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Abstract: We optically designed and investigated two deterministic light-trapping concepts
named “Hutong” (wafer thickness dependent, patch-like arrangement of “V” grooves with
alternating orientations) and “VOSTBAT” (one directional “V” grooves at the front and saw-
tooth like structures at the back) for the application in emerging thin silicon heterojunction
(SHJ) solar cells. Calculated photocurrent density (J,,) (by weighting the spectrally resolved
absorptance with AM1.5g spectrum and integrating over the wavelength) showed that both
Hutong and “VOSTBAT” structures exceed the Lambertian reference and achieved J;, of
41.72 mA/cm® and 41.86 mA/cm” respectively on 60 pum thin wafer in case of directional,
normal incidence.
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1. Introduction

At present, crystalline silicon (c-Si) based solar cells and modules are the leading technology
for the photovoltaic (PV) industry with a market share of about 95% [1]. But due to the
indirect band gap of c-Si and, therefore, weak absorption of photons with energies close to the
band gap energy, solar cells with c-Si absorber layers are often around 180-200 um thick to
ensure adequate absorption of sunlight. Thin Si wafers, produced either by thinning or
kerfless wafering techniques, are promising buildings blocks for low cost and high efficiency
Si photovoltaics. Several researches have proven that absorber layer thinning can minimize
recombination rates due to intrinsic Auger recombination processes and hence, lead to
maximum possible open-circuit voltage (V) [2-4]. Silicon heterojunction (SHJ) concept is
among the highest efficiency c-Si solar cells due to the high V,. values enabled by the
excellent passivation quality of c-Si surface [5]. One of key advantages of this technology is
the low processing temperature (<200 [JC) [5] which qualifies the use of ultra-thin wafers
without triggering any substrate deformation.

Although thinner wafers allow for better material flexibility and higher open-circuit
voltages, their photocurrents are reduced due to the weak absorption of long wavelength
radiation. This issue can be overcome by using tailored light management concepts such as
texturing of Si wafers [6]. Surface texturing of c-Si improves the anti-reflection properties for
light of shorter wavelengths and elongates the path length of light with longer wavelengths
inside the Si absorber [7-9]. Various photonic light-trapping concepts have been researched,
such as: nano-wires [10-11], nano-cones and domes [12-13], nano-cylinders [14], periodic
inverted nano-pyramids etc. [15-16]. These micro-/nano-structures have excellent light-
trapping capabilities but complex and often expensive fabrication processes. They can show
high surface recombination due to increased surface area, sharp edges or plasma damage [17-
18], leading to reduced conversion efficiencies. Therefore, applying advanced light-trapping
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structures with minimal sharp edges and extended facets on the emerging ultra-thin c-Si
wafers can pave the way towards high efficiency and cost competitive ultra-thin SHJ solar
cells.

Light-trapping with “patch textures” featuring defined facet orientations have shown
excellent light-trapping properties [19-21]. Thorstensen et al. have produced such patch
textures by laser assisted texturing and compared their result with ray-tracing simulations
[22]. In this work, we investigated two deterministic light-trapping structures. The first
structure is called “Hutong” (inspired by the architecture of traditional rooftops of Hutong
houses in Beijing) based on the “single-sided patch texture” from Campbell et al. [19], which
is basically parallel “V-shaped” grooves processed in a patch similar to a checkerboard layout
as shown in Fig. 1(a) and Fig. 1(c). Each patch has parallel “V-shaped” grooves along one
direction and each directly adjacent patch shows parallel “V-shaped” grooves oriented along
the perpendicular direction. The patch size highly depends on the wafer thickness. Here
reported “Hutong” structure is expected to provide an outstanding optical performance
especially for thin PV devices by almost fully trapping the light for the first six passes
through the Si absorber layer.
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Fig. 1. (a) 3D sketch of the Hutong and VOSTBAT structures, (b) Hutong structure on
different wafer thicknesses, (c) fabricated Hutong structure on a 280 um c-Si wafer with 100
pum patch size, (d) working principal of Hutong structure

The second structure is called “VOSTBAT” (V-grooves On Saw Tooth BAck side
Texture). This structure was inspired by “double-sided perpendicularly grooved texture” of

Campbell et al. [18] where instead of the perpendicular grooves at the bottom, we utilized an
asymmetric saw-tooth like shape for better determination of the light path.



Both structures profit from the fact that at least for the first passes through the wafer, the
light can only couple into well-defined modes, instead of being randomized. Therefore,
effective light path enhancements beyond that for the fully randomizing Lambertian reference
are in principle possible in a broad spectral range.

