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1.1
Introduction

The conversion efficiency of a solar cell, that is, the ratio of electrical power
extracted from the cell to the power of solar photons flowing into the cell, is
directly connected to the number of photons absorbed in the absorber material
of the cell. Therefore, it is of critical importance to insert as many photons as
possible into the cell and keep them inside the cell until they are finally absorbed.
While achieving the first aspect is referred to as antireflection, the second aspect
is commonly called optical path enhancement, also known as light Trapping,
which is the focus of this chapter.
Because of its fundamental significance to the solar-to-electrical conversion

mechanism, light trapping should be considered for any solar absorber material.
However, light trapping is of particular importance for solar cells based on crys-
talline silicon (c-Si). Owing to its abundance and to the long-existingmature tech-
nologies in the electronic industry, commercial c-Si based solar cells are widely
available and dominate the PVmarket today [1]. But since c-Si is an indirect semi-
conductor, it is actually a relatively bad light absorber. Figure 1.1 shows the absorp-
tion depth 𝛿 of c-Si. 𝜆 of an absorbing material is defined as the distance at which
the intensity of light decreases to 1∕e after it enters the material. For wavelengths
𝜆 < 500 nm, most of the light energy is absorbed within a micron. For longer
wavelengths, 𝜆 increases rapidly (note the logarithmic y-axis) and reaches values
in the range of centimeters for wavelengths in the spectral range of the bandgap
of c-Si at around 𝜆 ≈ 1150 nm.
To compensate for this, one could either use thick c-Si absorbers, or apply light-

trapping schemes to optically thicken the absorber material. Owing to high costs
and challenging requirements on material quality, using millimeter or centimeter
thick c-Si absorbers is not an option. In fact, quite contrary is the case.The current
trend in the PV industry as well as in the research community is to develop con-
cepts to increase material efficiency by decreasing the Si wafers thickness below
100 μm.To stay competitive, the conversion efficiency of thin c-Si cells needs to be
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Figure 1.1 Absorption depth 𝜆 of crystalline silicon plotted against the wavelength 𝜆 of
light. The optical properties to calculate 𝜆 were taken from Ref. [2].

higher or at least comparable to the efficiency of 180μm thick, commercial solar
cells available today.
In Figure 1.2 calculated absorption spectra of bare planar c-Si slabs of different

thicknesses d are plotted. From the absorption at small wavelengths one can easily
see that independent of the thickness light incoupling into silicon is rather weak
despite the very high absorption coefficient of silicon in this spectral range (com-
pare Figure 1.1).This is due to the strong refractive index contrast between silicon
and air of nSi∕nair ≈ 3, 5 in the visible spectral region and could be overcome
by applying means of antireflection. Much more severe in the context of photo-
voltaic applications is the strong loss of absorption when decreasing the thickness
of the c-Si slab. For a thickness of d = 200 μm, a typical thickness for commer-
cially available c-Si solar cells, there is considerable absorption up to 𝜆 ≈ 950 nm
which then starts to decrease toward the spectral position of the band edge of
c-Si. Thinning the c-Si slab leads to a drastic reduction of absorption and shifts
the absorption edge to shorter wavelengths. For example, the integrated absorp-
tion for the d = 0.5μm and the d = 10μm slab is only 7.8% and 69% of that of the
200μm slab, respectively (integrated from 𝜆 = 400 nm to 1200 nm).
These examples underly the importance that effective concepts for optical path

length enhancement are inevitable for future solar cell designs. Here, we chose
c-Si as an example material; however, in principle, these considerations apply to
any solar cell material and have to be taken into account.

1.2
Planar Antireflection Coatings

From an optics point of view, the simplest solar cell consists of an homoge-
neous slab as introduced in the previous section, with an optical thickness of
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Figure 1.2 Calculated absorption spectra of planar c-Si slabs of varying thickness d sus-
pended in air at normal light incidence. Note, that since the coherence length of sunlight
is < 1μm, incoherent light was assumed in the calculations.

