Chapter 2

Nanostructures for Enhanced
Light-Trapping in Thin-Film
Silicon Solar Cells

2.1 Introduction

The demand for low-cost, high-efficiency solar cells along with the never-ending
promises of modern technology have caused an increase of research into photo-
voltaics, particularly into the control of light at the subwavelength scale. In fact, the
now well known Shockley and Queisser paper about the limiting efficiency of solar
cells [1] was a “sleeping beauty” for almost 40 years of slow reception [2].

Accordingly, a multiplicity of light-trapping concepts has been proposed with
the intent of enhancing the optical depth of thin-film absorbers; the more light-
trapping approaches are developed, the more marketable options will be explored,
with the more promising ones having an impact on thin-film solar cells: nanophotonis
therefore drives the vision of a new generation of photovoltaic devices.

Before I focus on the diffractive designs I pursued in my project, I will first give
a brief overview of the main techniques in Sect.2.2. I then analyse the model of
an ideal scattering structure in Sect. 2.3, called Lambertian texture, which led me to
introduce a figure-of-meritin Sect. 2.4, called the light-trapping efficiency (LTE), that
can purely assess the performance of a light-trapping technique itself — irrespective
of the material, fabrication method and technology used. Before I apply the LTE
to state-of-the-art proposals to identify the most promising strategies, I will review
the important milestones of light-trapping for photovoltaics in Sect.2.5 and finally
conclude with some specific remarks regarding future trends in Sect. 2.6.

2.2 The Main Light-Trapping Approaches

2.2.1 Non-diffractive Techniques

Maximizing the surface-to-volume ratio is the most intuitive way of enhancing the
probability of photon absorption. Silicon nanowires are examples for such light-
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trapping strategies, where the electronic transport properties may additionally benefit
from a radial junction, as illustrated in Fig.2.1. Solar cell devices with conversion
efficiencies of around 12 % were reported for a nanowire junction geometry [5, 6]
whereas the use of nanowires as an anti-reflection texture for 300 pm thick substrates
enabled device efficiencies of 18 % [3, 7].

However, too many research challenges still need to be addressed, before a com-
mercial product based on nanowires can be introduced: mainly, the stability of the
junction formation and the effective surface passivation, but also practical issues,
such as the rapid scaling and the integration of nanowires into modules, need to be
better understood and further improved.

Another method for enhancing the photon absorption takes advantage of the plas-
monic resonance of metal nanoparticles. Metal nanoparticles can exhibit a very high
polarizability at the resonance wavelength, and efficiently scatter the incident light
into the thin-film. Here, the particle dimensions are a key parameter for the tuning
of the resonance condition.

Solar cells with plasmonic scatterers have attracted a lot of attention [8], but
the proposed effect turned out to be very sensitive to the material parameters. While
enhancements of up to 30 % in the power conversion efficiency were reported for plas-
monic thin-film silicon solar cells, the absolute power conversion efficiency remained
below 10 % [9-13].

One of the issues I study later (see Sect.4.3) is the dissipative loss of such plas-
monic structures; therefore, if the plasmonic scatterers were replaced by dielectric
structures, the dissipative optical losses could be greatly reduced.

In fact, dielectric Mie resonators were recently proposed by Spinelli et al. [14].
The authors could demonstrate almost perfect impedance matching from the ultra-
violet to the near-infrared spectral range using Si nanopillar arrays, i.e. less than 3 %
reflectivity was obtained over the entire spectral range 450-900nm by 150 nm long
nanowires with a 0.5 wm array pitch and 60 nm thick Si3N, overlay coating.

To characterize the wavelength dependent scattering efficiency Qj.,, the scattering
Cross section o, is usually normalized to the geometrical area of the structure o gep,.
For dielectric Mie resonators, scattering efficiencies Qgcq = 05ca/ T geom up to 10 have
been demonstrated so far [14].
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In addition, it has also been demonstrated that Mie-resonators could even be placed
on top of an already completely finished thin-film solar cell for enhancing its power
conversion efficiency [15].

Thin and transparent dielectric coatings are a further and well-known anti-
reflective technique. Commonly used materials are SiO,, Si3Ny, and some conductive
oxides like SnO;, ZnO or tin-doped indium oxide (ITO) to name but a few [18]. Since

the Fresnel-reflection )
R = (u) 2.1)
ny + no

strongly depends on the refractive index contrast of two bordering media with refrac-
tiveindices n; ann,, anintermediate ‘buffer’ layer can be used to reduce the reflection.
For example, if a coating with refractive index nagr = /n1 - n2 is chosen a quarter
wavelength thick \/4nag, the incident and reflected waves will largely cancel each
other out by destructive interference. Anti-reflective coatings can thus be understood
as optical-impedance matching layers at the interface between two bordering mate-
rials, e.g. air/semiconductor.

Ideally, the refractive index would vary continuously in the transition region from
air to silicon, because one single coating can not meet the requirement for a broadband
anti-reflective quality. Such an inhomogeneous refractive index profile is approxi-
mated by multiple coatings, increasing the refractive index stepwise. A triple layer
system of ZnS/MgF,/Si0,, for example, has shown to reduce the silicon reflectance
down to 2 % in the wavelength range from 440 to 960nm [19].

However, the fabrication of such multilayer coatings is often too expensive for
most commercial solar cells. In addition, the anti-reflection effect is very sensitive to
the layer’s thickness as well as to the angle of the incident light. For oblique incident
light, the performance of thin film coatings can indeed dramatically change.

2.2.2 Refractive Approaches

A varying refractive index at the interface of two bordering materials may be mim-
icked by a surface texture. The eye of a moth, for example, is inherently covered
with sub-wavelength cone-shaped structures, helping moths to evade detection by
predators and maximizing light capture for vision.

For wavelengths much larger than the typical feature sizes, the effect can be under-
stood by a breakdown of the texture into multiple layers; the aspect-ratio thereby cor-
responds to the transition region from air to silicon. Approximately, and in analogy to
anti-reflection multi-layer coatings, such textures can be described as a medium with
an effective index stepwise increasing from air to silicon, as illustrated in Fig.2.2a.

On the other hand, textures with dimensions of a few tens of micrometer can also
reduce the external reflection of sunlight. If the wavelengths are much smaller than
the structural feature sizes, radiation will generally bounce onto the textured surface
multiple times (rather than out to the surrounding air), as illustrated in Fig. 2.2b.
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Fig. 2.2 a If the typical feature sizes are smaller than the incident wavelength, light will see the
texture as an inhomogeneous medium with an effective refractive index gradually increasing from
air to silicon. In analogy to a multi-layer anti-reflection coating, this effect reduces the reflection
dramatically. b If the typical feature sizes are larger than the incident wavelength, light will usually
undergo multiple reflections on the textured surface, which in turn increases its probability of
entering the absorber material. Since light is also refracted at the air-silicon interface, the path length
through the absorber slab will be longer compared to the flat surface situation. ¢ Large square-based
random pyramids often form the surface of an appropriately textured crystalline silicon solar cell
[21], exploiting both anti-reflective and refractive effects in order to enhance sunlight absorption

In addition, light changes its propagation direction when entering a different mate-
rial, since the speed of light depends on the medium. The effect is called refraction
(from the Latin word ‘refringere’) following the fact that an object partly in one
medium and partly in another medium appears to be broken, e.g. a stick that is partly
submersed in the water.

Refraction at surface textures therefore appears as a natural choice for enhancing
the properties of a solar cell, because it affords the redirection of sunlight into the
absorber layer without incurring additional losses. The surface of most commer-
cial crystalline silicon solar cells are indeed textured with anti-reflective/refractive
pyramids similar to those shown in Fig.2.2c.

In conclusion, refractive textures in combination with sub-wavelength features
(as those shown in Fig.2.3) may enable efficient light-trapping action over a broad
spectral and angular range.

On the basis of this idea, Han et al. recently outlined an economical way for
suppressing the surface reflection of a polished silicon wafer from 30 to 3 % between
400 and 900 nm wavelength [21], as illustrated in Fig.2.3.

2.2.3 Diffractive Approaches

Light is redirected when it bounces off a barrier (reflection) or goes from one medium
to another (refraction). However, light may also change its propagation direction as it
passes through an opening or around an obstacle in its path. Since the incident light
thereby breaks up into different directions, the phenomenon is called diffraction
(from the Latin word ‘diffringere’). Consequently, light can be diffracted at a surface
texture, if its ridges and growths are understood as the openings and obstacles.
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Fig. 2.3 A periodic refractive microstructures in combination with moth-eye sub-wavelength tex-
tures can provide excellent anti-reflection properties according to B. Blisi [22] (left image) and
S. Han et al. [21] (right image)

Augustin-Jean Fresnel [23] was first able to explain diffraction as the resulting
interference pattern of waves that were formed behind openings or obstacles. The
superposition of all diffracted waves is commonly known as the diffraction pattern;
mathematically, it is derived from a Fourier-transform of the diffracting structure.

In order to exploit diffractive effects, the typical structural sizes A need to be
similar to the incident wavelength A as illustrated in Fig.2.4.