In this work, we evaluated the optical effects of Hutong and “VOSTBAT” for different
patch sizes according to different Si wafer thicknesses and different angles of saw tooth
structure, respectively. The simulation work was performed by using the ray-tracing module
of the simulation software “Sentaurus Device” [23] to understand the effect of deterministic
light trapping structures. These results were compared with simulation results of 2 pm regular
periodic inverted pyramids (PIP) and 2 pm random pyramids. The results for the PIP structure
were obtained from PV Lighthouse ray tracing tool [24].

2. Deterministic light-trapping structures for thin Si absorber
2.1 Hutong

The Hutong structure is basically “V” grooves patterned in column-row-column structure as
shown by the SEM image in Fig. 1(c). The aim of Hutong structure is to make sure that while
the incident light (especially infrared light) refracts into the thin Si wafer through a “V”
groove of columnar facet with a well-defined angle, it travels all the way to the bottom of the
Si wafer. While it reaches the Si bottom, the ray will reflect back towards the front. But when
the ray reaches the front, it will face a different “V” groove of row facet, therefore, it will
reflect back into the absorber because the angle of incidence is always larger than the critical
angle for total internal reflection.

To make sure that when the light tries to escape from the front, it intersects at a different
facet than its incident facet, patch sizes were calculated according to their wafer thickness
following Snell’s law. As shown in Fig. 1(d), if the wafer thickness is 280 pm, for the
incident light to hit the back side and reach the front, it will intersect the front interface 484
um away from the first intersection. Therefore, the optimal patch size is 484 pm. Different
wafer thicknesses provide different optimum patch sizes as shown in Fig. 1(b).

2.2 VOSTBAT (V-grooves On Saw Tooth BAck side Texture)

The VOSTBAT structure mainly achieves the deterministic light trapping by the back-side
texture. Due to utilizing a saw-tooth like pattern, as shown in Fig. 1(a), the internal angle of
the light is increased immensely subsequently with each reflection at the back side. Although
this already provides a deterministic light-trapping scheme, similar to the suggestion by Rau
et al. [25], the front side is additionally textured in a way that does not conflict with the
deterministic approach of the back-side texture. This is assured by the different orientation of
the “V” grooves at the front side compared to the saw tooth structure at the back side.
Thereby, the elongation of light paths is happening along independent axes. Furthermore, the
front side texture allows for a significantly lower primary reflectance compared to a flat front
side. As the most important parameter of the VOSTBAT structure is the angle of the saw
tooth structure, determining this angle is the most significant part in this research.

A possible approach to fabricate such a back-side structure may include a “post
passivation light trapping back contact”, as demonstrated by Smeets et al. [26].

3. Simulation results on thin Si wafer
3.1 Hutong

To investigate the optical advancement of the advanced light-trapping structures, the
commercial tool Sentaurus TCAD by Synopsis was used as it allows creating deterministic
3D structures easily with the Sentaurus Structure Editor module. From the structure, an
adapted mesh was generated which was used as input for the optical simulation. Since all
geometrical structures had sizes significantly larger than the wavelength of light, the ray-



tracer of Sentaurus Device module was used for the calculation of the reflectance. According
to the calculation following Snell’s law, for 60 um thin wafers, required patch size for Hutong
is 104 um whereas VOSTBAT structure is independent from the wafer thickness.

By weighting the spectrally resolved 1-reflectance (1-R) with the AM1.5g spectrum and
integrating over the wavelength, the results were transformed to a photocurrent density (J,p),
which provides a much more relevant property for the application in solar cell devices. The
application of anti-reflection coating (ARC) is necessary to separate light-trapping properties
from light incoupling. Therefore, simulations were performed with PV Lighthouse on 2 pm
regular PIP with 100% area filling (AF) to find the optimal thickness for ITO. The optical
data for ITO was taken from literature [27]. ITO thickness of 68 nm was found to show the
best anti-reflection properties. As the facet angles were identical for 2 um regular PIP and
Hutong structure, the same ITO thickness was used for Hutong structure.

In an ideal deterministic light trapping structure, the light path is well defined for the
whole multiple passes through the wafer [25]. In case of our Hutong structure, the patch size
is adapted to the refraction angle of incident light when passing from air through the front
interface. After the light passed forth and back through the wafer, it hits the front interface at
a patch with opposite orientation of the V-grooves, thereby it is always totally internally
reflected. Due to the geometrical structure, the angle of that reflected light has a different
angle than at the first pass. Therefore, the patch size is not perfectly adapted to this. This is
limiting the advantage of the deterministic light trapping concept, leading to losses after the
fourth pass depending on the position of the light ray. Furthermore, this leads to the fact that a
local maximum of optical properties was demonstrated by 92 pum patch size, instead of
calculated 104 um patch size, since this patch size is a better compromise when considering
not only the first and second pass through the wafer.

