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resonances in thin periodically-textured
silicon absorbers
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'S.H.Ahmadpanahi@tudelft.nl

Abstract: Periodic texturing is one of the main techniques for light-trapping in thin-film solar
cells. Periodicity allows for the excitation of guided modes in the structure and, thus, largely
enhances absorption. Understanding how much a guided resonance can increase the
absorption is therefore of great importance. There is a common method to understand if an
absorption peak is due to the excitation of a guided mode, using dispersion diagrams. In such
graphs, a resonance is identified as the intersection of a guided-mode-line of a uniform
waveguide (with the same optical thickness as the grating structure) with the center of a
Brillouin zone of the grating. This method is unfortunately not reliable when the grating
height is comparable with the thickness of the wave-guide, or when the thickness of the wave-
guide is much larger than the wavelength. In this work, we provide a novel approach to
calculate the contribution of a guided resonance to the total absorption in a periodic
waveguide, without using the dispersion diagram. In this method, the total electric field in the
periodic structure is described by its spatial frequencies, using a Fourier expansion. Fourier
coefficients of the electric field were used to calculate the absorption of each diffraction order
of the grating. Rigorous numerical calculations are provided to support our theoretical
approach. This work paves the way for a deeper understanding of light behavior inside a
periodic structure and, consequently, for developing more efficient light-trapping techniques
for solar cells applications.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
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1. Introduction

Semiconductor materials fail to absorb low energy photons efficiently, especially in case of
indirect band gap. This means that the quantum efficiency of a semiconductor device drops
dramatically close to the materials band gap. In some applications, such as photovoltaics
(PV), the absorption of every single photon is important for improving the device conversion
efficiency. In materials with a low absorption coefficient near their band-gap, a low-energy
photon has to travel a relatively large distance before it is absorbed. Therefore, one can either
choose the absorber thickness to be (much) larger than the penetration depth of photons at a
specific wavelength, or to deploy light management techniques to increase light capturing.
Although increasing the absorber thickness might increase light absorption, it does not
necessarily improve the efficiency of corresponding semiconductor devices, since photo-
generated charge carriers have to be collected at the contacts. Moreover, in applications like
solar cells material cost represents almost 40% of the final cell cost [1]. Additionally, it is
very impractical to use thicker layer to absorb, for example, a photon with wavelength 1200
nm using crystalline silicon (c-Si). In that case, an absorber thickness of almost 1 meter
would be required [2]. Therefore, it is more practical, economic and efficient to employ light
management techniques to absorb a wide range of wavelength using the thinnest possible
absorber. Depending on the application, there are many different approaches for light
management. In this article, we limit ourselves to light management techniques applied to
thin-film hydrogenated nano-crystalline silicon (nc-Si:H) solar cells. This material was
chosen because its technology is well developed, its efficiency does not vary much from cell
to module, and its indirect band gap makes it a useful test bed for assessing the quality of
light management techniques [3]. Light management covers a wide range of techniques that
aim to maximize the in-coupling and absorption of solar radiation in the absorber layer [4]
This can be achieved by: (i) efficiently using the solar spectrum, employing multi-junctions
[5-8] or spectrum splitters [9—11]; (ii) enhancing light in-coupling by applying anti-reflection
(AR) coatings [12—14] or sub-wavelength textures [15,16]; (iii) using low optical loss back
reflectors to avoid light dissipation [17-25]; (iv) minimizing absorption is supporting layers
[23,26]; (v) promoting light scattering or diffraction by deploying wavelength-scale random
[17,18,27] or periodic [28-32] texturing, respectively. Random texturing allows the excitation
of all modes in the absorber, whereas periodic texturing gives the possibility to excite discrete
resonances such as guided modes. Since most of the energy of a guided mode is confined
inside the guiding layer [33] for relatively long distances, guided mode excitation leads to a
large enhancement of the absorption. In case of a periodic grating, each diffraction order can
excite a resonance in the thin film, which is identified by a peak in the absorption diagram.
Therefore, understanding the origin of absorption peaks is instrumental in developing more
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effective light trapping techniques [34-39]. In thin films endowed with gratings, the most
common method to identify the origin of a resonance is to check, in a dispersion diagram, the
crossing point between the wave-guided modes of a flat wave-guide and the centers of
Brillouin zones of the grating. Where such an intersection occurs, the excitation of a guided
mode is triggered, resulting in a particular absorption peak [39]. In this contribution, such
technique is called the intersection method, and presents a number of shortcomings. The
dispersion diagram of a waveguide strongly depends on the thickness, material, interface
profile, and the surrounding material of the waveguide. Usually, the effective waveguide
thickness increases due to the penetration of electromagnetic fields — to a finite extent — into
the surrounding media. This influences the accuracy of the dispersion diagram. Moreover,
applying texturing leads to distortion of the mode diagram of a flat waveguide. If the grating
height is large with respect to the waveguide thickness, the distortion could be significant, and
the intersection method cannot predict the guided resonance. The issue is particularly evident
for TM polarization [40]. Additionally, if the absorber supports many number of modes in a
wide range of wavelengths, as in the case of thin-film solar cells, guided mode lines in the
dispersion diagram become very dense. It thus become challenging to trace a guided mode
using the intersection method. Finally, if an absorption peak is the result of multiple mode
excitations, this method fails to define the contribution of each resonance in total absorption.
In this article we provide a different method to overcome the limitations of intersection
method and to deliver a deeper understanding of light behavior inside a periodic wave-guide.
In this method, Fourier expansion is employed to decompose the electric field inside the
absorber and to calculate the contribution of each resonance in enhancing the total absorption
in a thin-film, for the entire wavelength range of interest. This article is organized as follows:
in section 2, we describe the limitation of the intersection method more explicitly and we
define the framework of our new approach. In section 3, we describe the theory used to derive
the absorption of each diffraction order. In section 4, we provide the simulation results
obtained by applying the theory and eventually in the final section we draw our conclusion.

