Investigation of resonance structures in
optically thin solar cells

Maren Anna Brandsrud®,”* Reinhold Bliimel,” Rozalia Lukacs,
Eivind Seim,* Erik Stensrud Marstein®,*? Espen Olsen®,* and
Achim Kohler?

“Norwegian University of Life Sciences, Faculty of Science and Technology, Drgbakveien,
Norway
bWesleyan University, Department of Physics, Middletown, Connecticut, United States
“Institute for Energy Technology, Department of Solar Energy, Kjeller, Norway
dUniversity of Oslo, Department of Technology Systems, Kjeller, Norway

Abstract. To reduce costs, the solar cell industry aims at producing thinner solar cells.
Structuring the surfaces of optically thin devices is important for avoiding transmission-related
losses and, hence, increasing their efficiency. Light trapping leads to longer optical pathlengths
and increased absorption of energy. In addition, resonances in the nanostructures enhance the
absorption in the energy-converting material. Further, resonances in periodic structures may
couple with each other and thereby increase the absorption. Here, we establish a model system
consisting of a multilayered solar cell to study resonances and coupling of resonances in a one-
dimensional system. We show that resonances in energy-converting and nonenergy converting
layers exist, evaluate the resonances and the coupling of resonances in different thin-film sys-
tems, and show how they affect the total absorption of energy in the energy-converting layer.
We optimize the parameters of the multilayered thin-film systems to achieve an increase in the
amount of the absorbed energy. We find that resonances in nonabsorbing material at the top may
lead to absorption enhancement, while we cannot find any enhancement effect due to the cou-
pling of resonances. © The Authors. Published by SPIE under a Creative Commons Attribution 4.0
Unported License. Distribution or reproduction of this work in whole or in part requires full attribution
of the original publication, including its DOIL [DOI: 10.1117/1.JPE.11.024501]
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1 Introduction

The solar-cell industry is continuously looking for ways to reduce material usage in the pro-
duction of solar cells while maintaining conversion efficiency to increase the cost efficiency
of solar-cell devices.'? Although thin, silicon solar cells exhibit lower absorption than thicker,
traditionally crystalline silicon wafer cells,! absorption in optically thin solar cells can be
enhanced by surface structuring, e.g., by adding surface structures to the top layer of thin solar
cells.** The most established approach is light trapping, wherein the pathlength of light in the
absorber is increased because of the surface structures. Light trapping is common in surface-
structure solar cells in which the surface structures are larger than the wavelength employed, i.e.,
in the short wavelength limit. It has also been shown that nanostructured surfaces cause reso-
nances in the electric field that increases the absorption of light in the absorptive material below.’
Coupling of resonances into the nanostructures has also been discussed as a mechanism for
absorption enhancement in structured thin-film solar cells.*® A different mechanism that has
been used to address enhancement of absorption efficiency of thin solar cells is the minimization
of the energy losses due to reflection.” A possible way to achieve this is to add one or more thin
dielectric layers on the top of the solar cell as an antireflection coating (ARC). While single layer
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ARCs are standard in the industry today, many studies have been carried out to optimize thin-
film solar cells consisting of two different layers to find an optimal combination of the refractive
indices and thicknesses of the materials.®

The aim of this paper is to study the absorption efficiency in the energy converting layer of a
solar cell as a function of the appearance of resonances in the absorbing and nonabsorbing layers
of a thin-film solar cell. For this purpose, we developed a simple model system that exhibits
resonances and allows us to investigate the implication of these resonances on absorption in
the energy-converting material. A simple system that can exhibit resonances is a multilayered
film system. A multilayered film system can be set up by absorbing and nonabsorbing layers.
It can be used to investigate how resonances in the nonabsorbing layers affect the absorption in
the absorbing layers. It can be further used to investigate how absorption can be enhanced by
tuning the refractive index and the thicknesses of the absorbing and nonabsorbing layers
involved. Therefore, our work is strongly related to the optimization of ARCs,’ but it focuses
on a different aspect, namely the effect of resonances in layered films on the absorption in the
energy-converting film.

To study the effectiveness of the device, we evaluate the absorption efficiency, 5,,.”~'! To take
into account the characteristics of the solar spectrum, absorption efficiency can be multiplied by
the solar spectrum. The resulting quantity is called the optical generation rate.'? The systems
evaluated in this study are three-dimensional (3D) systems in which the incoming light is a plane
wave propagating toward the system and the propagation direction is perpendicular to the
surfaces. Because of normal incidence, the systems are invariant in two dimensions and are
effectively one-dimensional (1D) systems. The results presented for normal incidence to a film
are directly transferable to the same system with oblique incidence. Oblique incidence results in
a reduced normal component of the wave vector. Therefore, oblique incidence leads to a simple
shift of the resonance structure with respect to the wavelength region, and the same reasoning can
be applied for normal incidence.'?

By including the wavelength-dependent refractive index, we show that the results can be used
to optimize solar cell designs with respect to absorption.

The paper is organized as follows. In Sec. 2, we present the systems that we evaluate and
relevant theory. In the first part of Sec. 3 (Secs. 3.1-3.3), we evaluate the systems with wave-
length-independent refractive indices. We investigate how the absorption efficiency and the res-
onance structure in the layered films depend on the size of the imaginary part of the refractive
index. We show that our results agree with the Fresnel equations'* for nonmagnetic dielectric
materials. We investigate further if the thickness of the layers can be optimized with respect to
absorption efficiency and material usage. We show how resonances in the nonabsorptive material
enhance the absorption of light in the energy-converting film. In Section 3.3, we evaluate how
two nonabsorptive layers can be used to increase the absorption efficiency. We evaluate the effect
of coupling of resonances between nonabsorptive layers, when the absorptive layer is between
two nonabsorptive films. We evaluate how the coupled resonances of the two nonabsorptive
layers and resonances in the absorptive layer can affect the absorption efficiency. In Sec. 3.4,
we further demonstrate that our approach can be useful in the optimization of real solar-cell
material by optimizing the thickness of the layers of an experimentally realizable solar cell.
In Sec. 4, we discuss our results; we summarize and conclude our paper in Sec. 5.

