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Abstract: Optimal light absorption is decisive in obtaining high-efficiency solar cells. An
established, if not to say the established, approach is to texture the interface of the light-absorbing
layer with a suitable microstructure. However, structuring the light-absorbing layer is detrimental
concerning its electrical properties due to an increased surface recombination rate (owing to
enlarged surface area and surface defects) caused by the direct patterning process itself. This
effect lowers the efficiency of the final solar cells. To circumvent this drawback, this work
theoretically explores a transformation optics (TrO) inspired approach to map the nanopatterned
texture onto a planar equivalent. This offers a pattern with the same optical functionality but
with much improved electrical properties. Schwarz-Christoffel mappings are used for ensuring
conformality of the maps. It leads to planar, inhomogeneous, dielectric-only materials for the
light trapping structure to be placed on top of the planar light-absorbing layer. Such a design
strategy paves a way towards a novel approach for implementing light-trapping structures into
planar solar cells.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Silicon solar cells continue to be an integral part of the growing sustainable energy market.
Wafer-based crystalline silicon (c-Si) solar cells of thicknesses between 100 — 250 um yield
strong absorption of the incident solar power. Reducing the wafer thickness below 100 um would
be interesting for solar cells as the non-radiative bulk recombination decreases and material cost
can be saved. However, this approach comes at the expense of a lower light absorption [1].
Pyramidal textures with spatial footprints in the microns range are industry standard in the
case of wafer-based Silicon cells [2,3]. To maximize the absorption of the incident light and thus
increase the energy conversion efficiency of wafer-based and thin-film solar cells, light trapping
and light management strategies have been extensively explored over the past few years by several
research groups [4,5]. For thin c-Si solar cells of thicknesses <50 um, light trapping designs
have been proposed to enhance light incoupling and increase light scattering in the absorber layer
using periodic or disordered nanostructures, [6—13], or enhancing resonant coupling to guided
modes [14—16]. Most such approaches require direct nanostructuring of the front and/or back
interfaces of the absorbing layer. The downside of nanostructuring is that it inevitably leads to
an enlargement of the interface area. Thus the density of electronic defect sites per projected
unit increases. Furthermore, the texturing process itself frequently introduces a significant
amount of additional defect sites [17]. Therefore, surface recombination of minority charge
carriers is increased, and an enhanced generation of electron-hole pairs resulting from increased
absorption from texturing is significantly thwarted due to poor electrical performance [17-20].
This challenge due to increased surface recombination can be overcome by suitable passivation
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layers on the textured surface and the use of modern solar cell concepts (heterojunctions and IBC
solar cells) [21]. To provide a further solution to this problem, this work focuses on retaining the
electrical performance of the un-patterned solar cell while having a superior optical response
by utilizing the principles from Transformation Optics (TrO). The key idea of the suggested
approach is to consider a light-absorbing layer with a nanotextured pattern that is beneficial for
the light management. Then, we map this nanotextured interface to a planar interface while
transforming the dielectric space above it. Figure 1 illustrates this idea, where the upper-half
space of a nanostructured interface (shown on the left in grey) is mapped to a planar layer with
an inhomogeneous (but smoothly varying) refractive index distribution (shown on the right
with color gradient), which is directly applied on top of a planar solar cell. The structure is
supposed to act optically in the same manner as the nanotextured interface, but now on top of the
light-absorbing layer with planar interfaces. This renders the final device superior concerning
its electrical properties. Previous research efforts of using TrO have been mainly in the field of
metasurface cloaks [22-26], waveguide bends [27-29], plasmonic nanoantennas [30,31], and
flattened lenses and reflectors [32—35]. For an extensive review of applicability of TrO and its
future prospects, the reader is highly encouraged to refer [36,37] for an overview. In the context
of solar cells, TrO has been used for cloaking the electrical contact fingers on a solar cell [38,39].
Perfect elimination of Fresnel reflection using TrO for light extraction from light-emitting-diode
(LED) has also been demonstrated, which could also be used for light-incoupling into solar cells
[40]. However, while being a perfect out-coupler, such a device would not capitalize on the
absorption occurring over multiple passes and, thus, not being ideal for thin solar cells.
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Fig. 1. Schematic diagram of the proposed idea for mapping (a) a nanostructured surface to
(b) an optically equivalent planar layer with inhomogeneous refractive index.

We stress at this point that the general idea of having optically textured but electrically flat
interfaces in the context of solar cells has been discussed in the past multiple times. This happened
because of technological demands, for example, when considering liquid phase crystallized
silicon thin-film solar cells on glass [41], or out of a general desire [42]. Then, dedicated
grating-like structures were identified that serve the purpose of light management, but they were
instead designed in the context of classical diffractive optical elements and not exploiting the
ideas of transformation optics.