For example, radiowaves can bend around mountains in contrast to microwave
(mobile phone) signals. Bat’s echo calls are rather reflected than diffracted from their

(a) (b) (c)

Fig. 2.4 The drawings illustrate three possible interactions for wavefronts of light — coming from
a distant source — with the opening of a barrier. a If the wavelength is much smaller than the slit
width, light propagation can be approximated by geometrical ray optics. b If the wavelength is of
similar size than the slit width, light will interfere and form a diffraction pattern behind the slit. The
wavefronts of the constructive interfering waves are indicated as small bars. ¢ If the wavelength is
much larger than the slit width, the slit is considered as a source of a new propagating wave behind
the slit
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prey (A < A), whereas an object would be impossible to resolve when it is smaller
than the wavelength with which it is observed (A > A).

If the degree of diffraction depends on the relationship between A\ and A, white
sunlight can split into its colours when it interacts with a diffractive structure.

Ideally, a diffractive structure on the surface of a silicon solar cell would deflect the
longer wavelengths into the plane of the silicon absorber, because those wavelenghts
require absorption lengths often beyond the absorber thickness.

If the silicon slab is further embedded in a low-index material, like air, diffracted
light may also be totally internally reflected back at the cladding. In this case, light
is trapped in the plane of the silicon absorber layer — the key goal that light trapping
tries to achieve. A thin-film silicon solar cell with a light-trapping nanostructure then
behaves similarly to a waveguide and the nanostructure can be understood as the
coupling interface for sunlight.

2.2.3.1 The Grating Equation

Since diffraction results in a change in direction, the incident photon needs to
exchange momentum with the grating. The energy and momentum of the incident
photon must thereby be conserved, while — in analogy to the crystal lattice momen-
tum in a solid— the transfer of a grating momentum G is restricted to integer multiples
m of G, which is directed parallel to the grating’s surface:

2
k-sinfy, + m-G = k-sinf, with G = == 2.2)
a

Here, a is the spatial period of the grating structure and 6;, and 6,, are the incident
angle and diffraction angle of the mth-order, respectively, as illustrated in Fig.2.5.
The angles are defined as positive when measured counter-clockwise.

If X stands for the free-space wavelength of light, k = 27/ for the wave-number
and n; and n, are the wavelength dependent refractive indices of the incident and
the propagating medium, respectively, rearranging the grating-equation explicitly
highlights the dispersive character of a grating, because 6, directly depends on the
incident wavelength \:

ni(A) -sinf;, + m- i = ny()\) -sinb,. (2.3)
a

The grating-equation in this form would suggest to reconcile diffraction as an exten-
sion of Snell’s refraction law, which is reproduced for m = 0 in Eq.2.3. This idea
was indeed recently discussed by S. Larouche and D. Smith [24], who were able to
establish a formal equivalence between generalized refraction and blazed diffraction
gratings.
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Fig. 2.5 Diffraction of an incident plane wave with wavelength A and wave-number k = 27/ at
a structured interface layer between a medium with refractive index n; and medium with refrac-
tive index ny. While k remains conserved during the interaction, diffraction requires a transfer of
momentum with the grating structure. The periodicity of the grating, however, restricts the momen-
tum transfer to integer multiples m of 27 /a and to directions within the periodic corrugations a.
The important correlation between the momentum of a wave and the periodicity of a system is often
explained as Bloch-theorem in solid state physics textbooks [25] and photonic crystal books [26].
The higher diffraction orders are thus the result of a stronger interaction with the periodic structure

2.2.3.2 Discussion

By assuming normal incidence 6;, = 0, solving the grating equation for the highest

diffraction order 4

m for 9m = 7T/2 (24)

and for the diffraction angle 6,, where the bijection arcsin(sinx) =x can be
applied on x = 6,,, because 8,, is in the interval (—7/2, +7/2) for transmission

into medium 75,
A/na(N) )

a/m

0, = arcsin( (2.5)

allows to draw the following two conclusions: although the number of diffraction
orders m(\) scales with the grating period a (see Eq.2.4), the diffraction angle ,,(\)
drops for wavelengths A\* = \/n, smaller than a (see Eq.2.5). Therefore, the more
diffraction orders exist, the more light is diffracted into smaller angles.

In addition, each order only contains a small fraction of the total intensity, when the
energy is spread over a continuum of diffraction orders. On the other hand, choosing
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periods equal to a few wavelengths \* will result in more intensive, but only a few
diffraction orders.

Since the lower diffraction orders tend to be more intense, a promising strategy for
enhancing the absorption of light aims to shift the energy from the lower to the higher
orders, as these are more likely to be totally (internally) reflected at the cladding of a
silicon slab. No optical losses would result, because the energy is only redistributed
amongst the diffraction orders.

In effect, this strategy strongly relies on the ability to control the phase of interfer-
ing waves. Changing the duty cycle is one example of how the absence of a diffraction
order can be achieved. For example, if the ridges are half (or a third) of the grating’s
period, the second (or third) order will be suppressed by destructive interference.

While diffractive effects are only of minor importance in commercial solar cells
today, nanophotonic structures are expected to enter the market soon. According
to J. Harris (Stanford University), advisory board member from Solexel, nanodome
patterns or truncated pyramids (U.S. Patent No. 8853521) are now used in commercial
40 pm thin-film silicon solar cells in order to obtain broadband and wide angle anti-
reflection action. Solexel already announced the introduction of very lightweight and
cheap solar modules for this year — with module efficiencies above 20 %.

2.3 The Lambertian Scatterer

In order to assess a light-trapping structure, the performance of a given design has to
be benchmarked against a theoretical limit. In this section, I will analyze the model
of an ideal scattering structure, called Lambertian texture, which led me to introduce
the figure-of-merit described in Sect.2.4.2.

Light is reflected or refracted (or both) at a non-structured interface, whereas a
structured interface may additionally scatter the radiation into higher angular direc-
tions.

The concept of “haze” is one possible way to assess the benefits of a structured
surface, because the haze value quantifies the percentage of non-refracted light. The
more light is scattered, the higher the haze value would be. Consequently, more
light experiences a longer path through the absorber as opposed to the situation of
a non-structured interface (for which the haze value is zero). Achieving high haze
over a broad range of wavelengths is therefore a desirable objective for enhancing
the absorption of a thin silicon slab.

However, if the path lengths of scattered and refracted light do not differ by much,
a high haze value may not necessarily translate into a higher absorption. Therefore,
haze alone is not a sufficient requirement for characterising an effective light trapping
structure.

A better parameter is path length enhancement: the greater the scattering angle 6,
the longer the path £ through the absorber. I can then define the scattering efficiency
in terms of the path length enhancement £/d with d representing the slab thickness:
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Fig. 2.6 If a scatterer radiates isotropically into a material, the light would be transmitted equally
in all directions with a lobe in the shape of a hemisphere. The angular intensity distribution (AID)
thereby obeyes Lambert’s cosine law [28], whereas the energy will in average flow into the scattering
angle 9 = arccos M

of the the incident light, c.f. Fig.2.9 on p. 26

) = £60° (indicated by the orange scattered rays) independently

£ =d/cosf =d-sech. (2.6)

The question of the maximum path length enhancement in a weakly absorbing slab
was analyzed by E. Yablonovitch and G. Cody [27], who assumed the scattering layer
to be isotropically radiating; such textures are called Lambertian, because their angu-
lar intensity distribution (AID) obeys Lambert’s cosine law [28], see Fig.2.6. The
Lambertian Scatterer represents the perfect diffuser in the ray-optics approximation,
with the radiated energy being understood to flow in straight lines.

The light path is defined in the framework of geometric optics. If the wavelength
A* becomes comparable to both the absorber thickness and typical feature size of the
surface A, near-field phenomena will modify the diffracted waves. The Frauenhofer
distance dy = 2A?/\* is a parameter often used for distinguishing the near and far-
field zones from each other. Since the thickness of silicon solar cells always exceeds
dr ~2pm and \* ~ A for sunlight, the path length enhancement remains a good
parameter for characterizing the scattering efficiency of a surface structure.

In the following, I will derive the absorption and the maximum path length
enhancement by a Lambertian Scatterer in a different way compared to Yablonovitch
and Cody, because the authors had focused only on the weak absorption regime. My
derivation is based on the rarely cited idea of J. Gee [29], who had already proposed
a very intuitive description of light-trapping in 1988. I generalize Gee’s concept to
the problem sketched in Fig.2.7.