2 Theory

Optically thin solar cells consisting of layers, with normal incidence light, can be treated as 1D
systems and are therefore simple to handle numerically. The model system chosen in this paper
represents a 1D system consisting of several thin layers with different absorbing and nonabsorb-
ing materials. Both the nonabsorbing and the absorbing materials can function as resonators, as
shown later in the paper. The systems that are investigated are shown in Fig. 1. For all systems,
a plane wave with an amplitude equal to one is propagating toward the layers from the left.
Figure 1(a) shows the simplest system, consisting only of a boundary between air and the absorp-
tive material of refractive index n,. The absorption properties of the absorptive film are described
by the imaginary part of n,. In Fig. 1(a), the thickness of the absorptive material is assumed to
be infinite. In the system presented in Fig. 1(b), a single absorptive film of thickness a, and
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Fig. 1 The systems evaluated are 1D systems. The incident light is a plane wave of amplitude
equal to 1 propagating from the left with the refractive index of ny = 1. In system (a), the system
consists of a boundary between n, and the absorptive material with a refractive index of n, and an
infinite thickness. The system in (b) consists of a finite absorptive film with refractive index n, and a
thickness a,. System (c) is identical to system (b) except that a perfect mirror is placed behind the
film. Systems (d) and (e) have the absorptive film placed behind one or two nonabsorptive layers.
A mirror is placed behind the absorptive film. The thicknesses of the nonabsorptive films are a, and
ay;, and the refractive indices are n, and n;;. System (f) has the absorptive layer between the non-
absorptive layers with thicknesses g, and a,;; and refractive indices n, and ny;,. System (g) is equiv-
alent to system (f) but has a back side mirror behind the third layer.

refractive index n,, is shown. For Figs. 1(c)—1(e), we assume a back side mirror behind the layers,
reflecting back all radiation perfectly. The thickness of the absorptive layer is a, and has a refrac-
tive index of n,. The refractive indices of the nonabsorptive layers are n; and n;; with thicknesses
of a; and ay;. The system presented in Fig. 1(f) is the system used to evaluate a coupling between
the nonabsorptive layers on each side of the absorptive layer. Figure 1(g) shows an identical
system to the one shown in Fig. 1(f), but with a back side mirror behind the third layer.

Since we only consider normal incidence and thus treat the model system in 1D, we do not
need to consider the polarization. The model system can, therefore, be described by the scalar
wave theory, which provides an exact description of the wave mechanics in the film structures.
The 1D model is completely equivalent to the 3D film system with normal incident light. The
wave functions for the systems shown in Fig. 1 are shown in Table 1. The amplitudes of the wave
functions are found by requiring that the wave functions and their first derivatives are continuous
across the boundary.'?

For layered systems, the amount of absorbed light is calculated via the absorption efficiency
0,, given as

%, ey

op=1=|rP =t

where r is the amplitude of the reflected plane wave and  is the amplitude of the transmitted
wave.”!%1® The reflection probability of the system is given by |r|> = R, and the transmission
probability is given by T = |#|%. When the refractive index is real for all films involved, |r|> +
|£> = 1 and the absorption efficiency 6, = 0. If a mirror is placed behind the system, there is no
transmitted wave, i.e., t = 0, and the absorption efficiency is given as

o, =1—|r]% 2)

The amplitude of the reflected wave is found by requiring a continuous scalar wave function
and a continuous first derivative of the scalar wave function at all interfaces.'>!® For simple
systems with a few layers of materials, the calculation of ¢, is straightforward. For systems
consisting of several layers, the transfer matrix method'” may be used. Alternatively, a hierar-
chical summation scheme suggested by Brandsrud et al.” is employed.

The absorption efficiency is also related to the absolute value of the scalar wave function,
w(x), in a 1D system as
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o, = 2k/n,(x)n,-(x)|l//(x)|2dx, 3)

where k is the angular wave number in vacuum of the incoming wave and the refractive index of
the system is given by n(x) = n,(x) + in;(x).” When the wave function has higher absolute
values, we expect that the absorption efficiency increases. Since resonances appear locally and
lead therefore locally to increased absorption efficiencies, it is interesting to evaluate if the
absorption efficiency increases over the whole solar spectral range for a given system as well.
To evaluate if the absorption properties of a layered system are enhanced, the averaged absorp-
tion efficiency, &,, needs to be considered for whole wave length interval. To take into account
the characteristics of the solar spectrum, the integral in Eq. (3) is weighted by the solar spectrum.

The refractive index 7 is in general wavelength-dependent.'® In the first part of the paper, we
consider thin-film systems with an index of refraction that is independent of the wavelength. In
the second part of the paper, we evaluate an experimentally realizable solar cell. The refractive
indices of the materials are found experimentally and are wavelength-dependent.

3 Results

In this section, we evaluate the different systems shown in Fig. 1.

3.1 Single Film

We start with the system in Fig. 1(a), which consists of an infinitely thick absorptive material
with a wavelength-independent refractive index. The system is shown in Fig. 1(a). The real part
of the refractive index of the absorptive layer n, is set to 4.3. This is the real part of the refractive
index of silicon at a wavelength equal to 500 nm. We consider a range for the imaginary part of
the refractive index, which we vary between 0 and 5. The wavelength interval evaluated is from
250 to 1000 nm. Since the absorptive layer is infinitely deep, all light that enters the absorptive
material is absorbed. ¢,(4) is shown in Fig. 2(a). For the system containing only one single
boundary, the reflection and transmission coefficients » and f do not depend on the
wavelength.” Figure 2(a) shows that ¢, (1) decreases as n; increases. This is expected since the
absolute value of 7 increases, which results in an increased probability for reflection.”! In
Fig. 2(b), the averaged absorption efficiency, &,, is shown as a function of n;. As shown in
Fig. 2(a), we observe that an increased n; is followed by a reduced &,

When the absorptive material has a finite thickness that is on the order of the wavelength,
standing waves can occur in the film. Figure 2(c) shows o,(1) for a single absorptive film as
shown in Fig. 1(b). The different graphs of o,(4) correspond to increasing values for n;. We
observe that resonances are present when n; is sufficiently low. As n; increases, the resonances
are damped, and finally when 7, is large enough, all light is absorbed before it reaches the second
boundary and no standing waves can be observed. Figure 2(d) shows how the absorption
efficiency averaged over the wavelength range &,(n;) increases before it reaches a maximum
at n; = 0.57.

The system in Fig. 1(c) can be considered a simplified model of a solar cell as it considers one
absorptive layer and a mirror on the back side. For such a system, Fig. 2(e) shows the corre-
sponding absorption efficiency o,(4) for a range of constant imaginary parts of the refractive
index. We observe that the resonance structure of ¢,(4) changes as we increase the imaginary
part of the refractive index. The real part of the refractive index is kept constant, n, = 4.3. As n;
increases we observe the same tendency as for the single film without the mirror. The amplitudes
of the resonances are reduced; at one point, all of the light is absorbed before it reaches the
mirror, and no standing waves are created. Figure 2(e) shows how the averaged absorption effi-
ciency changes as n; increases.