With our suggested approach in the context of light management for solar cells, we unlock
a new field of applications for TrO. After a summary of the necessary background from the
field of TrO, we discuss the details of the specific structures and consider their functionality in
a model system of a solar cell. We initially consider modulated interfaces to demonstrate the
design approach and consider selected nanotextured interfaces at a later stage. The functionality
of the devices is verified in full-wave optical simulations and compared to the functionality of
referential structures containing the actual nanotextured interface and other referential structures
for light management to judge the improvement.
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2. Background on transformation optics

The theory of transformation optics (TrO) provides a methodology for controlling the properties
of light by altering material parameters spatially in a sophisticated manner. It is based on the fact
that Maxwell’s equations are form-invariant to coordinate transformations [43]. The deformation
imposed by a coordinate transformation is interpreted as a change in the material properties of
the medium as a result of the transformation. This is possible because the transformation of the
space and the material parameters appear together in the Maxwell equations. This alters the
propagation of light in the corresponding medium [22,23]. Considering the transformation from
a Cartesian system, the electric permittivity €’ and magnetic permeability u’ of the transformed
medium are obtained from:

oo JeJ"
= det(J)
T e))
;I
£ = ey

where €, and p, are the permittivity and permeability of the embedding isotropic medium in the
Cartesian coordinates, respectively, and J is the Jacobian for the transformation. If we restrict
ourselves to two dimensions, one can find a mapping w : C— C where the real and imaginary
parts of the transformation represent the coordinates in the new space. If the transformation from
w =x" + iy’ to z = x + iy satisfies the Cauchy Riemann conditions:

ox’ oy 0y _8x’
dx dy ox Oy’

2

and w is differentiable in a region A, then the mapping is conformal in nature. For such mapping,
the structure will be uniaxial anisotropic and inhomogeneous with permittivity and permeability
tensors reducing to a simple form:

1
" =di 1,1, ——
€ dlag(, ’det(J))er’
3

1
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£ =448 ( det(J)) Hr

For TE polarization with the material in the Cartesian space assumed to be non-magnetic
(&2, 4y = 1, uy = 1), therefore, the only parameter to be controlled in the transformed space is the
refractive index (u = 1 and n = +/¢;), which for a mapping defined from corrugated texture to a
planar geometry yields:

dw

dz|’
with ng, the refractive index of the untransformed dielectric half-space [32]. For our purpose,
ng is chosen to be the refractive index of Ethyl-vinyl Acetate (EVA), which is the common
encapsulant for the solar cell when building a solar module. For simplicity, EVA is taken to be
non-dispersive in the wavelength range of interest with value nyp = 1.5. This way, we restrict to
only dielectric materials for the designed structure.

“

n'(x',y") =no

3. Cell design and simulation

To understand the light-trapping behavior of the nanostructured and the transformed systems,
we consider a simple solar cell consisting of a 1 um thick c-Si layer equipped with an Ag back-
reflector, see Fig. 2(a) for the actual reference structure and Fig. 2(b) for its planarized counterpart.
We choose 1 um thick Si cells for our study to allow for a more broadband investigation of
absorption enhancement thanks to the light trapping effect of the textured interface. For much
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thicker solar cells, this tends to have a less noticeable impact. The metal back-reflector is used to
reflect light that the c-Si has not absorbed in a single pass. The dispersive permittivities of these
materials are taken from literature [44,45]. The space above the light absorber is semi-infinite and
filled with EVA. With that, the structure corresponds to a prototypical geometry representative
of an encapsulated solar cell. Simulations are carried out using an in-house Finite-Difference
Frequency-Domain (FDFD) code for TE polarization at normal incidence with a spatial resolution
of 4 nm. Periodic boundary conditions (PBC) and perfectly matched layers (PML) are applied
along the transverse and longitudinal direction, respectively. Using TrO, the inhomogeneous
refractive index is determined for the design region € placed above the planar c-Si layer. For
different textures in consideration, the volume of the absorbing layer is always kept constant to
eliminate any trivial absorption gain.
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PBC |EVA Ir | PBC PBC (EVA PBC
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Fig. 2. (a) Textured absorbing layer with perfecly matched layers (PML) and periodic
boundary conditions (PBC). (b) Desired geometry with inhomogeneous, non-absorbing
design domain Q2 obtained by mapping I" to Q.

