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1 Introduction

The year 2017 was the first year in which renewable electricity generation including
wind, solar, and biomass surpassed that from coal in the European Union, proving
the competitiveness of renewable technologies with conventional concepts relying on
fossil fuels. Of these renewable energy technologies, photovoltaics contributes about
20 % to power generation [1].

The photovoltaic market is dominated by silicon wafer-based technologies with a
market share over 90 % [2], including both mono-crystalline and multi-crystalline
silicon solar cells and modules. Record devices, with power conversion efficiencies
of 26.6 % [3, 4] and 22.3% [4, 5], respectively, operate close to the physical limit of
29.4% for a silicon solar cell [6, 7]. Hence, cost reduction should not only be driven
by efficiency improvement and approaches to reduce manufacturing costs should be
investigated. One possibility to achieve this is the reduction of material consump-
tion. In the current technology, however, the potential for thinner silicon wafers is
limited by sawing losses and handling issues [2].

Several approaches to overcome these challenges were studied [8, 9], including kerf-
less wafers [10-13], epitaxial silicon growth with substrate transfer [14-16] and thin-
film solar cells [17, 18]. Potential benefits of thin-film solar cells include material
reduction, large-scale and high throughput production, and a monolithic module
integration. An excellent material quality comparable to wafer-based devices on
low-cost substrates is required to realize potential cost benefits.

Due to their reduced absorber thickness, all of these approaches depend on efficient
light management schemes [19, 20|, which aim at reducing reflection losses (light
in-coupling) or increasing the light path in the absorber (light trapping) in order
to maximize the amount of incident photons absorbed in the solar cell. The im-
plementation of surface textures constitutes an efficient measure for improved light
management in thin-film silicon solar cells. Light management textures have been
studied in experiment and simulations. Generally, the texture needs to be tailored
for the respective solar cell type. Studied structures include dielectric random |[21,
22] and periodic [20, 22-24] textures, as well as approaches based on plasmonic ef-

fects of metallic nano-structures [25, 26]. Furthermore, concepts where the absorber
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layer itself is three-dimensionally textured were investigated, including nano-wires
[27, 28], nano-holes [29-31], nano-cones [32] and nano-domes [33].

One promising approach to realize efficient thin-film silicon solar cells is the direct
growth and crystallization of 10 pm to 20 pm thick silicon layers on glass substrates.
Material quality of this concept could significantly be enhanced by substituting
solid phase crystallization (SPC) [17, 34] by liquid phase crystallization (LPC) [35-
38]. During LPC the sample is scanned under a line-shaped energy source, shortly
heating the underlying silicon layer over its melting temperature. On solidifying,
already crystallized areas act as seed layers, resulting in a crystalline silicon layer
with grains of several millimeter in width and centimeters in length [39].

LPC silicon solar cells on glass demonstrated increasing solar cell efficiencies in recent
years, rising from initially less than 5% in 2011 to 14.2% in February 2018 [40—
43]. The main developments were based on optimized interlayers between the glass
substrate and silicon absorber layer and the solar cell contacting scheme. Despite
this rapid development in solar cell efficiency, the record efficiency of LPC thin-film
silicon solar cells on glass is still significantly below that of cells on multi-crystalline
silicon wafers. Solar cell parameters of this LPC silicon record cell are compared to
the record device produced on high performance multi-crystalline wafers in Table 1.1,
revealing that both the open-circuit voltage V. and fill factor F'I' are approaching
values close to those reached for record wafer-based devices. The main difference in
efficiency arises from the short-circuit current density ji., which is about 30% lower
for LPC silicon solar cells. In consequence, implementing efficient light management

measures is required to close this gap.

Table 1.1: Solar cell parameters short-circuit current density js., open-circuit voltage
Voe, fill factor F'F and power conversion efficiency 7 of the record cells for LPC silicon [43]
compared to high performance multi-crystalline (mc-Si) wafer-based devices [5].

thickness Jsc Voo FF n

Cell type pm mAcm™? mV % %
LPC silicon 15 29.0 654 74.9 14.2
me-Si wafer 195 41.1 674 80.5 22.3

Figure 1.1(a) illustrates the schematic stack of the basic optical structure of a LPC
silicon thin-film solar cell. It exhibits a planar glass-silicon interface with a three-
layer interlayer stack. These serve as diffusion barrier against glass impurities dur-
ing high-temperature processes, anti-reflective coating, and wetting and passivation
layer. At the back-side of the 15 pm thick absorber, a random pyramid texture is
produced by wet-chemical etching in potassium hydroxide. Finally, a rear reflector

is employed to reduce transmission losses.



An absorption spectrum of a typical LPC silicon thin-film solar cell (solid) is depicted
in Fig. 1.1(b), compared to the Tiedje-Yablonovitch limit (dashed) constituting the
maximum absorptance in 15 pm thick silicon (cf. section 2.1.2 and [44]). The max-
imum achievable short-circuit current density jscmax Of a silicon solar cell with a
thickness of 15um is already reduced from 43.9mA cm™2 to 40.5mA cm~2 due to
low absorptance in the near infrared. For a LPC silicon solar cell on glass, addi-
tional losses from reflection at the interfaces from air to glass and glass to silicon
and from non-absorption (shaded area) reduce the maximum achievable short-circuit
current density to 33.8 mA cm 2. Hence, the current device design exhibiting planar

interlayers at the glass-silicon interface causes a jscmax 10ss of 6.7mA cm 2.
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Figure 1.1: (a) Schematic of the optical structure of a LPC silicon thin-film solar cell.
(b) Absorptance of a 15 pm thick LPC silicon thin-film absorber with a random pyramid
texture and reflector at the back-side (solid) and the corresponding Tiedje-Yablonovitch
limit (dashed) constituting the upper limit of absorptance [44]. Losses due to reflection
at the sun-facing interfaces and non-absorptance are highlighted (shaded area).

Nano- and micro-textures were implemented in liquid phase crystallized silicon thin-
film solar cells on glass, aiming at reducing the js. max loss by improved light manage-
ment. Several textures were previously studied [45-52], either by periodic structures
using nano-imprint lithography (NIL) [45-49] or by directly texturing the glass sub-
strate [50-52]. Textured glass substrates with a random structure could be produced
by mechanical abrasion using sand-blasting [51, 52], by wet-chemical etching using
sacrificial layers [50] and by nano-imprinting of an etched zinc oxide surface [45]. Pe-
riodic structures that were investigated contain a square lattice of U-shaped micro-
textures [45-47], and hexagonal nano-pillars and sinusoidal textures [48, 49]. By
developing a method to preserve the texture at the back-side of the silicon absorber,
double-sided structured LPC silicon layers could be established [45]. In addition to
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the anti-reflective effect, the structures enhanced back-scattering at the back-side of
the silicon absorbers, thus increasing the light path and absorptance also for long

wavelength light.