2. Methodology

Consider a flat 1-pm thick nc-Si:H film, illuminated with TE-polarized light under normal
incidence and in the wavelength range between 400 nm and 900 nm (see Fig. 1(a)). In the
uniform film of Fig. 1(a), partially reflected light bounces between the two flat interfaces and,
in case of constructive interference, a Fabry-Perot (FP) resonance occurs. Absorption in this
structure is shown by the green-dashed line in Fig. 1(c). To increase the optical performance,
one can apply an AR coating or a sub-wavelength texture to the top surface, to increase light
in-coupling, and simultaneously prevent light dissipation by adding a good back reflector at
the back side. According to reciprocity principle, increasing light in-coupling raises the
chance of light out-coupling as well. The presence of a back reflector strongly enhances
absorption, but only for specific wavelengths (where constructive interference occurs).
Moreover, based on Snell’s law, the angle of refraction inside the structure can never exceed
the critical angle (of total internal reflection). Therefore, as long as the system is optically flat
and the direction of illumination is perpendicular to the surface, light can never be trapped
inside the film. From light management perspective, the motivation for adding the periodicity
is to confine the incident energy in the absorber, by exciting the guided modes of a structure
such as the one illustrated in Fig. 1(b). Both flat and textured structures are surrounded by air
and are made of nc-Si:H. The textured structure has the same physical thickness as the flat
film, and it is illuminated under the same conditions. The optimized grating period for thin-
film applications is usually defined by the material band-gap [41], which is around 1100 nm
for nc-Si:H. In this work, we aim to track different guided modes and study their contribution
to total absorption. To make our model as simple as possible, we avoid exciting an excessive
amount of modes by choosing a grating period of 600 nm. Additionally, to study the
evolution of guided modes with respect to FP resonances, we want to avoid disturbing the
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guided modes of the flat structure. Thus, a shallow grating with a height of only 20 nm was
initially chosen. Later, investigation of taller structures (300 nm) will be also carried out. The
duty cycle (dc) of the grating is fixed to 0.5. The absorption in the shallow grating structure is
shown by the solid-red line in Fig. 1(c) and exhibits a clear enhancement with respect to the
flat structure. Intuitively, two different types of peaks can be recognized in this curve: the first
is very similar to the peaks in the green-dashed curve (flat case). These peaks, indicated by
blue arrows, are associated with FP resonances in the grating structure, because their peak
positions are the same as the ones of FP resonances in the flat structure. The second types of
peaks are sharp and narrow, occurring where there is low absorption in the green-dashed
curve. These peaks are most probably the result of the excitation of guided modes via the
grating. This hypothesis can be verified using the intersection method. Figure 2(a) shows the
dispersion diagram of the flat structure in Fig. 1. Figure caption (a), in the wavelength range
between 700 nm and 850 nm. Open circles indicate the intersection of a guided mode (blue
line) and the center of one Brillouin zone (grey horizontal lines). The wavelength of each
intersection in Fig. 2(a) corresponds with absorption peaks in Fig. 2(b).