4. Schwarz Christoffel mapping for light-trapping structures

Section 2 showed that we must restrict ourselves to conformal maps for obtaining isotropic
medium as the final structure in the physical space. Schwarz Christoffel (SC) transformations
are one set of such conformal maps that provide a straightforward way to conformally map the
interior of a polygon with m vertices onto the complex upper-half-space. The SC transformation

is given by:
w=f@=fa+C [ ] ]E-a®md, )
1

20 i=

where ¢; is the angle subtended by the i corner, and f(zp) and C are complex constants for
translating and scaling the map, respectively. We will use in the following a SC transformation to
map the half-space above the light-absorbing layer of our solar cell that contains the nanotexture
to a planar interface. Since such a mapping is conformal, the texture used for our study is
one-dimensional. These mappings are numerically generated using MATLAB SC Toolbox [46].
For implementing the SC transformation, the open polygon for the w-space is defined by the
points defining the texture profile with one of the vertices at infinity. This is used as the lower
boundary of the coordinate transformation. This open polygon is then mapped to the complex
upper-half plane such that f(co) = co. The resulting SC transformation then ensures that the
optical path length between two points z; and z; in the physical space is equal to the optical path
length between points f(z1) and f(z>) in the virtual space above the textured interface [35].
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To account for the periodicity of the texture, the prevertices of a periodic unit cell A,, in the
virtual space are scaled using the complex constant C from Eq. (5) so that they effectively map to
the same length of a periodic unit cell in the physical space, A, (region obtained as a result of
mapping the virtual space). This scaling maintains the periodicity of the structure so that identical
diffractive features appear. Since the software package used does not support periodic boundary
conditions, we transform a larger super-periodic structure of multiple unit cells. Afterward, the
scaling of the SC map is done over this larger structure to still achieve similar periodicity. We
then resort to using only the central spatial domain of this structure with periodic boundary
conditions for simulations. To estimate the accuracy of this scaling, a normalized error function
depending on the number of periodic unit cells N is considered for the analysis, which is defined
by:
|Az B Aw|

Ay

where Q is the design region in physical space and I is the region in the virtual space. For
our analysis, values that satisfy the equation log;,(6) < —2 obtained for n > 15 for periodic
structures and N > 7 for disordered structures were found to be sufficient to avoid edge-effects
from the maps while still retaining the accuracy of the obtained maps [47].

We stress upfront that our approach does not aim to map the entire space but only the space
above the textured interface. This is because for the geometry in consideration, given a map
for one of the half-spaces, it is impossible to find an analytical continuation into the other
half-space. Moreover, an individual mapping of the upper and lower half-space would lead to
a spatially inhomogeneous and dispersive light-absorbing layer, which is neither feasible nor
desirable. Our obtained transformations, therefore, strictly speaking, are incomplete, and the
transformed structure will not exactly optically respond as the original one. Nevertheless, the
preservation of optical path length in the virtual space and its corresponding points in physical
space yields a spatially inhomogeneous material distribution in physical space with regions of a
high and low refractive index such that it offers similar diffractive features as the related textured
interface. The structures perceived with this approach then continue to serve their purpose for
our discussion. We, therefore, rather speak of a transformation optics-inspired approach in the
context of light-trapping.

6(N) = VzeQ|f(z)eT, 6)

4.1. Periodic texture

To illustrate the practical aspects of our approach, we first study a sinusoidal interface between
a c-Si and a dielectric half-space (EVA). At a later stage, arbitrary profiles are considered that
resemble textured interfaces. However, the methodology to study such complex textures will be
analog to that for a sinusoidal interface.

Figure 3(a) shows the mapping obtained in the w-plane (virtual space) when the upper half
of the complex plane is mapped to the open polygon defined by the space above the sinusoidal
texture with a lattice period A,, = 0.3 ym and height H = 2A = 0.2 um where A is the amplitude
of the modulation. Using Eq. (4), we then arrive at the desired refractive index distribution in
the physical space for our planar system. Figure 3(b) shows this refractive index distribution
with ng taken to be the refractive index of the EVA layer. The curved grid lines in this sub-figure
show the mapping in the physical space due to an inverse transformation that maps an overlaid
Cartesian grid above the textured interface (region containing homogeneous material) to the
complex upper-half space in this sub-figure physical space.

The SC mapping applies to the entire upper-half-space. Nevertheless, for computational
purpose, a finite domain has to be considered characterized by a sufficient longitudinal length T
in where the refractive index distribution is transformed. The spatial extent is chosen such that the
index at the terminating interface to the surrounding matches very well with the refractive index
of the untransformed homogeneous EVA layer. This longitudinal length is limited to T = 0.25 um
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Fig. 3. (a) Spatial grid for the virtual space (w-space) obtained by mapping the complex
upper-half-space to the open polygon with a sinusoidal texture with lattice period A,, = 0.3 um
and height H = 2A = 0.2 um. (b) Refractive index and its overlaid spatial grid in the
physical space (z-space) obtained using inverse transformation. The domain is longitudinally
extended till 7 = 0.25 um. (c) Refractive index in the physical space after truncating its
limit to [1-3.5]

for our designed sinusoidal texture, and it is changed in accordance with the properties of the
texture in consideration. While the derived refractive index in the physical space ranges from
n(Q) = [0.5, 81], for reasons of feasibility, this range is truncated to the limits n(Q) = [1, 3.5]
where the lower limit is permitted to be less than the refractive index of the EVA. This limit is
put forward by available materials and the finite parameter range they offer. This range for the
inhomogeneous distribution is maintained throughout this paper. Figure 3(c) shows the refractive
index in the physical space after truncating it to this range.