However, all investigated approaches did not lead to an increase in short-circuit
current density compared to state-of-the-art planar devices. For higher textures,
this could be explained by electronic losses that were caused by additional defects
introduced by the textures [45, 48]. The U-shaped micro-texture lead to dislocations
that caused recombination of charge carriers at the interface and in the bulk [45].
These losses were less severe for sinusoidally textured substrates, but recombina-
tion was still higher than for solar cells with planar substrates [48]. For randomly
textured substrates with small feature sizes, the structures did not cause additional
defects and the material quality was found to be equivalent to planar devices. Yet,
the anti-reflective effect of these textures was not very pronounced and, therefore,

short-circuit current density did not exceed that of state-of-the-art devices.

This trade-off between optical properties and material quality of textured solar cells
has been well-known for other silicon thin-film technologies, e.g. poly-crystalline
[53, 54] and micro-crystalline silicon thin-film solar cells [55-58]. One successful
approach to overcome this trade-off for light trapping at the back-side of micro-
crystalline silicon thin-film solar cells was the flat light scattering substrate (FLiSS)
[59-62]. In this FLiSS approach, a periodic [59] or random [60, 61] zinc oxide texture
was smoothed by an amorphous silicon deposition and subsequent polishing. This
allowed material growth with high material quality while exploiting the scattering
of the optically rough texture.

Another technique employed in amorphous silicon solar cells used imprinting of ran-
dom nano- and micro-pyramids and spin-coating of zinc oxide nanoparticles for anti-

reflection, allowing a power conversion efficiency increase of 18% (relative) [63].

In this thesis, several approaches to reduce the main optical losses described above
are investigated with respect to their potential to increase the short-circuit current
density of state-of-the-art LPC silicon thin-film solar cells on glass while preserving
the electronic material quality of the solar cell, as schematically illustrated in Fig.
1.2. The focus hereby lies on the development of tailored nano- and micro-structures
that combine both, enhanced optical properties and a material quality equivalent to
state-of-the-art LPC silicon thin-film solar cells. In particular, nano-structures at the
buried glass-silicon interface, namely sinusoidal textures and smooth anti-reflective
three dimensional textures, are examined with respect to their ability to enhance
light in-coupling while fulfilling the requirements posed for interlayers during LPC

processing. A method for the production of tailor-made micro-textures independent



of silicon crystal grain orientation at the silicon back-side is introduced and micro-
textures produced using this approach are investigated with respect to their light

trapping properties.

Sinusoidal SMART Tailor-made
double-sided texture front-side texture back-side texture

textured interface smooth interface

Figure 1.2: Schematic stacks of the light management textures investigated in this
thesis, including double-sided sinusoidal textures, front-side smooth anti-reflective three-
dimensional (SMART) textures and tailor-made back-side textures.

\4//

Firstly, a novel method for nano-structure production using a combination of nano-
imprint lithography and reactive ion etching is applied to the sinusoidal texture.
That way, height-to-period ratios of 0.5 were reached, whereas the previously em-
ployed method limited height-to-period ratios to 0.3. In consequence, light in-
coupling properties of LPC silicon absorbers on sinusoidally textured substrates
could be improved. Interlayers that were found to enhance the interface quality for
planar LPC silicon solar cells are implemented in the process for solar cells exhibiting
a sinusoidal texture to analyze the influence of interlayers on the optical properties
and material and interface quality of textured LPC silicon thin-film solar cells.

A second texture at the glass-silicon interface that was developed in the scope of the
thesis is an optically rough texture with a smooth surface, inspired by the FLiSS
approach. This “smooth anti-reflective three-dimensional” (SMART) texture aims
at combining the advantages of textured interfaces of enhanced light in-coupling
with that of planar interfaces, namely optimal passivation properties. The SMART
texture could be realized by combining a silicon oxide nano-pillar texture produced
by nano-imprint lithography with spin-coating of titanium oxide. The spin-coating
leads to a preferential material deposition in the areas between the nano-pillars,
leaving a smooth surface that is optically rough due to the contrast in refractive
indices between silicon oxide, titanium oxide and silicon.

The third approach deals with the challenges posed for light trapping at the back-side
of LPC silicon thin-film absorbers. Using a combination of nano imprint lithogra-

phy and reactive ion etching, tailored micro-textures can be produced independent
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of the silicon crystal grain orientation, in contrast to the state-of-the-art method of
wet-chemical etching using potassium hydroxide. Honeycomb textures of different
periods and height-to-period ratios were produced in LPC silicon employing this
technique. The optical properties of these textures are analyzed and compared to
several textures known from literature.

Finally, optical losses in state-of-the-art device designs for LPC silicon thin-film so-
lar cells on glass are investigated in experiment and simulation. The potential of
the texturing methods and textures developed in the scope of this thesis to mitigate
these losses are presented. Additionally, first experiments for the application of the
back-side texturing method for monolithic perovskite/silicon tandem solar cells are

presented.

The thesis is structured as follows:

Chapter 2 summarizes the theoretical backgrounds underlying the topics presented
in the thesis. In particular, optical and electronic properties of silicon, the basic
working principles of (silicon) solar cells and main loss mechanisms are discussed.
Chapter 3 gives an overview of experimental and numerical methods employed in
the thesis. Experimental methods include the processes for the production of nano-
textured liquid phase crystallized silicon thin-film solar cells that were applied or
developed in the scope of this thesis. In addition, characterization and simulation
techniques used are presented.

Chapter 4 establishes the nano-structure production process using a combination
of nano-imprint lithography and reactive ion etching for sinusoidal textures with
a higher height-to-period ratio compared to previous work. In addition, novel in-
terlayer deposition techniques developed for state-of-the-art LPC silicon solar cells
with a planar glass-silicon interface are applied to sinusoidally textured substrates.
The properties of high height-to-period ratio sinusoidally textured glass substrates
in combination with these novel interlayers with respect to light in-coupling and
solar cell characteristics are analyzed.

Chapter 5 describes the production of the smooth anti-reflective three-dimensional
texture and its implementation in the liquid phase crystallization solar cell process.
The SMART texture is established using experimental and numerical methods, and
an experimental proof of outperforming a state-of-the-art LPC silicon thin-film so-
lar cell on glass is presented. Further optimization of the titanium oxide layer and
combination of the SMART texture with back-side textures is investigated and im-
plemented in LPC silicon thin-film solar cells.

Chapter 6 comprises the method of tailor-made silicon back-side texturing using
nano-imprint lithography and reactive ion etching. Optimized parameters for nano-

structure etching are presented and applied to a wide range of honeycomb textures,



revealing a texturing independent of silicon crystal grain orientation. The optical
properties of LPC silicon thin-film solar cells on glass exhibiting these textures are
investigated and compared to the established method of wet-chemical etching using
potassium hydroxide.