It has to be noted that the Hutong concept is also working for significantly lower patch
sizes. As illustrated in Fig. 1(b), an incident light ray, which is refracted by the “V” grooves
at the front interface, might skip patches at the front interface after reflection at the back side.
As long as the light ray hits the front interface at a patch with perpendicular orientation of the
“V” grooves, the functionality should be the same. Hence, we investigated different smaller
patch sizes with different number of “V” grooves within each patch. We found the highest
optical performance for a patch size of 35.5 um with 16 “V” grooves per patch.

3.2 VOSTBAT

Sentaurus TCAD tool was also used to investigate the optical properties of VOSTBAT
structure. Unlike Hutong, VOSTBAT is not thickness dependent. Hence, different angles (7-
10[7) of the saw tooth structure as well as the number of “V” grooves and saw tooth
structures inside one spatial domain were varied in this work. The spatial domain size was
chosen to be 35.5x35.5 pm? to be in alignment with the optimal Hutong structure. The
numbers of “V” grooves and saw tooth structures were kept equal. The optimal number of
“V” grooves and saw tooth structures was found to be four. This leads to a lateral period of
8.875 um at the front and back interface. The optimal angle of the saw tooth was found to be
8°. The absorptance in 60 pm thin c-Si wafer with ITO front layer and optimized VOSTBAT
structure exceeded those for both Hutong and the reference value that is given by the
maximum randomization of the light that is penetrating into the solar cell (Lambertian
reference). The results will be shown in the following section in comparison to the other
investigated structures.

4. Comparison of all the light-trapping structures

Hutong of 92 um and 35.5 um patch, the optimized VOSTBAT structure, 2 um regular PIPs
and random pyramids were compared with the Lambertian reference, as calculated by M. A.
Green [8]. To compare the acquired results with the Lambertian reference, the absorptance
results were normalized at 950 nm wavelength (internal absorptance 4’), since Lambertian



reference assumes the incident light is perfectly coupled into the absorber unlike ray tracing
simulation. At that wavelength, the absorptance of incident light is almost the same for all
light trapping structures, which means that the light is fully absorbed even without light
scattering. Furthermore, the wavelength of 950 nm is spectrally close enough to the relevant
range for light trapping that the anti-reflection properties of the front ITO layer are quite
similar. Figures 2(a) and 2(b) show normalized (internal) and not normalized (external)
absorptance of all the light-trapping structures against wavelength and thickness corrected
absorption coefficient (aw), respectively. In both cases, it is clearly visible that optimized
VOSTBAT and Hutong both show significantly higher internal (Fig. 2(a)) and external (Fig.
2(b)) absorptance than the Lambertian reference in a wide spectral range. As one can see, 2
pm regular PIP, 2 um random upright pyramids (URP) both with both sides textured and flat
back side show a lower absorptance than Lambertian reference in the whole spectral range

(Fig. 2(a)).
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Fig. 2. (a) Internal absorptance of different light trapping structures as a function of the
wavelength, (b) external absorptance of different light trapping structures as a function of
thickness corrected absorption coefficient (aw), where w is 60 um, the thickness of Si wafer
and o is the wavelength dependent absorption coefficient.

By weighting the internal absorptance with the AM1.5g spectrum and integrating over the
wavelength, the results were transformed to a photocurrent density (J,,) which showed that in
the long wavelength range (950-1200 nm), Hutong of 35.5 pum patch and VOSTBAT
structure outperformed Lambertian scatterer depicting Jyn 050-1200nm Of 7.50 mA/cm2 and 7.72
mA/cm2, respectively, compared to Lambertian reference of 7.285mA/cm2 (Fig. 3(a)).The
results were compared to different pyramid-based structures. Taking the spectral range from
950-1200 nm into account, all structures with pyramids and Hutong with bigger (92 pm)
patch size generated a Jpp 950-1200nm lower than for the Lambertian reference (Fig. 3(a)).

