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Reflectance, reduction, and light trapping enhancement are essential to maximize the
absorption of silicon solar cells. The industrial state of the art method to improve the solar
cell optics is wet chemical texturization of the front surface in combination with the
deposition of antireflection coatings. This work analyzes an alternative route, namely a TiO,
pillar structure on the front side of a planar silicon solar cell encapsulated in ethylene vinyl
acetate (EVA) and glass. It focuses on parameter variations of the structured TiO, layer while
taking the module encapsulation into account. It is shown that internal reflections at the front
interface of the module play a crucial role for the structure design. This leads to optimized
structures working in a different optical regime. While state of the art structures optimized for
a half infinite encapsulation act as effective media, structures optimized for the full module
show an improved performance by making use of diffractive effects. It could be shown that
weighted reflectance of 4.7% can be reached for a solar module with TiO, pillar structure on
top of the silicon surface compared to 5.5% for a two-layer ARC with a TiO, bottom layer
and 2.3% for an isotexture, which is the state of the art structure for multicrystalline silicon
cells.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

For industrially relevant silicon solar cells with a thickness of 200 um or less [1], strong light
coupling into the silicon as well as good light trapping is essential to maximize the energy
conversion efficiency. Surface texturing in combination with antireflection coatings typically
fulfills these requirements in silicon photovoltaics [2]. In industry, texturing is predominantly
realized by wet chemical etching processes. Monocrystalline silicon is typically etched with
an alkaline etching medium, which leads to randomly arranged pyramidal structures [3].
Multicrystalline silicon wafers are textured using an isotropic etching process based on an
aqueous solution of HF/HNO; which results in the so called isotexture [4].

Stochastic sub-micron texturing schemes, e.g. black silicon formed by reactive ion etching
[5,6] or using metal assisted (wet chemical) etching (MAE) [7], are alternative approaches for
multicrystalline silicon. Critical issues within the latter process that are challenging for an
industrial realization are the cleaning and removal of metal particles. Also template based
etching processes where studied extensively. Etching masks can be patterned by
photolithography [8], inkjet printing [9], laser ablation [10], nanoimprint lithography (NIL)
[11] or colloidal masks [12]. There are studies about nano-cone antireflection textures directly
realized in the high index material silicon [13,14]. Furthermore, Brongersma et al. [15] point
out that in terms of photonic effects and resonances, it is of advantage to realize surface
structures consisting of high index materials such as silicon.
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One specific defined texture etched into silicon was presented by Spinelli et al., leading to
broadband antireflection Mie scattering [16]. These structures reduce reflectance by light
scattering and coupling towards the substrate. With these photonic structures excellent optical
properties were reported.

All approaches mentioned so far rely on a texturing of the silicon substrate, which leads to
an enlargement of the surface area and thereby to an increased surface recombination. This
influences the open circuit voltage, which is higher for a planar standard passivated silicon
solar cell than for a structured one [17]. One idea avoiding this surface enlargement is the
application of an optically functional surface onto a planar electrically passivated surface,
which again was introduced by Spinelli et al. [18]. In this work, they showed that much
higher minority carrier lifetimes can be achieved with a patterned TiO, layer on top of planar
silicon than for structures etched into silicon. Such an electrically planar, but optically
structured (EPOS) interface on final device level was first demonstrated for rear side gratings
by Eisenlohr et al. [19,20] and later also applied to achieve a record efficiency in a silicon-
based multijunction solar cell [21].

In a later work, Spinelli et al. compared the optical performance of nanopillars etched into
silicon with TiO, nanopillars formed by nanoimprint lithography (NIL) in a solar module
[22]. Similar work was done by Goldman et al. [23] for InP wafers. Again, the optical
performance of the structures etched into silicon outperforms the ones formed into TiO,.
However, a holistic model-based design of the TiO, pattern was not possible in their work
since they did not include reflection at the front side of the module glass in their model.