Chapter 7 addresses optical losses of state-of-the-art LPC silicon thin-film solar
cells on glass from experiment and simulations. The approaches presented in the
previous chapters are analyzed with respect to their potential to mitigate these losses
in state-of-the-art LPC silicon thin-film silicon solar cells on glass. In addition, ways
to utilize the presented methods for monolithic perovskite/silicon tandem solar cells
are discussed.

Chapter 8 summarizes the thesis and gives an outlook to future work.






2 Theoretical background

This chapter gives a concise overview of the physical background of the experi-
ments conducted in this thesis. Section 2.1 introduces the solar spectrum used for
solar energy conversion and its interaction with matter. In this light, optical loss
mechanisms in silicon solar cells are discussed. Subsequently, the basics of light man-
agement employed to reduce these losses are described. Another loss mechanism of
solar cells are electronic losses. An overview of electronic properties of silicon and
its defects is given in section 2.2. Finally, the basic working principles of solar cells

are presented in section 2.3.

2.1 Optical properties of silicon

Solar cells convert sunlight to electrical energy. Hence, their optical properties need
to be optimized to fit the spectral irradiance of the sun at the earth’s surface. Figure
2.1(a) depicts the solar AM1.5g irradiance spectrum [64] representing the mean solar
irradiance during the year for both direct and diffuse light.

Silicon is a semiconductor with an indirect bandgap of 1.12eV, corresponding to a
wavelength of around 1100nm (highlighted in grey in Fig. 2.1(a)). The spectral
(grey) and cumulative (black) photon flux corresponding to the spectral irradiance
is calculated and illustrated up to a wavelength of 1100nm in Fig. 2.1(b). Light
with a wavelength longer than the silicon band gap is only weakly absorbed. In
silicon wafer-based solar cells, the wavelength range from 1100 nm to 1200 nm still
contributes to current generation, but is negligible for thin-film silicon devices. It
is found that while irradiation is highest for a wavelength of 550 nm, the maximum
photon flux is observed at &~ 670nm. The cumulative photon flux at 1100 nm of
43.9mA cm ™2 represents the maximum achievable photon flux that a silicon solar
cell can convert into electrical energy. In reality, the current generated by the
solar cell will be lowered by optical losses, e.g. reflection and non-absorption, and

electrical losses, which will be discussed in the following sections.
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Figure 2.1: (a) Solar AM1.5g irradiance spectrum (data taken from [64]). The wave-
length corresponding to the bandgap of silicon is highlighted in grey. (b) Spectral (grey)
and cumulative (black) photon flux calculated from the solar irradiance spectrum in (a).
The cumulative photon flux at 1100 nm represents the maximum achievable short-circuit
current density of a silicon solar cell (cf. section 2.3).

Due to its indirect bandgap, light absorption in silicon for a photon energy < 3.4 eV
requires a process with a phonon to allow for energy as well as momentum conser-
vation [65-67]. The absorption coefficient a(Epy) of an indirect band gap semicon-
ductor at a photon energy of Ep; can therefore be written as [65, 68, 69]

a(Epn) = ae(Epn) + ao(Epn), (2.1)

where

c (Eph - Eg + Ephonon>2

Qe E h) — y 2.2
o) = = ) ™ (22)
represents light absorption under the emission of a phonon (index e) and
Epn = Ey — Egonon)”
o (Epn) = (B g phonon) (2.3)

—F onon ’
1 —exp (%)

describes light absorption if a phonon is absorbed (index a), with E; and Ephonon
being the bandgap and phonon energy, respectively. c¢ is a material specific constant,
k the Boltzmann constant and T the temperature. The absorption coefficient is

frequently expressed as a function of wavelength A = h¢/E,, rather than energy FEpp.

10



2.1 Optical properties of silicon

According to Lambert-Beer’s law [66, 70], the light intensity I in a medium decreases
as

I(z,\) =1(z = 0,\) exp(—a(A) - 2) . (2.4)
For a semiconductor layer of thickness ¢, the absorptance A(\) is then defined by

I(z=0,\) —I(z=1t,\)
I(z=0,))

A(N) = =1—exp(—a(N)-t). (2.5)
An intuitive measure to evaluate absorptance in semiconductors is the inverse of
the absorption coefficient, the so-called penetration depth a(\)~!. The penetration
depth represents the thickness at which the light intensity is reduced to 1/e of its
initial intensity. Figure 2.2 demonstrates the penetration depth in crystalline silicon
in the wavelength range of interest for silicon solar cells. For reference, the typical
thicknesses of a wafer-based (grey) and liquid phase crystallized (red) silicon solar

cell, 180 pm and 15 pum, respectively, are highlighted by horizontal lines.
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Figure 2.2: Spectral absorption depth in crystalline silicon. The typical thicknesses of a
wafer-based (grey) and liquid phase crystallized (red) silicon solar cell, 180 pm and 15 pm,
respectively, are highlighted for reference.

The penetration depth can be employed to estimate an appropriate thickness of a
solar cell. For silicon, a minimum absorber layer of several hundred micrometer is
required to absorb the entire usable spectrum up to the band gap energy [19, 66, 71].
For a thinner absorber, in particular a liquid phase crystallized silicon absorber with
a thickness of only 15 pm, the penetration depth becomes larger than the absorber

thickness at a wavelength of around 800nm (see Fig. 2.2). Thus, additional light

11
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management measures need to be employed (see section 2.1.2) to still absorb a

substantial fraction of the incoming light.

2.1.1 Light-matter interaction

The optical properties of a solar cell are not only influenced by absorption events,
but also by light propagation through the media constituting the solar cell. Light

propagation in a medium can be described by its (complex) refractive index

n(A) =n'(\) +ik(N), (2.6)
where its real part
n,<)\) — Cvacuum (2.7)
Cmedium

is referred to as (real) refractive index and its imaginary part

k(\) = : (2.8)

is the extinction coefficient describing the attenuation of an electro-magnetic wave
propagating through a medium [72]. If two media with refractive indices n; and
no are brought together, an interface with an abrupt change in refractive index is
formed, as sketched in Fig. 2.3.

If light travelling in medium 1 encounters this interface under an angle 6, it is
partly reflected and partly enters medium 2. The angle of propagation in medium

2 is given by Snell’s law [69]

ny sin @y = n9 sin O, (2.9)

One consequence of Snell’s law is the occurrence of total internal reflection. This
can take place for n; > no, under the condition that 6y > 90°. The so-called total

internal reflection angle 6., is determined to

Ocrit = arcsin <n2) . (2.10)

ny

12
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i'ncident P s reflected
light ; light

Figure 2.3: Sketch of incident light travelling through a medium with refractive index
n1, approaching an interface to a medium with ns under an incident angle ;. Light is
partly reflected back into medium 1 or transmitted into medium 2 while being refracted
into an angle of f3. The polarization states of the incoming light, namely perpendicular
(s) and parallel (p) to the plane of incidence, are depicted as blue arrows.

