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ABSTRACT

Hexagonal sinusoidal nanotextures are well suited to couple light into silicon on glass at normal incidence, as
we have shown in an earlier publication [K. Jager et al., Opt. Express 24, A569 (2016)]. In this manuscript we
discuss how these nanotextures perform under oblique incidence illumination. For this numerical study we use
a rigorous solver for the Maxwell equations. We discuss nanotextures with periods between 350 nm and 730 nm
and an aspect ratio of 0.5.
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1. INTRODUCTION

Liquid-phase crystallized silicon (LPC-Si) thin-film solar cells have the potential to combine the high efficiency
achieved with crystalline silicon (c-Si) with the advantages of thin-film technology. For making the LPC-Si films,
an about 10 pm thick nanocrystalline Si film is deposited onto a glass substrate and subsequently crystallized
using a scanning electron or laser beam.!

As the LPC-Si absorber is only about 10 pm thick, advanced light management techniques are required
to maximize the absorption. Light trapping enhances absorption at long wavelengths, where Si - an indirect
bandgap material - absorbs only poorly. Further, anti-reflective (AR) textures are essential to maximize the
fraction of the incident light coupled into the silicon absorber.

Because the light is incident from the glass side, the anti-reflective texture has to be created on the glass-
silicon interface prior to the silicon deposition and hence prior to the LPC process, when the Si is melted. As a
consequence, AR textures must be rather smooth as too pronounced textures have shown to have a detrimental
effect on the electrical properties of the solar cells.* >

In an earlier contribution we extensively discussed the use of smooth hexagonal sinusoidal nanotextures with
periods ranging from 350 to 1050 nm for effective coupling of the incident light into a silicon absorber.5 We
discovered a great variability of these structures — even if the period and aspect ratio are kept constant. There, we
mainly discussed results for normal incidence illumination. Figure 1(a) shows an atomic force microscopy picture
of an experimentally realized hexagonal sinusoidal grating on sol-gel with 750 nm period prepared prepared using
nanoimprint lithography.”

In this contribution, we numerically study how hexagonal sinusoidal nanotextures perform under oblique
incidence. In particular, we investigate whether the trends observed for normal incidence also hold under oblique
incidence. We will discuss numerical results for a simple layer stack consisting of glass, nanotextured sol-gel and
Si. The presented results are obtained with electromagnetic field simulations using a finite element method.
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Figure 1. (a) Atomic force microscopy picture of a hexagonal sinusoidal grating on sol-gel with 750 nm period prepared
using nanoimprint lithography.” (b) Three examples of different hexagonal sinusoidal gratings, which we call positive
cosine (“+4cos”), sine (“sin”) and negative cosine (“—cos”). The unit cell borders used for the simulations are depicted
in the contour plot. (c) Visualization of the tetrahedral mesh discretizing one of the layer stacks (“+cos”) used for the
simulations. The light is incident from the glass side. On top and bottom, transparent boundary conditions are used.

2. METHODS

Figure 1(b) shows the three different sinusoidal hexagonal nanotextures investigated in this work. As explained
in detail in Ref. 6, such nanotextures are mathematically described by

frex (2, y) = cos [§ (z+ \/gy)] cos [§ (z — \/§y)] cos (x + @), (1)

where ¢ is a structure phase that strongly affects the morphology of the nanotexture: for ¢ = 0 we have what
we call a positive cosine (“+cos”) texture, for ¢ = 7/2 a sine (“sin”) texture, and for ¢ = w/2 a negative cosine
(“—cos”) texture. To generate a texture with a predefined period P and structure height h the texture obtained
using Eq. (1) has to be stretched vertically and laterally.

The results presented in this document were obtained by solving the Maxwell equations on the 3D unit cell
of the grating with appropriate source, material and boundary condition settings, using a time-harmonic finite-
element solver (JCMsuite).® As illustrated in Fig. 1(c), the layer stacks used in the simulations are built from
a tetrahedral mesh. As a result of a convergence study we found the optimal parameter settings for reaching a
sufficient accuracy: the mesh side length constraint of the nanotextured sinusoidal interface is set to 50 nm and
the maximal edge length of the tetrahedra is 100 nm. Polynomial degrees between 2 and 4 are employed using
the hp-FEM method.’

In this study we are interested in how well the different sinusoidal nanotextures couple light from the glass
substrate into the Si absorber. Therefore, we assume the Si absorber to be infinitely thick, which allows us to
neglect all the effects that would arise from light that is reflected back from the rear surface of the Si absorber
to the front of the device. To keep the calculation time of the single simulations short, both the glass layer and
the Si layer (above the nanostructure) are kept very thin at 100 nm and 200 nm, respectively. In order to treat
them as infinite half spaces, they are covered by perfectly matched layers that act as transparent boundaries,
which are indicated in Fig. 1(c). Because of the lateral periodicity of the layers stack the other sides of the unit
cell are treated as periodic boundaries.