Within the present work, we take on that approach of Spinelli et al. and therefore chose
the title of the paper in reference to their works. We carry on their concept by taking into
account the full module stack (especially the glass-air-interface at the front side), when
studying different types of structures. This seems like an incremental addition but it turns out
to strongly change the design criteria for the implementation of a photonic structure. In
section 2, rigorous coupled wave analysis (RCWA) [24] is used for the modeling of the
reflectance of the solar cell front side with half infinite encapsulation and half infinite bulk.
To simulate a solar cell in a module stack, a first order correction [25] of these results is
shown in section 3. A simulation of the full module stack with the RCWA in combination
with the OPTOS (optical properties of textured optical sheets) approach [26], a matrix-based
formalism to determine the optical properties of textured optical surfaces, is presented in
section 4. Here, OPTOS is used to design and assess light trapping structures based on a
nanostructured TiO; sol-gel layer for the application in a solar module.

2. Modeling the reflectance of the solar cell front side

The system investigated at first consists of a silicon substrate semi-infinite thickness covered
with a 5 nm thick Al,O; passivation layer and a structured TiO, sol-gel layer (n = 2.25 at 500
nm [27]). In order to obtain relevant results for the module case, a semi-infinite encapsulation
layer from the top by a material with a constant refractive index of ngya = 1.5, as an
absorption free representation of the encapsulation material ethylene vinyl acetate (EVA) and
of the cover glass (ngpss = 1.5) is used. As the refractive indices of EVA and the front glass
are assumed to be equal, they are modeled as one single layer — the encapsulation —
throughout the rest of the work. The investigated photonic structure is a binary crossed
grating of TiO, pillars with a defined residual layer of TiO, — the same structure that was
considered by Spinelli [22].

The height of the structure, the diameter of the pillars, the period and the residual layer
thickness are varied. A sketch of the simulated structure including the optically relevant
layers and a description of the parameters is shown in Fig. 1. The 5 nm thick AL,Os, layer,
which has a negligible optical effect is omitted in the sketch for simplicity.
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Fig. 1. 3D-Plot and cross sectional sketch of simulated pillar structure. Parameter variations
were performed for height, diameter, period and residual layer thickness.

In order to simplify the presentation of the results, the geometrical filling factor FF was
used for the structured layer. It is defined as the ratio of the area consisting of TiO, (Az,) to
the area of the simulated unit cell (4,izcen):

ﬂ ) (1)
unitcell

The resulting reflectance at the solar cell respectively module front is weighted with the
photon flux in the AM1.5¢g spectrum [28] in the wavelength range from 400 nm to 1200 nm.
The escape contribution of the cell backside to the overall module reflectance is not taken into
account, because a semi-infinite silicon bulk is used for the modelling. The refractive index
data of the TiO, was taken from experimental data published in [27]. For evaluating the
overall performance of the whole module stack, the photon flux absorbed within the silicon is
integrated to calculate a photo current density [29].

FF =

Results without residual layer

The simulation results of the mentioned system with a structure height of 80 nm and no
residual layer for varying filling factors FF and different periods is shown in the left part of
Fig. 2. The results show that the reflectance depends strongly on the filling factor. The highest
weighted reflectance is obtained for a filling factor of zero. Furthermore, a lower reflectance
is reached for high filling factors. Without a residual layer the optimal system in terms of
reflectance is a planar layer of TiO,. Note that the silicon is encapsulated by EVA, which
leads to a weighted reflectance of 19.2% without any TiO,. This is lower than the well-known
value of 36% for silicon in air. Modeling a state of the art isotexture as described in [30] with
semi-infinite encapsulation at the front side and an 80 nm thick silicon-nitride layer on top of
the structure. It leads to a weighted reflectance of 4.3%.

A simulation study for a wider parameter range (structure heights from 40 nm up to 100
nm, residual layer thicknesses from 0 nm to 80 nm) showed a strong influence of the residual
layer thickness. Within this parameter variation, a residual layer thickness of 60 nm in
combination with a structure height of 80 nm leads to the best reflectance results. Thus, in the
following these parameters are kept constant.
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Fig. 2. Weighted reflectance for a system of a structured TiO, layer with a fixed height of 80
nm as function of the filling factor. Left: System without a residual layer. The smallest
weighted reflectance is reached for filling factors 0.9. Right: System with residual layer
thickness of 60 nm. Small periods (100 nm and 200 nm) lead to the smallest reflectance.