Since the absorption efficiency is expected to increase when the absolute value of the wave
function increases [see Eq. (3)], it is interesting to consider the wave function for maxima and
minima of the absorption efficiency. The system, consisting of a single film with a reflecting
back side mirror [Fig. 1(c)], exhibits several maxima for the absorption efficiency in Fig. 2(e),
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Fig. 2 (a) o, as a function of wavelength for an infinitely thick film for increasing S(n,). (b) The
averaged absorption efficiency, &,, as a function of J(n,) is evaluated. (c) o, as a function of
wavelength of an absorptive film without a mirror behind. (d) &, as a function of S(n,). (e) and
(f) 64(4) and 5,((n,)) for a system consisting of a single film with a mirror. For all systems, the real
part of the refractive index is set to 4.3, which is the real part of the refractive index of silicon at
A =500 nm. The investigated wavelength interval is from 250 to 1000 nm. (c)—(f) The thickness of
the absorptive film is set to 500 nm.

e.g., for the imaginary part of the refractive index of 0.1i. We consider the maximum that appears
at 662 nm and the minimum that appears at 717 nm. The corresponding wave functions (v, from
Table 1) are plotted in Fig. 3 outside and inside the film for two selected wavelengths, 662 nm
(red line) and 717 nm (blue line). The refractive index for the filmis 4.3 + 0.1, and the thickness
is 500 nm.

We see that the red line in Fig. 3 corresponds to a peak, a resonance, in o,(4) [Fig. 2(c)]. We
observe that the absolute square of |y|? is larger in the case in which the wavelength corresponds
to a maximum in o,(1).

We now return to the averaged absorption efficiency shown in Fig. 2(f). We observed that
we obtained a maximum for an imaginary part of the refractive index of 3(n,) = 0.27.
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Fig. 3 The wave function in front of and inside the film where a plane wave is propagating from the
left toward a single film of thickness 500 nm and refractive index 4.3 + 0.1/. A perfect mirror is
placed behind the film. The system is shown in Fig. 1(c). The wavelength of the plane wave
is 717 nm (blue line) and corresponds to a dip, and the wavelength 662 nm (red line) corresponds
to a peak in Fig. 2(c) for the case in which the refractive index of the film is 4.3 + 0.1/.

The thickness of the film was 500 nm, the real part of the refractive index was R (n,) = 4.3, and
there was a mirror behind the absorptive layer [see Fig. 1(c)]. We consider wave functions for this
maximum in the absorption efficiency at J(n,) = 0.27. Since the maximum corresponds to a
spectral range, we selected wave functions from this range: at 250, 500, and 750 nm for the case
in which n, = 4.3 + 0.27i, and the thickness of the absorptive film is 500 nm. Evaluating the
wave functions, we found that the optimum of J(n,) is found for the case in which the wave is
completely absorbed for small wavelengths and standing waves are present for longer wave-
lengths. This is shown in Fig. 14.

Until now, we considered absorption enhancement for an absorptive layer of thickness
500 nm, both for different wavelengths and for a total wavelength range. We consider now the
absorption properties of layered systems for a changing film thickness. For the film thickness of
500 nm, we found an optimal refractive index of 4.3 + 0.27i. Figure 4 shows how the absorption
efficiency is affected by changing the thickness of the film. The pattern of the absorption effi-
ciency as a function of the wavelength is shown for several film thicknesses in Fig. 4(a).
It changes strongly when the film thickness is changed. The strong changes occur since the
standing waves occur only when a multiple of the wavelength matches the thickness of the film.

——a = 100 nm a =700 nm ——a = 1300 nm 0.65
a = 300 nm a = 900 nm a = 1500 nm
a = 500 nm a = 1100 nm

400 600 800 1000 0 500 1000 1500
A (nm) a(nm)
(a) (b)

Fig. 4 (a) The absorption efficiency, ¢ ,, as a function of the wavelength, 4, for a system consisting
of a single film with a mirror behind [Fig. 1(c)]. The thickness of the film, a,, is increased from
100 nm (dark blue line) to 1500 nm (dark red line). The refractive index of the film is
n=4.3+ 0.27. (b) The averaged absorption efficiency for the same system as a function of film
width.
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Fig. 5 The absorption efficiency as a function of wavelength for a single film with a refractive index
n=4.3+0.27i. The thickness of the film is changed and corresponds to the two first peaks
(a=162 nm and a = 273 nm) and two first dips (a= 199 nm and a = 316 nm) from the left in
G,(a) in Fig. 4(b).

This creates oscillations in the average absorption efficiency &, (a, ), which is plotted as a func-
tion of the wavelength [Fig. 4(b)].

We now investigate how the peaks and dips in the average absorption efficiency in Fig. 4(b)
are related to the appearance and disappearance of standing waves in the film as a function of the
film thickness. We consider two peaks and two dips in the average absorption efficiency in
Fig. 4(b), namely the peaks a = 162 nm and a = 273 nm and the dips at a = 199 nm and
a = 316 nm. In Fig. 5, the corresponding absorption efficiencies are shown for the whole wave-
length region. We observe that at thicknesses that correspond to peaks a = 162 nm (blue line)
and a = 273 nm (yellow line) correspond to the cases in which the thicknesses is just large
enough that a new resonance is included into the o,(1) range considered. The thicknesses that
correspond to dips, @ = 199 nm and ¢ = 316 nm (red and purple line) correspond to the cases in
which the thickness is just large enough that an antiresonance is included.

3.2 Two Films with Mirror

To come closer to a real solar cell device, a system consisting of two films and a mirror, as shown
in Fig. 1(d), was investigated. The first film is a nonabsorptive layer with a refractive index n;
and a thickness a;. The refractive index n; in this layer was set to 1.9, which is the refractive
index of ITO at 500 nm, as presented in Ref. 19.

To evaluate how the resonances in the front layer affect the absorption efficiency, two cases
were evaluated: (i) a two-film system in which the absorptive film has a thickness that is small
enough that light is not completely absorbed in this layer and that resonances can occur and (ii) a
two-film system in which all of the light is absorbed in the second layer before it reaches the
mirror. The refractive index of the second layer is chosen to be 4.3 4- 0.1, and the thicknesses are
chosen to be (i) 500 nm and (ii) 5000 nm.