dopt = 𝑛𝑑∕ cos θ2, where n and d are the refractive index and the geometrical
thickness of the cell, respectively, and θ2 is the angle of refraction (see Figure 1.3a
for illustration). As pointed out above, a rather large amount of light energy does
not reach the absorbing region but is reflected at the top surface. For example, the
reflectivity of bare silicon is R ≈ 35% for a wavelength of 𝜆 = 600 nm and normal
incidence (compare Figure 1.2). Coupling a greater amount of light energy into
the cell is commonly achieved by applying a planar antireflection coating (ARC)
on top of the cell. This coating consists of a dielectric layer with a thickness of
𝜆∕4 such that the light wave reflected from the top surface and the wave reflected
from the dielectric–semiconductor interface interfere destructively resulting
in R = 0 in an ideal case for a particular design wavelength 𝜆des. In commercial
photovoltaic applications mostly SiN deposited by chemical vapor deposition is
applied as a coating material. A thickness of d ≈ 70 nm minimizes reflection at
𝜆des = 600 nm, which is close to the peak of the solar spectrum and is responsible
for the commonly known dark-bluish appearance of commercially available c-Si
solar cells. A single-layer ARC minimizes light reflection of a particular design
wavelength and angle of incidence only. This is in conflict with the broad solar
spectrum and to the ever-changing altitude of the sun during the day. It is possible
to minimize reflection losses for more than one wavelength by the use of double-
or even more complex multi-layer antireflection coatings. However, another
conceptual disadvantage of planar interference-based ARCs is their inherent
symmetric mode of operation: They increase the flow of incoming light into the
cell (at least for the design wavelength). However, photons that are not absorbed
during their first pass through the cell and eventually reach the interface of the
ARC again because of a scattering event or reflection at a mirror at the backside,
are now efficiently coupled out of the solar cell. Thus, an ARC does not offer
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Figure 1.3 Light trapping concepts: (a) bare, planar slab of the absorber material, no light
trapping applied, (b) backside reflector, (c) pyramidal texture, (d) random scattering texture.
Sketched structures are not to scale.

any light trapping and additional or completely different concepts need to be
considered to accomplish sufficient optical light path enhancement.

1.3
Optical Path Enhancement in the Ray Optical Limit

Light trapping in commercially available c-Si solar cells utilizes approaches that
are based on ray optics. The most simple tool in this context would be a mirror at
the backside of the absorber, which leads to a doubling of the optical light path (see
Figure 1.3b); thus, the optical path enhancement is αopt = 2. A common approach
to achieve real light trapping is to change the propagation direction of the light
such that total internal reflection occurs (for a silicon–air interface, the critical
angle is θc ≈ 16∘). To achieve internal light trapping one has to move from planar
surfaces to textured surfaces.
The frontside of commercial c-Si based solar cells are textured by alkaline or

acidic chemical wet-etching [3, 4]. For example, anisotropic alkaline wet-etching
of monocrystalline material (the <100> orientation is preferentially etched)
results in randomly arranged pyramidal structures with feature sizes in the
≈ 10μm range. Using lithographic steps for inverted pyramids are also possible.
In these structures light reflected from the surface gets a second chance to enter
the absorber because of the tilted surfaces of the pyramids thereby leading to less
reflection back into the upper halfspace (see Figure 1.3c). Additional ARCs may
further decrease the reflection of the textured surface. Since the frontside is not
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planar anymore, light will be coupled into the silicon obliquely, not only leading to
some optical path length enhancement, but also enabling total internal reflection
for light rays coming back to the frontside.Thus, true optical path length enhance-
ment is achieved. Today’s world record single-junction silicon solar cell, the PERL
cell [5] with a conversion efficiency of more than 24%, which uses pyramidal sur-
face structures, holds the current world record as the single-junction silicon solar
cell. In this case, inverted pyramids are arranged in a square lattice pattern (lattice
constant ≈ 20μm). To obtain high-efficiency c-Si solar cells with pyramidal front
side textures one has to carefully optimize the geometric parameters of the
pyramids to match the actual wafer thickness. Otherwise, light can be effectively
coupled out of the cell because a large fraction of back-reflected light hits the pyra-
midal facets perpendicularly [3]. In solar cells based on materials that do not offer
an easy way to obtain pyramidal structures , for example, thin GaAs membranes,
texturing may be introduced in additional layers such as structured coatings [6].

1.4
Scattering Structures for Optical Path Enhancement

A very effective light trapping concept is the full randomization of the propaga-
tion directions of the incident sunlight after hitting the first absorber interface. A
Lambertian scatterer at the front surface of the absorber material offers the high-
est degree of randomization [7]. In this case, the incoming light is scattered into
propagation directions with a cosine distribution. The optically thicker medium,
which is usually the absorber material, offers a larger phase space for light to be
filled than does the adjacent medium (e.g., air). Thus, light will be preferably scat-
tered into the absorber instead of out of it leading to a high confinement of light
inside the desired volume. Additionally, an ideal Lambertian scatterer operates
independently of the angle of incidence. This scenario was first elaborated by Eli
Yablonovitch in 1982 [7]. He found the upper limit of light path enhancement for
random scattering textures to be αopt = 4n2, where n is the refractive index of the
solar cell. For this limit, nowadays commonly referred to as the Yablonovitch or
Lambertian limit, illumination from the frontside, a Lambertian front side texture
and a perfect mirror at the backside are assumed (Figure 1.3d). Yablonovitch’s the-
ory applies in the limit of vanishing absorption, but has been generalized to apply
for arbitrary absorption by Green [8]. For example, for a solar cell made of silicon
αopt ≈ 50 is theoretically possible.
A particularly interesting example of a material class that exhibits strong dif-