The curved grid lines in the z-plane from inverse transformation and its resulting refractive
index distribution, as shown in Figs. 3(b) and (c), can intuitively be understood as:

* Dilation in space as a result of ’flattening’ of the bumps. This leads to regions having
sub-unity refractive indices in the central region (x = 0.15 um).

* Consequent compression of space in the surrounding region of the dilated space to maintain
conformality of the map. This leads to regions having very high refractive index at the
edges (x = 0 and x = 0.3 um).

4.2. Disordered texture

Following the same approach as the sinusoidal texture, a disordered texture is considered here for
a strongly scattering response and a more broadband absorption enhancement. This randomized
texture is described by its root mean square (RMS) roughness o, and a lateral correlation length
{ is considered. The latter property is defined as the distance at which the correlation function
W(s) = e=*"/¢* decreases by 1/e [48].

Figure 4 shows a textured interface with correlation length ¢ = 0.15 ym and RMS height
o = 0.2 ym and its derived refractive index distribution in the physical space truncated to bounds
n(Q) = [1,3.5]. For the texture profile to be differentiable everywhere and to avoid extremely
large derivatives in the conformal map, a Gaussian function with statistical parameters o~ and ¢ is
investigated for the surface texture described as [49]:

yx) =o \/% n; P (mko) [aam-1 sin(mkox) + aap cos(mkox)] , (N

where « is a normally distributed random number [50]. We consider a sufficient large super
periodic structure for the textured interface that is characterized by a spatial extent of A.
The modulations, therefore, appear at spatial frequencies integer multiples of kg = 27 /A.
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P(k) = \mie ™ /4 is the power spectrum in the reciprocal space. The spatial extent of one
lattice period of the textured interface is taken to be between 12 ym and 15 um. Choosing this
large lattice period when compared to the typical correlation lengths in consideration suppresses
possible artifacts from the periodicity and provides statistically stable results. Also, using
sufficiently large simulation domains allows us to take smaller numbers of periodic elements
for the SC maps, thus relieving the computational overhead arriving from transforming a super-
periodic structure. For maintaining proper periodicity, the disordered texture is truncated in the
simulation domain by multiplying the randomized function with a tapered cosine window given
by [51]:

Hivcos(Z@-r2)},  0sx<s
wx) =11, 5<x<l-3% ®)
%{1+cos(27”(x—1+r/2))}, I-Z<x<l1

where x ranges from O to 1 and r is the shape factor of the window, giving the fraction of the
window inside the tapered-cosine segment. For this work, a moderate value of r = 0.2 was
used for the simulations to retain properties of the characteristic disorder and avoid spurious
resonant modes arriving due to sharp tapering. The impact of using this window function for the
simulations is beyond the scope of this paper, and the reader is encouraged to refer to [52] for an
overview.
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Fig. 4. Textured interface with correlation length £ = 0.15 ym and RMS height oo = 0.2 um
and its resulting refractive index distribution in physical space after transformation.

5. Optical response of the structures
5.1.  Periodic

We consider at first a sinusoidally textured interface with a lattice period of A = 0.3 um and height
H =2A = 0.2 ym where A is the modulation amplitude. For the given modulation amplitude,
this lattice period was found to be optimal to maximize the photocurrent Jp,. Figure 5(a) shows
the numerically simulated absorption in the c-Si layer for the textured interface, its counterpart
perceived using TrO, and a reference structure with a planar interface but a linear graded-index
anti-reflective (AR) coating with a thickness of 7 = 1 um. The thickness of this AR coating
is kept large for broadband antireflection. As a useful comparison to the TrO structure, the
refractive index of this coating is kept in the range [1.5, 3.5] so that it is impedance-matched with
the EVA layer.
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Fig. 5. Absorption spectrum obtained using a periodic and disordered texture (blue) and its
planar counterpart (orange) derived using SC mapping are plotted. As references spectra, the
absorption of a planar c-Si wafer (grey) and of a planar interface with additional linear graded
index AR layer (green) are illustrated. (a) Sinusoidal texture with height H = 2A = 0.2 um
and lattice period A = 0.3 um. (b) Disordered texture with RMS roughness oo = 0.2 ym
and correlation length £ = 0.15 um.