The electro-magnetic light wave can be factored in two components, whereby as a
convention, the direction of the electric light parallel (so-called s-polarization) and
perpendicular (p-polarization) to the plane of incidence [69] is taken as reference.
The polarization directions are sketched for the incident light in Fig. 2.3 (blue ar-
TOWs).

The proportion of light being reflected or transmitted at the interface between

medium 1 and medium 2 is given by the Fresnel equations [69]

11 cos B — ny cos By

s(01) = 2.11
ra(01) 11 cos 01 + 1y cos O ( )
2n, cos b,
ts(0,) = 2.12
(01) ny cos By + ny cos Oy ( )
for s-polarized light and
11 cos By — ny cos 0y
0,) = 2.13
rp(01) nq cos 0y + ng cos 0y ( )
2 0
t,(0,) = H1CO8 T (2.14)

nq cos Oy + ny cos 0,

for p-polarization. The total intensity reflected at the interface under the assumption

13
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of unpolarized light is calculated as

R(6,) = ; (rs(61)* + 1,(61)?) - (2.15)

For perpendicular incidence, #; = 0, this can be simplified to [65, 73, 74]

ny — ng\?
R(6, = 0) = <n1 - n2> . (2.16)
The solar cell type investigated in this thesis employs silicon as absorber material
on glass substrates. Hence, the basic structure is a stack of three media consisting
of air (medium 1), glass (medium 2) and silicon (medium 3), as sketched in Fig. 2.4.
In this structure, reflection and transmission occur at all interfaces. In consequence,
light can be reflected back into medium 1 by reflectance at every interface of the
device (orange arrows in Fig. 2.4). For the first interface formed by air and glass
with n; = 1.0 and ny = 1.5 — 1.52 [75], a reflectance for normal incidence of 4% is
calculated from Eq. (2.16). As the refractive index of silicon varies with the light
wavelength, reflection at the glass-silicon interface varies between 50% at 300 nm
and 17% at 1200 nm with a mean value of 21.3% [76].

Only the fraction of light transmitted through these interfaces can be absorbed
in the silicon absorber (red arrows). For a penetration depth of the light in the
absorber material smaller than the absorber thickness, light is absorbed during a
first pass through the silicon layer. If light is not absorbed in the first pass, it is,
again, either reflected or transmitted at the silicon back-side. If light is transmitted,
it leaves the solar cell (purple arrow) and can not be used for current generation.
Back-reflected light passes the absorber a second time and may be absorbed during
this pass. Evidently, all of the events may take place multiple times, which were

omitted in the figure and description for clarity.

To cut a long story short, light incident on a solar cell can either be absorbed in the
device or be reflected and transmitted at single or multiple interfaces. This can be

described by the relation

AN =1—R(\) = T()), (2.17)

as visualized in Fig. 3.12(b) in the next chapter.
To maximize absorption A(\) in a solar cell, both reflectance R(\) and transmittance
T'()A) need to be minimized. This can be achieved by implementing light management

measures which will be discussed in the following section.
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R(A)

A(A)
T(A)

ny N3

Figure 2.4: Sketch of light paths representing reflection (R()\), orange), absorption (A(A),
red), and transmission (7'(\), purple) in a basic solar cell with a sun-facing layer of refrac-
tive index ny and an absorber layer with refractive index n3. Those paths with multiple
passes through the layers were omitted for clarity.

2.1.2 Light management

As described previously, about one in four photons is reflected back before reaching
the silicon absorber in the basic device design. Depending on the wavelength of the
incoming light and the resulting penetration depth in silicon (see Fig. 2.2), a large
fraction of light is transmitted after passing the silicon absorber (cf. Fig. 3.12(b))
or even leaves the absorber after multiple passes. These losses are addressed by
implementing light management measures in the solar cell devices aiming at reducing

reflection (light in-coupling) and non-absorption (light trapping).

Light in-coupling

Light in-coupling aims at reducing reflection losses before the incoming light first
encounters the silicon absorber. In the device design discussed in this thesis, light
in-coupling measures are implemented at the glass-silicon interface. Three main
approaches for light in-coupling are discussed in the following, which can also be
combined for additional benefits [19, 66, 77].

 The first approach relies on the implementation of additional layers [72, 78-80).
Introducing a third material at the interface between materials with refractive
indices of n; and ns can lead to a reduction of reflection. This so-called graded
index effect can be achieved if the refractive index ns of the additional layer
fulfills the requirement n; < n3 < mg [72]. More specifically, an optimum
refractive index of ng o, = /N1 -y can be derived from Eq. (2.15). As an
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example, anti-reflection at the glass-silicon interface is optimized for a material
with a refractive index of ng = |/Mglass - Nsilicon ~ 2.4 (cf. magenta curve in
Fig. 5.3).

e Secondly, anti-reflective coatings can affect the light in-coupling into so-
lar cells [80-83]. In contrast to the first approach, they are usually tailored
to one specific wavelength Asg, e.g. 550 nm matching the solar spectrum.
Anti-reflection coatings with a thickness of Aar/4 reduce the reflectivity due to
destructive interference, caused by the incoming light being out of phase with
the reflected beam [72, 83]. Generally, the materials for anti-reflective coatings
are chosen such that their refractive index gives an additional graded-index ef-
fect (see above). As an example, a ~ 70nm thick SiN, layer with ngix, =~ 2.0
is usually employed at the glass-silicon interface in LPC silicon solar cells,
combining the graded index effect of an intermediate refractive index medium

with anti-reflective interference effects at wavelengths close to 550 nm.

o Last, surface and interface textures are used to minimize reflection losses
at interfaces. Surface roughness with both a random or deterministic texture
are employed in solar cells. Interface texturing facilitates several anti-reflective
effects. For one thing, a surface texture with features smaller than the wave-
length may lead to a gradual change of intermixing media and their effective
refractive index, corresponding to a graded index effect of multiple layers [80,
82, 84-86]. Secondly, surface textures much larger than the wavelength may
lead to multiple reflections at the interface prior to back-reflection [87-89]. If
the surface texture feature size and wavelength is comparable, both aforemen-
tioned effects as well as wave optical phenomena influence the anti-reflective

properties [90, 91], lacking a vivid description.

Summarizing, light in-coupling over an interface can be improved by implementing
intermediate layers with a refractive index between the media forming the interface
to create a graded index effect. If the intermediate layers exhibit an appropriate
optical thickness of */4, an additional anti-reflective coating effect due to destruc-
tive interference is achieved. Thirdly, interface textures improve light in-coupling,
whereby the mechanisms dominating light in-coupling effects depend on the relation

of light wavelength and typical texture feature dimensions.