fuse scattering close to the Lambertian case is black silicon (b-Si) [9–11]. Black Si
surface textures consist of densely packed needle-like peaks and pits of irregular
shape and high aspect ratios (see Figure 1.4(a)). Black silicon can be prepared by
severalmethods such asmetal-assisted wet-chemical etching, inductively coupled
reactive ion etching (ICP-RIE), or short-pulse laser irradiation [11–15]. Another
important advantage of b-Si over conventional pyramidal textures is the compar-
atively large feature sizes of the latter. Application of pyramidal textures will fail
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Figure 1.4 (a) SEM cross section of a typical
b-Si sample fabricated by ICP-RIE. (b) Experi-
mental absorption spectra of a b-Si structure
(green line). For comparison the measured
absorption spectra of a polished Si wafer

(solid blue) as well as theoretical spec-
tra of a perfect ARC (dashed black) and
a perfect ARC with Lambertian scattering
(Yablonovitch limit, solid black) are also plot-
ted (adapted from Ref. [14]).

when the wafer thickness comes to values below 50μm. For such thin wafers, b-Si
is a suitable alternative.
A typical experimentally measured absorption spectrum of b-Si prepared by

ICP-RIE is plotted in Figure 1.4(b) next to the spectrum of a bare c-Si wafer
and calculated spectra of a wafer for which an ideal ARC but no light trapping
is assumed, and the Yablonovitch limit, that is, with maximum light trapping.
The b-Si sample reveals an almost complete suppression of the reflectivity over
a broad spectral range making it far more effective than conventional ARCs.
In the spectral region of the band gap of silicon, b-Si clearly outperforms a
theoretical perfect ARC, which has to be attributed to its excellent light trapping
properties. The absorption in the spectral region of the bandgap is very close to
the Yablonovitch limit (see also Figure 1.10). The extraordinary antireflection and
light trapping features of b-Si may be explained by an intuitive picture: On the
one hand, the top of the texture consists of frayed tips of deep sub-wavelength
dimensions that broaden slowly toward the wafer. Therefore, the surface can be
treated as an effective medium with a smooth varying refractive index resulting
in negligible back reflection, even for quasi-omnidirectional light incidence
[16, 17]. On the other hand, the feature sizes at the bottom of the structure
are in the range of a few hundred nanometers, that is, have dimensions of the
wavelength of the incoming light.Thus, the bottom parts of the texture act as very
effective light scatterers resulting in efficient randomization which is a condition
for Lambertian light trapping. This makes black silicon an ideal candidate for
photovoltaic applications, especially for ultrathin devices with a thickness below
50μm.
Solar cell prototypesmade of b-Si have already been demonstratedwith efficien-

cies of up to 18.7% [11, 13, 18–21]. However, due to its strongly enlarged surface
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area and defect density, b-Si exhibits rather poor electronic surface quality, that
is, high electronic recombination losses and degradation effects, which strongly
affect solar cell device performance especially at short wavelengths [22, 23]. Nev-
ertheless, it has been shown recently that an appropriate passivation of the b-Si
surface by a conformally deposited Al2O3 layer can effectively compensate for
these effects [14].
A thorough review on b-Si for photovoltaics will be given in Chapter 5 [24].This

section has also not covered scattering structures for thin-film photovoltaics such
as amorphous and microcrystalline solar cells. These are treated in Chapter 4.

1.5
Resonant Structures for Optical Path Enhancement

Taking the simple planar slab model of the solar cell as introduced in Figure 1.3a,
themaximumoptical path enhancement is obviously attainedwhen the impinging
light is redirected to propagate parallel to the boundaries. In the case of normal
light incidence this would mean a directional change of 90∘.
Structures that are able to accomplish such a rather large redirection of the opti-

cal path are diffractive elements, such as gratings. A possible light path involving a
diffraction grating in a solar cell may be described as sketched in Figure 1.5. Sun-
light enters the absorber material of the cell. A reflection grating placed at the
backside of the cell diffracts the light into at least one diffraction order m other
than the 0th order as long as the grating constant is larger than the considered
wavelength of light (for normal incidence). The amount of light energy going into
a specific diffraction order is given by the diffraction efficiency, which crucially
depends on the precise geometry of the actual grating [25]. Only light of a partic-
ular wavelength 𝜆g will be diffracted into a grazing angle as demanded, that is, into
a direction parallel to the boundaries (also known as Rayleigh anomaly [26]). For
𝜆 < 𝜆g the diffracted light travels back to the front surface but with a much larger
angle of incidence compared to light that would have been reflected by a simple