Results with a residual layer thickness of 60 nm

A comparison of the weighted reflectance results for a system with a fixed residual layer
thickness of 60 nm and a fixed structure height of 80 nm in dependence of the filling factor
for different periods is shown in Fig. 2 on the right. The weighted reflectance (Ry,) here is
smallest for small filling factors. The minimum weighted reflectance with a value of 4.8% is
reached in the filling factor range between 0.225 and 0.25 for small periods such as 100 nm
and 200 nm. These results are close to the results from Spinelli et al. [22] where the best
results with 4.2% reflectance were reached for structures with a diameter of 120 nm, a height
of 80 nm, a residual layer thickness of 65 nm and a period of 200 nm. The reached minimal
reflectance is slightly lower compared to an optimized flat TiO, layer on top of the silicon
substrate, with a reflectance is 5.4% for a layer thickness of 65 nm.

These optimal structure parameters are much smaller than the wavelength of the incoming
light, thus no higher diffraction orders can propagate. This is important as a low reflectance
alone is not sufficient to lead to a large absorption within the silicon wafer. In the long
wavelength range additionally a good light redistribution performance is necessary. The
optimized structure was therefore compared to a planar two-layer antireflection coating
(residual layer + modulated region treated as an effective medium), which was modeled using
a transfer matrix method. The refractive index of the structured layer was determined by
effective medium theory (EMT). A comparison of different EMT approaches was performed
[31-33], which includes the linear weighting of the refractive indices introduced by Birchak
et al [34], also referred to as “parallel model” [31], the Drude / Volume Averaging Theory
(VAT) [32], the Series [32], the Lorentz-Lorenz [31], the Maxwell-Garnett Theory (MGT)
[32] and the Bruggeman theory [35]. The best agreement with the RCWA results was
achieved with the Bruggeman theory:
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Fig. 3. Left: Comparison of the RCWA simulation results for a structure with period 200 nm,
height 80 nm and residual layer thickness 60 nm with the results from the different effective
medium models. The best agreement between the RCWA simulation results and an effective
medium model was reached for the Bruggeman model. For small filling factors the simulation
data fits perfectly to the Bruggeman model. Right: A near field analysis showing two periods
of a structure with an height of 80 nm and residual layer thickness of 60 nm, a 5 nm thick
passivation layer of Al,O; for wavelength 500 nm. It is clear to see that the wave front passes
nearly unperturbed through the structure.

The comparison between the RCWA simulation for the period of 200 nm and the different
effective medium models is shown in Fig. 3. The Bruggeman result fits very well to the
RCWA simulation data. Please note that this is a phenomenological comparison of exemplary
EMTs. An in-depth analysis of the reason why Bruggeman is closest to the RCWA results is
beyond the scope of this work.

The diffraction orders in transmission into the silicon half space for a period of 200 nm
were also evaluated and show zero efficiency for higher orders. In the near field plot for a
structure with a height of 80 nm, a residual layer of 60 nm, a 5 nm thick passivation layer of
AlL,O; for wavelength 500 nm on the right side in Fig. 3 it is evident that the wave front
passes nearly unperturbed through the structure. This confirms that the system can be
described as an effective two-layer antireflection coating, where the bottom layer is TiO, and
the top layer has a refractive index of around 1.69. Hence, for this configuration the
structuring has no additional benefit. Comparing this finding with the results published by
Spinelli et al. [22], it can be said, that these specific structures in EVA are no Mie scatterers;
they behave as an effective two-layer antireflection coating.
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3. Modeling the reflectance of a full solar module stack — First order correction

As the final device is a solar module, the focus of all further investigations will be placed on
the scenario with an encapsulation and air as medium in the upper half space. Tracing the
angles of the reflected light and binning the corresponding intensities leads to the cases of (i)
total internal reflection and (ii) outcoupling at the encapsulation-air-interface. The
encapsulation-air-interface leads to total internal reflectance above the critical angle of ¥ =
41.8°, which reduces outcoupling and can help to further decrease the overall reflectance
especially for systems with a larger period. In Fig. 4 a sketch of the described structure and
possible light paths is shown.

loss

encapsulation 41.8°

loss cone

Fig. 4. Sketch of the modeled system of a sol-gel structured solar module. The structure is
placed on a semi-infinite silicon substrate at the backside and at the front side an encapsulation
with an interface to air. Incoming light is reflected at the structure. The encapsulation-air-
interface leads to total internal reflection above the critical angle of ¢ < 41.8°, which could
help to further decrease reflectance for the systems with a larger period.