A) air c) Lo
—— Grating
y 0.8 ——— Flat
= 06
X . K=
air =
o
z 5 0.4
v
) o
B) ; 1 3 11 3 alr <C 0.2
0.0 L T T ; T
400 500 600 700 800 900
| C— :
Py e—— : air Wavelength [nm]

Fig. 1. A) A 1-um thick nc-Si:H film and partial reflection of light inside the structure. B) A
nc-Si:H waveguide, endowed with conformal gratings and characterized by a total thickness of
1 um at every point. Region I and II show light scattering from each interface. T; and T’; are
the transmission and reflection from the top and bottom interfaces, respectively. C) Absorption
in the flat film (dashed—green line), and in the grating structure (red line). Blue arrows indicate
FP resonance peaks.

It is apparent that this method can, to some extent, confirm that a particular absorption
peak is matched with one of the grating orders. However, it does not provide any information
about the relative weight of an excited mode in total absorption coupling [42]. This is
important because, in a grating structure such as the one of Fig. 1(b), the field scatters into
many discrete angles after passing through the first interface. T; and T’; are the transmission
and reflection from the top and bottom interfaces, respectively. The region which is marked
by I shows scattering from the first interface. Scattered field from top surface (T; in region I)
travels through the film and reaches the second interface. Due to the periodicity of the bottom
surface, each diffraction order of top surface can further diffract into all available diffraction
orders (T; in region II). For example, T., from the top interface can produce all T; orders
when it reaches the second interface. This multiple scattering allows the energy to couple
from one mode to another, creating an absorption peak which is the result of multiple mode
excitations. If the height of grating is small (with respect to the wave-guide thickness), the
presence of the grating can be seen as a small perturbation in the refractive index or in the
geometry of the wave-guide [43]. This means that the dispersion diagram of the perturbed
wave-guide is very similar to the one of flat wave-guide. If the grating height is large, the
dispersion diagram of the grating wave guide might differ significantly from the one of flat
structure, and the intersection method does not provide reliable result. All these suggest that a
different method or tool is needed to enable the analysis of thin-film structures endowed with



Research Article Vol. 26, No. 18 | 3 Sep 2018 | OPTICS EXPRESS A742

Optics EXPRESS

grating. This can help to have a better understanding of light trapping and absorption in the
area of thin-film solar cells.
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Fig. 2. A) Dispersion diagram of the flat structure. Vertical axes show the wavelength of light
and horizontal axis represents the order of Brillouin zones and the corresponding value of k.
Blue lines show the position of guided modes in the flat structure, while the open circles
indicate where they intersect with the centers of Brillouin zones. B) Absorptance spectra
between 700 nm and 850 nm. Circles on the grating absorption (red) curve correspond to
intersections between the centers of Brillouin zones of the grating and a guided mode of the
flat structure in (A).