θ1

θ2 θ2

Figure 1.5 Possible light path inside a solar
cell with a backside grating. After enter-
ing the cell the light is diffracted by a grat-
ing at the backside of the cell. Due to the
shallow angle of the diffraction order total

internal reflection is possible. Upon the sec-
ond diffraction the light is possibly diffracted
into the direction of the former 0th diffrac-
tion order and leaves the cell (adapted from
Ref. [27]).
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backside mirror. Thus, total internal reflection at the front side is enabled. Here-
after, the light is redirected back onto the grating structure and is diffracted again.
Because of the reciprocity theorem the light nowmay be either diffracted into the
direction of the former 0th diffraction order and thus eventually leave the cell, or
it may be diffracted into a diffraction order which is again trapped in the cell by
total internal reflection. Again, the redistribution ratios of the light energy into the
different diffraction orders are determined by the precise diffraction efficiencies.
Also, because of the different angle of incidence onto the grating in the second
pass through the cell, additional diffraction channels may be possible, which may
lead to further light trapping by total internal reflection.
For amore detailed analysis instead of considering perfectly collimated light the

divergence angle of the sunlightΘS = 4.7mrad, or the even more realistic angular
divergence of the circumsolar radiationΘC = 44mrad,must not be ignored.Then,
the conservation of étendue has to be taken into account. Assuming that light rays
impinging on the grating structure perpendicularly will experience a change of
propagation direction of 90∘ and that every other ray, which has a slightly oblique
incidence due to the angular divergence, follows the conservation of étendue, the
maximum optical path length enhancement is found to be

αopt ≈
2nΘ

1 − cosΘ
(1.1)

for Θ << 1 as derived in Ref. [27]. In case of silicon, this gives an enhancement
factor of αopt = 2980 and αopt = 318 considering ΘS and ΘC, respectively. Strictly
speaking, these results hold for rotational symmetry of the problem and unity
diffraction efficiency for all wavelengths and angles of incidence only. Thus, this
approach constitutes a theoretical upper limit for any diffraction-based structure
and emphasizes the high potential to effectively trap light. To obtain realistic
characteristics of grating structures integrated into solar cells, rigorous numerical
calculations that take the wave nature of light fully into account, such as the
finite-difference time-domain method [28], have to be conducted.
On the downside it has to be noted that the spectral width of diffractive elements

might be too narrow for certain applications.This especially accounts for 2D grat-
ings. Therefore, more complex 2D gratings have been suggested that exhibit a
broader spectral response, but these structures suffer from lower maximum path
enhancements [29]. Since diffraction-based light trapping concepts rely on the
coupling of light intomodes that are bound to the absorbermaterial by total inter-
nal reflection, the ultimate lower limit for the absorber film thickness is dictated
by the monomodal regime. An approach suggested by Yu et al. [29] to circumvent
this situation is to decouple the active layer from the light-guiding layer.
Several concepts are discussed in the literature to realize resonant structures for

light trapping including dielectric structures [30–32] as well asmetallic structures
such asmetallic gratings andmetal nanoparticle arrays, which additionally exploit
plasmonic effects [33, 34]. Early works were performed by Morf and coworkers
[31] who applied binary gratings to the backside of a solar cell. In particular, blazed
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gratings are of interest since they exhibit enhanced diffraction efficiencies for cer-
tain diffraction orders in comparison to symmetric gratings. Morf and cowork-
ers report path length enhancements of about αopt ≈ 5 in these structures. The
enhancement factor was determined by the change in reflectance which is a rather
imprecise measure. An improved determination of the enhancement factor is to
measure the spectrally resolved external quantum efficiency (EQE) enhancement

αEQE(𝜆) =
EQEw(𝜆)
EQEw∕o(𝜆)