To evaluate the resonance structure of the first layer, we consider the integral of the absolute
square of the wave function (Jy;(x)|?) in the first film according to

1 ar
I =— /) lyr(x)|*dx, @)
1

a

where a; is the thickness of the first film and y; is the wave function of the first layer. (The
expression for the wave function is given in Table 1.) We refer to the integral over I; as the total
intensity of the wave function I;. We start by evaluating case (i), i.e., the absorbing layer has
a thickness of 500 nm and light is not completely absorbed by the absorbing layer such that
resonances can occur in the absorbing layer. The absorption efficiency as a function of the
wavelength o, (4) for this system is shown in Fig. 6(a) for different thicknesses of the first layer.
The averaged absorption efficiency &, for the same system as a function of the thickness of
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Fig. 6 (a) The absorption efficiency is plotted as a function of the wavelength for a system
consisting of two films with a mirror behind. The thickness of the first film is increased from
50 to 500 nm and has a refractive index of 1.9. The second film has a thickness of 500 nm and
a refractive index equal to 4.3 + 0.1/. (b) The averaged absorption efficiency as a function of a, for
the same system. (c), (d) The same plots for a system in which the thickness of the absorptive
layer is 5000 nm.

the first layer is shown as the blue line in Fig. 6(b). We compare now the averaged absorption
efficiency &, in the absorbing layer with the total intensity of the wave function in the nonab-
sorbing layer to understand if resonances in the nonabsorbing layer have an effect on the absorp-
tion efficiency of the absorbing layer. The red line in Fig. 6(b) shows the integral of the absolute
square of the wave function (|yr;(x)|?) [see Eq. (4)] averaged with respect to the wavelength, i.e.,
the total intensity of the wave function in the nonabsorbing layer, 7,. The units are shown at the
right y axis, which is labeled by ;(a;). Both the red and the blue lines follow the same trend,
showing that resonances in the nonabsorbing layer lead to an increase of the absorption effi-
ciency in the absorbing layer. This is the same phenomenon as described, i.e., in the field of
optical processes in microcavities, in which it is well known that the life time of resonances is
finite due to evanescent leakage.””

In the case of a thick totally absorbing second layer with a, = 5000 nm, we observe the same
tendency as for the thin absorbing layer: Figs. 6(c) and 6(d) are the plots that correspond to
Figs. 6(a) and 6(b), respectively, but this time for case (ii), i.e., a thick absorbing layer with
a, = 5000 nm. Figure 6(c) shows the absorption efficiency o,(A) for the case in which all
of the light entering the absorptive film is absorbed. The absorption efficiency o, (4) is less oscil-
latory compared with the corresponding graphs for the thin absorbing film in Fig. 6(a). The
reason for this is that, in the case of total absorption in the second layer, the resonances are
only generated in the nonabsorbing layer. Figure 6(d) shows the average absorption efficiency
6,(ay), as before, as the blue line with units on the left y axis and the total intensity of the wave
function 7;(a;) as the red line and units on the right y axis. Again, we observe that the increased
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Fig. 7 (a) The absorption efficiency (¢,) and the integral over the absolute square of the wave
function (Jy;(x)[?) in the first film (/,) as a function of wavelength for a system consisting of two
films and a mirror behind. The refractive index of the second film is 4.3 + 0.1/ and the thickness is
5000 nm, i.e., all of the light is absorbed before it reaches the mirror. The first film has a refractive
index of 1.9 and a thickness of 83 nm. This thickness corresponds to a maximum in &,(a,) in
Fig. 6(d). A maximum in G,(&,) is associated with an enhancement of the absorption in the absorb-
ing layer. (b) The absolute square of the wave function for the system for a wavelength corre-
sponding to a top and a dip in panel (a), respectively. The wave function is shown for the
nonabsorbing layer and for the first 1000 nm of the absorbing layer, which is 5000 nm thick.

field in the nonabsorbing layer leaks into the absorbing layer and creates an enhanced absorption
efficiency.

We now have a closer look at the system with two layers and a mirror with the totally absorb-
ing layer for the situation in which the absorption in the absorbing layer is enhanced by the
resonances in the first layer. Inspecting the graph of 5, in Fig. 6(d) (blue line), we see that the
absorption properties are enhanced for low thicknesses of the nonabsorbing layer. We select the
thickness of a; = 83 nm, which leads to an enhancement. In Fig. 7, the absorption efficiency
6,(4) is plotted as a function of the wavelength for the maximum of 5, at ; = 83 nm as the blue
line with units on the left y axis. The corresponding intensity of the wave function I; is plotted as
a function of the wavelength 1 as the red line with units on the right y axis. We see that the
absorption efficiency o,(4) and the intensity of the wave function 7;(4) have a minimum and
a maximum in the wavelength range considered, which can be further investigated. The absolute
squares |y|? of the wave functions that correspond to the maximum and minimum, respectively,
are shown in Fig. 7(b) for the nonabsorbing film and the first 1000 nm of the absorbing film. The
wavelengths of the wave function corresponding to the minimum and the maximum were
selected to be (i) 305 nm, showing a dip in 6, (4) in Fig. 7(a) (blue line), and (ii) 610 nm, showing
apeak in 6,(4) (red line). We observe that, for the case in which the wavelength corresponds to a
dip 6,() in Fig. 7(a) (blue line), |y|* has lower values in the absorptive film than for the case in
which the wavelength corresponds to a peak in o,(4).

3.3 Coupling of Resonances of Nonabsorptive Layers

When the systems consist of three layers, two nonabsorptive layers and an absorptive layer, we
can investigate the coupling of resonances in the two nonabsorbing layers. This is the 1D equiv-
alent to a thin-film solar cell with coupling of, e.g., nanospheres on its surface. The coupling of
resonances in spherical nanostructures on thin-film solar cells has been discussed in the literature
as a cause for enhancement of absorption in the absorbing layers below.>® We start by evaluating
how the thicknesses and refractive indices of two nonabsorbing front layers of different materials
affect the absorption in the third, absorptive layer. The system is shown in Fig. 1(e). As for the
two-film systems, we assume that the refractive indices of the films are constant for all wave-
lengths. This is to highlight the effect of the thickness of the first two layers on the average of
the absorption efficiency, o,,. The thickness of the third, absorptive film is chosen such that the
wave function in this film is totally absorbed.
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Fig. 8 The average absorption efficiency, &,, for a three-layer system as shown in Fig. 1(e) is
displayed as a heat map for varying thicknesses of the two first nonabsorbing layers. The thick-
nesses of the two first layers were varied between 50 and 1000 nm. The thickness of the third layer
was kept constant at 5000 nm. The refractive indices of the layers are: (a) n, = 1.5 (refractive index
of SiO, at 500 nm), n;; = 1.9 (refractive index of ITO at 500 nm), and n,;; = 4.3 + 0.01/ (where the
real part of ny, is the real part of the refractive index of Si at 500 nm and the imaginary part of n;, is
chosen so that all light that enters the absorptive film is absorbed. (b) The refractive indices are
given as n; = 1.5, n;; = 2.5 (selected to be substantially above n;), and n;; = 4.3 + 0.01i. The
wavelength range that is investigated is 250 to 1000 nm.