20 2 Nanostructures for Enhanced Light-Trapping in Thin-Film Silicon Solar Cells

Rext {I_Rexr)'rsp'Rb T!'”_Rﬂ (1_Rext)'-'rsp'RbTr'R]Tr'RbTr'(l_Rf) ngr =zr
medium ny
% : No Scatterer
e
T \\\ medium n;
Tep i T S

L 1.‘3\ / i)
/Rb Lambertian Scatterer
medium nz
{I_Rextl'?;p'“-Rb} I’I-Rexf)'-rsp'RbTr'RfTr‘{I_Rb) TtOI =2x

Fig. 2.7 Randomization of light at the scattering layer will allow us to neglect coherent effects,
because a fixed phase relationship does not occur between ditfusely-scattered, back-reflected and
randomized light waves. The propagation of an averaged light ray in a lossy waveguide can then
be described by the external reflection Ry, the internal effective reflectances R, and Ry and the
attenuated transmission 7, with respect to the single-pass traversal Ty,. The total reflection Ry,
into medium 7 and total transmission 7y, into medium »n3 are therefore determined by the optical
depth of the medium with refractive index 7y, the optical losses at the cladding layers and by the
angle-averaged scattering efficiency

2.3.1 Absorption Enhancement by a Lambertian
Backscatterer

When the Lambertian scattering layer is situated on the rear side of a slab (as in
Fig.2.7), the calculation of the photon absorption is complicated by three issues:

1. before light arrives at the scatterer, some light may already have been reflected at
the surface or absorbed during the first traversal through the slab,

2. for greater scattering angles 6, less light will fall into the escape cone, defined by
the critical angle 6, of total internal reflection,

3. the angular intensity distribution (AID) follows Lambert’s cosine law only if the
slab becomes transparent.

I can cover the first issue by truncating the incident spectrum on the Lambertian
texture, considering the external reflection air/Si and the absorption of the first tra-
versal through the slab, as shown in Fig.2.7.

By calculating the angle-averaged (internal) Fresnel reflection Ry () at the front
interface, assuming rotational symmetry, I can effectively address the second point:

Ri()\) = ! / Ry(\, 0) 71 - d2 2.7)

™
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The more light is back-scattered from the surface normal 7 into the differential solid
angle d Q of a hemisphere, the higher the effective front reflection will be. The
normalization factor 1/7 is required by energy conservation, e.g. consider the case
of an angular-independent reflectance Ry (0) = const.:

-

Ri(\) = %/Rf()\,ﬂ)i?dﬁ — M/w |dQ| cos b

RO\ 2w /2
= ﬁ/d(p/cosﬂsinecw
Y
0

0
/2

Rr(\) - / 2 sinf cosO)dd = RN - [sin? 0]7° = R (V).
0

For a material with an high refractive index and small escape cone

1 -

m/2 m/2
= /Rf()\, 0) (2 sinf cosf) -db = /Rf()\, 0) sin(20) - d6
0 0
w/2 O
= /Rf()\, 0) sin(260) - df + /Rf()\, 0) sin(20) - db
——
0, =1 0
0
= 1— (sinf,)* + /Rf()\, 0) sin(20) - db, (2.8)
0

the last term may be negligible. For total internal reflection, sin 6. in Eq.2.8 can be
further replaced by the ratio of the refractive indices of the interfacing materials,
according to Snell’s refraction law Eq.2.3 (for m = 0).

The third point is easily violated in the presence of coherent effects (resonances),
yet it is quite reasonable to assume incoherent scattering for a perfect diffuser. This
assumption allows me to proceed with a statistical ray optics approach, where the
light-paths are completely randomized and the phase information lost.

As most backscattered light rays will differ in their path through the slab of
thickness d, sometimes authors have used the angle-averaged path length £ = d -
sec 6 for the calculation of the randomized transmission T,

sec

To(a,0) = ef = (T,)°", (2.9)
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where « stands for the wavelength-dependent absorption coefficient and T, for
the transmission of a non-randomized single pass traversal through the slab. In the
literature, the exponential factor a = sec @ is also known as the Lambertionality
factor [30]. However, when I properly take into account that the radiance of each
propagating light ray is reduced by a factor of e~%se¢?

/2
T,(ad) = / e 45l §in(20) - do (2.10)
0

and set Eq.2.9 equal to Eq.2.10, I can express 6 as a function of the absorption
coefficient:

/2
T,(ad) — /e—ad-se(}9 Sln(29)d9 ; (Tsp)sece
0

InT,,

= cosf > 0 since ‘é! < 90°
InT,

—a(N)d

/2
ln( [ emaNdsect 5in(26) ~d9)
0

= 0(a()),d) = arccos (2.11)

Since the scattering angle 6 indicates the average flow direction of energy from the
scatterer into the absorber slab as illustrated in Fig. 2.6, 0 depends on the absorber’s
material properties and thus can not be defined a priori to calculate the transmitted
intensity via Eq.2.9, i.e. T, = 6.

For example, if all the incident energy were scattered into an angle 6, the angular
intensity distribution (AID) of the Lambertian Scatterer would be replaced by a small
lobe. The statistical nature of the Lambertian model will then be misinterpreted,
because a Lambertian Scatterer spreads the incident light into a full hemisphere.

The graph in Fig.2.8 now demonstrates that the average scattering angle of a
Lambertian diffuser drops in the presence of absorption for shorter wavelengths; this
drop is not due to imperfect randomization of the incident light by the scatterer, but
due to the loss of isotropy of the scattered radiation due to absorption, which equally
leads to a deviation from Lambert’s cosine law.

In conclusion, the radiance of a Lambertian Scatterer becomes anisotropic in
absorbing media, such that it would be misleading to assume the average-scattering
angle 0 or the average path length £ as independent of the material properties. From
the point of view of scattering, a structure then should not be optimized for a thin
absorber layer or for the weak absorption regime only, but for optical depths greater
than 0.01 dB.
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Fig.2.8 The average scattering angle § specifies the average direction of the radiated energy flowing
into a medium with refractive index n and thickness d. The angular intensity distribution (AID) of a
Lambertian diffuser, however, can deviate from the cosine law in presence of absorption o # 0. The
radiance then looses its isotropic character, because the energy flow is less attenuated for rays that
are scattered into smaller angles. In Sect. 1.3.1, I defined the optical depth of 0.01 dB as the medium’s
threshold value for transparency. A Lambertian Scatterer thus will scatter Lambertianly only, when
the optical depth falls below 0.01 dB, i.e. when the product of v and d is smaller than 0.003 — which
stands in contrast to a wavelength independent scattering angle 9()() or the constant Lambertionality
factor a()() = sec = const. by Battaglia et al. [30]. Please note that the Yablonovitch and Cody
treatment assumes a constant angle of 60°, so especially for strongly absorbing media, this angle
may be very different form the effective angle shown here

2.3.1.1 The Lambertian Limit

In the following I will derive the total absorption of a slab with a Lambertian Scatterer
at the back or front side. Since the outlined derivation is based on the multiple
reflections at the cladding layers, the only required quantities to know are (a) the
optical depth of the absorber slab and (b) the refractive index contrast between the
absorber and the incident or substrate medium. I will first calculate the absorption
caused by the randomization of the light-paths through the slab, i.e. 7}, and afterwards
account for the multipass nature of trapped light. The integral in Eq.2.10 is evaluated
with the help of the exponential integral

oo

I(r) = /e; - du,

T
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the substitution u(f) = 7/ cos # and two integrations by parts:

o0
/2 —u
T.(r=ad) = / e 7/06in(20) - d = 272-/63 - du
0 u

e — 712 (e_T - F(T))
T

=e (1 =1+ 72-T(1), (2.12)

and does only depend on the optical depth 7 = ad, which is the product of the
wavelength dependent absorption coefficient  and the physical thickness of the slab
d. Finally, the total absorption A, of a slab with Lambertian back-scatterer can now
be calculated by adding all reflected and transmitted light paths together like it was
illustrated in Fig.2.7:

Asor = 1= Reor — Tor

o0
I - (R + D (1= Rew) - Ty RyTy - (Re T, RyT)™ - (1 = Rf))

m=0

- ( Z(] - R({\)‘) : T\'p : (R/T) RbTr)m . (] - Rb))

m=0
(l - R({\ ) ° T\'}
= (1 = Rew) — W [RoTr - (1= Rp) + (1 = Ry)]
y r
(1 — Rext) 2
= R [(1=RR/T2) = Ty RITH(1 = Ry) = Ty(1 = Ry)]
1 — Rey
= ﬁ [(1=Tgy) + A =T -RpTyp + (Tep — T) - RoR¢ T, . (2.13)

R, stands for the probability that an incident photon is reflected by the slab, whereas
Ty, > T, is the transmitted fraction after the first direct traversal. The prefactor (recir-
culation factor) takes into account the attenuation of the average light ray due to the
multiple upward and downward reflections at the cladding layers. The specular case is
reproduced for 7, = Tj,, i.e. when the single pass absorption (1 — 7,) is enhanced
by the product of R, and T,. If the Lambertian Scatterer is designed to work in
transmission, T, must be replaced by 7, which maximizes the total absorption Ay,.
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The effective backreflection R, is 100 % only for a lossless reflecting surface and
may otherwise be analogously defined to Ry in Eq.2.7:

Ry(\) = %/R;,()\, 0)7i - dS. (2.14)

The more light is back-scattered from the surface normal 7 into the differential solid
angle dQ of a hemisphere, the higher the effective back reflection R, will be. A
black substrate, for example, would reflect almost no incident radiation (R, = 0)
back into the absorber layer; a silver mirror is instead highly reflective (R, > 95 %)
for wavelengths above 800 nm, yet highly absorptive (R, < 90 %) for wavelengths
below 500 nm.