Light trapping

Light in-coupling efficiently reduces front reflection in solar cells. However, apart

from some interface textures, they do not scatter the incoming light. Hence, in-
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2.1 Optical properties of silicon

cident light with normal incidence travels through the absorber perpendicular to
the (planar) interfaces. For a small absorption coefficient as is the case for long
wavelength light in silicon (see Fig. 2.2), this leads to substantial losses [92-95].
Light trapping measures aim at increasing the light path in the solar cell to increase
absorptance for light which is weakly absorbed. A commonly used figure of merit
hereby is the light path enhancement factor [77], quantifying the light path in a tex-
tured device compared to a given reference, most common a comparable structure
with planar interfaces. Two different methods for light trapping are introduced in

the following;:

e The first light trapping measure is a back reflector that reflects a large
fraction of light back into the absorber. This leads to a light path enhancement
factor of 2. Materials that are frequently employed as back reflectors in solar
cells are dielectric layers [96, 97], metallic mirrors [98-100] or white paint back
reflectors [54, 96].

o As a second measure, back-side textures are implemented to scatter light
into large angles. This not only enhances the light path in the absorber by
changing the propagation direction, but also increases the probability of being
reflected back at the front-side of the device or even exceeding the critical angle
for total internal reflection described in Eq. (2.10) [101, 102]. As already stated
for front-side textures, both statistical and deterministic surface textures are
employed in solar cells. For light trapping, texture periods typically are chosen
to be much larger than the light wavelength, such that geometrical optics
dominate optical properties. As an example, the most common back-side
texture for crystalline silicon solar cells are random pyramids produced by

wet-chemical etching in potassium hydroxide [103-105].

A widely used benchmark for light management is the Lambertian scatterer.
This structure consists of a semiconductor of thickness ¢ and a texture with fol-
lowing properties: Firstly, a front-side reflection of zero is assumed. Secondly, the
light propagation direction is perfectly randomized by the texture, corresponding
to an angular intensity distribution of cos(f). A perfect back reflector at the rear
side completes the structure. For this stack, Yablonovitch et al. derived a theo-
retically maximum achievable light path of 4n?t [101], which is often referred to as
Yablonovitch limit.

Absorptance A(A) in a semiconductor slab of thickness ¢ exhibiting a non-reflecting

front surface and a perfect Lambertian back reflector at the back-side was calculated
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to [44]

AN = (2.18)

This Tiedje-Yablonovitch absorption limit constitutes the benchmark for op-
timal light trapping in thin-film solar cells. While being physically valid only in the
weak absorption limit (£ x o < 1), the Tiedje-Yablonovitch limit is widely used in
literature for textured solar cells and is therefore employed as benchmark in this
thesis.

For periodic structures with a period in the range of the wavelength of the incident
light, the Yablonovitch limit could be surpassed. If the texture period is compara-
ble to the light wavelength, it is rather diffracted than scattered, thus coupling into
modes in the absorber material [106-108]. As these modes exhibit sharp resonances,
overcoming of the Yablonovitch limit was only achieved for narrow wavelength and
incident angle ranges [20, 106, 109]. In consequence, the Lambertian scatterer is a
suitable benchmark for light trapping in solar cells.

The samples featured in this thesis make use of all the above light management tech-
niques. Reference samples exhibit a 70 nm thick silicon nitride layer with a refractive
index of 2.0, serving as both graded index layer and anti-reflective coating. Interface
textures are investigated in light of their potential to improve light in-coupling in
liquid phase crystallized silicon thin-film solar cells. At the back-side of the silicon
layers, the state-of-the-art random pyramid texture produced by wet-chemical etch-
ing and white-paint rear reflector are employed for reference samples and devices
with front-side texture. Additionally, periodic micro-textures for light trapping are

investigated.

2.2 Electronic properties of silicon

Realistic silicon crystals exhibit defects, limiting the lifetime of charge carriers in the
material [67, 74, 110-112]. As liquid phase crystallized silicon is a multi-crystalline
material, additional defects at grain boundaries, so-called intra-grain defects, oc-
cur. Grain boundaries with a high number of dangling bonds, stacking faults, point
defects, and dislocations were identified as most important defects in this material
[113-116]. These defects introduce energy states in the bandgap of the material.
The degree of recombination hereby depends on the position of a specific defect
[67, 117]. The most effective recombination centers are found in the middle of the

bandgap.
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2.2 Electronic properties of silicon

Shallow defects can be used to provide additional charge carriers in the semicon-
ductor material, thus causing a doping effect. This is done by introducing suitable
foreign atoms into the semiconductor crystal. If the energy difference to the va-
lence or conduction band is in the order of the thermal energy kgT =~ 25meV at
room temperature [67, 69], one electron (n-type doping) or hole (p-type doping) of
the foreign atom is transferred to the host crystal and contributes to an enhanced
conductivity. For silicon, phosphorus and boron are the most common dopants for
n-type and p-type silicon, respectively.

[lumination or current injection leads to excess electron-hole pairs that cause a
disturbance of the thermal equilibrium, in which the semiconductor evinces carrier
concentrations of ng and pgy, whereby ng X py = n? holds, with the intrinsic car-
rier concentration n; being a material constant. Excess carriers An and Ap are

calculated by

1
n = no + An = Ng exp (—(EC - EFn)> (2.19)
kT ’
1
p=po+ Ap= Nyexp ((Ev - EF,p)) ) (2.20)
knT

where Ng and Ny denote, respectively, the effective density of states at the con-
duction and valence band edge energies Fc and Ey. The quasi Fermi energy Fp is

separately defined for electrons and holes [118, 119].

2.2.1 Electronic loss mechanisms

As additional charge carriers disturb the thermal equilibrium in the semiconductor,
excess electrons and holes tend to restore the equilibrium by recombining with a

recombination rate U of

U(An) = _52”. (2.21)

The three most common recombination mechanisms will briefly be discussed in the
following. Band-to-band and Auger recombination are characteristic for the absorber
material and unavoidable. Shockley-Read-Hall (SRH) recombination, in contrast,
involves a defect state and depends on the defect density [69, 117, 120].
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« Band-to-band recombination is a radiative process in which the energy of
the recombining electron-hole pair is transferred to a photon and, in case of
an indirect semiconductor, an additional phonon. This radiative recombina-
tion constitutes the inverse process to the generation of an electron-hole pair
after absorption. Band-to-band recombination rates are rather low in indirect

semiconductors like silicon as a phonon needs to be involved.

e Auger recombination is a three-particle process involving an electron-hole
pair and an additional charge carrier. The excess energy of the recombining
electron-hole pair is transferred to an additional charge carrier, which subse-
quently relaxates back to its initial state by transferring its extra energy and
momentum to phonons. Due to the Auger recombination involving three par-
ticles, its recombination rate quadratically depends on carrier concentration
[121]. Auger recombination limits the maximum solar cell efficiency of silicon
solar cells to 29.4% [7], compared to the Shockley-Queisser limit of 32.3 %.
It is crucial for high excess carrier density conditions like high-injection and
highly doped semiconductors with doping concentrations around 10'8. For
LPC silicon thin-film solar cells, the influence of Auger recombination can be
neglected [122].