3. Theoretical background

Absorption in a dielectric with volume ¥ is proportional to the integral of the squared
magnitude of the electric field over the volume of the material. Since we are modelling a 1-D
grating, the integral over a surface S can be considered:

A =€OanI|E(x,y)|2 dxdy )
N

where n and « are real and imaginary parts of the refractive index, respectively, g, is the
dielectric constant of vacuum, and o is the angular frequency. The grating vector (periodicity)
is along the x direction, while the y axis is along the thickness of the film (see Fig. 3(a)).
Since the structure is periodic, the electric field inside the film can be expanded using a
Fourier expansion [44,45]. Generally, this can be done by diving the grating structure into
many small sub-layers along the y direction (horizontal lines marked with Y; in Fig. 3(a)). For
shallow gratings, we only consider the uniform part of the structure (light blue region in Fig.
3(a)). For large grating structures, however, the top and bottom grating rims are also taken
into account. The structure (large grating) is divided into top, middle and bottom parts. Top
and bottom parts are shown in dark blue color in Fig. 3(a), and middle part is shown in light
blue color. Each part is then divided into many thin sub-layers. The number of sub-layers is
defined such that for the shortest wavelength-in-material (A = A¢/n) within the spectral range
of interest, there are at least five sub-layers along one wavelength. In this way, for each
wavelength there are at least 5 sampling points in the material. For each wavelength and
polarization, the electric field can be then described as:

i=y, g=+e j(i—”sin(&, )iq%)x
E(x.9.40.6)=3 Y0 @
i=y q=—c

where j-+=1, g and A are grating order and periodicity, respectively, ¢, ; 4,18 q" Fourier

coefficient of the electric field with wavelength A, in the i sub-layer for the incidence angle
equal to 6;. Total Fig. 3(b) shows the TE polarized electric field profile for the 60th sub-layer
at 400 nm. Multiplying Eq. (2) by its complex conjugate and integrating over one period (i.e.
applying Parseval’s theorem), we arrive to the energy of the electric field in one sub-layer
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[46,47]. Figure 3(c) illustrates the energy spectrum of the electric field up to 10 orders, for A
= 400 nm in the 60th sub-layer. In other words, such diagram exactly shows how the total
energy in the 60th sub-layer is distributed within different diffraction orders of grating.

I+ n.6
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X [nm] Diffraction Qrder

Normalized Energy

Fig. 3. A) One period of the grating structure. The light blue region is the uniform part of the
film, which is divided into i thin sub-layers, each with thickness Y;. B) Intensity of the TE-
polarized electric field in the 60th sub-layer, at Ay = 400 nm. C) First 10 orders of energy
spectral density for the electric field, in sub-layer 60 at o = 400 nm. The energy is normalized
by the total energy in one sub-layer.

The symmetry of the electric field implies a symmetry in energy distribution, that is 7; =
T.;. Therefore, the total energy in T; is actually equal to 7_; + T.;. For example, in Fig. 3(c),
the first diffraction order contains 55% of the total energy, meaning that 7| = 7',; = 27.5% of
the total energy. Summing the energy of all sub-layers, we end up with the total electric
energy stored in one period of the grating (A):

i=y, q=t=A

HIE ) dxdy =303 flei,pal dx 3)

i=y; q=—0

the left-hand side of Eq. (3) represents the total electric energy in one period, while the right-
hand side of this equation describes the distribution of energy per each diffraction order in
one period. Multiplying both sides of Eq. (3) by gnxw yields:

=¥ g=teo A

snkw”|E (x.4,.0,)[ dxdy = gnszzj|,qw| dx “)

iy, 450

where the left-hand side is the total absorption, while the right-hand side represents the total
2
absorption in terms of diffraction orders. |c( - zﬂ,e)| is a function of 6;, which implies that each

Fourier component of electric field varies based on the incidence angle. Therefore, for each
incidence angle, Eq. (4) needs to be applied. In this work, 6; is considered to be zero and thus
further on we omit the sub-index of 0;. The electric file inside the absorber is the input for Eq.
(4). This means that the electric field distribution inside the absorber has to be calculated
separately using a rigorous electromagnetic simulation tool at optical frequencies. This
rigorously calculated electric filed then is used to calculate the Fourier coefficients.