, (1.2)

where the subscripts w and w/o indicate the EQE with and without the enhanc-
ing structure, respectively. It should be noted that in the limit of low absorption
αEQE = αopt holds. The first work using αEQE(𝜆) as a measure was conducted by
Zaidi et al. [35]. They found an enhancement factor of αEQE(𝜆) = 2.7 for a rect-
angular grating at the backside of a c-Si solar cell in the spectral region of low
absorption at the band gap. Measurements on amorphous silicon–based solar
cells revealed similar results [36]. Kimerling and coworkers investigated the com-
bination of a grating and a dielectric Bragg mirror at the backside [37, 38]. They
obtained αEQE(𝜆) = 7 and αEQE(𝜆) = 135 for a wavelength of 𝜆 = 1100 nm and
𝜆 = 1200 nm, respectively.
A systematic theoretical comparison of gratings, the combination of gratings

with distributed Bragg reflectors (DBR), and 3D photonic crystals was conducted
by the group of Joannopoulos [32]. 3D photonic crystal structures combine the
properties of a grating (diffraction) and amirror (reflection) and hencemay reveal
a similar or possibly higher potential. Joannopoulos et al. found that the efficiency
of a 2 μm silicon solar cell can be increased by 25% by adding an optimized 1D
grating to a DBR, 31.3% by a 2D grating instead of a 1D grating, and 26.3% by
replacing the DBR with 2D photonic crystal. Using a 3D photonic crystal instead
of any of these structures resulted in a slightly better enhancement of 26.5%.
Experiments using 3D photonic crystals on the backside of a silicon solar cell

have been carried out very rarely. For example, in [39] it was found, that the
short circuit current of a thin (1.5 μm) crystalline solar cell could be enhanced by
10% with a 3D photonic crystal on the backside in comparison to a reference cell
without the crystal. The challenge is not only to create high-quality 3D photonic
crystals such as inverted opals with a photonic band gap in the spectral range of
the band gap of silicon, but also to transfer them to and integrate them into the
solar cell.
Up to now the achieved optical path enhancements are still far from the limit

given by the conservation of étendue (up to αopt = 2980 for silicon). Therefore,
there is still a lot of room for more research on gratings and photonic crystals for
light trapping in solar cells. A thorough review on the theory and technological
realization of diffractive grating structures are given in Chapter 3.
An application field of photonic crystals that emerged during the recent years is

that of integral photonmanagement.Here, the absorber itself is structured as a 1D,
2D, or 3Dphotonic crystal which is very different from the approaches given above
that leave the absorber material unaffected. This gives way to the exploitation of
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effects not considered before for light trapping, for example, slow light phenomena
to increase the interaction durationwith the absorbermaterial, manipulating light
propagation at particular frequency ranges and into certain propagation direc-
tions [40–42].This may shed new light on the well-known properties of photonic
crystals.

1.6
Ultra-Light Trapping

As pointed out in the previous section, the sunlight illuminates the solar cell with
a very small divergence ΘS; the circumsolar radiation divergence ΘC is just a little
bit larger. At the same time light is able to escape from the cell into the entire half-
space above the cell, that is, the angular escape cone is Θe = 2π. The difference of
the small cone of incidence and the large escape cone constitutes an avoidable loss
mechanism. Because of light path reversibility the acceptance cone and the escape
cone are essentially equal. Therefore, shrinking the acceptance cone to match the
angular divergence of the incoming irradiation from the sun would also lead to a
restriction of the escape cone to a much smaller value. A concept to narrow down
the acceptance/escape cone is the use of angular-selective reflectance filters and
implementation of a photonic light trap [27, 43].
Figure 1.6 sketches the working principle of this approach. Sunlight passes thr-

ough an angular selective filter that features high transmittance for an acceptance
conematched to the angular divergence of the sun light and low transmittance but
high reflectance for all other angles of incidence.Then, the light enters the absorb-
ing region of the solar cell that is equipped with a scattering light trapping mech-
anism at the frontside. While part of the isotropically scattered light is trapped by
total internal reflection, the residual light escapes from the active region into the
space above to hit the angular selective filter again. Only light that is scattered into
the small acceptance range of the filter is able to leave the system. All other light
is reflected back into the active region of the cell. Because of the small acceptance
range of the filter a tracking system which follows the course of the sun is nec-
essary. In combination with this tracking system this concept is called ultra-light
trapping.

Selective
filter

Lambertian scattering
surface texture

Θ

Θ

t = 1
Eth

t = 0

Figure 1.6 Schematic representation of the ultra-light trapping concept. Inset: Spectral
range of an ideal angular selective filter (adapted from Ref. [43]).
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In an ideal case, the angular-selective filter has unity transmittance for an angle
of incidence smaller than the desired acceptance cone and unity reflectance for
larger angles. Placed above a solar cell with a Lambertian-scatterering frontside
and a perfect mirror at the backside, the maximal possible path length enhance-
ment of this system is given by Goetzberger [44], Minano [45]

αopt =
4n2

sin2Θ
. (1.3)