» Recombination involving a defect state is referred to as Shockley-Read-Hall
(SRH) recombination. In SRH recombination, the charge carrier is trapped in
a defect with a trap energy within the band gap. This energy is characteristic
for the type of defect, e.g. impurity atoms or crystallographic defects. Defects
causing a trap energy close to the band edges, like those introduced by doping
atoms, are less harmful as the trapped charge carriers can be re-emitted with a
high probability. In consequence, defects in the middle of the band gap are the
most effective recombination centers [67, 69, 117, 120]. SRH recombination is
the dominant recombination mechanism in indirect semiconductors. For LPC
silicon, in particular, grain-boundary recombination and regions with a high
concentration of stacking faults were identified as the dominant recombination

processes [123].

As all of the above processes occur in parallel, the total recombination rate in the

absorber is given by the sum of the individual contributions

Utotal = Urad + UAuger + Z USRH,i ) (222>
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whereby multiple defect types i contribute to SRH recombination.

The bulk carrier lifetime defined as

Thulk = (2.23)

Utotal

can therefore be calculated from

1 1 1 1
=—+ +—.
Thulk Trad TAuger TSRH

(2.24)

In addition to bulk recombination, interfaces at the front and back-side of the ab-
sorber layer exhibit a high amount of defects due to the termination of the crystal
lattice. The recombination rate at interfaces is calculated similarly to SRH recom-
bination. As the number of defects is so high, the trap states can be treated as a
continuum of states in the bandgap and a single surface recombination rate U, is
given by integrating over the energy range from the valence to the conduction band

edge. From this, the surface recombination velocity

Us(ns, ps)

S(nsvps) = An

(2.25)
is calculated for surface carrier concentrations of ng and ps; and an excess carrier
concentration An, at the surface.

Finally, the total effective carrier lifetime 7.g in an absorber layer of thickness ¢

taking both bulk and interface recombination into account is given by [65, 67, 124,
125]

1 1 Stron S 1 1
o + front T Oback — + = (226)
Teff  Thbulk t Toulk  Ts

While bulk recombination takes place in the volume, surface recombination is cal-
culated per unit area [126]. Hence, an increased surface recombination is expected
if textures that increase the surface area are introduced in the solar cell.

To reduce recombination in a silicon absorber bulk, hydrogen passivation can be em-
ployed [127-130]. In this method, hydrogen ions diffuse into the silicon layer, where
they saturate dangling bonds to form a Si—H bond which gives rise to a defect
state out of the band gap. A similar chemical passivation can be used to saturate
surface defects, e.g. by growing a silicon oxide on the surface that terminates the

absorber with Si—O bonds [19]. Recombination at a surface can further be reduced
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by implementing a material causing fixed charges at the interface. This so-called
field effect passivation effect repels similarly charged carriers in the absorber from
the interface, thus slowing recombination. Several materials [131-138], including
silicon nitride [131, 138] and silicon oxide [130, 132], provide suitable fixed charges
to exploit a field effect passivation in silicon.

Solar cells investigated in this thesis typically exhibit a silicon oxide or silicon oxy-
nitride layer followed by a silicon nitride layer for passivation. For LPC silicon
thin-film solar cells, n-type doping was found to be beneficial [139], stemming from
a lower surface recombination velocity for n-type compared to p-type silicon [140].

Hence, all absorber layers in this thesis exhibit n-type doping.

2.3 Solar cell characteristics

Solar cells utilize the electron-hole pairs generated by light absorption (section 2.1.1)
for electrical power generation. To do this, the electron-hole pairs need to be trans-
ferred to an external circuit via contact layers before they recombine (section 2.2.1).
Under ideal conditions, a solar cell can be described using an equivalent circuit of a

diode characterized by the dark saturation current j, [65, 67, 69, 141] given by

D D
i = @n2 < n + P ) , 2.27
Jo i\L.Ns " L,Np (2.27)

where e is the elementary electron charge, n; the intrinsic charge carrier density,
D,, and D, the electron and hole diffusion constants, respectively, L = VD - T the
diffusion length, and N4 and Np the concentration of acceptor and donor atoms,
respectively.

Under illumination, the solar cell is described as a diode in parallel to a current
source providing a photo current j,,. In this case, the relation between applied

voltage and current becomes

. . eV _
jillum,ideal(U) =Jo |:€£Ep <M> - 1} — Jph - (228)

For a realistic solar cell, recombination losses and losses in contact layers require a
more complex equivalent circuit as idealized model, as sketched in Fig. 2.5(a). In
comparison to an ideal solar cell, a second diode is introduced that takes recombi-

nation processes into account. This second diode has an ideality factor ny > 1 [69,
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142, 143]. Resistive losses in the contact layers are represented by series resistance
R, and parallel resistance R,.

(a) (b)
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Figure 2.5: (a) Equivalent circuit of a solar cell with a two diode model. The second,
non-ideal diode takes recombination processes into account, while the series and parallel
resistances Rg and R, represent resistive losses in the contact layers. (b) Influence of series
resistance on the current-voltage characteristics of a solar cell.

The j —V characteristics of a solar cell represented by this approximated equivalent
circuit is given by [69]

J(V) =jo [exp (‘W 2 RS)) - 1] -

kgT
: . (2.29)
- e(V—AjR,)\ 1 V —AjR,
Jo,2 p —n2 knT 7&7 Jph

where A is the area of the solar cell.

Both series and parallel resistances influence the j — V' characteristics compared to
an ideal solar cell. Figure 2.5(b) illustrates the influence of series resistance under
the assumption of jo = 1 x 107 mAcm ™2, A = 1em? and jp, = 30mAcm 2. To
focus on the effect of Ry, the second photo-diode and influence of parallel resistance

was omitted in the calculations based on Fig. 2.5(b).

A typical j — V curve of a solar cell is depicted in Fig. 2.6. The j — V' curve can
be used to determine all vital solar cell parameters as illustrated in Fig. 2.6. These
parameters are [69, 119, 126, 141]:

e The short-circuit current density js. is defined as the current flowing
through the solar cell if the contact layers are short-circuited, corresponding
to V.= 0. Under ideal conditions, the short-circuit current density equals

—Jph, as is easily derived from Eq. (2.28). In a real device, recombination
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Figure 2.6: Typical j — V curve (black) and corresponding P — V' curve (blue) of a
solar cell. The maximum power point (MPP) and the solar cell parameters js. and V;. are
denoted. The areas jypp-Vupp and jg.- Voe determining the fill factor F'F' are highlighted
by blue and grey shading, respectively.
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and contact resistances lead to a difference, which is, under the assumption
R, > R;, calculated to

) ) ] eAjs Ry ) eAjs Ry
= Fselts ) 4 et 1L (2.
J Joh + Jo1 [exp ( T ) } + Joo {exp ( rkn T ) ] (2.30)

The open-circuit voltage V,. is the maximum voltage under which no
current is extracted from the device, j = 0. It constitutes the maximum

voltage a solar cell can deliver. V. is calculated from Eq. (2.28) to

kgT j kT ]
Ve = 2B 1 (jih + 1) ~ BTy (jlh> , (2.31)
€ Jo € Jo

whereby the approximation is justified as jyn > jo.
Eq. (2.31) reveals that V. is linked to jy, which in turn depends on recombi-
nation in the solar cell (cf. Eq. (2.27)). Vi can therefore be used as a measure

of recombination in solar cells.