Since Egs.2.14 and 2.7 allow us to calculate R;, and Ry for arbitrary substrate
and incident media, respectively, Eq.2.13 can be used to calculate the absorption
enhancement by a Lambertian Scatterer on the bottom or top (with Ty, = T,) of
absorber layers.

2.3.2 The Maximum Absorption Enhancement

The multipass nature of the Lambertian model is highlighted by the absorption
enhancement due to the randomization of the path lengths. Dividing Eq.2.13 by the
absorption of a direct traversal 1 — T, allows to quantify the enhanced absorption:

A 1—R 1 —T; 1-T,
tot _ ext . sp + r 'RhTsp+
1 - Txp 1- Rbe Tr 1 - Tsp 1 - Tsp
Ty ~T,
———— | - RpR(T,
+ ( 11— Tw ) bINf r]

_ 1= Reu 1+ -7 Ry Ty + =T ) rerT,
- l—RbeTr2 1-Tsp b 1—Tsp P

1 — Rext |:
= Tt [ 4 RT —1 ~RRT]. 2.15
l—RbeTrz + 7 hsp+(77 ) bINf Ly ( )

Since T, < Ty, (see Eq.2.12), the enhancement factor describing randomisation
alone, which can be expressed as

(_d)_l—T,_1+ T
A I—er

: [e*T _r. r(r)], (2.16)

is at best equal to 2 for weakly absorbed light (7 — 0), while it is unity for strongly
absorbed light (7 — 00), since the limit of the function 7 - I'(7) is zero for both
cases. The 4n> absorption enhancement limit derived in Ref. [27] can then simply
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be reproduced in first order approximation for R,y =0, Ry = land Ry ~ 1 — 1 /n?,
with n being the refractive index of the medium:

Aw . 1-0

— 2 P 2_
l_TSPN1_(1_1/”2).[1+2.1+1.(1 /] =4 —1. (217

The theoretical maximum absorption enhancement is reduced by the first direct
traversal, because the 4n” limit corresponds to a Lambertian front-scatterer with 7,
replacing T, in Eq.2.13.

In reference to Eq. 1.1, I see light-trapping as the ability to increase the intensity
by 2 n? and the optical depth 7 = ad of a medium by two on average, at best:

2-n*)-@2-7) =4n’ od. (2.18)

Since the photon absorption is proportional to the incident photon flux, i.e. to the
product of the photon density o n° and the group velocity o c/n, the enhancement
of n? is due to the medium effect (brightness theorem).

The n? enhancement rests on the assumption of an equilibrium between the inci-
dent black-body illumination and the internal isotropic radiation field. For a perfect
mirror at the backside of the thin-film, the enhancement factor is further increased
by a factor of 2, because the incident light intensity is virtually doubled. Scattering
thus aims to maximize the optical depth 7.

For a Lambertian scatterer, the average path length ¢ through a slab is exactly
twice the slab thickness:

/2
1-T, ~ - = /(ad~sec€)~sin(29) df = a-Q2d) (2.19)
0

as long as ad < 0.01 dB. Consequently, light is mostly scattered into the angle § =
60° in this weak absorptive regime, as illustrated in Fig.2.9.

If a scatterer is able to achieve £ = 2d even in presence of absorption, it would
outperform the Lambertian case, whereas a scatterer with £ > 2d will beat the 4n>
limit. Curiously, authors sometimes assume a Lambertian texture, but then consider
all path lengths to be enhanced by 4n?,

__ d _ °
0= arccos 55 = 60

Fig. 2.9 1If light is scattered into the angle 6 and traverses the absorber layer as it were twice as
thick, the scattering angle will be 6 = 60°
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4n? . ad

~ l—{—4n—2ad forad < 0.01 dB, (220)

which does misrepresent the physical picture. The comparison may still be ade-
quate, as effectively the analogy was made between a textured slab and a 4n? times
thicker unstructured absorber layer. However, A,,,, in Eq. 2.20 will overestimate A,,,
in Eq.2.13 for ad > 0.01 dB, i.e. when the angular intensity distribution (AID) falls
below Lambert’s cosine law.

2.3.2.1 Over the Limits

If interference effects violate the ray approximation, it becomes difficult to define an
optical path length. The efficiency of a photonic structure must then be reformulated
as its ability to enhance the optical depth of a thin film [31].

Assuming a silicon slab can be understood as an optical waveguide, Yu et al. [32]
explain why the 47 limit remains valid over a large spectral bandwidth.

The authors first compare the available number of propagating waveguide modes
in each wavelength interval with the ability of a scatterer to couple sunlight in or
out of these modes. The integrated absorption thereby serves as a figure of merit in
this comparison, because a strong coupling is generally seen as incompatible with
a large bandwidth. The outcome of the comparison then shows that the number of
available modes directly scales with the absorber thickness, whereas the correlated
coupling strengths are only subject to the design of the surface structure. There-
fore, the maximum integrated absorption enhancement becomes independent of the
absorber thickness when compared to the single-pass absorption.

Secondly, the authors demonstrate how a strong spectral dependency of periodic
structures allows to achieve enhancement factors above 4n” in limited wavelength
ranges. However, reducing the operating bandwidth does not maximize the integrated
absorption, because the absorption would drop in other spectral regions.

Finally, Yu et al. also highlight the effect of a strong angular dependency. If
®;, is the limiting angle of incidence with respect to the normal to the surface, the
coupling strength is proven to scale with 1/ sin> @;,. Absorption enhancement factors
can therefore be as high as 4n”/ sin? ®;,, when the surface structure is designed to
address only a selected range of incident angles. In fact, the 4n® limit was derived
on the assumption of an acceptance cone covering the full hemisphere (®;, = 90°),
as mentioned in Fig.2.6.

In conclusion, since efficient solar cell operation requires a broad angular and
spectral response to sunlight, the 4n? absorption enhancement remains the limiting
case for stationary solar cells. Higher enhancement factors may be possible in a
limited wavelength range, but also reduce the total integrated absorption.

Peters [33] was recently able to derive the same conclusion than Yu et al., yet his
study only based on the conditions of how light is incident onto and escapes from an
isotropic absorber. Therefore, the 4n> absorption enhancement factor is not a specific
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fundamental limit for diffractive light-trapping structures, but applies independently
of the scattering mechanism.

2.4 Assessment of Light-Trapping

Many research proposals show large absorption enhancement factors or claim to
have achieved the 4n” limit. However, the assessment of the light-trapping technique
itself turns out to be difficult, because proposals often differ from each other either
in the design or in the operating spectral and angular range.

In the end, I may get guidance from simulations of which geometries or fea-
tures are desirable and from measurements indicating real performances. A quan-
titative assessment is further complicated by the vast diversity of methods used,
which include anti-reflection and in-coupling concepts, 1D and 2D back-scatterers,
embedded metal nanoparticles, photonic crystals and random or periodic diffractive
structures on one or one both sides of the absorber layer. Since all of these methods
are applied to different materials and layer thicknesses, it seems difficult to define a
figure-of-merit that can purely assess the performance of a light-trapping technique
— irrespective of the material, fabrication method and technology used.

2.4.1 How to Assess Light-Trapping Structures for Solar
Cells ?

Light-trapping is commonly assessed by the absorption enhancement compared to a
flat silicon slab, so a common figure-of-merit is the ratio of the absorption A, of a
structured slab to the absorption A.¢ of an unstructured reference slab:

= M (2.21)
f Aref ()\) -dA

Since the enhancement factor F is maximal in the weak-absorption regime, i.e. when
the optical depth is in the order of some centi-dBs, many studies cited enhancements
factor only for this regime. However, light-trapping for photovoltaic applications
aims to increase the absorption over the full wavelength range of the solar spectrum,
i.e. from 300 nm up to the wavelength bandgap A, of the absorber material, so such
high enhancement factors have little practical utility.

Instead, the quantity directly related to the integrated total absorption is the gen-
erated electrical current of a solar cell. If there was no voltage drop, the short-circuit
current J,. would be the largest current which may be drawn from a solar cell. There-
fore, light-trapping might be assessed in terms of the J;. enhancement compared to
a non-structured reference:
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Amax
f Amax()\) d)(/\) -dA
F* = Jmax __ 300nm 222
= 7 =5 . (2.22)
T AV @) - dA

300 nm

Here, @ is the photon flux of the standard reference spectrum AM1.5G, which is the
solar spectrum most articles refer to.

However, the figure-of-merit F* would not distinguish between the causes of the
current enhancement, because a higher enhancement factor F* could be achieved by
a different anti-reflection coating or by a difference in absorber material quality.

In order to eliminate the material quality dependence, proposals have been bench-
marked against the material dependent Lambertian enhancement factor Jy; /Jr:

F* J}nax
= Tmax. (2.23)
Jrn/Jre Jir

which expresses the performance of the proposed structure J,,,,, against the theoretical
achievement J;; of a Lambertian texture. Therefore, the G factor quantifies the
electrical current in percentages of an ideal Lambertian texture.