At first, a first order correction is applied to the results discussed above. This means, that
light, which is diffracted back at the encapsulation-structure-interface at angles smaller than
41.8 ° can escape and is regarded as lost as in the model applied so far. But light diffracted
back at larger angles will experience total internal reflection at the encapsulation-air-interface.
This light is counted completely as absorption in the silicon solar cell. No further light paths
are assumed. If this in the first order approximation is taken into account, larger periods
become interesting again, as diffraction only occurs for reasonably large periodic structures.
In comparison to the results shown in the section 2, the diagram in Fig. 5 shows the summed
weighted reflectance (triangles) for the periods 500 nm, 600 nm and 700 nm, the weighted
reflectance for # < 41.8°, which represents the losses (squares), and in addition for # >
41.8° (dots).
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Fig. 5. The modeled weighted reflectance for a pillar structure with a residual layer thickness
of 60 nm, periods of 500 nm, 600 nm and 700 nm (triangles). In squares the weighted
reflectance for angles smaller than 41.8° is shown and in dots for angles greater than 41.8°.
The minimum in the reflectance for angles smaller than 41.8° is reached for a structure with a
period of 600 nm and of height of 110 nm.

For very small as well as for high filling factors no gain by differentiating the reflectance
in different angular ranges is observed, because diffraction orders other than the Oth order
carry only very little energy. In these parameter ranges the functional structure elements (thin
cylinders or narrow holes) are so small that they hardly interact with the incident light. For
filling factors up to 0.4 the results for » < 41.8° are for all periods very close. The lowest
weighted reflectance Ry, (¢ < 41.8°) with 4.0% is reached for structures with a period of 600
nm, a height of 110 nm and a filling factor of 0.275. In a module, where the front interface is
taken into account, this approximation indicates that the structure performs better than the
effective two layer structure explained above with a reflectance of 4.8%.

4. Modeling solar module stack accounting for multiple light interactions

In a real photovoltaic module stack, light, which is reflected back at the encapsulation-air-
interface has the chance to be absorbed in the solar cell, but also multiple interactions are in
principle possible (Fig. 6). Furthermore, a part of the light within the escape cone (¢ <41.8°)
will be reflected at the encapsulation-air-interface and directed back towards the solar cell.
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Fig. 6. Sketch of the module with multiple light interactions used in the OPTOS formalism.
The EVA is covered with an ARC to reduce reflectance on the module front side.

To take these multiple interactions into account, the OPTOS formalism [26], which
utilizes data generated with the RCWA method, was used. The modeled system also includes
an antireflection coating (thickness 130 nm, n = 1.27 [36]) on top of the module
encapsulation. Note that the displayed reflectance results in Fig. 5 still only consider the
module front side reflectance and do not take into account the escape contribution of the back
side of the module.
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Fig. 7. Comparison between the simulation results of the RCWA and the OPTOS formalism.
The RCWA first order correction used in the optimization above is close to the OPTOS results.
If reflectance at the front glass is taken into account the corrected RCWA results fit very well
to the OPTOS simulation.

The first order corrected results as used in the optimization above qualitatively resemble
to the OPTOS results (shown in Fig. 7). However for the smaller and higher wavelength the
RCWA first order correction results show a smaller reflectance. The reason is that in the
RCWA modeling no reflectance at a module front glass for incident light was taken into
account. The corrected result is shown in green and it fits very well to the OPTOS simulation
results. So the approximation of a module stack reflectance by summing all angles »# <41.8°
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as loss is very good and can be applied in further optimizations without the need for a
complete OPTOS calculation.

It is interesting to observe that the reflectance curves show two kinks. Coming from the
long wavelength side, higher diffraction orders start propagating in the encapsulation at 900
nm, leading to a reduced reflectance due to total internal reflection at the encapsulation-air-
interface. For wavelengths < 600 nm higher diffraction orders can propagate in air, leading to
an enhanced outcoupling below this wavelength.