The fill factor F'F is defined as the ratio between the maximum power gen-

erated by the solar cell, Pyypp = jyrppVarpp, and the product of js. and V.

FF = .jMPP ' VMPP .

2.32
jsc : V;)c ( )



2.3 Solar cell characteristics

The fill factor is graphically depicted in Fig. 2.6 as the ratio of the areas
shaded in blue and black.

The power conversion efficiency 7 is the most important solar cell param-
eter. It is calculated as the ratio of the maximum power generated by a solar

cell and the incident power of the irradiation I;,,

_ Pypp _ Jmpp - Vipp _ Jse Voo F'F
I; Lin I; '

(2.33)

Under standard testing conditions (7" = 25 °C, irradiation under AM1.5g spec-

trum), the incident power is set to I;;, = 100 mW cm 2.

25






3 Experimental and numerical

methods

This chapter introduces the methods employed for the production of nano-textured
substrates (section 3.1), silicon absorbers (section 3.2), back-side textures on these
absorbers (section 3.2.1), and solar cells (section 3.3). Tools for the characterization
of the produced samples (section 3.4) are presented as well as numerical methods
for one-dimensional and three-dimensional simulations (section 3.5).

The smooth anti-reflective three-dimensional texture and its production method
decribed in section 3.1.3 was filed as a patent [144].

3.1 Substrate preparation

3.1.1 Nano-imprint lithography

Nano-imprint lithography (NIL) is a lithographic technique that allows to produce
nano-structures with high throughput at high resolution and low costs [145]. It
relies on a two-step replication of a master structure in resist materials using molds.
In a first step, an inverse master structure is produced in a mold material, which is
subsequently pressed into a liquid resist. The resist is then cured, usually by thermal
treatment or UV light, and the mold removed from the hardened resist containing
the replicated master structure.

In this section, the production of master structures with a honeycomb pattern and
their inversion is described before giving a detailed overview over the nano-imprint

lithography process as it is applied in this thesis.

Honeycomb master production

Honeycomb masters were fabricated in the Nano-Processing facility at the National

Institute of Advanced Industrial Science and Technology (AIST) in Tsukuba, Japan.
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The fabrication process, which is sketched in Fig. 3.1, was established by Sai et al.
[146-148]. There, the honeycomb pattern serves as a textured substrate in the
production of high-efficiency micro-crystalline silicon thin-film solar cells [146-150].
Silicon wafers with a thermal silicon oxide layer with a thickness of 1000 nm or
1800 nm were coated with a UV-curable negative-tone resist (step 1 in Fig. 3.1).
Using a photolithography i-line stepper set-up, hexagonal hole arrays with periods
of 1.5pm, 3.0 pm and 6.0 pm were scribed from a photo mask previously produced
at AIST and subsequently opened in the resist layer by developing the resist (step
2). Different diameters of the openings allow varying height-to-period ratios in the

later honeycomb master structures.

step 1 step 2 step 3 step 4

eees TN Bl =2 e

Spin-coating Photolithography  Etching in BHF Acetone rinsing

Figure 3.1: Schematic production process for master structures with a honeycomb pattern
relying on photolithography (step 2) and wet-chemical etching in buffered hydrofluoric acid
(BHF, step 3).

The wafers with the patterned resist layers were subsequently etched in a mixture
of buffered hydrofluoric acid (BHF) of 7 : 1 NH4F:HF and de-ionized water (step 3).
The resist hereby serves as an etching mask, and the underlying oxide is etched only
where the resist was opened in the previous patterning step. The wet-chemical etch-
ing leads to under-etching of the resist layer, whereby bowl-shaped trenches emerge.
By changing the dilution of BHF in de-ionized water, the depth of these trenches
can be varied. Once the trenches from adjoining holes overlap, the resist layer starts
peeling from the surface and the wafer is pulled from the etching solution. Resist
residues are removed by rinsing the sample in acetone (step 4).

The surfaces of honeycomb masters were analyzed using an atomic force microscope
to extract the heights of varying etching conditions. The texture height was deter-
mined measuring from the highest point to the bottom of the bowl-shaped trench.
Using the technique described above, honeycomb textures with height-to-period ra-
tios ranging from 0.1 to 0.3 were manufactured for the periods of 1.5 ym, 3.0 pm and
6.0 um. Table 3.1 summarizes the parameters of hole diameter and etchant dilution

for the produced master structures.
Before using the masters in nano-imprint lithography, an anti-sticking layer was

deposited on the surface of the honeycomb patterned masters. For this, the surface

of the wafer was activated in an oxygen plasma. Subsequently, an anti-sticking layer
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Table 3.1: Hole diameter in photolithography and etchant dilution in de-ionized water
used in honeycomb master production.

hole diameter (nm) ‘ height-to-period ratio
etchant dilution (%) 0.1 0.2 0.25 0.3
N 15 750nm  500nm 500 nm

= ' 70% 60% 10%
= 20 600nm  600nm  600nm  600nm
s ' 90% 60% 20% 10%

g 6.0 1200nm  1200nm 1200 nm

' 80% 60% 30%

of 1H,1H,2H,2H-perflourodecyl-trichlorosilane was applied by vacuum evaporation
deposition [145].

Master inversion

The honeycomb masters were originally developed as light trapping textures for
micro-crystalline silicon thin-film solar cells in substrate configuration. Liquid phase
crystallized silicon thin-film solar cells, in contrast, are superstrate devices, e.g. the
light impinges through the glass. Hence, light encounters the texture from the
opposite direction compared to the multi-crystalline silicon thin-film solar cell. To
investigate the influence of this difference, the produced honeycomb masters were
inverted as described in refs. [151, 152]. This method, as sketched in Fig. 3.2, relies
on a commercial working stamp material (OrmoStamp from micro resist technology

GmbH) as inverting layer.

step 1 step 2 step 3 step 4

Glass Adhesion Inverted master
structure
substrate layer

Master Drop-casting + UV curing + Master
structure embossing separation structure

Figure 3.2: Schematic production process of inverted honeycomb patterns using Or-
moStamp (brown color) as master structure in UV-NIL.
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A glass sheet is used as substrate for the inverted pattern structure. An adhesion
promoting layer (OrmoPrime 08 from micro resist technology GmbH) is spin-coated
on the glass (step 1 in Fig. 3.2) to facilitate a facile separation of the inverted struc-
ture in the latter processing. The working stamp material is drop-cast on the master
structure and the glass substrate is embossed onto the master by applying gentle
pressure (step 2). After UV curing, the hardened layer is separated from the master
structure (step 3), comprising the inverted master structure on its surface (step 4).
In a final step, an anti-sticking layer of 1H,1H,2H,2H-perflourodecyltrichlorosilane is

applied on the inverted master structure by vacuum evaporation deposition [145].