For a few common photovoltaic materials, Bozzola et al. [31] reported the ideal
short-circuit current J,,; achieved with an unstructured slab against the theoretical
maximum short-circuit current J;; achieved by a Lambertian texture as a function of
the absorber thickness (exemplary shown in Fig. 2.10 for silicon). Their study graphi-
cally illustrates not only how the G factor depends on the absorber thickness, but also
why the G factor rather impedes the assessment of light-trapping. For example, even
anon-structured solar cell yields a G > 0 or can approach G = 1, because the current
generated by only a double pass traversal of light can be as high as 40 mA/cm? in a
100 wm thick silicon absorber layer, i.e. G = 40/45 = 0.9 according to Fig.2.10.

Basch et al. [34] were the first to propose a thickness and material independent
figure-of-merit that tried to isolate the light-trapping effect as much as possible. They
suggested to compare the current gain by a proposed texture J,,,x — J,s against the
theoretical gain by a Lambertian texture J;; — Jyr:

Jmax - Jre G -J - Jre
G = 7 = L el (2.24)
JLL - -,ref -]LL - -Iref

If subtracting the current J,,r of a non-structured solar cell from the current J,,,, of a
structured solar cell removes the contribution provided by anti-reflection, G* would
only quantify the benefits of the light-trapping technique.

However, the theoretical model of a Lambertian texture assumes a scattering
layer of zero thickness. The anti-reflection effect of a Lambertian texture can thus
take any arbitrary value. While ideal anti-reflection properties are generally assumed
for the calculation of J;;, practically, anti-reflection coatings will hardly cover the
full solar spectrum. Therefore, if the denominator in Eq.2.24 underestimates the
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Fig. 2.10 In contemporary solar cell research, the figure of merit is often identified with the
improvement in the short-circuit current. In the figure above, the short-circuit current density Jg.
for crystalline silicon is expressed as a function of the absorber layer thickness (assuming the AM
1.5 global solar spectrum). The Jyp and J,,;, graphs correspond to currents generated by a double
pass traversal of light in the absorber layer with (blue solid) and without (black dotted) perfect
anti-reflection coating, respectively. The J;; refers to devices textured with an ideal Lambertian
scatterer and perfect anti-reflection coating (red-dashed line). All devices have a perfect mirror
on the back. Please note that the red and the blue curves will converge for thicknesses greater
than 10* wm due to the indirect nature of silicon’s bandgap. For example, while the global solar
irradiance is still more than 25 % of its peak value at 1280 nm wavelength, a 1,000 jum thick silicon
absorber does only absorb 20 % of it by a double pass traversal of light, whereas a ten times thicker
layer can already absorb 90 % of it

anti-reflection properties of the reference cell, the G* factor will always remain
smaller than 1. In order to achieve a G* = 1, the proposed structure will need to
either provide additional anti-reflection action apart from Lambertian light-trapping
or it needs to outperform the performance of a Lambertian texture — the meaning of
G* then remains ambiguous.

Pratesi et al. [35] defined a similar G* factor, but only suggested to replace J;,
in the denominator of Eq.2.24 with the fotal incident photon-flux of the sun J,,
(expressed as an electrical current). This substitution would therefore not change
any conclusions of the previous discussion regarding the format of the figure-of-
merit, as the denominator will still not properly take the anti-reflection properties
into account. In fact, the proposed figure-of-merit rather highlights the impossibility
to achieve a G* = 1, because the current J,,,, of a structured solar cell would now
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need to absorb all incident photons from sun, whereas semiconductors are transparent
to photons whose energies lie below their bandgap.

2.4.2 The Light-Trapping-Efficiency (LTE)

I proposed to replace Js in the denominator of Eq.2.24 by the short-circuit current
Jup of an ideal reference device.

Jmax - ]ref
LTE = —r — 7 (2.25)

Juw — Jup’

Since J;;, and Jy;p assume perfect anti-reflection at the illuminated surface on the front
and perfect reflection at an ideal metal mirror on the back of the absorber layer, the
current gain Ji;, — Jyp purely reflects the light-trapping capability of a Lambertian
texture. Therefore, the LTE separates the anti-reflection action from light-trapping,
because it compares the real gain by structuring (nominator) to the hypothetical gain
of ideal devices (denominator).

The format also follows the efficiency 7). of a Carnot heat-engine, which compares
the amount of entropy-free energy delivered to a load (nominator) against the ideal
case (denominator) with the removal of all thermal energy Q:

Qmax - Qr‘ef

60 (2.26)

Ne =

In order to maximize the efficiency of a Carnot-engine, the heat sink Q. in Eq.2.26
would need to suspend all thermal motions and interactions. Correspondingly, in
order to take advantage of light-trapping, J,,; would need to be as close as possible
to Jyp in Eq.2.25. Starting from a good reference device is thus as important as
making a good light-trapping structure; otherwise, using a different anti-reflection
coating layer could become more beneficial than light-trapping.

The format of the LTE, however, seems to allow a higher figure-of-merit with
the degree of worsening the reference device J,.¢. Viewed optically, J,.; will always
consist of a coating layer, which could just be the encapsulation layer for protecting
the solar cell from moisture, in addition to a back-reflector for enhancing the photon
flux in the absorber medium. It is true, that both techniques, in reality, do not work
over a broad bandwidth without any optical losses; anti-reflection coatings are not
100 % transmissive as mirrors are not 100 % reflective for all photonts. Therefore,
once the optimized coating and back-reflector were applied, the same coating and
mirror must also be applied to the structured solar cell device. Any reduction of J,.r
would then likewise affect J,,q¢, such that J,,q, — Jyr purely highlights the benefit of
the structuring approach.

Secondly, since the material properties of J,.s also determine Jyp and J; 1, the LTE
remains independent of the material properties and only assesses the light-trapping
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capability J,,.c. A LTE = 1 then means, that a structure achieved the same current
gain as a Lambertian scatterer — irrespective of the method or technique used.

2.4.2.1 The Effective Thickness

The absorption in Eq.2.13 was defined as a function of the total absorber layer
thickness, assuming the Lambertian scatterer to be of vanishing thickness. Therefore,
all calculated short-circuit currents shown in Fig.2.10 refer to the total thickness
of the silicon slab.

Since the absorption enhancement is also thickness dependent, I need to consider
what thickness value to use for a structured material. Should I use the maximum
thickness, i.e. the thickness between the bottom of the film and the peaks of the
structure, or should I use some effective thickness #. that represents the equivalent
volume of material?

The effective-thickness f.5, which is the average thickness of the material, is often
seen as a figure-of-merit for the greatest possible absorption achieved with the least
volume of material. The most promising literature proposals might then be those
with the smallest effective-thickness #.4.

However, the effective-material-thickness #,;4 should not be confused with the
effective-optical-thickness £ defined by Eq.2.9, which is the angle-averaged path
length through the absorber; it is 7,5 < € < 2t (see Eq.2.19).

The LTE in Eq.2.25 is defined for the total thickness #,,, of the absorber that
includes the scattering layer, as was shown in Fig.2.11. Therefore, the LTE does not
take the material consumption into account.

The effective material thickness seems to be a useful concept for comparing light
trapping structures in terms of their material budget, but the performance of a scatterer
depends not only on the volume of the absorber material V§; or on the geometry of
the structure. The volume of material in between the structures V,,, plays an equally
important role, as it determines the refractive index contrast and thus the scattering
efficiency. Since .5 always neglects the volume contribution of the complementary
material V,,, it consequently lowers the Lambertian limit of absorption:

lop = % < W = lors 2.27)
where A stands for the illuminated surface area of the active absorber. To illustrate,
if I was to construct an absorber layer of 1 wm thickness with narrow pillars of 4 pm
height, the effective thickness might only be 7,4 = 1.2 um, which makes for a very
favourable comparison. Instead, I believe that one should use #,,, = 5 uwm, as the
scattering layer adds 4 um to the absorber layer of 1 wm.

Ultimately, very narrow and high aspect-ratio structures, such as the long nano-
wires in Fig.2.12a, mainly aim to maximize the surface-to-volume ratio. The higher
the aspect-ratio, the larger the surface area and the more often a photon will interact
with the structure, even though it may already entered and left the absorber material
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scattering layer

tot

Fig. 2.11 The performance of a scatterer relies on the refractive index contrast and thus on the
materials between the structures. Therefore, the LTE is defined for the total thickness t,,; of the
absorber material that includes the scattering layer

Fig. 2.12 Long silicon nanowires (4 um long) and arrays of small nanopillars (150 nm high) have
both shown to yield excellent anti-reflective properties. While the high-aspect ratio of closely spaced
silicon nanowires (a) notably reduces the external back-reflection [16], dielectric Mie-scatterers (b)
are able to strongly enhance the coupling efficiency of incident light into the absorber layer [14].
The Mie resonance of metallic nanostructures may in principal be superior to dielectric scatterers,
given the high polarizability of localized plasmonic particles. In practice, however, the parasitic
losses tend to almost compensate the benefit of the plasmonic scatterers. Please note that the best
performing plasmonic structure in [17], here shown as image (c), looks quite similar to one of my
own best performing diffractive textures, here shown as image (d), which made me wondering about
the mechanism of the improved light trapping performance
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before — hence the higher its absorption probability for the same effective thickness
tey. The LTE, however, does not assess the interaction rate with the structure, but
aims to assess the longer dwell time a photon spends in the absorber material due fo
a light-trapping structure, correctly addressed by the total absorber thickness #,,.