4. Results and discussion

Equation (4) is used to study the absorption pattern of the structure of Fig. 1(b), with two
different grating heights: 20 nm (shallow structure, H20) and 300 nm height (large structure,
H300). COMSOL Multiphysics was employed, to rigorously calculate the electric field inside
these architectures. Both structures are excited under normal incidence, and the absorption is
calculated (for TM and TE polarization) in the wavelength range 400 nm — 1100 nm. For each
wavelength, the calculation is done according to the real and imaginary parts of nc-Si:H
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refractive index at corresponding wavelength. We use Red lines in Fig. 4(a) to Fig. 4(d)
display absorption values directly computed by COMSOL in one period of the model. For 4,
> 460 nm, the absorption coefficient of nc-Si:H decreases, hence the incident radiation can
penetrate deeper into the film.
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Fig. 4. A) absorption for TE-polarized light and B) absorption for E, and E, components of
TM-polarized light, in the shallow structure. Red lines represent light absorption calculated
directly by COMSOL, while black lines show light absorption in the uniform part of the
model. C) and D) represent light absorption - in the architecture endowed with large gratings -
for TE and TM polarizations, respectively. Solid—red and dashed-black lines show the total
absorption calculated by COMSOL and Eq. (4), respectively. Blue, grey and green colored
curves in C) represent absorption in the top, middle, and bottom parts of the large structure
(see Fig. 3(a)), for TE-polarized light. Dashed pink and green colored curves in D) show
absorption in the large structure for £, and £, components of TM-polarized light, respectively.

For this reason, it is mostly absorbed in the middle part of the structure. Absorption in
large grating structure for TM polarized light is presented in Fig. 4(d). The small difference
between computed (by COMSOL) and calculated (with Eq. (4) absorption — for 4y < 420 nm
— can be attributed to meshing in COMSOL. In fact, the TM-polarized electric field is
discontinuous at the nc-Si:H / air interface, hence great variation of the field in that area can
be expected. This is not the case for TE-polarized light, hence such difference is not observed
in Fig. 4(c). Nevertheless, for solar cell applications the main focus is on longer wavelengths,
for which the absorption calculated by Eq. (4) very well matches with the rigorous calculation
done by COMSOL. It can be observed that the absorption by the E, component of the TM-
polarized electric field is much stronger in the large structure, with respect to the shallow
structure (Fig. 4(b)). This indicates that the energy content in higher diffraction orders is
greater for tall grating than for shallow ones. The reason is explicitly discussed in the section
“TM polarization.”

4.1 TE polarization (E, component)

Figure 5(a) illustrates one period of the grating structure as well as the orientation of the
incident and transmitted electric field outside and inside this structure, respectively. Inside the
absorber in Fig. 5(a), one can see the direction of oscillation and propagation of one of the
diffracted plane waves inside the absorber (in time domain), before it reaches the bottom
surface. Total field inside the structure is the sum of transmitted field from top interface and
scattered field from the second interface. For TE polarization, the electric field of the incident
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wave is perpendicular to the plane of incidence and the electro-magnetic field propagates
along y direction.
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Fig. 5. A) orientation of incident and transmitted electric field for one period of the grating
structure for TE polarization. B) Each color indicates the total absorption for different
diffraction order in the uniform part of the shallow grating structure. C) Absorption by each
diffraction order in large grating structure is represented by different colors. Total absorption
for TE polarization is shown in grey. D) and E) present total FP (blue lines) and guided
resonance (red lines) triggered by the absorption of TE polarized light, for shallow and large
structure respectively.