In Fig. 8(a), the average absorption efficiency is shown for the three-film system, in which the
refractive indices of layers I, II, and III in Fig. 1(e) are set to 1.5 (refractive index of SiO, at
500 nm), 1.9 (refractive index of ITO at 500 nm), and 4.3 + 0.014, respectively. The thickness of
the third layer is set to 5000 nm, i.e., all light that enters the third layer is absorbed. The thick-
nesses of the two first layers in the system were varied between 50 and 1000 nm to optimize the
thicknesses of the two films with respect to the absorption efficiency of the third film. Figure 8(a)
shows &, for different combinations of the thicknesses of the two first layers. We consider the
wavelength range from 250 to 1000 nm. In Fig. 8(b), the corresponding results for the same
system with an increased refractive index of the second layer are shown. The refractive indices
of the layers I, II, and III are now set to 1.5, 2.5, and 4.3 4 0.01i, respectively. As before, the
wavelength range is evaluated in the region 250 to 1000 nm. The thicknesses of the two first
layers are changed between 50 and 1000 nm, and the thickness of the third layer is 5000 nm. A
comparison between Figs. 8(a) and 8(b) shows that, in the case in which the two first layers have
relatively close refractive indices, the pattern in the heat map is a skewed grid pattern, while in
Fig. 8(b) a nonskewed grid pattern is obtained. When the refractive indices of the two first layers
are at a similar level, the resonances couple and the grid pattern is skewed. In the case in which
the difference between the refractive indices in the two layers is large, the resonances in the
layers are independent of each other, and the grid pattern of &, is not skewed.

To evaluate the coupling of the resonances further, we consider the three-layer system shown
in Fig. 1(f) in which the first and third layers are the nonabsorptive layers and the second layer is
the absorptive layer. The back side mirror is removed to avoid the effect of an increased o,
caused by all light being forced to travel back and forth in the third film.

In Figs. 9(a) and 9(b), the averaged absorption efficiency, &,, is shown as a heat map as a
function of the thickness of the nonabsorptive layers, a; and a,;;. For the system in Fig. 9(a), the
refractive indices of the layers I, II, and III are wavelength independent, as before, and set to 1.9,
4.3 +0.1i, and 1.5, respectively. The thickness of the absorptive layer is 500 nm.

In Fig. 9(b), the system parameters are identical to the situation shown in Fig. 9(a), except
that the refractive index of the third layer is set to 1.9, i.e., the refractive indices of the two
nonabsorptive layers are identical. It is, therefore, expected that the resonances in the two non-
absorptive layers occur at the same thicknesses and wavelengths.

The grid patterns observed in Figs. 9(a) and 9(b) indicate that both layers affect 5,,. But the
differences are more distinguished for changes of thicknesses of the first layer than of the third.
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Fig. 9 (a), (b) A heat map of the averaged absorption efficiency &, for a three-film system [see
Fig. 1(f)]. The averaged absorption efficiency &, is shown as a function of the thicknesses of
the first and third layer a, and a;;. The refractive indices of the layers are: (a) n,=1.9,
n,=4.3+0.01j, and n;; = 1.5 and (b) n,=1.9, n, = 4.3+ 0.01/, and n;; = 1.9, respectively.
The thickness of the second layer is 500 nm. (c) The average absorption efficiency &, as a function
of a, for the two- (blue line) and three-film (red line) systems. For both systems, the refractive index
of the first layer is set to 1.9 and for the second layer to 4.3 + 0.1. The thickness of the second layer
is 500 nm. For the three-film system, the third film has a refractive index of 1.9 and a thickness of
350 nm. (d) 64(4) for the same systems as in (c) when the thickness of the first layer is 350 nm.

The blue line in Fig. 9(c) shows the averaged absorption efficiency &, as a function of the
thickness of the first layer in a two-film system (without a back side mirror), i.e., n;;; = 1 in the
system shown in Fig. 1(f). The refractive index of the first layer is 1.5, the refractive index of
the second layer is n, = 4.3 + 0.14, and the thickness of the second layer is 500 nm. The red line
shows the averaged absorption efficiency &, as a function of a; for an equivalent three-film
system in which the refractive index of the third layer is n;;; = 1.9 and the thickness of the
third film is a;;; = 350 nm. In Fig. 9(d), the absorption efficiencies o,(1) for the two- and
three-film systems are compared as a function of 1. For both systems, the first two layers are
identical with thicknesses and refractive indices set to 350 and 500 nm and n; = 1.9 and
n, = 4.3 4 0.14, respectively. For the three-film systems, the refractive index and the thickness
of the third film are n;;; = 1.9 and 350 nm, respectively. Both Figs. 9(c) and 9(d) show that a
two-film system has a higher absorption efficiency than a corresponding three-layer system with
ay; = 350 nm. This indicates that the coupling of resonances in this case does not have any
enhancement effect.

To return to a system that is closer to a real solar cell device, the system in Fig. 1(g) was
evaluated to further describe the effect of coupling in the case in which a back side mirror is
present. The refractive indices were selected as above, and the three-layer system was compared
with an equivalent two-layer system in which the third layer is removed as in Fig. 1(d).
Figures 10(a) and 10(b) show the averaged absorption cross section as a function of the thickness
of the nonabsorptive layers, a; and a;;;. The thickness of the absorptive middle layer is 500 nm.
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Fig. 10 (a), (b) A heat map of the averaged absorption efficiency 5, for a three-film system with a
back side mirror [see Fig. 1(g)]. The averaged absorption efficiency &, is shown as a function of the
thicknesses of the first and third layer a, and a;;. The refractive index of the layers are for
(a) n, = 19, n” = 43 + 001/, and n,,, = 15 and (b) n, = 19, n” = 43 + 001 i, and n,,, = 19,
respectively. The thickness of the second layer is 500 nm. (c) The average absorption efficiency
&, as a function of a, for a two-film system (blue line) and a three-film system (red line). For both
systems, the refractive index of the first layer is set to 1.9 and for the second layerto 4.3 + 0.1. The
thickness of the second layer is 500 nm. For the three-film system, the third film has a refractive
index of 1.9 and a thickness 350 nm. (d) ¢,(4) for the same systems as in (c) in which the thickness
of the first layer is 350 nm.

The refractive indices are chosen as n; = 1.9, n, = 4.3 + 0.1i, and n;;; = 1.5 for the results
shown in Fig. 10(a) and as n; = 1.9, n, = 4.3 4+ 0.14, and n;;; = 1.9 for the results shown
in Fig. 10(b). We observe that the maximum &, is higher than for the system without a mirror
(Fig. 9). This is due to the light being reflected at the mirror on the back side, which was effec-
tively doubling the effective thickness of the absorbing layer. Further, we observe the same trend
that we discussed for Fig. 9: adding a third layer with an identical refractive index, which is
expected to lead to coupling of resonances, does not enhance &,,.