2.5 State of the Art

Before I will apply the LTE of Eq.2.25 to literature proposals, a few important mile-
stones that paved the way for thin-film silicon solar cell technology are reviewed.
The survey in Sect.2.5.1 covers the important milestones that guided the advance-
ment in our technical understanding. The current state-of-the-art is summarized in
Sect.2.5.2. Finally, as I was indeed able to identify a few structures very close to a
light-trapping efficiency equal to LTE = 1, I will analyze their common aspects in
Sect.2.6.

2.5.1 Important Milestones

Even if the genesis of photovoltaics can be traced back to the observations by
E. Becquerel in 1839, progress in photovoltaics has been slow and has proceeded in
approximately half-century steps.

The discretization of light in 1900 by M. Planck is often referred to as the founda-
tion of quantum theory. The theory was not only able to explain why a metal plate can
eject electrons under the action even very low intensity light (photoelectric effect),
but also provided the framework for the realisation of the first silicon solar cell in
1946 by Ohl [36] and the point-contact transistor in 1947 by Shockley et al. [37].

In fact, the pioneering work by W. Shockley marked the invention of the pn-
junction diode and the first practical silicon solar cell shortly after. Although the
device was a milestone in the history of photovoltaics with a 6 % power conversion
efficiency, this success is only humbly reported in a very short letter by Chapin et al.
in 1954 [38]. The reason may have been that Texas Instruments was already in the
leverage position to manufacture silicon pn-junctions in volume [39], owing to G.
Teal’s technical achievement of silicon purification and crystal growth [40].

By the end of the 50s, silicon thus began to replace the industry’s preferred semi-
conductor material, germanium, yet it took another half-century for a silicon photo-
voltaic industry to emerge.

The oil crisis of the 70s kick-started interest in solar power for terrestrial use.
Competing with a large solar program in the USA, M.A. Green started the solar
laboratory at the University of New South Wales in 1974. His research team soon
became internationally recognized as one of the elite in the field; the group frequently
set new world-record efficiencies by improved electrical and optical designs. For
example, the first 20 % efficient cell was fabricated by the group in 1985 [41] and
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Fig. 2.13 The first 20 % efficient silicon solar cells present microgrooved surfaces [41]. The slats
of 5pm depth on a 10 wm pitch not only retain the refractive and anti-reflective advantages of
pyramidally textured surfaces, but also avoid electrical transport resistances for lateral current flow
to the collecting fingers. The finger metallization of the cell is further restricted to regions which
have not been grooved

was textured with a 1D periodic slanted surface as apparent from Fig.2.13, allowing
both improved light-in coupling at oblique angles and a reduced electrical transport
resistance.

The benefit of such anti-reflective v-shape textures were realized in the mid 70s
[42] and also assisted in the demonstration of 14—17 % efficient but 400 pm thick
silicon solar cells in 1977 [43].

I would describe the mid 80s as the foundation period for light-trapping in thin-
film solar cells, when E. Yablonovitch and G. Cody highlighted the importance of
random textures as a means to trap the light in the absorber slab [27]. The authors
also explained how light-trapping allows to increase the optical absorption of a semi-
conductor by 4n?, if n is the index of refraction. Shortly thereafter, Sheng et al. [44]
demonstrated that periodic textures can even exceed this limit in the weak absorption
region, as discussed in Sect.2.3.2.1.

Deckman et al. [45] were the first who experimentally demonstrated absorption
enhancement factors of up to 12. The same authors also showed that the achievements
were directly translated into 25 % higher short-circuit currents [46], though extremely
thick a-Si:H absorber layers around 1 um were used in both studies.

P. Campbell and M.A. Green then tried to determine the optical performance of
pyramidal textures with respect to anti-reflection and light-trapping action [47]. The
authors found the textures to yield high anti-reflection and refractive light-trapping,
when the square based pyramids were at the front and a flat mirror at the back.
The team later used such a texture to achieve a 24 % efficient silicon solar cell with
280 wm thickness [48].

The authors also recognized that the 4n? limit would only be achieved if the
previously mentioned 1D slanted surface texture in Fig. 2.13 was kept at the front and
the same pattern applied to the rear side of the absorber, yet perpendicularly aligned
with respect to the top one. For a silicon solar cell of about 100 wm thickness, such
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an arrangement would outperform pyramidal structures on both sides by 4 % relative
advantage in current generating according to their analysis [47].

At the end of the 80s, E. Yablonovitch provided further more background infor-
mation and insights into the properties of a radiation field in a semiconductor [49].
Yablonovitch particularly focused on the consequences of artificially modifying the
semiconductor with periodic structures. His paper about the “inhibited spontaneous
emission in solid-state physics and electronics” is now recognized as one of the most
important contributions to the field of photonics with more than 10,000 citations.

Contrary to intuition, he described light-trapping as the equivalence of restricting
the spontaneous emission — which is the reversible process of photon absorption —
into only those waveguide modes that are able to outcouple light from the material
slab. The efficient operation of a solar cell does indeed require the re-emission of most
absorbed photons back to the sun, because the electrical voltage increases with the
re-emission rate. However, while the internal emission would be lost, the externally
incident radiation becomes internally trapped, permitting the semiconductor slab to
be correspondingly thinner — at the same degree of absorption. Yablonovitch thus
interprets light-trapping and the reduction of semiconductor volume as a consequence
of restricting the spontaneous emission into only the essential waveguide modes.

The 90s are then characterized by the expanding market of silicon solar cells.
Germany and Japan are today seen as case studies for a government-driven PV
market, because the two governments had initiated subsidy programs in order to
spur adoption, e.g. they were the first to introduce feed-in tariffs (1990).

From the scientific perspective, the major focus was the development of new,
large-scale and low-cost manufacturing techniques [50]. Chou et al. introduced the
imprint lithography technique with 25nm resolution [51], for example, whereas
Gombert et al. [52] demonstrated moth-eye structures that were fabricateable on a
large-scale. Two long-lasting record cells were also made at this time.

The first record was made by the Japanese company Kaneka [53]. They realized a
device utilizing a natural surface texture for the absorption enhancement of a 2 pm
thick polycrystalline silicon layer by a rough back reflector (STAR). The STAR-
cell was not only 100 times thinner than the first practical silicon solar cell had
been [38], the 10.7 % efficiency was also almost twice as high as the original device
and demonstrated that thin crystalline cells can achieve sufficient photon absorption
by minute textured structures. The 90s may then also referred to as the decade of
preparation for thin-film PV technology.

The second outstanding solar cell device was the PERL cell made by Zhao et al.
[54] of Martin Green’s group at UNSW, who were able to improve their former result
by 2 % through reduced surface recombination losses. The use of a thin, thermally
grown SiO; layer of about 20nm thickness was found to effectively passivate the
surface defects and allowed to establish the new performance level of 24.4 % effi-
ciency in 1998. The device remained one of the top terrestrial silicon solar cells
until 2013 [55]. Since the researchers were motivated by the fact that one third of the
commercial PV products were based on large-grained multicrystalline silicon wafers
(due to the lower costs), in the same mentioned study, the authors also showed a 6 %
improvement in the efficiency of multicrystalline solar cells.
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metal finger honeycomb texturing

Fig. 2.14 a Schematic of a honeycomb surface texture for light-trapping. The texture could increase
the optical path length of weakly absorbed light at 1060nm wavelength by factors as high as 40
compared to a planar reference cell according to the authors [54]. However, such high enhancement
factors are clearly not possible, because of the increased absorption in the rear metal reflector due
to multiple light passes across the cell, which I will study later (Sect. 4.3) as one of the key issues of
metals. b The SEM images show the perspective view (left) and a plan view (right) of a fabricated
honeycomb surface structure on a large-grained polycrystalline silicon wafer. The spacing of the
hexagons is 14 wm. Since the texture resembles a reversed moth-eye pattern, the background picture
was inserted to highlight this similarity. The protuberances inside the combs — not present in the
honeycomb texture — are responsible for the excellent anti-reflection properties

For multicrystalline silicon, anisotropic alkaline etching results in pyramids with
completely random facets due to the uneven etch rates of the crystal planes [56]. The
reflectance then becomes similar to an untextured surface according to J. Hylton [57].
The preferred texturing method for multicrystalline cells is therefore a wet isotropic
acidic etching process [58].

Based on these observations, Zhao et al. [54] was able to texture the surface of a
260 pm thick multicrystalline wafer from Eurosolare with the honeycomb structure
shown in Fig.2.14, which enabled to obtain a 19.8 % power conversion efficiency.
The authors showed that the refractive light-trapping properties of the hexagonal
pattern were comparably effective to the inverted-pyramids used in monocrystalline
silicon solar cells, but less efficient in terms of their anti-reflection action.