The transmitted field has its electric field along z direction, but its wave vector gains x
component and falls in the (x, y) plane. Figure 5(b) presents the total absorption in the
uniform part of the shallow structure when it is excited by TE polarized light. Each color in
the graph represents the total absorption by one of the gratings order. As it has been addressed
before, the shallow grating is not able to diffract the incident energy efficiently. This means
that the incident field is not perturbed much by the grating structure and most of the incident
energy does not feel the grating. This is the reason why the zero™ diffraction order (yellow)
has the largest contribution in total absorption in Fig. 5(b). It is important to notice that not all
the diffraction orders could excite a guided mode resonance. The diffraction angle for each

grating order is given by 5, -sn ' {Mi%}, where m is the diffraction order, n is the

refractive index, A is grating period, A is the wavelength and 6; is the angle of incidence. The
diffraction angle decreases as the incident wavelength decreases. A diffraction order could
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excite a guided mode resonance only if its diffraction angle is larger than material’s critical
angle at that wavelength. Therefore, depending on the wavelength, one diffraction order can
contribute to FP and guided resonance. For the grating structure in Fig. 1(b) for wavelengths
shorter than 600 nm, the first diffraction order contributes to FP resonances because its angle
of diffraction is smaller than the critical angle of nc-Si:H in this wavelength range. Therefore,
the sharp absorption peaks in green color in Fig. 5(b) are due to the excitation of guided
modes via the first diffraction order only for wavelengths longer than 600 nm. Diffraction
angle for higher diffraction orders (m = 2) is larger than critical angle for entire wavelength
range of our interest. The zero™ diffraction order (B, = 0) is always a FP resonance. When the
grating height is increased, incidence energy could better “feel” the grating. As a result, light
absorption corresponded to zero diffraction order decreases significantly and large amount of
incidence energy diffracted to higher orders. This can be observed in Fig. 5(c), where the
absorption by the zeroth order is not more significant than higher orders for A < 700 nm. For
longer wavelengths, first and second orders have larger shares in total absorption. According
to the gratings equation, the diffraction angle of a grating does not depend on the grating
height. Thus, even for large grating structure, the first diffraction order counts as FP
resonance for wavelength shorter than 600 nm. In Fig. 5(d) and E, total absorption is
distinguished by its resonance type. Blue lines represent the absorption by FP resonance in
shallow and large grating structures, respectively. Interestingly, FP absorption is smaller in
large structure than in shallow structure. Instead, absorption triggered by guided mode in
large structure (red lines) is obviously higher than in shallow structure. As we mentioned
before, large structure diffracts the incident energy more efficient.

4.2 TM polarization

Inside the grating structure, the electric field of TM-polarized light can be described as the
superposition of two orthogonally oscillating electric fields, E, and E,. The E, component
represents a plane wave propagating along the + y direction. When the diffraction angle is
smaller than the critical angle, the components of electric filed can be seen as a FP resonance,
created by partially reflected energy from top and bottom interfaces.
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Fig. 6. A) Grating structure and orientation of the electric field before and after reaching the
top interface, for TM-polarized illumination. The electric field vector inside the film can be
decomposed in to two orthogonally oscillating electric fields, along the x and y. B) Total
absorption by both components of the TM-polarized electric filed, for large and shallow
grating structures.

The E, component, on the other hand, represents a plane wave propagating along the + x
direction (parallel to the grating vector). The Pointing vector inside the waveguide is defined
ass - xii , and represents the direction of propagation of electromagnetic energy [46]. For
TM polarization, the magnetic field oscillates along the z axis, thus:

Sm = Sx,m R Sy,m y= iEy,m ’ Hz,mx * Ex,m 'Hz,m ¥ (5)
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where the sub index m is the diffraction order, while X and y are unit vectors in the x and y
directions, respectively. Equation (5) shows that, for a particular diffraction order, a larger
value of E, leads to a larger energy flux in the x direction. In addition, in a plane wave the
electric field and propagation vectors are always perpendicular to each other. This means that
the zero™ diffraction order (with propagating vector along y) has E, = 0. The E and E,
components contributes differently in total absorption. In Fig. 6(b) the total absorption due to
each components of TM polarized light for shallow and large gratings are shown. We would
like to emphasize that the only difference between large and shallow structure is their grating
height. Therefore, any difference in their absorption patterns is directly linked to the different
grating height. For example, in Fig. 6(b) a significant increase in absorption of the E|
component in the large structure is observed, while E, absorption does not change
dramatically for shallow and large structures.