The blue line in Fig. 10(c) shows the averaged absorption efficiency &, as a function of the
thickness of the first layer in the two-film system [shown in Fig. 1(d)]. The refractive index of the
first layer is 1.5, the refractive index of the second layer is n, = 4.3 4 0.1, and the thickness of
the second layer is 500 nm. The red line shows the averaged absorption efficiency &, as a func-
tion of a; for an equivalent three-film system in which the refractive index of the third layer is
nyr = 1.9 and the thickness of the third film is a;;; = 350 nm. We observe that, with the back
side mirror present, the third film reduces &,. This is the same trend as what we observed for the
case without a mirror. Compared with the system without a mirror on the back side in Fig. 9(c),
o, is less reduced in the system with a mirror on the back side.

In Fig. 10(d), the absorption efficiencies ¢,(4) as a function of A are compared for the two-
and three-film systems. The thicknesses and refractive indices of the two first layers are set to
350 and 500 nm and n; = 1.9 and n, = 4.3 4 0.1, respectively, for both systems. For the three-
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film systems, the refractive index and the thickness of the third film are n;;; = 1.9 and 350 nm,
respectively. If the wave function is evaluated in a point with a peak in o,(A) for the two-film
system in Fig. 10(d), e.g., 769 nm, we would observe that |y|? is higher for the two-film system
than for the three-film system. The opposite would be observed when selecting a wavelength that
corresponds to a peak in the three-film system, e.g., 732 nm. This is shown in Fig. 15.

As predicted by Eq. (3), the absorption efficiency is enhanced when the field in the absorptive
material is increased. From Fig. 10(c), we learn that a two-film yields a higher average absorp-
tion efficiency. However, as Fig. 10(d) indicates, the absorption efficiency is wavelength-
dependent.

However, the result is that coupling of resonances in thin films does not overall increase the
absorption efficiency. This can be seen both for two- and three-layer systems with and without a
mirror in Figs. 9 and 10, respectively.

3.4 Optimization of Absorption of Thin-Film Solar Cells

In this section, we demonstrate how considering resonances in thin-film systems can help to
optimize experimentally realizable solar cells. We consider the system shown in Fig. 11(b),
which is a simplification of a five-layer epitaxial crystalline silicon solar cell that is optically
thin as shown in Fig. 11(a)."” The experimentally realized system consists of three different
materials: ITO, amorphous silicon, and crystalline silicon. The two silicon layers consist of one
p-doped and one n-doped layer as shown in the figure. To simplify the system, we treat the
amorphous silicon as one layer with the same wavelength-dependent refractive index. The same
assumption is used for the crystalline silicon. The absorption efficiency is calculated by Eq. (2).
The refractive index of the three layers that are used is experimentally determined.”'~?* By evalu-
ating the absorption efficiency for different choices of thickness for the three layers, the system
can be optimized to absorb as much radiation as possible. For the calculation of 5, the spectra
are weighted by the AM1.5 solar spectrum.

The system in Fig. 11(b) is evaluated for several thicknesses of the layers. The average
absorption efficiency &, is shown for systems with c-Si film thickness equal to 0.5, 2, 8,
32, 100, and 200 pm in Fig. 12. The thicknesses of the two first layers are varied between
20 and 500 nm. As Fig. 12 indicates, certain combinations of thicknesses of the two first layers
give higher &, values than the others.

As Fig. 12 indicates, 60 and 150 nm are optimal thicknesses for the first and the second
layers, respectively. We, therefore, set the thicknesses of the first and second layers to 60 and
150 nm and vary the thickness of the third layer. By continuously increasing the thickness of the
third layer from 0.5 to 100 um, the findings of Sec. 3.2 are confirmed. When the thickness of the
energy converting layer is increased, the average absorption efficiency &, stabilizes at a certain
value. This is shown in Fig. 13, where the average absorption efficiency &, is shown as a function
of the thickness of the third layer when the spectra are weighted by the AM1.5 solar spectrum.>*
We observe that the &, stabilizes at a maximum value of approximately &, = 0.5. The

ITO paSi naSi n-cSi n++c-Si 1TO a-Si c-Si
no no
70nm 15nm 6nm 1000 nm 1000 nm 70 nm 21 nm 2000 nm
__________________________ T S xT
(@) (b)

Fig. 11 (a) A multilayer thin-film solar cell, consisting of five thin layers and a mirror. This solar cell
has been experimentally realized'® and consists of ITO, n- and p-doped amorphous and crystalline
silicon. The thicknesses of the layers of the experimentally realized system are shown in the
model. (b) The system has been simplified into a three-layered system with a mirror.® The system
has been simplified by replacing the layers having different doping with one single layer with the
experimentally determined refractive index.?'23 n, indicates the refractive index of vacuum and is
given by ny = 1. Behind the layers of the different materials, a perfect mirror is placed. To optimize
the system, the thicknesses of the three layers are changed. The result is shown in Fig. 12.
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Fig. 12 The average absorption efficiency &, for a three-film system with the same materials as
shown in Fig. 11(b) with experimentally determined refractive indices.?'23 The thicknesses of the
two first layers are varied between 20 and 500 nm. The thickness of the c-Si layer is set to 0.5, 2,
10, 30, 100, 200, and 300 um, respectively. The wavelength range that is investigated is from
250 to 1000 nm. The spectra are weighted by the AM1.5 solar spectrum.?*
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Fig. 13 The average absorption efficiency, ,, as a function of the thickness of the c-Si layer. The
system is equivalent to the system shown in Fig. 11(b) with the thicknesses of ITO and a-Si set to
60 and 150 nm, respectively. Further, the thickness of the c-Si layer, d._g;, is increased from 0.5 to

200 um. The refractive indices of the layers are experimentally determined.?'~2% The spectra are
weighted by the AM1.5 solar spectrum.?*

stabilization takes place when the thickness of the third layer is ~50 ym. For larger thicknesses,
no further enhancement of the absorption of the c-Si layer can be obtained. A further investi-
gation of the material cost versus the absorption efficiency is needed to decide if a thickness of
50 um is an optimum because a thickness of the c-Si layer of around 20 um is close to the
optimum value for the average absorption efficiency &,,.