At the same time as M.A. Green published the intrinsic material function for
crystalline silicon [59], Moharam [60], Whittaker [61] and co-authors outlined how
the performance of light-trapping structures can be accurately simulated. These three
papers provided the important groundwork for the emerging theoretical modelling
period of diffractive light-trapping structures.

I see Shah’s article in Science [62] both as the end of the long childhood of
photovoltaics and as the begin of a thin-film silicon solar cell technology, because
his review about the recent developments of photovoltaic solar modules concludes
with the suggestion that thin-film crystalline silicon is becoming the prime candidate
for future photovoltaics.

After the turn of the millenium, photovoltaics became a popular research subject,
which is reflected by the number of publications in Fig. 2.15 and by the citation history
of the paper from W. Shockley and H.J. Queisser [1]. According to W. Marx [2], the
analysis by Shockley and Queisser has remained unnoticed for about 50 years, before
the study literally attracted attention: the paper occupies the citation-rank number 12


http://dx.doi.org/10.1007/978-3-319-44278-5_4

38 2 Nanostructures for Enhanced Light-Trapping in Thin-Film Silicon Solar Cells

400_ 1 i 1 L 1 L 1 L L L 1 i 1 i 1 " 1 L L L 1 —8,000
350 7,000
300 B publications - 6,000
] citations I
c 250 -5,000
g 5
8 200 -4,000 5
5 ] L 8
& 150 L3000 ©
100 2,000
50 - - 1,000
Lo

1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014
Year

Fig. 2.15 Bibliographic analysis of publications (left) and citations (right) entered in the Web
of Science (Thomson Reuters) before the 21st of November 2014. I used the keywords “light”,
“trapping” and “solar” and restricted the research areas to physics and optics. The total number
of all publications is 2,000, whereas the number of all cited references is 38,000 in total. The
exponential increase of research interest runs parallel with the steep increase of the cumulative
PV capacity (not shown here). The silicon shortage between 2005 and 2008 could even have
stimulated and intensified the scientific interest for light-trapping. For example, in 2005 a new
article was published almost every week, while it ran up to one paper per day in 2012. Today,
novel concepts, new strategies and emerging technologies in the PV field — like building-integrated,
organic, dye-sensitized, plasmonic, CZTS, multi-junction, perovskite, HIT, flexible, hot-carrier,
photon conversion, graphene, pentacene, quantum-dot or nanowire solar cells — make it easy to lose
perspective

of all 11,723 physics papers entered in the Web of Science in 1961, and it attracted
half of all citations from solar cell or photovoltaic papers for a 1961 paper [2].

2.5.2 The State of the Art

Light-trapping by random scattering (see Fig.2.16) has since become the industrial
standard for thin-film silicon modules [63]. At the same time, many novel methods
for creating light scattering were introduced.

Metallic, dielectric 1D, 2D or 3D textures and photonic crystals were widely
studied for their suitability for solar cells. The design optimization generally con-
centrated on the optical properties at the front (light in-coupling) or at the rear side
(off-specular reflectance) of the thin-film absorber material. Structuring the back side
normally addresses the red part of the spectrum only, since the blue and the green
part of the visible spectrum are absorbed within the first few hundreds of nanome-
ters in silicon. Therefore, patterning the absorber layer from both-sides increases
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Fig. 2.16 Random surface textures increase the proportion of oblique scattered light into the
absorber. Geometric light-trapping structures can easily be obtained in monocrystalline [67] (top
left) or multicrystalline silicon [68] (top right) by chemical wet etching. Submicron light-trapping
structures can form during the deposition, e.g. Asahi-U (bottom left), or may be chemically etched,
e.g. into ZnO (bottom right) [69]

the degrees of freedom available to the designer, as anti-reflective (front side) and
diffractive functions (back side) can be combined [64-66].

However, the advantages of using the strong scattering ability of metallic back
reflectors are compromised by the substantial absorption losses in the metal itself. In
the weak absorption limit, i.e. when light trapping is most beneficial, the light will
interact even more often, so light-trapping, in fact, enhances parasitic absorption
effects further. Campa et al. [70], for example, have found an overall reduction in
the total reflectance of up to 40 % in comparison to a specular silver reflector.

Such optical losses may, in principle, be minimized when the metal is separated
from the silicon by a transparent oxide layer [71], as obliquely incident light will
likely be totally internally reflected at a silicon/dielectric interface. Conducting oxide
spacer layers between the metal and silicon absorber material indeed became a stan-
dard in state-of-the-art light-trapping designs. Thin conductive oxides thus can play
a significant role not only as transparent front electrode, but also in improving the
back reflection properties [72]. Alternatively, the metal mirror at the back can be
replaced with a distributed Bragg reflector [73, 74].
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In order to identify the most promising light-trapping strategies, I applied the LTE
defined in Eq.2.25 to numerous structures found in the literature.

While the majority of proposals are numerical simulations based on (intrinsic)
c-Si, experimental studies are often conducted on hydrogenated microcrystalline
silicon (u-Si:H) layers. Although the absorption coefficient of w-Si:H depends on
the defect density, crystalline/amorphous fraction and material morphology [75],
its optical characteristic bears more similarity to c-Si than to a-Si:H. The LTEs of
experimental structures for p-Si:H absorber layers were thus qualitatively assessed
with the optical constants of c-Si.

When the experimental reference was not provided for the total thickness, I
decided to use the ideal short-circuit current as the unstructured reference in order
to establish a minimum for the light trapping performance.

Unfortunately, designs based on amorphous silicon were excluded from the analy-
sis, because of the large variations found in the optical material properties: the mate-
rial absorption of hydrogenated amorphous silicon (a-Si:H) strongly depends on
the hydrogen concentration and on deposition-conditions, and these were often not
provided. For example, the optical band gap of a-Si:H substantially varies between
1.4eV [76] and 2eV [77]. Therefore, the literature analysis was applied to crystalline
silicon (c-Si) where well-known optical properties are available [59].

Figure2.17 summarizes the outcome of the assessed structures, while the corre-
sponding short-circuit currents are listed in Tables 2.1, 2.2 and 2.3. For the assessment
of the structures found in the literature, I applied the following four methods.

1. Absorption spectra. When only the numerical absorption spectra were shown
[74], T used the free software tool Plot Digitizer from sourceforge.net and the
standard global solar spectrum AM1.5G [78] in order to calculate the LTE of the
structure.

2. Optical constants. As theoretical studies mainly use the optical constants provided
by Green [59] or Palik [79], I tried to take this into account for the LTE. However,
if J,,r appeared too close to the current of a single-pass traversal, I recalculated
the reference with the same optical constants, e.g. [80].

3. Effective thickness. When authors compared their proposal to reference samples
with the effective thickness, e.g. [47], I recalculated the short-circuit currents Jyp
and Jyz, since in Eq.2.25 all currents are defined for the same (total) absorber
thickness. For the planar reference J,r, I decided to use the ideal short-circuit
current Jyp in order to establish a minimum for the light trapping performance.

4. Parasitic absorption. When authors compute the electrical current from absorp-
tion spectra, the charge-collection is generally assumed to be 100 %, i.e. every
photogenerated charge-carrier contributes to the short-circuit current. Since the
total absorption is decomposed into useful absorption in the silicon and para-
sitic absorption in other layers, the electrical current must refer to the sole active
absorption only. I therefore excluded studies where I suspected parasitic influ-
ences. My criterion was a too high absorption near the wavelength bandgap of
silicon.
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Fig. 2.17 The calculated light trapping efficiency (LTE) of light trapping structures realized or
proposed in c-Si found in the literature (see Eq.2.25). All pc-Si:H data points were assessed with
the optical constants of c-Si [59]. While the LTE is, in principle, independent of the absorber
thickness, the highest performing structures operate in the 1-5 um range, which may relate to the
fact that the benefit of light trapping is maximal in this thickness range. Notably, the solar cells with
the highest efficiency (e.g. the 370 um thick PERL cell) are not necessarily the best light trapping
structures, highlighting the difference between the LTE and the absolute efficiency. This difference
also highlights the importance of anti-reflection coatings, as already shown in Fig.2.10

For a 300 pm thick silicon wafer, the absorption at 1100 nm wavelength will be
greater than 7 % without back reflector and anti-reflection coating. For a 1 pm
thin silicon slab with 100 % anti-reflection coating and lossless mirror, it requires
a path length enhancement factor of 4n” to absorb almost 2% of the incident
light, if n = 3.54 refers to the refractive index at 1100 nm wavelength. However,
if the metal mirror were 99 % reflective, the parasitic loss may already sample to
1 —0.992") > 20 %, assuming the light is trapped by total internal reflection at
the front and the metal mirror at the back.

The review allows me to conclude that light trapping is now close to being a solved
problem, because several studies were able to achieve an LTE very close to the ideal
100 % performance. Naturally, demonstrating such high light-trapping efficiencies
in real working solar cells still remains a challenging task.