Inserting ΘC results in a very large factor of optical path length enhancement
of αopt ≈ 26 × 103 for silicon; inserting ΘS even leads to αopt ≈ 2 × 106. The
same values are derived for approaches involving concentration optics fol-
lowing the conservation of étendue. Additionally, for ultra-light trapping also
the Shockley–Queisser limit for concentrating systems holds [46]. Ultra-light
trapping and light concentration share a deep analogy to each other. This analogy
is based on the fact that both concepts change the angular range of the acceptance
cone. While the ultra-light trapping concept narrows down the acceptance cone
to match the angular divergence of the sunlight, concentration systems work
vice versa, that is, the angular divergence of the sunlight is enlarged to match the
acceptance cone of the cell [47].
Until now, no experimental realization of ultra-light trapping has been con-

ducted successfully to increase the efficiency of a solar cell. This is due to the fact
that very few filters exist that exhibit the desired characteristics. Nevertheless,
promising attempts have been conducted by Höhn et al. [48]. A comprehensive
overview on the effects of different angular selective structures on silicon solar
cells has been given by Ulbrich et al. [43, 49] and is also described in Chapter 7 of
this book.
In addition to ideal filters, manufacturable rugate stacks and 3D photonic crys-

tals were investigated in their work [43]. Rugate stacks show suppressed ripple
formation in their optical spectra and no harmonic reflections as compared to
Bragg stacks [50]. Iso-frequency surfaces for a frequency in the spectral region of
the band gap of silicon are plotted in Figure 1.7(a) and (b) for a rugate filter and
an inverted opal in Γ−X direction, respectively. Readers who are not familiar with
this kind of plot may note that kx,ky, and kz give the direction of the light imping-
ing on the structure whereas the surface basically stands for available photonic
states, that is, light of directions that are part of the surface will be able to enter
the structure, otherwise it will be reflected. The acceptance cone of the rugate
filter is given by the second photonic band (Figure 1.7(a)). The photonic density
of states vanishes for increasing angles because the stop gap shifts to higher fre-
quencies; thus, light impinging from outside the acceptance cone is reflected.This
holds true until for even higher angles the lower edge of the stop gap reaches the
frequency that is being plotted, that is, light is transmitted by the first band and
more importantly light can escape from the device into these directions. For the
3D photonic crystal the inverted opal structure was chosen due to its well-known
properties. On first sight it seems feasible to use the inverted opal in the Γ − L
direction with the stop gap pointing to the sun and using the spectral shift of the
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Figure 1.7 3D isofrequency surfaces of a
rugate filter (a) and an inverted opal in Γ − X
direction (b). (c): Calculated quantum effi-
ciency for an inverted opal grown in Γ − X
direction on top of a silicon solar cell. For

photon energies above the photonic stop
gap unity transmission is assumed. (d): Same
as (c) but with realistic transmission proper-
ties (adapted from Ref. [43]).

stop gap similar to themechanism of the rugate filter [51]. But it turns out that the
use of the inverted opal in Γ − L direction results in unwanted strong reflections
from higher-order stop gaps. Using the inverted opal in Γ − X direction enables to
assign the stop gap itself for ultra-light trapping instead of the spectral shift of the
stop gap. Figure 1.7(b) shows that the inverted opal in Γ − X direction does not
match its acceptance cone to that of the angular divergence of the sun as tight as
the rugate filter, but it apparently reflects a larger fraction of the hemisphere back.
Assuming perfect transmission of the entire solar spectrum through an inverted

opal in Γ − X direction the calculated spectrally resolved quantum efficiency
for a thin-film silicon solar cell is shown in Figure 1.7(c) [43]. Near the band gap
of amorphous silicon the effect of the ultra-light trapping is visible. However,
when the realistic transmission of the inverted opal is included, the efficiency
of the device is clearly decreased for higher photon energies (see Figure 1.7(d)).
Anyhow, the ultra-light trapping effect close to the band gap is still visible. This
behavior originates from strong parasitic back-reflections caused by higher-order
flat photonic bands. However, it is still possible that other 3D photonic crystal
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structures are more suitable for this application, for example, graded index ones.
Up to now, 1D periodic structures such as rugate filters are found to have the
highest potential [43].