4.2.1 TM polarization (Ex component)

We first study the light absorption by the x component of the electric field, in the large and
shallow structure. Figure 7 illustrates the absorption of the £, component of the TM-polarized
electric field by each diffraction order, in structures endowed with shallow and large gratings,
calculated using Eq. (4) .
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Fig. 7. Total absorption of the Ex component for each diffraction order: inside the uniform part
of the shallow grating structure (A), and inside the entire large grating structure (B), for TM-
polarized illumination.

For 1y < 600 nm, the correlation between the peaks of the Oth diffraction order and the
notches in the 1st diffraction order (Fig. 7 (a)) indicates a strong light coupling between these
two orders. In this wavelength range, the diffraction angle of the 1st order is smaller than the
critical angle of nc-Si:H, thus first and zero diffraction orders can be considered as FP
resonance. For the shallow structure it is clear that the contribution of the Oth diffraction
order to the total absorption is very large, even at longer wavelengths. This situation indicates
FP resonances due to (i) the already addressed low efficiency of the grating and (ii) the
propagation vector aligned to the y axis. For 4y > 700 nm, the absorption peaks by the Ist
diffraction order can be considered as guided resonance, since in this range the diffraction
angle of the 1st order is larger than the critical angle. In the large structure, absorption by
higher diffraction orders is highly enhanced, while zero™ order triggered absorption is clearly
lower (Fig. 7(b)). This implies that larger gratings interact more strongly with the incident
radiation, thus diffracting more energy into higher orders.
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4.2.2 TM polarization (E, component)

Absorption by each diffraction order for the £, component of the TM-polarized electric field
for the shallow and large structure, calculated with Eq. (4), is presented in Fig. 8(a) and Fig.
8(b), respectively. In section “TM polarization”, it was discussed that the £, component has
no Oth diffraction order. In Fig. 8 one can clearly see that the absorption by the Oth diffraction
order is zero. All of the absorption peaks in Fig. 8 with 4, > 600 nm are directly connected to
the excitation of guided modes, because their diffraction angles are larger than the critical
angle. It is important to clarify that for 4y < 500 nm, the sum of absorption by the first 4
diffraction orders of £, does not yield the total absorption, since orders greater than 4 were
not included, because — at short wavelengths — resonance peaks start overlap and cover each
other, becoming indistinguishable. This creates an overall flat absorption profile, which does
not give much information about the behavior of light inside the structure.
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Fig. 8. (A)—(B) Contribution of each diffraction order, for the £, component of the electric
field, to total absorption. (C) Total FP (dashed lines) and guided resonance (continuous lines)
triggered absorption, for shallow and large structure.

Finally, total absorption by TM polarization in the shallow and large structure is
decomposed into FP and guided resonance absorption (Fig. 8(c)). Blue and black dashed lines
represent total FP absorption in structures with large and shallow gratings, respectively.
Going from shallow to large grating, FP absorption is unaffected (for TM-polarized light).
However, absorption triggered by guided resonances (solid lines in Fig. 8(c)) are dramatically
higher for the large structure, especially Ay > 600 nm. The sudden jump in guided resonance
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absorption at Ay = 600 nm is attributed to the contribution of 1st diffraction order to guided
resonance.

5. Conclusions

We have provided a different approach to calculate the contribution of different resonances to
total absorption, without using a dispersion diagram. In this approach, Fourier expansion is
employed to calculate the energy spectral density of the electric field inside a textured
structure. This approach is supported by numerical and rigorous calculations, using a software
based on the finite element method. We were able to track the origin of each absorption peak,
(guided resonance or FP). Using our technique, we were also able to define accurately the
relative weight of each resonance in total absorption, for every point in the wavelength range
of interest. This method can be used for a large wavelength range and it is not limited by film
thickness or grating profile. This approach is also not limited to solar cell applications and can
be used to understand the light behavior in any multilayer structure with periodic texturing.





