidal textured samples in the range of wavelength of light of 380–560 nm with variance of 6%.
The impact of the pyramidal textured structure showed a signi�cant potential to limit the direct re�ection
of light from the textured surface [20]. Moreover, the re�ectance of light for the planar and pyramidal
textured surfaces in the range of wavelength of light of 600–680 nm was the same, which reached nearly
zero re�ectance. However, differences in re�ectance were observed between the planar and pyramidal
textured surfaces when the wavelength of light reached the infrared range. The reduction in front surface
re�ectance is important to improve the photo-generation current of c-Si solar cells. Thus, the improvement
in re�ectance in Samples A, F, G, H, J, K and L was the result of the pyramidal texture serving its purpose
in light trapping and increasing the front surface area so that more incident light can be extracted. In
addition, reducing the re�ectance on the Si surface can enhance the light absorbance and rate generation
(spectral collection probability) of electron-hole pairs [21–22].

Figure 6(b) presents the percentage of incident light collected by the solar cell devices with respect to the
wavelength of light. All pyramidal textured samples, except for A, exhibited higher spectral collection
probability than the planar surface in the visible and infrared ranges. The spectral collection by Sample A
(period of 4 µm with depth of 4 µm) was slightly higher than that for the planar surface in the range of
wavelength of light of 400–700 nm with 2% improvement. It also showed less spectral collection in the
infrared range. The higher surface recombination on the planar surface than in Sample A (period of 4 µm
with depth of 4 µm) caused the collection probability on the surface to be low due to more re�ectance.
Meanwhile, Samples F (period of 8 µm with depth of 4 µm), G (period of 8 µm with depth of 8 µm), H
(period of 8 µm with depth of 8 µm), J (period of 20 µm with depth of 20 µm), K (period of 40 µm with
depth of 20 µm) and L (period of 60 µm with depth of 20 µm) had high collection probability on the front
surface, which reduced surface recombination. These samples had more carriers generated by light
absorption on the front surface that were collected by the p-n junction. These carriers contributed to the
light-generated current. The properties of the front surface exerted a huge impact on the collection
probability of the device because when the carriers were generated in the region with higher
recombination than the junction, the probability of carrier recombination was high. Afterwards, the front
surface was passivated with thin interfacial oxide and positive-charge silicon nitride for anti-re�ection
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coating, which prevented the electrons and holes from recombining prematurely on the front surface. The
passivation of the SiO2/SiNx stack is known as effective surface passivation [23]. One of the properties
of SiO2 is to improve the passivation quality of textured front surfaces with emitters for n- and p-type
silicon surfaces as well as the rear surface [24–28]. 

Figures 7 and 8 show the graphical output for mobility and carriers inside the silicon wafer together with
the collection probability respectively, all of which affect the output of the silicon solar cell. Both samples
had different structures on the front surface of the silicon wafer. The intensity of the mobility and carriers
inside a silicon cell is determined by the thickness of the concentration from the top to the bottom of the
silicon wafer. The higher the concentration intensity of the mobility and carriers is in the silicon wafer, the
more minority carriers are created, absorbed and collected and the fewer the re�ection losses that occur
on the front surface. The planar surface had smaller mobility and carrier thickness than Sample J (period
of 20 µm with depth of 20 µm), which appeared to have larger mobility and carrier thickness around the
front surface of the pyramidal texture that exhibited many photons of a given incident energy in the solar
cell devices. Consequently, many minority carriers were generated and collected by the silicon wafer due
to the enhancement of pyramidal textured and passivated front surface. The passivated and pyramidal
textured front surface showed that photons were not re�ected nor transmitted out of the cell, which
created collectable carriers. 

Figure 9(a) and 9(b) presents the electric �eld and velocity from the top to the bottom of the pyramidal
texture in Samples F and J respectively. In the presence of the electric �eld, drift velocity occurred during
the mobility of the charge carrier. The impact of mobility with respect to drift velocity and the electric �eld
was signi�cant in absorbing the sunlight at maximum capacity and avoiding surface recombination.
Figure 9(a) shows the occurrence of the electric �eld in the planar baseline, Sample F (period of 8 µm with
depth of 4 µm) and Sample J (period of 20 µm with depth of 20 µm) with depth in the wafer from top to
bottom. The electric �eld in Samples F and J was higher than that in the planar sample due to the strong
presence of opposite-charge ions that prevented electrons in the n-type layer from �lling the holes in the
p-type layer. In addition, the electric �eld transported the electrons from the n-type layer and holes to the p-
type layer as the electrons in the silicon were ejected from their original places when the energy of
sunlight was equal to or more than the energy bandgap of silicon strikes on the front surface of the solar
cell. Regardless of the presence of an electric �eld, the different conductivity of the electrons and holes in
two regions had a signi�cant impact on charge carrier separation in the solar cell [29]. The electric �eld
had a signi�cant effect on enhancing short-circuit current density when bias-dependent carrier multiplicity
was considered [30].

Figure 9(b) shows the velocity inside the planar and pyramidal textures with depth in the wafer from top
to bottom. Carrier mobility occurred when the electric �eld was applied on the silicon, making the
electrons move in the direction opposite of the electric �eld whilst the holes moved around in the net
direction of the electric �eld. The velocity in Sample J (period of 20 µm with depth of 20 µm) was much
higher than that in Sample F (period of 8 µm with depth of 4 µm) and the planar sample because of the
correlation with the electric �eld produced in each sample. This result is due to the electric �eld present
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inside the silicon wafer. Carriers move in the net direction because of the presence of an electric �eld and
thermal velocity. Balancing of carrier velocity by enhancing the driving �eld improves the conversion
e�ciency of solar cells because the driving �eld is required for migrating the optically generated
holes [31]. 