1.7
Energy-Selective Structures as Intermediate Reflectors for Optical Path Enhancement in
Tandem Solar Cells

The concepts described in the previous sections all aim toward maximizing the
number of photons inside the absorbing region of the solar cell and thus primar-
ily apply to single-junction solar cells. In these kind of cells every photon with an
energy Eγ ≥ Eg absorbed by the absorber material with the band gap Eg initially
generates an electron–hole pair of the energy Eγ, but the difference of the two
energies, Eγ − Eg, is transferred as heat due to thermalization on a very short time
scale (≈ 10−12 s) [52]. Therefore, only Eg per absorbed photon is available. By the
use of multiple layers of different Eg thermalization losses can be reduced. In this
complex solar cell approach light trapping is needed, too, but now an additional
task must be complied: Depending on their quantum energy the photons have
to be distributed to the according layer. Furthermore, in case of stack-cell designs
another important aspect has to be included. Stacked cells aremulti-junction cells
in which the active layers are electrically connected in series. Thus, the electrical
current delivered by the structure is limited by the layer that generates the low-
est current. Therefore, current-matching is necessary for optimum efficiency. To
achieve current-matching the photon flux between the different layers has to be
steered such that the generated currents are balanced.
Multi-junction cells achieve efficiencies above the single-junction limit [52, 53],

while thin-film solar cells currently offer the best cost-effectiveness but at rather
low efficiency.Themicromorph tandem solar cell has the potential to combine the
advantages of both cell concepts [54]. Amicromorph tandem solar cell consists of
a microcrystalline silicon (μc-Si) bottom cell of a few micrometer thickness and
a hydrogenated amorphous silicon (a-Si:H) top cell of a thickness < 0.3μm (see
Figure 1.8). Ideally, the top cell (Eg ≈ 1.7 eV) absorbs the high-energy photons
while the low-energy photons are transmitted to the bottom cell (Eg ≈ 1.1 eV). In
the real world, the combined efficiency of these two layers suffers from the differ-
ence in absorbed photon flux between a-Si:H and μc-Si under AM1.5 irradiation.
This leads to the above-mentioned electrical current mismatch between the two
layers, which is one of the major limitations to this solar cell design.
To balance the currents and to operate the tandem solar cell at its maximum

power point, intermediate reflective layers (IRLs) have been suggested [55].These
would be placed between the a-Si:H top cell and the μc-Si:H bottom cell. To tai-
lor the photon distribution as desired, IRLs have to comply with the following
criteria: High reflectance in the spectral region of low absorption of the top cell,
high transmission in the spectral region of negligible absorption of the top cell,
and high conductivity to avoid ohmic losses. In literature, three types of dielectric
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Figure 1.8 Schematic diagram of a state-of-the-art micromorph tandem solar cell without
an intermediate reflector.

IRLs are predominantly discussed [56, 57].The first type of IRL is a simple dielec-
tric thin film that works similarly to planar interference-based ARCs as described
above. They achieve a theoretical spectrally integrated absorption enhancement
of ηjSC,𝑡ℎ𝑒𝑜 = 7% which originates from doubling of the optical path length in the
top cell [56]. The second type of IRLs are conductive Bragg reflectors, that is,
is a multi-layer system that consists of two alternating conductive thin films of
different refractive index. It is also based on interference but may achieve better
reflectance properties than one layer only. Amaximal theoretical enhancement of
ηjSC,𝑡ℎ𝑒𝑜 = 20% is expected [56]. 3D photonic crystal IRLs (3D-IRL) are a new class
of IRL. They combine reflective and diffractive properties in a single functional
layer, that is, in addition to an energy-selective redistribution an angular-selective
redistribution of light is possible, which facilitates additional light-trappingmech-
anisms such as total internal reflection for optical path enhancement. It was shown
theoretically by Bielawny et al. that 3D-IRLs can enhance the spectrally enhanced
absorption by ηjSC,𝑡ℎ𝑒𝑜 = 28% [56].
In experimental realizations of IRLs in the micromorph tandem cell ZnO or

SiOx thin-films have been successfully integrated [58–60]. However, since thin-
film solar cells are commonly applied to textured substrates any advanced IRL
concept, Bragg or 3D photonic crystal based, needs to be compatible with tex-
tured substrates [61].Themaximum theoretical absorption enhancements ηjSC ,𝑡ℎ𝑒𝑜
given above are all restricted to flat substrates. Nevertheless, it was shown by Fahr
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Figure 1.9 (a) Cross-sectional SEM image
of the micromorph tandem cell with a 3D-
photonic crystal IRL. The frontside of the cell
is at the bottom. (b) Measured EQE of the
micromorph tandem cell with and without
a 3D-photonic crystal intermediate reflector

(IRL) (red: top cell, blue:bottom cell). (c) Spec-
trally resolved enhancement of the EQE
(αEQE) of the a-Si:H top cell for a thin-film IRL
(purple and for the 3D photonic crystal IRL
(orange) (taken from Ref. [63]).