Finally, the optimized sol-gel-structure, the optimized two-layer ARC mentioned above,
and an isotexture with an 80 nm thick SiN antireflection layer are compared (Fig. 8). The
two-layer ARC is the result of the optimization with the boundary conditions explained in
section 2.
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Fig. 8. Comparison of the sol-gel structure (OPTOS results) with a two-layer antireflection
coating and an isotexture. The reflectance is shown in dependence of the wavelength. All
results are determined in a module stack case. The lowest reflectance over the complete
wavelength range is reached for the isotexture. The sol-gel structure has in the wavelength
range from 450 nm to 1200 nm a smaller reflectance than the two-layer antireflection coating.

It can be seen that the isotexture shows the lowest reflectance over the complete
wavelength range. In the range from 450 nm to 1200 nm the sol-gel structure has a slightly
smaller reflectance than the two-layer ARC.

An OPTOS calculation of photo current densities (J,) of the different structures is used to
investigate the potential of the sol-gel structure compared to the isotexture. A more detailed
explanation, how OPTOS calculates the photo current densities of module stacks can be
found in Tucher et al. [37]. For the calculation of J, in silicon, all interactions in the module
stack were taken into account, which includes the 200 um thick silicon substrate and a planar
silver back reflector. With that the isotexture has the best J,, of 41.2 mA/cm?. For the sol-gel
structure Jy, is 37.8 mA/cm’. By integrating a lambertian scatterer at the back side of the
silicon substrate the potential of perfect light trapping in combination with the sol-gel
structure can be investigated. J,, would in that case increase to 40.7 mA/cm?, which is still
lower than the J;;, for the isotexture without a lambertian scatterer.
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In addition to this analysis we investigated the angle dependent performance of the
structures in the module stack. The result is that the relative reduction of J,;, with increasing
angle is similar for all structures. This is in accordance with earlier studies [38,39].

5. Conclusion and outlook

Within this work, simulation results for structured TiO, sol-gel layers on top of a silicon solar
cell were presented. RCWA was used to simulate an encapsulated pillar structure for a broad
set of different structure parameters.

An overview of the investigated different structure types and their relevant results is
shown in Table 1.

Table 1. Conclusion of the different structure types investigated in this work and their
best results.

structure type period /nm weighted reflection /%
sol-gel (half infinite front and back) 200 4.8

sol-gel (half infinite front and back) with binning of 600 4.0
reflection into angles < ¢ (loss) & > ¢ (usable)

sol-gel in module (OPTOS calculation) 600 4.7
two-layer ARC (OPTOS calculation) 5.5
isotexture (OPTOS calculation) 23

It could be shown that for a simple model, where only the hemispherical reflectance at the
solar cell front side was taken into account, the structure parameter proposed by Spinelli et al.
[22] could be confirmed as optimal (detailed parameters see line 2 in Table 1). But in contrast
to Spinelli it was established that these specific structures in encapsulation are no Mie
scatterers, because they behave optically like a two-layer ARC.

However, for a full description of a module stack, interactions at the encapsulation-air-
interface need to be taken into account. Then, the optimal structure parameters shifts towards
larger periods, changing the working principle from an effective medium to a diffraction
grating (detailed parameters see line 3 Table 1). As a result, part of the reflected light is
diffracted and trapped in the module, leading to improved reflection behavior. Taking
multiple interactions in the module into account by use of the OPTOS formalism, a
comparison to an isotexture and a two-layer ARC was done. The reflection of the sol-gel
structure is 0.8% lower than that of an optimized two-layer ARC (detailed parameters see line
4 and 5 Table 1). However, it is 2.4% higher than that of the isotexture (detailed parameters
see line 4 and 6 Table 1) (detailed parameters see line 3 and 4 Table 1). What is more, for the
sol-gel structure the photo current density in silicon compared to that of the isotexture is 8.3%
lower, indicating that also the light trapping performance is not as good.

The structures investigated in this work were based on the research of Spinelli. There are
more possibilities to shape the structure for example with continuous profiles [40], which
represent more realistic results of a NIL process. Such structures will be investigated in future
work.
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