As the key function of light-trapping structures is to enhance the absorption effi-
ciency of a solar cell, it remains imperative to minimize the influence of the opti-
cal design on other process mechanisms that are involved in the conversion of the
absorbed solar energy into electricity. So far, I could identify only one experimental
structure approaching a LTE = 80 %, where nanotextures at the front and random
pyramids at the back were designed in respect to high performance in anti-reflection
and in light-trapping, respectively. The design also uses a silver mirror as back reflec-
tor, after a 100nm SiO, was thermally grown on both sides of the structured 20 pm
thick silicon absorber [72].
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Table 2.1 The LTE of numerical structures using c-Si; only the best proposals in each reference
were considered. The short-circuit currents are given in mA/cm—2

LTE Thickness | Jyax Jref Jir Jus References
(um)
0.96 2.7 339 23.2 36.2 25.0 [64]
0.93 1.0 29.1 15.0 335 18.3 [81]
0.92 2.7 35.7 36.6 25.0 [82]
0.84 20.0 37.3 31.3 41.1 34.0 [80]
0.81 2.8 34.6 36.8 253 [65]
0.71 4.0 32.0 24.8 37.6 27.6 [31]
0.71 86.7 42.0 433 38.8 [47]
0.68 04 21.8 10.3 29.6 12.5 [83]
0.67 2.0 29.4 21.0 35.7 23.0 [31]
0.64 0.5 21.5 12.0 28.7 13.8 [31]
0.59 1.0 254 16.5 333 18.3 [31]
0.56 1.2 27.6 19.4 34.1 19.4 [84]
0.51 40.0 36.4 33.7 423 37.0 [85]
0.47 52 33.6 384 29.2 [84]
0.47 0.3 16.4 8.3 27.2 9.9 [31]
0.47 1.0 24.2 17.1 335 18.3 [86]
0.46 0.3 20.1 30.2 114 [87]
0.46 346.7 43.0 44.5 41.7 [47]
0.42 10.2 35.7 39.9 32.6 [84]
0.34 2.0 23.6 19.3 35.8 23.1 [74]
0.34 20.3 37.2 41.2 352 [84]
0.28 30.2 37.9 41.9 36.3 [84]
0.24 40.2 383 423 37.1 [84]
0.20 50.2 38.6 42.7 37.6 [84]
0.18 2.5 26.7 36.5 24.5 [88]
0.18 37 29.0 37.5 27.1 [89]
0.13 75.3 39.1 432 38.5 [84]
0.06 100.3 394 43.5 39.2 [84]

2.6 Concluding Remarks

Analyzing the highest performing light-trapping structures [64, 65, 72, 80-82]
allows to define three important design aspects: the control and modulation of the
optical phase, the structuring of the absorber layer from both sides and the impact of
surface textures on the electrical performance.
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Table 2.2 The LTFE of experimental structures using c-Si; only the best proposals in each reference
were considered. The short-circuit currents are given in mA/cm—2

LTE Thickness | Jyax Jref Jir Jus References
(um)
0.77 20.5 39.3 40.6 34.8 [72]
0.30 5.0 17.5 14.7 38.3 29.0 [90]
0.21 1.3 15.5 12.5 344 20.1 [91]
0.19 1.5 154 12.8 34.8 20.9 [92]
0.15 370.0 40.9 40.5 44.5 41.8 [93]
0.10 200.0 41.0 44.1 40.6 [94]
0.09 19.0 355 41.1 35.0 [95]
0.07 47.0 37.8 42.6 374 [96]

Table 2.3 The LTE of experimental structures using pc-Si and qualitatively assessed with c-Si
[59]; only the best proposals in each reference were considered. The short-circuit currents are given
in mA/cm™2

LTE Thickness | Jyax Jref Jir JuB References
(um)

0.44 2.0 28.7 35.8 23.1 [97]

0.38 1.2 20.8 15.3 34.4 20.1 [18]

0.37 1.3 17.7 12.4 34.5 20.2 [98]

0.13 1.5 9.9 8.1 34.9 21.1 [90]

2.6.1 Phase Engineering

The benefit of a certain amount of disorder in periodic light-trapping structures was
repeatedly confirmed in the past [31, 80, 99, 100], but some practical guidelines
were given by Han and Chen [82], which were based on arguments of group theory
as described in the following.

At first, the authors classify the waveguide modes into categories according to
their symmetry properties under mirror reflection. Afterwards, they show that the
mirror symmetries need to be broken to improve absorption, because the presence
of mirror planes in a unit cell results in certain modes not coupling to incident light.
The authors conclude that the symmetries can be broken either by destroying the
periodic arrangements of the unit cell or by distorting the shape of the objects within
the unit cell. They then argue that all modes will couple to light if the optical phase
of any mode is not symmetric under mirror reflection.

Following the outlined strategy, the authors indeed achieve an LTE = 0.92 for
600 nm high skewed pyramids on a 2 pum thick c-Si absorber layer. Please note, that
their method differs from breaking the symmetry of macroscopic structures where
phase information is absent.
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The conclusion, that a lack of structural symmetry improves the optical absorption,
is also in agreement with results reported by other groups and for other geometries:

1. Peters et al. [101] compare and verify the similar light trapping properties of
optimized periodic and stochastic structures having similar geometrical features.
The choice of their texture was based on a particular pattern that had already been
used to fabricate efficient thin-film silicon solar cells.

2. By the subtle superposition of multiple binary gratings, Martins and co-workers
[81, 102] choose to tune the appropriate level of disorder into the unit cell via its
Fourier spectrum. Their concept allowed the designers to obtain an LTE = 0.93
with a 190nm etched QR code-like pattern on a 1 wm thick c-Si absorber. The
design uses a 100 % reflective mirror on the back and a 70 nm nitride coating on
the top to reduce avoidable reflection losses.

3. Ferry et al. [103] systematically study the relationship between photocurrent and
the spatial correlations of random or designed surfaces. They evaluate four general
classes of nanopatterns in terms of their Fourier transforms, which were obtained
from AFM images, and used this as a basis for the calculation of the corresponding
power spectral densities. The authors highlight that the essential design rule for
strong photocurrent enhancements rests on the capability of tailoring the spatial
frequencies in the structure to high scattering powers in the required range of
optical frequencies.

Engineering light-trapping structures in terms of their impact on the optical phase
thus can be understood as a general principle for enhancing the absorption of thin-
films. Accordingly, whether a structure has a periodic or random morphology then
tends to be less important than its local geometrical features, like the size and shape
of the objects.

2.6.2 Dual Structuring

The benefit of structuring the absorber layer from both sides increases the degrees
of freedom available to the designer, as different functions can be combined. For
example, Wang et al. [65] suggested to optimize the front and back surface of a
silicon slab for anti-reflection and light-trapping, respectively, due to the significant
difference in the structural requirements. Their proposed dual-grating design uses
circular nanocones as the basic building elements for the grating geometry on both the
front and the back surfaces. However, its realization could turn out to be complicated
by the detached back reflector configuration.

Structuring the absorber layer from both sides has often been proposed by many
various authors [64—-66, 104—108]. In fact, some of the best light-trapping structures
listed in Tables 2.1, 2.2 and 2.3 actually adhere to this idea.
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2.6.3 Electrical Performance

If an optically very good structure is electrically detrimental, or vice versa, the power
conversion efficiency of a solar cell will be severely reduced.

1. From cross-sectional transmission electron microscopy (TEM) images Li et al.
[109] show that the inability of conformal coverage tends to create pinholes in
the cell, which are responsible for the electrical shunts. Using a textured substrate
with a too high surface roughness for the deposition of the absorber material thus
can result in short-circuiting of the entire device.

2. Sai et al. [97] are able to correlate the origin of carrier collection losses to the
non-uniform coverage around concaves on the substrate surface. From SEM and
TEM images they conclude that the period of a honeycomb lattice sets a threshold
value for the maximum absorber thickness, which can be deposited onto the
light-trapping structure free of cracks. Using a textured substrate with periodic
structures and a too small period thus can result in electrical defects.

3. Texturing the silicon surface after the material deposition generally tends to

increase the surface recombination velocity of charge carriers. However, Oh et al.
[6] also measure higher Auger recombination rates in case the doping profile of
the device was changed by the presence of the texture.
Auger recombination is understood as the recombination of an electron-hole pair
that is giving up its energy to an electron in the conduction band (instead to a
photon). Since the extra kinetic energy of the Auger electron is given off to the
silicon lattice, such lattice vibrations will likely increase the absorber tempera-
ture. Consequently, Auger recombinations are understood as heat loss, because
solar energy is not converted into electricity.

Recently, Isabella et al. [64] tried to optimize the optical characteristics of a complete
solar cell stack configuration by minimizing not only the parasitic absorption losses,
but also the electrical losses. Their proposed light-trapping scheme uses a high aspect
ratio texture at the front side for anti-reflective purposes and low aspect ratio random
pyramids at the back side for efficient long-wavelength light scattering. The proposed
design could theoretically (LTE = 0.96 [64]) and experimentally (LTE = 0.77 [72])
achieve the best light trapping efficiency.
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