et al. that the given trend is still valid for textured substrates [62]. A 3D-IRL on a
textured substrate fully integrated into a micromorph tandem cell has been suc-
cessfully realized by Üpping et al. [63]. Figure. 1.9 (a) shows a cross-sectional SEM
image of a micromorph tandem solar cell including the 3D-IRL. Experimentally
obtained EQE measurements of the a-Si:H top cell (red) and the μc-Si:H bottom
cell (blue) in a tandem solar cell with (solid) and without (dashed) a 3D photonic
crystal IRL are presented in Figure 1.9 (b). In the wavelength range of 500–800 nm
the inverted opal clearly enhances the EQEof the top cell while reducing that of the
bottom cell due to the redistribution of the photon flux. The short circuit current
density of this top cell is jSC = 9.4 mA cm−2 without IRL and jSC = 11.7 mA cm−2

with the inverted opal IRL.This corresponds to an enhancement of ηjSC = 24.5 %
which is in very good agreement with previously published numerical calcula-
tions [56]. Further simulations reveal that the maximum of the absorption of the
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inverted opal is around 650 nm (not shown), which is in excellent agreement with
the red shift in the absorption edge of the a-Si:H top cell (see Figure 1.9) [63].
A benchmark for the impact of the IRL is the enhancement ratio αEQE(𝜆) that

was introduced earlier. Note that αEQE also displays the optical path enhancement.
In Figure 1.9c experimentally determined values of αEQE(𝜆) for a thin-film-based
IRL (purple) and of our 3D photonic crystal IRL (orange) are plotted. αEQE(𝜆) of
the 3D photonic crystal IRL lies always above that of the thin-film IRL and has its
maximum at about 720 nm exhibiting αEQE = 3.6 which is a factor of 2.25 larger
than that of the thin-film-based IRL.

1.8
Comparison of the Concepts

The theoretical maximum path enhancements for solar (angular divergence
ΘS ≈ 4.7mrad) and circumsolar (angular divergence ΘC ≈ 44mrad) irradiation,
the spectral width, and the angular dependence of the light trapping concepts
introduced in this chapter are summarized in Table 1.1. Generally, the light path
enhancement αopt of advanced light trapping concepts is increased compared
to Yablonovitch-limited concepts but at the expense of spectral and/or angular
acceptance. Therefore, application of these concepts to photovoltaics is highly
dependent on the specific requirements and demands of the solar cell or the solar
module and the area of application.
In Figure 1.10 the theoretical upper limit of the EQE enhancement αEQE (= αopt)

is plotted as a function of the refractive index n of the absorber material for
circumsolar irradiation. It is clear from this figure that the advanced light trap-
ping concepts presented here possess a high potential for a large αEQE. Concepts
based on light randomization already virtually achieve the Yablonovitch-limit
experimentally, for example, by b-Si structures (see Figure 1.4(b)). The highest
enhancement reported in applying a resonant light trapping scheme has been
achieved by the Kimmerling group with αEQE = 135 (indicated by the red circle

Table 1.1 Overview of the different light trapping concepts for solar cells given in this
book.

Non-resonant Resonant Angular
selective

Energy-
selective

Max. path enhance-
ment (ΘS)

4n2 853n 181078n2 > 2n

Max. path enhance-
ment (ΘC)

4n2 91n 2067n2 > 2n

Spectral width Very broad Narrow Broad Broad
Angular dependence None Large Very Large Very small
Physical principle Lambert–Beer

law
Conservation
of étendue

Conservation
of étendue

Interference
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Figure 1.10 Theoretical upper limit of
the integrated EQE enhancement for the
Yablonovitch (blue), the resonant (red), and
the angular-selective (green) light trapping
concepts as a function of the refractive index

n of the absorber material for circumso-
lar irradiation (ΘC). The corresponding cir-
cles indicate the highest experimentally
achieved enhancement found in literature so
far [11, 38, 49].

in Figure 1.10) [38]. But still there is plenty of room to further investigate and
optimize resonant light path enhancement concepts. For the experimental
implementation of angular-selective structures, feasible concepts of integration
into a solar cell are still lacking. Nevertheless, angular-selective light trapping
structures hold the largest theoretical upper limit for enhancement and the first
promising results have been achieved [49].

1.9
Conclusion

During the past 15 years, concepts to enhance the optical path length in solar
cells have evolved significantly. This concerns theoretical understanding as well
as experimental realization. In particular, with black silicon the Yablonovitch limit
has been experimentally obtained for solar cells.More recent concepts such as res-
onant optical path enhancement have shown good progress in particular by the
integration of photonic crystal approaches.Themost demanding concept numer-
ically as well as experimentally is probably the ultra-light trapping concepts by
angular selective filters. Robust but also experimentally feasible concepts aremiss-
ing. Moreover, some new ideas such as the use of slow light have just emerged,
which might be of particular interest for 3D nanostructured solar cells.
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