Figure 10(a) and 10(b) present the current and surface recombination from top to bottom of the
pyramidal texture in the planar sample and Samples F and J respectively. As indicated in Figure 10(a), the
current produced by Sample J was 2.30E-04 A/cm2, which is much higher than that of Sample F (8.27E-
05 A/cm2) and the planar sample (3.77E-05 A/cm2). This result is correlated to the electric �eld and
velocity of the mobility of the charge carrier in Figure 6. The photons absorbed by the silicon wafer that
generated electron-hole pairs in the minority charge carriers made the transition to the depletion region by
the diffusion caused by drift with the presence of the internal electric �eld. Thus, when no recombination
of the charge carriers with the majority carriers occurred in the quasi-neutral regions, the electric �eld of
the depletion region moved the minority carriers to the other side of the junction. Consequently, electrical
current was generated by the minority carriers inside the silicon wafers.  

Figure 10(b) shows the surface recombination in the planar, F and J samples with respect to depth in the
wafer from top to bottom. The planar sample exhibited more surface recombination than Samples F and
J (i.e., 1.79E13 cm-2/s). The surface recombination between Samples F and J was small with a value of
1.04E13 and 1.09E13 cm-2/s, respectively. The large differences in surface recombination between the
planar and pyramidal textures were caused by the lack of light trapping and abundant re�ectance on the
front surface of the planar surface. Notably, a planar surface without any additional rough surface acts
as a mirror that re�ects incident light, whereas a pyramidal textured surface traps the incident light inside
and re�ects it to the neighbouring pyramidal texture before being re�ected back to air. In addition, surface
recombination is proportionally dependent on surface roughness, contamination, amount of surface area
between the absorbing Si and the extracting contact and ambient gases used during oxidation and
annealing [32-33].

Pyramidal texturization’s size and shape exert a huge in�uence on controlling the effectiveness of the
anti-re�ection effect. Thus, for low re�ectance over a large range of wavelength, the size and shape of
pyramidal texturization are crucial. The main function of pyramidal texturization is to increase the
transmission of incoming photons into silicon. When incident light strikes on a pyramidal textured
surface, some of it is re�ected and some is transmitted, thus achieving this function. Re�ected light hits
the neighbouring pyramidal texture and is partly re�ected back and coupled into silicon. This re�ected
light shows an improvement in the pyramidal texture over the planar surface. 

            Pyramidal texturization alone or with anti-re�ection coating reduces re�ection losses on the front
surface of silicon cells. Texturization decreases the re�ection of incident photons by enhancing the
re�ected light bouncing back on the textured surface, thus minimising the re�ection on the planar
surface. Figure 11 shows how incident light strikes on the planar and pyramidal textured surfaces. The
movement of incident light on the planar surface showed that when incoming light struck the surface and
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was re�ected back to the surrounding air, R varied from 0 to 1. By contrast, rather than being lost as that
on the planar surface, the incoming light re�ected by the pyramidal textured surface hit the neighbouring
pyramid texture, resulting in a reduction of re�ection losses to R2I.

Conclusion
Spectral transmission on planar and pyramidal textured silicon wafers was studied using a new
simulation software known as PC3S. This is the �rst time the PC3S software package has been utilised
for research. All parameters were �xed, and the size of pyramidal texturization varied. The introduction of
this software to the modelling of the performance of surface silicon cells is crucial in the photovoltaic
�eld because it aids in the basic understanding of the in�uence of surface texturization.
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Table 1. Silicon parameter

Table 2. Textured surface morphology of silicon parameter
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Sample Base length (half period) pyramidal, µm Period, µm  Depth, µm Base angle, θ

A 2 4 4 63.44

B 2 4 6 71.57

C 2 4 8 75.96

D 2 4 10 78.69

E 4 8 2 26.57

F 4 8 4 45.00

G 4 8 6 56.31

H 4 8 8 63.44

I 4 8 10 68.20

J 10 20 20 63.44

K 20 40 20 45.00

L 30 60 20 33.69

M 40 80 20 26.57

N 50 100 20 21.80

 

Figures

Figure 1

Con�guration of the period and depth of pyramidal textured
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Figure 2

Schematic surface morphology of silicon wafer used in the simulation (a) planar and (b) textured
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Figure 3

Percentage of front surface spectral transmission on textured surface with period of 4um

Figure 4
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Percentage of front surface spectral transmission on textured surface with period of 8um

Figure 5

Percentage of front surface spectral transmission on textured surface with period of 20um
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Figure 6

Spectral (a) re�ected and (b) collected on the pyramidal textured solar cell device by PC3S simulation



Page 19/23

Figure 7

Mobility on silicon cell for sample (a) planar and (b) J (P20D20)
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Figure 8

Carriers on silicon cell for sample (a) planar and (b) J (P20D20)
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Figure 9

Graph of (a) electric �eld and (b) velocity for planar, F, and J samples
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Figure 10

Graph of (a) current, and (b) surface recombination for planar, F, and J samples
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Figure 11

Movement of incident light strikes on the planar and pyramidal textured surface