The complex refractive index data for sol-gel were obtained with ellipsometry. We found that it does not
absorb at wavelengths longer than 340 nm. Refractive index data for crystalline Si and glass were provided by
Helmholtz-Zentrum Berlin. In the simulations, glass is considered to be non-absorptive, hence the imaginary
part of its refractive index is equal to zero.
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Figure 2. For averaging across all azimuth angles 1 in steps of 15 deg, only a few values need to be simulated because
of symmetry reasons. (a) For the “4cos” and “—cos” textures, values of ¢ = 0°, 15° and 30° are sufficient. (b) For the
“sin” texture, also values of 1) = 45° and 60° must be simulated.

To analyze the results, we look at the spectra of the fraction of light that is coupled into the absorber. As
a figure of merit we use the mazimum achievable photocurrent density Jii**, which is the short-circuit current
density that would be achieved if all the light coupled into the absorber would lead to the generation of electron-
hole pairs under illumination with the AM1.5 solar spectrum.'® Note that in this study the absorber is treated
as infinitely thick. More details on the numerical determination of those two quantities are given in Ref. 6.

When studying oblique incidence, also the azimuth v of the incident wave has to be taken into account.
We have chosen to average across all azimuths with steps of 15°. Because of the high symmetry of sinusoidal
hexagonal gratings,!!'!? we only need to simulate a very limited number of values of . As illustrated in Fig.
2(a), the “+cos” and “—cos” textures exhibit Cs symmetries, i.e. rotational symmetries of 60°. Hence, azimuth
angles of ¢ = 0°, 15°, 30° and 45° (or —15°, which is equivalent) need to be simulated. Further, —15° can be
omitted because it is equivalent to +15° because of the reflectional o, symmetry with 1) = 0° as the reflection
axis. To calculate the average for all azimuths, a weighted average is taken where 1) = 0° and 30° account for
25% each and 1 = 15° accounts for 50%.

In contrast, the “sin” texture has a Cs symmetry, i.e. a rotational symmetry of 120°, as shown in Fig. 2(b).
Therefore, also ¥ = 45° and 60° must be simulated. To average for all azimuths, a weighted average is taken
where ¢» = 0° and 60° account for 12.5% each, and ¥ = 15°, 30° and 45° account for 25% each.

3. SUMMARY OF PREVIOUS RESULTS ON NORMAL INCIDENCE
ILLUMINATION

Figure 3 reviews the most important results for normal incidence.® For all the results shown in this figure, the
reflection of about 4% occurring at real devices with a flat air-glass interface was subtracted after the simulation.
Further, all the results show the average of the two polarizations.

In Fig. 3(a), the maximum achievable current density is shown for the three geometries introduced in Fig.
1(b). For all geometries, a constant aspect ratio of h/P = 0.5 was used. We see that the optimal period for

in-coupling is around 500-600 nm, irrespective of the geometry. Further, the ph - achieved with the “—cos
texture exceeds the one achieved with the other textures for all periods.

The fraction of in-coupled light along the relevant wavelength range is shown in Fig. 3(b) for the three
morphologies and a period of P = 500 nm. We observe that the “—cos” texture outperforms the other textures
for all wavelengths. In particular, the descending slope for wavelengths longer than 650 nm is lowest for the
“—cos”. For all three spectra we observe three distinctive peaks at about 330 nm, 380 nm, and 650 nm. These
peaks arise from the lattice constant of the sinusoidal grating as we discussed in Ref. 6.
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Figure 3. Simulation results for normal incidence for the layer stack illustrated in Fig. 1(c) for the three different geometries
presented in Fig. 1(b) and a constant aspect ratio of a = h/P = 0.5. (a) The maximum achievable current density Jp;™
for five different periods and (b) the spectra of the in-coupled light for the three hexagonal structures and P = 500 nm are
shown. A flat reference and, in (a), the current achieved with full absorption are shown as well. All results are corrected
for the reflection loss at the air-glass interface (about 4%). (Adapted from Ref. 6)

4. RESULTS FOR OBLIQUE INCIDENCE

In this section we investigate how the different sinusoidal gratings perform under oblique incidence. As parameter
we use the angle of incidence of light in the glass layer, Og1ass. In contrast to normal incidence, here, we do not
take the reflection loss at the air-glass interface into account. According to Snell’s law, the maximum angle
Bg1ass for light incident via a flat air-glass interface would be 41°. However, with (nano)structured anti-reflective
coatings between air and glass, light also can be scattered into angles > 41°.

In Figs. 4 and 5 we present results for the three geometries with P = 500 nm and h = 250 nm and a flat
layer stack for TE- and TM-polarized light, respectively. Figures 4(a) and 5(a) show the maximum achievable
photocurrent densities multiplied with 1/ cosfgiass, Where we take into account that the AMI.5 spectrum is
reduced by this cosine factor for oblique incidence. As a reference, we plot the current density achieved when all
the light would be coupled into the Si absorber. Figures 4(b—d) and 5(b—d) show the spectra of the fraction of
light coupled into the Si for angles of fg1ass = 15°, 45° and 75°.