For the flat structure without any texture or the inhomogeneous index layers (TrO or gradient
AR coating), the absorbing layer acts as a Fabry-Perot cavity with its absorbance obeying the
corresponding resonance peaks. Upon introducing the texturing or the inhomogeneous layers,
the short and long-wavelength ranges show higher absorption than the planar structure. For
shorter wavelengths where c-Si is highly absorbing, light is absorbed before reaching the metal
back contact. The enhanced in-coupling of the light is sufficient for giving high absorption
enhancements. For this regime, the gradient AR coating provides a stronger in-coupling of
light than the sinusoidal texture. For wavelengths longer than 500 nm where 1 ym thick c-Si
is weakly absorbing, the objective is now to excite the higher diffraction orders solely as they
correspond to longer path lengths of light in the absorbing media. In this regime, the AR coating
fails in scattering light into these diffraction orders compared to the texture [53]. The TrO
structure, as shown in Fig. 3(b), is observed to be a decent trade-off between these two in terms of
encompassing both anti-reflective and light scattering properties. The structure is found to have
an anti-reflective effect for the 0.3 — 0.4 um wavelength range as a result of smooth variation in
refractive index along both lateral and longitudinal direction. The scattering properties of this
structure are better evaluated for the weakly absorbing wavelength range between 0.45 — 0.6 um
where due to the refractive index variation in the lateral direction, excitation of higher diffraction
orders of the structure is observed. For the longer wavelength range between 0.6 — 1.1um, the
lateral features in the TrO structure are not perceived by the incident light, and it merely acts as
an effectively averaged medium, thus decreasing the impedance mismatch between the EVA and
the Silicon layer.

5.2. Disordered structure

Figure 5(b) shows the absorption spectrum obtained for a planar c-Si using the inhomogeneous
layer derived from SC map in comparison to the spectrum of the respective disordered texture
with an RMS roughness of 0.2 ym and a correlation length of 0.15 um. This correlation length
was optimal for a fixed RMS roughness to maximize the photocurrent. The absorption spectra
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shown in Fig. 5(b) for both the geometries are averaged over the absorption spectra obtained from
3 surface realizations with nominally identical properties.

Similar to the discussion for the periodic structures, the gradient AR coating again outperforms
the disordered texture at shorter wavelengths due to its strong light in-coupling. For wavelengths
longer than 500 nm, we observe the benefits of the disorder as it offers more scattering channels,
thus giving more broadband absorption enhancement when compared to the periodic structure.
The TrO structure obtained from the disordered texture continues to serve as a trade-off between
the gradient AR coating and the texture only this time, surpassing its periodic counterpart.
However, the absorption spectrum for the TrO structure [shown by the orange curve in Fig. 5(b)]
shows less smearing of Fabry-Perot oscillation peaks than its disordered counterpart, thus
implying that it cannot capitalize over the populated Fourier spectrum offered by the disorder.
This can be ascribed to finer details of the disorder partially getting washed away due to refractive
index capping (as indicated in Section 1).

6. Photocurrent of the obtained devices

We calculate the photocurrent Jy,, for each solar cell geometry using:

A2
Jph = 6/ QD(A)Atolal(/l)nIQEd/l’ ()]

A

where ¢(1) is the AM1.5G solar irradiation spectrum. For simplicity, the internal quantum
efficiency nigE is taken to be 1. Using the spatially dependent electric field distribution from
the simulation, the global absorption in Silicon is calculated by integrating the local absorption
across the spatial extent of the absorbing layer. This is given by:

Atoral() = %eoi‘(f(ﬂ)) /q) |E.GF, )| av, (10)

where w = % is the frequency of incident light. For determining Jph, this absorption is

calculated from A; = 300 nm to A, = 1100 nm in steps of 2 nm for periodic structures and 10 nm
for disordered structures.

6.1. Periodic

Using Eq. (9), the photocurrent is calculated for these structures in the short (300-500 nm)
and long (500-1100 nm) wavelength range and summarized in Table 1. We also add the total
photocurrent resulting thereof for convenience to the table.

As discussed in Sec. 5, the AR action noted for both the texture as well as the TrO structure
is evident in their similar Jp, for 300-500 nm wavelength range. The gradient AR coating
outperforms both these structures in the 300-500 nm regime with a larger Jp, but this gain
is compromised at the longer wavelength range 500-1100 nm, where scattering into multiple
channels becomes important.

Table 1. Comparison of photocurrent for sinusoidal
texture of height H = 2A = 0.2 um and lattice period
A = 0.3 um, TrO geometry and planar references.