4 Discussion

The results presented in Sec. 3.1 show that, when the imaginary part of the refractive index of
the absorptive material is changed, the resonance structure of the absorption efficiency and the
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absorption properties of the material change. For a large imaginary part of the refractive index,
all radiation entering the absorptive material is absorbed before it reaches the back side boun-
dary or mirror. Therefore, standing waves do not occur in the absorptive material for a large
imaginary part of the refractive index. One might assume an increasing imaginary part of the
refractive index results in an increased absorption efficiency. However, as confirmed by the
Fresnel equations,'* the reflection from the absorbing film’s surface increases when the imagi-
nary part of the refractive index increases. Therefore, less radiation is transmitted into the
absorptive material, which results in lower absorption. As Figs. 2(d) and 2(f) show, there
is an optimal size of the imaginary part of the refractive index of the absorptive material, with
the wave function being just totally absorbed before it reaches the mirror. Since we consider
the average absorption efficiency for a whole wavelength region, this condition of optimal
imaginary part of the refractive index is achieved, with the standing wave in the absorbing
material just disappearing for small wavelengths, while it is present for large wavelengths (this
is shown in the Appendix). When investigating the absorption properties of the film system as
a function of the thickness of the absorbing film, we observe that the absorption increases with
increasing thickness of the absorbing layer until a maximum is reached and stays constant for
larger thicknesses. Before we reach this point, the average absorption efficiency 6, oscillates as
shown in Fig. 4. The peaks of the oscillatory pattern correspond to a thickness of the absorptive
material that includes a new resonance, while the dips correspond to a thickness of the
absorptive material that includes a new antiresonance. This mechanism can be potentially
used to enhance absorption efficiency of thin-film solar cells within a desired wavelength
range. In general, we see that absorption in the absorbing layer is enhanced by resonances
in the nonabsorptive material, which lead to a field enhancement in the absorbing material.
This is shown in Sec. 3.2. In this section, we also learn that the resonance in the absorption
efficiency follows the same trend as the averaged integral over the nonabsorptive film.
An increase in the integral over the absolute square of the wave function is followed by
an increased o,(4).

When considering a system consisting of three layers, we find that it is important to inves-
tigate first all combinations of thicknesses of the first two layers to optimize the thicknesses. The
optimal thickness of the third layer is then found, with the wave function being just totally
absorbed.

A three-film system without a mirror is also considered to evaluate the effect of coupling
between two nonabsorptive films on each side of the absorptive film. From Figs. 9(a) and 9(b),
we conclude that mainly the resonances in the front layer affect the averaged absorption effi-
ciency ¢,. When we compare the two- and three-film systems without a back side mirror in
Figs. 9(c) and 9(d), we observed that the absorption efficiency was lower for the three-film sys-
tem. This can be understood when considering that the refractive index changes at the boundary.
The refractive index in the third film is closer to the refractive index of air at the outside, which
results in more light being transmitted out of the system. This is expected from Fresnel’s equa-
tions. We further investigated a three-layer system with the absorbing layer in the middle and
a mirror on the back side to avoid more leakage of radiation from the third film to the outside.
Strikingly, also in the case of a three-film system with a mirror on the back side, the absorption
efficiency was not increased compared with the corresponding two layer-system without the
third nonabsorbing layer. The results are shown in Fig. 10. This indicates that the coupling
of resonances itself is not a mechanism that increases the absorption efficiency of solar cells
in the layered system. Coupling of resonances has been suggested as a mechanism for resonance
enhancement in surface-structured thin-film solar cells.>® We would, therefore, expect that, when
spheres are embedded into the energy-converting material,> it is rather the field enhancement
due to resonances in each sphere than the coupling of the resonances that would lead to an
absorption enhancement.

In Sec. 3.4, the absorption efficiencies for experimentally realizable thin-film solar cells are
investigated. An experimentally realized solar cell was used as a template, and wavelength-
dependent, experimentally determined refractive indices were used in the system. The observa-
tions were comparable to the results found in Sec. 3.1, in which systems with wavelength-
independent refractive indices are investigated.
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In all systems considered, we studied the average absorption efficiency, &,. It is important to
note that &, changes if we change the wavelength range. It is therefore essential to optimize the
system according to the proper wavelength range. In our study, the results presented, except
Sec. 3.4, were not weighted with the solar spectrum. If the absorption efficiency is multiplied
with the solar spectrum, the optical generation rate”!? is obtained.

Our model is exact for situations with coherent light, which is a common assumption for
simulations of thin-film solar cells in which the thickness of the films is smaller than the coher-
ence wavelength.26 Sunlight, however, is incoherent, so the assumption of coherent light in our
model is not strictly applicable to the case of incoherent sunlight. Indeed, it is known that there is
a difference in conversion efficiency between illumination with coherent and incoherent light.>’
Since the spatial coherence area of sunlight is about 60 gm x 60 xm,?® and resonant solar-cell
surface structures are on the order of a micron, the effects of spatial coherence may be neglected.
However, since the temporal coherence length of sunlight is about 600 nm,”® and the thicknesses
of our films are about on this order of magnitude, the temporal incoherence of sunlight cannot be
neglected. Therefore, while our results are rigorous for coherent incident light, we have to be
careful when using these results to make predictions for the case of incoherent sunlight. On the
upside, a two-step method that takes the results of coherent calculations as input for a folding
step that then obtains conversion efficiencies for incoherent illumination directly from the coher-
ent input exists.””*° Therefore, our results presented here are the first step in this two-step proc-
ess. The investigation of our systems for the use of incoherent light is beyond the scope of this
study and will be addressed in a follow-up work.

For monochromatic light, our results indicate that the optimum in conversion efficiency is
reached when the layers in front of the energy-converting material are around the same size as the
coherence length of the natural sunlight.”’ We could, therefore, expect resonances in the first
layers. Further, we show that it is optimal that the energy-converting material should have a
thickness so that the wave function is totally absorbed before it reaches the mirror. In these cases,
we will not have resonances in the layer closest to the mirror. We expect that these predictions,
based on a coherent, monochromatic model, are robust and will hold in the case of illumination
with incoherent light.

Our model only evaluates the optical properties of the system. Effects linked to losses other
than reflection are not included.

5 Conclusions

In this paper, we have shown that simple calculations of the absorption efficiency can give an
indication of a proper choice of thickness of the layers in a thin-film solar cell. We find that a
resonance in the front layers can result in an increased absorption efficiency. This is caused by
the enhanced wave function in the front layers. Due to the continuity of the wave function, this
also results in an enhanced absorption of radiation in the absorptive material. In the case of a
nonabsorptive layer on both sides of the absorptive layer, the resonances in the first layer are
the most important. We investigated further if the coupling of resonances could enhance absorp-
tion in an absorptive layer that was located between absorbing layers and could not find any
effect.