Figure 3(b) shows the internal effective path length in units of the wafer thickness,

calculated as l:}i =— ﬁ In(1 — A"). It can be seen that, due to the deterministic light-trapping

scheme [25], the effective path length, /s was longest for VOSTBAT, followed by the
Hutong structure with 35.5 um patch size. The only other structure that overcame Lambertian
reference was Hutong with 92 pm patch from 1115 nm wavelength onwards. The 2 pm PIP
structure showed a resonant feature at wavelengths 1140nm-1175nm, partly exceeding the
Lambertian reference. The effective path length for the random URP with both sides textured
was also slightly longer than for the Lambertian case. Both was explained by resonant effects
for the specific representation of the structure as well as the light source, where well-defined
positions for the incident light rays were assumed.
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Fig. 3. (a) Acquired internal photocurrent density of different light trapping structure in the
long wavelength range (950 — 1200 nm), (b) Relative path lengths (/.#/w) of different light-
trapping structures as a function of wavelength.

An alternative quantity to evaluate the light-trapping properties was introduced as a figure
of merit (FOMgpx) by Rau et al. [25], which is the inverse expectation value of the
distribution of the reciprocal path lengths: FOMppgx =< 1/l >71= [ 1 — A'(a)da . This
figure of merit was calculated for the different structures and normalized with the wafer
thickness and is shown in Fig. 4.

It can be seen from Fig. 4 that the VOSTBAT structure as well as the Hutong structure
with 35.5 pum patch size show a FOMgpx above the Lambertian reference. All other
investigated structures had a lower FOMgpk. Therefore, it can be stated that Fig. 3(b) and Fig.
4, both are in good agreement proving the performance of deterministic light-trapping
structure.
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Fig. 4. Figure of merit <1/>"'/w of different light-trapping structures.

Fig. 5(a) shows the ratio of normalized absorptance between the deterministic light-
trapping structures compared to the Lambertian reference. It can be seen that with increasing
wavelength, the absorptance for both structures increased significantly. At a wavelength of
1150 nm, the Hutong structure with 35.5 um patch size and the VOSTBAT structure showed
an absorptance that is 28% and 53% above the Lambertian reference, respectively. In order to
evaluate our deterministic light-trapping structures for a more realistic application, we plotted



the external absorptance, i.e. the amount of generated electron-hole pairs inside the c-Si wafer
per incident photon, in the spectral range from 300 nm to 1200 nm in Fig. 5(b). We compared
the results to a modified Lambertian reference by multiplying the Lambertian reference with
the front layer transmission. Thereby, all primary reflection at the front interface was
considered. In the spectral range from 300 nm to 950 nm, all absorptance curves look the
same as only the front layer transmission determines the absorptance in the wafer due to the
high absorption coefficient of c-Si in that range. Differences can only be seen from 950 nm to
1200 nm with the VOSTBAT structure showing the highest and the Lambertian reference
showing the lowest values. The related photocurrent density was calculated by multiplying
the absorptance with the AM1.5¢g spectrum and integrating over the wavelength. The values
are shown in the labels. The highest photocurrent density J,, achieved at this work was 41.86
mA/cm2 by the VOSTBAT structure followed by the Hutong structure with 35.5 um patch
size (41.72 mA/cm?). In the case of the modified Lambertian reference, a value of 41.44
mA/cm? was achieved. Note, that we assumed an ITO layer with realistic absorption
properties, but we neglected passivation and doping layers in our study.
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Fig. 5. (a) Ratio of the normalized absorptance of our deterministic light-trapping structures to
the Lambertian reference. (b) Absorptance spectra of the light-trapping structures and acquired
photocurrent density.

In case of a realistic application, it has to be considered that the presented light-trapping
concept requires a tracking system to ensure the normal incidence of sunlight. Furthermore,
the patch size of the Hutong structure as well as the angle of the saw tooth in the VOSTBAT
structure for a solar module must be adapted to the refractive index of the encapsulation
material to achieve the same functionality. During processing, special care must be taken to
keep the flat areas at the tip of the ridges as small as possible, as this could reduce light-
trapping performance.

5. Conclusion

Both deterministic light-trapping structures Hutong and VOSTBAT demonstrated excellent
light-trapping properties and exceeded the Lambertian reference by 0.28 mA/cm? and 0.42
mA/cm?, respectively, in the full spectral range for directional illumination at normal
incidence. These structures were well investigated by optical simulation to be implemented
on ultra-thin and/or kerfless wafer technology. The Hutong structure consisted of a patch
pattern with “V” grooves of different orientation. The size of the pattern was adapted to the
wafer thickness to increase the effective light path in the solar cell absorber. Optical
simulation results showed that Hutong and VOSTBAT both structures outperformed not only
the Lambertian reference but also the popular pyramid textures. The VOSTBAT structure
demonstrated the best optical properties among all the mentioned light-trapping structures
depicting Jyh 950-1200nm Of 7.72 mA/cm?2 in the long wavelength range.
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