Jph (mA/cm?)  Texture TrO Gradient AR Planar
300-500 nm 5.48 5.67 5.87 4.29
500-1100 nm 14.10 12.13 10.31 9.14
300-1100 nm 19.58 17.80 16.18 13.43
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6.2. Disordered

Table 2 summarizes the J,y, for the texture with fixed RMS height o = 0.2 um and Correlation
length ¢ = 0.15 um in comparison to the other references. Similar to the discussion in Sec. 6.1,
the TrO structure serves to be a decent trade-off between the textured interface and the gradient
AR layer as it yields comparable Jpy, for the short wavelength range and large Jp,, in comparison
to the gradient AR layer for the longer wavelength range. A similar correlation between the
disordered texture in consideration and its planar counterpart is analyzed here where we show
averaged Jp for both the geometries as a function of o and { in Figs. 6(a) and (b). At the same
time, the other parameter is kept fixed, respectively.

(a)

(b)
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Fig. 6. Comparison study of Jp,;, as a function of correlation length and RMS height for a

disordered structure. (a) RMS roughness o = 0.2 um. (b) Correlation length £ = 0.3 um.
The errorbars indicate the standard deviation of Jp,p, from the conducted trials.

Table 2. Comparison of photocurrent for a disordered
texture of RMS height - = 0.2 um and Correlation
length ¢ = 0.15 um, TrO geometry and planar

references.
Jph (mA/cm?)  Texture TrO Gradient AR Planar
300-500 nm 5.02 497 5.87 4.29
500-1100 nm 16.02 13.69 10.31 9.14
300-1100 nm 21.04 18.66 16.18 13.43

Figures 6(a) and (b) suggest that the TrO model can acquire the stochastic nature of the
disordered texture in the index distribution. While the TrO geometry follows a similar trend
for Jpn as the texture, the discrepancy between the two geometries increases on average for
sharper features. This is not surprising as it means obtaining more extreme refractive indices
in the physical domain from the SC map. For shorter correlation lengths (£<0.15 um) with
fixed RMS roughness (oo = 0.2 um), the features of the texture are very sharp and the light
can neither spatially resolve the texture nor the spatial features in the inhomogeneous TrO layer.
Consequently, the contribution to high J,p, indicated in Fig. 6(a) for these structures mainly comes
from the anti-reflective effects it provides [6]. Also, due to the sharp features in small lateral
lengths, the SC maps now, on average, encompasses stronger derivatives in the physical space.
This vital information of the texture properties ends up being ignored in the simulation due to
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refractive index capping, thereby explaining the larger discrepancy in the TrO geometry despite
the texture not being optimal.

The discrepancy in Jpy between the texture and the TrO structure is further studied in Fig. 6(b)
by fixing the correlation length with the minimum difference in Jp, ({ = 0.3 um) and varying
the RMS roughness of the texture. For larger RMS roughness (0->0.15 um), a saturation of the
Jon curves is observed due to optimal coupling to the diffraction pathways offered by the texture
and the TrO structure in consideration. Also, the increase in RMS roughness requires more
compression in the physical space. To preserve the optical path length in the physical space, this
stronger compression comes at the expense of more extreme refractive index distribution, which,
as a result of capping, then roughly translates to a larger discrepancy between the texture and the
TrO structure.

Figure 7 summarizes the normalized photocurrent for nanostructures considered in comparison
to the Lambertian limit for a 1-D textured interface for 1 um thick c-Si layer. This limit is
calculated using A(1) = a(A)L/(a(A)L + 1/Z(1)) where Z(2) = n(A)r is the 2D bulk limit for
the enhancement factor and L is the wafer thickness 1 um [7,53,54]. The normalization factor is
chosen to be Jp, obtained by an un-patterned 1 pm thick c-Si with a Ag back reflector.

2.0 mmm sine (0.2,0.3)um 1.86
Il Disordered (0.2, 0.15)um
151 B TrO equivalent 1.46 1.57 139
E : 1.33 '
5 1.2
N 1.0
© 1.01
£
<]
2
0.5 A
0.0 - T
Planar Gradient AR Periodic Disordered Lambertian (nm)

Fig. 7. Comparison of photocurrent densities Jph with a flat interface. The normalized
Jpn is calculated with respect to the 1 um thick c-Si flat interface with Ag back-reflector:

Joh = 13.43 mA/em?.

Best results are reported for the structure with the disorder as it outperforms the sinusoidal
periodic texture with similar height profiles, and this trend is inherited in its TrO counterpart.
Also, the absorption in the c-Si layer for both the cases approaches the theoretical limit put
forward by a Lambertian scatterer in two dimensions. To understand the benefits of our proposed
structures, we qualitatively estimate the detrimental impact of nanostructuring by realizing that
the effective front surface recombination velocity is directly related to the surface enlargement
factor y. This is the factor by which the surface area of the absorbing layer increases from
nanostructuring [17]. Since our simulations are two-dimensional, we rather speak of the factor
by which the length of the interface increases from texturing. For a texture whose profile is

given by y = f(x), the length enlargement factor E is calculated by E = /OA V1 + (dy/dx)*dx| A
where A is the periodicity of the unpatterned cell. We find that for the disordered structure
with 0 = 0.2 yum and { = 0.15 um, E = 1.9. This implies for the given textured interface, just
the length enlargement due to texturing will almost double the surface recombination velocity
when compared to the planar cell. The alternate TrO approach then becomes beneficial as the
recovered electric performance from using the planar active layer can outweigh its sub-par optical
performance compared to its textured counterpart.
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7. Lower limit for refractive index upper-bound of TrO structures