We have also shown that the absorption efficiency decreases when the imaginary part of
the refractive index of the absorptive material increases. This is because the reflection probability
increases according to Fresnel’s equations. An optimal imaginary part of the refractive index is
therefore obtained when the absorption is high enough such that standing waves just disappear
in the absorbing material for a large part of the wavelength region considered, but not so high that
a large part of the radiation is not reflected in the energy-converting material. We have
applied our findings with success to the optimization of an experimentally realizable solar-cell
system.

The results and methods presented in this paper are directly transferable to the case of oblique
incidence.'® Oblique incidence results in a shift of the resonances in the wavelength range,
i.e., the same techniques presented in this paper can be used for oblique incidence.
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6 Appendix: Investigation of Resonance Structures in Optically
Thin-Solar Cells

6.1 Wave Function of Layered Film Systems

The systems shown in Fig. 1 with normal incident light can be described by the exact scalar wave
theory. We set the first boundary from the left for the systems shown in Fig. 1 at x = 0 and obtain
the wave functions given in Table 1. The amplitudes of the wave functions in Table 1 can be
found by requiring that the wave functions and their first derivatives are continuous across the
boundary. '’

6.2 |y|? for a Single Film for Increasing Wavelengths

Figure 14 shows the absolute square of the wave function for a system consisting of a single film
with a mirror behind for increasing wavelengths. The refractive index of the film is 4.3 + 0.271,
and the thickness of the film is 500 nm. The figure shows how the resonance structure is kept for
the long wavelengths but not for the very long wavelengths.

6.3 Comparison of |y|? for Two- and Three-Film Systems

In Fig. 15, the absolute square of two selected wave functions is shown for the two- and three-
film systems. For the two-film system with the mirror on the back side [see Fig. 1(d)], the wave
function is plotted as a blue line in Fig. 15. As for the case without a mirror, we chose a; =
350 nm and a, = 500 nm. For the three-film systems with the mirror placed behind the third

Table 1 Wave functions for the systems shown in Fig. 1. The first boundary from the left is
assumed to be at x = 0. The amplitude of the incoming plane wave is 1, r is the amplitude of
the reflected wave, and t is the amplitude of the transmitted wave. A, B, C, D, E, and F are ampli-
tudes of the wave functions inside the films. k is the angular wave number given by k = 2. n;, ny,,
nyy, and n, are the refractive indices, and a,, a,;, a;;, and a, are the thicknesses of the films as
indicated in the figure.

System Wave function
' _ [ ek rreT* forx <0
System a [Fig. 1(a)] Va(X) = { Aginakx for x >0
eikx 4 reikx for x <0
System b [Fig. 1(b)] wp(X) = { Aei"kX 1 Beinakx for0 < x < a,
teikx for x > a,
) [ e 4 remikx forx <0
System ¢ [Fig. 1(c)] ve(x) = { Asin(nok(x —a,)) for 0 <x < a,
elkx 1 regikx for x <0
System d [Fig. 1(d)] wa(X) = { Ae'mkx 4 Be-inkx for0<x < a
C sin(nak(x — (a; + a,))) fora;<x < (a;+ ay)
e'kx 4 reikx for x <0
i ) Agimkx . Beimkx for0<x<a
System e [Fig. 1(e)] ve(X) = Ceimkx  De=innkx foraj < x < (a; + ay)
E sin(nak(x — (a;+ ay + a,))) for (aj+ay) <x < (a+ay+ a,)
ekx t reg-ikx for x <0
Aeinkx 1 Beminkx  for0 < x < g,
System f [Fig. 1(f)] wi(x) = ¢ CeMkX 1 De=nkx  for a; < x < (a; + a,)
Ee/Mikx 4 Fe=imukxfor (a; + a,) < x < (aj+ a; + ay)
tefkx for x > (a; + a, + ay)
kx4 re—ikx for x <0
i ) Aeimkx  Beimkx for0<x < a
System g [Fig. 1(g)] vg(X) = Celnakx | pginakx for a; < x < (a; + a,)
E sin(nyk(x — (aj+ az + ayy))) for (a/+a,) < x < (a+a,+ay)
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[—A=250 nm —— A =500 nm A =750 nm|

-500

x (nm)

Fig. 14 The absolute square of the wave function for a system consisting of an absorptive film with
a thickness of 500 nm and a refractive index equal to 4.3 + 0.27i. This value of the imaginary part
of the refractive index was to be the optimum in the average absorption efficiency in Fig. 2(f).

—— Two-film system —— Three-film system —— Two-film system —— Three-film system
3 3t
<— aj—>i€— q,—><aj > <«— (]—>i€— Q—> <>
2t 2
= s
1 1
. . ) A 0 . \ ' A
-200 0 200 400 600 800 1000 1200 -200 0 200 400 600 800 1000 1200
x [nm] z [nm]
(a) (b)

Fig. 15 The absolute square of the wave functions (given in Table 1) as a function of position. The
thicknesses is selected to be a; = 350 nm, a, = 500 nm, and a;;; = 350 nm, and the refractive
indices are n; = 1.9, n;, = 4.3 4 0.01i, and n;; = 1.9. The blue line shows |y|? for the two-film
system [Fig. 1(d)], with the back side mirror placed behind the absorptive filim of thickness a,.
The red line shows |y|? for a three-film system [Fig. 1(g)], with the back side mirror placed behind
the third, nonabsorptive layer of thickness ay;. (a) The behavior of the wave function in the case in
which the wavelength of the incoming light is 732 nm [corresponding to second peak from right in
Fig. 10(d) for the three-film system]. (b) The behavior of the wave function in the case in which the
wavelength of the incoming light is 769 nm [corresponding to second peak from right in Fig. 10(d)
for the two-film system].

film [see Fig. 1(g)], a; = 350 nm, a, = 500 nm, and a;;; = 350 nm. The refractive indices are
selected to be n; = 1.9, n;; = 4.3 4 0.014, and n;;; = 1.9, respectively. The parameters are
again chosen analog to the system without a mirror. The wavelength of the incoming plane wave
is selected to be 732 nm in Fig. 15(a). This wavelength corresponds to the second peak from the
right in Fig. 10(d) for the three-film system. In Fig. 15(b), the wavelength is selected to be
769 nm. This corresponds to the second peak from the right in Fig. 10(d) for the two-film system.
The wave functions in Fig. 15 confirm Eq. (3) that, when the absolute square of the wave func-
tion | psi|? has increased absolute values in the absorptive film, increased absorption efficiency is
obtained. For the selected wavelength of the incoming plane wave in Fig. 15(a), o, is larger for
the three-film system than for the two-film system and |y (x)|? is larger for the three-film system
(red line) than for the two-film system (blue line). In Fig. 15(b), the selected wavelength cor-
responds to a peak in ¢, for the two-film system, and |y (x)|? is larger for the two-film system
(blue line) than for the three-film system (red line).
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