For TE polarization (Fig. 4), the corrected maximum achievable current density I / €0s Oglass decreases with
c0s Og1ass. For all the angles of incidence, the negative cosine texture performs best, however, for cos fg1ass = 75°
only a small fraction is coupled into the absorber. The trend looks very different for TM polarization (Fig. 5).
Jgff" / €08 Og1ass increases until about fglass = 60°, which is typical for TM polarized light, whose reflection
completely vanishes at the Brewster angle. Then J3#* / €08 Og1ass decreases drastically until 75°. Also the spectra
presented in Fig. 5(b—d) show interesting behaviour: for fg1ass = 15° the “—cos” performs best and the flat stack
performs worst. For g1 = 45°, all four samples perform very similar and for fy1.ss = 75°, the trend is just the

other way round: flat performs best and “—cos” performs worst.

The dramatic decrease of the in-coupled fraction of light at 04145 = 75° is caused by the contrast between the
refractive indices of sol-gel and glass: for example, at 600 nm nglass = 1.51 and Nglags = 1.44. While this small
difference has only very little effect for normal incidence, reflection at the glass—sol-gel interface gets significant
for larger angles. At Og1.ss = 75°, total internal reflection occurs and only evanescent waves can penetrate into
the sol-gel layer. However, as the minimal thickness of the sol-gel layer is only 200 nm, the evanescent waves can
be partially coupled into the Si layers.

To circumvent the problems arising from the refractive index of sol-gel being lower than that of glass, we
studied what would happen if the sol-gel was omitted and the nanotexture was directly carried by the glass.
Figure 6 shows the results for unpolarized light, which we obtained by averaging the results for TE and TM
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Figure 4. Results for oblique incidence of TE polarized light for the three geometries with P = 500 nm and h = 250 nm and
a flat layer stack. In (a) the maximum achievable current density is shown while in (b)-(d) the spectra of the in-coupled
light are shown for Oglass = 15°, 45° and 75°.
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Figure 5. Results for oblique incidence of TM polarized light for the three geometries with P = 500 nm and h = 250 nm
and a flat layer stack. In (a) the maximum achievable current density is shown while in (b)-(d) the spectra of the

in-coupled light are shown for Og1ass = 15°, 45° and 75°.
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Figure 6. Results for oblique incidence of unpolarized light for layers stacks with and without the sol-gel layer. Both cases
are shown for the negative cosine geometry with P = 500 nm and A = 250 nm and the flat case. In (a) the maximum
achievable current density is shown while in (b) the spectra of the in-coupled light are shown for fg1ass = 75°.
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Figure 7. Results for oblique incidence of unpolarized light for the negative cosine texture for different periods P and a
structure height of h = P/2 for the layer stack with sol-gel. In (a) the maximum achievable current density is shown
while in (b) the spectra of the in-coupled light are shown for fgass = 45°.

polarization. In Fig. 6(a) I / €08 Oglass is shown. For small angles < 60° the nanotextured layer stack out-
performs the flat one, no matter whether the sol-gel is present or not. However, for the large angles (60° and
75°) omitting the sol-gel has a clear advantage because of increasing reflection at the glass—sol-gel interface. At
Og1ass = 75° the nanotextured stack outperforms the flat one when the sol-gel is omitted, which is not the case
when the sol-gel is present. In Fig. 6(b) the fraction of the light coupled into the silicon absorber is shown for
Oglass = 75°. We see that omitting the sol-gel layer strongly increases the in-coupled fraction across the whole
spectrum.

Last, we study how strongly the period P of the nanotexture affects the performance under oblique incidence.
Figure 7 shows the results for the negative cosine texture for unpolarized light. In Fig. 7 (a), the deviation from
Jlffla"/cos Oglass(P = 500 nm) is shown. Just as for fg1a.ss = 0° [see Fig. 3(a)], 500 nm is also the optimal period
for 15° and 45°. For the other angles, other periods are slightly superior for coupling the light into the absorber.
Which period is the best for the overall performance depends on many factors such as the orientation of the PV
module and cannot be answered in general. As an example, Fig. 7(b) shows the fraction of light coupled into
the absorber at Og1.ss = 45°. We observe that it is very comparable for all four studied periods.

5. CONCLUSIONS

We studied coupling of light through a glass-silicon interface using hexagonal sinusoidal nanotextures. The
investigated layer stack consists of glass, sol-gel (which carries the nanotexture) and silicon. We showed that these
nanotextures are well suited for coupling light through a glass-silicon interface for oblique incidence. However,
for very large angles > 60°, the coupling may be strongly reduced because total internal reflection can occur at
the glass—sol-gel interface. We demonstrated that this problem could be solved by transferring the nanotexture
directly into the glass.
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