In this section, we elaborate on the impact of choosing the upper limit for the refractive index of
the TrO structure. While the consideration of choosing the previously considered upper bound
for this region was to have the TrO structure better impedance-matched with the bottom c-Si
layer, it is worthwhile to investigate the effect of having a lower refractive index upper bound
for this layer for experimental feasibility. Figure 8 shows the effect of limiting the permissible
refractive index range in the TrO model for both periodic and disordered interface compared to
the refractive index range of 1 and 3.5. For a fair comparison, we also include a gradient AR
layer with a refractive index range from 1.5 and 2.5.

As is to be expected, a lower upper limit for the refractive index affects the impedance matching
condition for wavelengths shorter than 500 nm, thus corresponding to a decreased absorption as
shown in Fig. 8. However, the effect of choosing a smaller refractive index range is less prominent
for longer wavelengths where the value of the effective index which the light experiences does not
change much. Table 3 summarizes the photocurrent obtained for shorter and longer wavelength
range for these structures. These results are compared with a Gradient AR layer of range [1.5,2.5].
For the periodic structure, using a smaller refractive index range does not degrade its overall
optical response and thus its photocurrent, but for the disordered structure, this degradation is
noticeable for shorter wavelengths. However, both the cases outperform the gradient AR layer
for wavelengths longer than 500 nm where as discussed earlier, the diffractive effects become
important. These results indicate that while the absolute improvement might be compromised
from using a smaller refractive index range, the relative improvement to the gradient AR strategy
of similar refractive index upper bound still holds strong.

— n(Q)=1[1,3.5] Gradient AR=[1.5,2.5]
— n(Q)=1[1,2.5]
(a) (b)
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Fig. 8. Absorption spectrum obtained for TrO structures with different permissible
refractive index ranges for (a) Periodic structure mapped from a sinusoidal texture with
height H = 2A = 0.2 um and lattice period A = 0.3 um (b) Disordered structure mapped
from a disordered interface of RMS roughness o = 0.2 yum and Correlation length 0.15 ym.
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Table 3. Comparison of photocurrent for periodic and disordered TrO
structures for refractive index bound n(Q) = [1,2.5] and n(Q) = [1,3.5].
Results are compared with Gradient AR layers of range [1.5,2.5] and

[1.5,3.5].
5 Periodic n(Q) Disordered n(€2) Gradient AR
Jph (mA/cm=)
[1,2.5] | [L,3.5] | [L,2.5] | [L1,3.5] | [1.5,2.5] | [1.5,3.5]
300-500 nm 5.35 5.67 4.55 5.21 5.38 5.87
500-1100 nm 11.30 12.13 11.94 13.69 10.05 10.31
300-1100 nm 16.65 17.80 16.49 18.66 1543 16.18

8. Incoherent treatment of Air-EVA interface

In this section, we investigate the effect of considering the Air-EVA interface in our simulations.
Since the EVA encapsulant layer is typically around 400 pm thick, it is not feasible to consider
light propagation through this layer coherently but an incoherent treatment needs to be put in
place. For this, we consider the simulation setup as before but now correcting for the reflection
from Air-EVA layer a posteriori [S5]. Here, in essence, we have to take into account each
individual scattering path, that are defined by the spatial frequencies of our interfaces, called
in the following diffraction orders. We consider the response while considering an increasing
number of back-reflections of the light at the Air-EVA interface, called in the following round-trip
orders. Practically, we trace in our procedure the amplitude contained in each of the diffraction
orders in a sequence of increasing round trips within the EVA. This is done for each temporal
frequency individually. We start by considering normal incident onto the structure where the
upper half-space is filled with EVA. The amplitude of the field is corrected by an initial reflection
at the Air-EVA interface (zeroth interaction of light with Air-EVA interface). A fraction of this
light gets absorbed by the active region and a fraction of light is also reflected into discrete
diffraction orders. Each of these diffraction orders get back-reflected onto the solar cell from
the Air-EVA interface (first interaction of light with the Air-EVA interface), thereby serving as
an incident field onto the active layer. Again, absorption in the active layer and distribution of

back-reflected light is computed and the iteration loop is closed.
Mathematically spoken, the contribution of the j round-trip order to the absorbance in the
active layer is calculated as, 4
AN=T

down

‘A, an

where j order corresponds to the j™ interaction of the light with the Air-EVA interface. Eown is
the intensity distribution incident on the structure and is given by:

7

_7 D
down — IUP O Rq, (12)
where © denotes the element-wise multiplication of the reflectivity R, for the EVA-air interface
for each diffraction order and intensity distribution Iflp in the j round-trip order correction of the
reflected light from the structure. This quantity is calculated using a scattering matrix which
relates the light incident on the structure to the light reflected from it. This is given by:
Ly, = SE, (13)

= down’
where the elements of this matrix are given by:

A|2cos Op

Spa = |EE (14)

cosb,

Each coefficient of this matrix relates the b diffraction order in the reflected spectra to the a™
diffraction order in the incident field. The absorbance in the active layer till the n™ round-trip
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order correction is then:

A"(Q) = ZAJ’. (15)
=1

This process was iteratively carried out until the A™(1) converges to a value Ay such that
Ag/AT <1074, (16)

Figure 9 shows the absorbance in the active c-Si layer in comparison to the results without the
Air-EVA interface. Periodic and Disordered textures and their corresponding TrO structures with
refractive index bound of [1-3.5] were considered for this study. Figures 9(a) and (b) suggest
that the absorbance calculated without considering the Air-EVA interface underestimates the
absorbance in the active layer and that this correction is important for studying the behaviour of the
TrO structures in a realistic environment. For shorter wavelengths, higher-order back-reflection
occurs and therefore the correction factor ends up increasing the absorption in the active layer
by a small amount. For the periodic structures (lattice period A,, = 0.3 um), only the zeroth
diffraction order exists for wavelengths longer than 450 nm and thus the first-order reflection
correction is sufficient for the analysis. For the disordered structures, which have large periodicity,
a considerable fraction of scattered light experiences higher-order diffraction. This fraction
illuminates the interface again after reflection from the Air-EVA interface, but will mainly remain
un-absorbed for wavelengths longer than 600 nm due to the very thin active layer of our study
leaving the first-order correction inaccurate. We then find such a scattering matrix approach
essential for the disordered structures.
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Fig. 9. Absorption spectrum obtained after considering reflection from Air-EVA interface
for (a) Sinusoidal texture of height H = 2A = 0.2 um and lattice period A = 0.3 um and (b)
for the disordered texture of RMS height o~ = 0.2 um and Correlation Length 0.15 ym.

Table 4 summarizes the photocurrent after the Air-EVA consideration. For the periodic
texture and its TrO counterpart, the increase in the overall photocurrent notably comes for the
wavelengths shorter than 450 nm, whereas for the disordered structure and its TrO counterpart,
this increase in photocurrent is considerable for longer wavelength range as well. Through the
photocurrent for these structures, it is apparent that such a reflection correction affects equally
the textured interface and its consequent TrO structure. While this is obvious in a certain sense,
it further reinforces the idea that one could benefit from mapping the textured interface using
concepts from TrO.
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Table 4. Comparison of photocurrent for periodic
and disordered structures after accounting for
escape losses from Air-EVA interface.

Periodic Disordered
Texture TrO Texture TrO
300-500 nm 5.64 5.73 5.18 5.21
500-1100 nm 14.41 12.52 17.35 14.73
300-1100 nm 20.05 18.25 22.53 19.94

Jph (mA/cm?)

9. Conclusion

We explore the idea of using principles of TrO to come up with an inhomogeneous refractive
index structures for light-trapping, which can be directly integrated to a planar absorbing medium.
This design tackles the degradation of the electrical properties of the optoelectronic device due
to increased surface recombination from surface nanotexturing. The results indicate that with
careful choice of texture properties, its equivalent planar structure can enhance absorbance in
the planar c-Si wafer close to the textured c-Si counterpart and also outperform a broadband
gradient AR coating with a similar refractive index range. Best results are reported for structures
with a disorder where both the texture and its planar counterpart approach the Lambertian limit
for 1D textured interface. To experimentally realize an index distribution as shown in Fig. 3(b),
one can seek the use of electron-beam lithography or self-assembly techniques for patterning
characteristic features of high refractive index and atomic-layer deposition (ALD) for conformally
depositing dielectric materials with a varying ratio over these high-index nanostructures [56].
Such a realization would require the use of available materials with refractive indices smaller
than the maximum refractive index permissible in the inhomogeneous structure for this work.
While this will negatively impact its overall light-trapping capability, these structures would
still find their use for even thinner active layers where a gradient AR coating is insufficient and
capitalizing over diffractive elements becomes all the more necessary. Our approach of designing
gradient-index structures inspired by TrO for broadband antireflection and light trapping in
thin-film solar cells can unlock an alternative way to realize the light-trapping properties of an
optimal texture that may not be accessible by present nanofabrication technology.
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