UV-NIL texturing

Master production is generally the most time- and cost-intensive step. Consequently,
nano-imprint lithography (NIL) was developed to facilitate a reproduction of this
master structure in a low cost, high throughput procedure [145, 153-155]. Fig.
3.3 depicts the schematic nano-imprint lithography process, which is divided in
two main processes. In a first step (Fig. 3.3(a)), a mold with the inverse of the
master structure is produced in the polymer poly(dimethylsiloxane) (PDMS). For
this, a commercially available PDMS precursor and suitable catalyst are mixed in
a 9 : 1 ratio and degassed in a desiccator to prevent gas bubbles in the later mold.
After degassing, the viscous PDMS is poured on the master structure (step 1) and
thermally annealed at 70°C for 20 min (step 2). The thermal treatment hardens
the PDMS layer and facilitates a residue-free removal (step 3), thereby ensuring a

non-destructive process that allows re-using the master structure repeatedly.

In the second processing sequence (Fig. 3.3(b)), the PDMS mold is employed to
reproduce the master structure in a UV-curable resist. As substrates, Corning Ea-

2 and a silicon oxide diffusion barrier

gle XG® glass sheets with a size of 5 x 5cm
were utilized. Details about the diffusion barrier processing can be found in section
3.2. In the scope of this thesis, two types of resist materials were used, namely
a high-temperature stable sol-gel produced by Philips [156], and organic and hy-
brid polymers developed and produced by micro resist technology GmbH [157, 158|.
The Philips sol-gel is based on a composition of methyl-tri-methoxy-silane and tetra-
methoxy-ortho-silicate, which forms a silicon-oxygen network after curing [156]. The
hybrid polymer OrmoComp® consists of an unsaturated anorganic-organic hybrid
polymer that exhibits glass-like properties after curing, and provides a short-term
temperature stability up to 270°C [158]. UVcur06 is a purely organic, silicon-free
polymer and can therefore be removed residue-free in an oxygen plasma [157]. The

high-temperature stable sol-gel is spin-coated onto the substrate first for 10s at
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Figure 3.3: Schematic of (a) poly(dimethylsiloxane) (PDMS) mold production by molding
(step 1) and thermal hardening (step 2) and (b) the imprinting process in a UV-curable
sol-gel or resist layer (UV-NIL) by pressing the mold onto a spin-coated resist (step 1 and
2). The resist is then hardened by UV curing through the PDMS mold (step 3).

1000 rpm to form an adhesion layer on the substrate, then for 30s at 500 rpm to
form the bulk of the sol-gel. The two-step spin-coating results in a layer thickness
of ~ 600nm (step 1 in Fig. 3.3(b)). For the organic and hybrid polymer resists, a
single spin-coating process is employed, where the spin speed can be varied between
500 rpm and 3000 rpm depending on the desired layer thickness. The resists require
a pre-bake for 2 minute at 80 °C prior to imprinting. During imprinting, the PDMS
mold is gently rolled onto the coated substrate with the aid of a metal cylinder (step
2). The sol-gel and resists are hardened under a commercial broadband UV light
source (step 3) for 5min, 4 min, and 2 min for the sol-gel, hybrid and organic resist,
respectively. Subsequently, the mold is detached from the cured resist (step 4) and
may be re-used multiple times. The cured layers are post-baked for 8 min at 100 °C
(sol-gel) or 10 min at 130°C (organic and hybrid resists).

During liquid phase crystallization of silicon, the substrate is heated to tempera-
tures above 700°C. In addition, the textured substrates come into direct contact
with the molten silicon during LPC for several seconds, heating the substrate fur-
ther. The textured substrates need to withstand these temperatures and processing
peculiarities, which requires additional processing steps to ensure stability at these

temperatures (Fig. 3.4). For the high-temperature stable sol-gel, a thermal anneal-
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ing for 1h at 600°C (step 2) is performed to drive out all organic residues. Over
the course of this, the sol-gel volume shrinks by about 30 — 50%, in particular also

reducing the structure height.
(a) step 1 step 2
202
S

SiO, / glass NIL in sol-gel Thermal curing
(b) step 1 step 2 step 3
RIE

SiO, / glass NIL in organic resist  Reactive ion etching Oxygen plasma

Figure 3.4: Comparison of further processing after nano-imprinting to ensure high-
temperature stability, for (a) a high-temperature stable sol-gel using thermal annealing
and (b) a resist layer transferred to silicon oxide by reactive ion etching.

The organic and hybrid resists are not directly suitable for high-temperature pro-
cessing. They can, however, be used for pattern replication by reactive ion etching,

which will be discussed in more detail in the following section.

3.1.2 Texturing of silicon oxide layers

Reactive ion etching (RIE) allows to replicate nano-imprinted textures in the un-
derlying silicon oxide diffusion barrier without shrinkage, in contrast to the previ-
ously employed method using high-temperature stable sol-gels. To comprehend the
procedure of texture replication using NIL and RIE, reactive ion etching is firstly
introduced before discussing the particularities of the NIL+RIE method which was
developed in the scope of this thesis.

Reactive ion etching

In reactive ion etching, as sketched in Fig. 3.5, etching gases (red color) are injected

in an evacuated chamber, where they are ionized in a plasma (purple) and accel-
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erated towards the sample (blue). The choice of etch gases determines the etching
mechanism. Inert gases like Argon result in a purely physical etching, while suitable
reactive species for the target material additionally give rise to a chemical etch rate.
The chamber pressure during the process is controlled by changing the position of
a butterfly valve towards the vacuum pump. The plasma is generated using either
a capacitive-coupled radio frequency (RF, orange) or inductively-coupled plasma
(ICP, green) power source. Generally, an inductively-coupled plasma is character-
ized by a high plasma density, leading to high etch rates and isotropic etch profiles.
The capacitive-coupled power provides directional electric fields and therefore typi-
cally results in anisotropic etching profiles [67, 159-161]. In this thesis, an Oxford 80
ICP etcher was employed. By utilizing both, RF and ICP powers, their advantages

of directional etching and high etch rate, respectively, can be combined.

gas inIet#

: ICP power

—>
rvacuum pump

Figure 3.5: Schematic structure of a reactive ion etching chamber with a radio frequency
(RF, orange) and inductively-coupled plasma (ICP, green) power source. Etching gases
(red) are ionized in a plasma (purple) and accelerated towards the sample (blue).

Reactive ion etching of silicon oxide

Reactive ion etching is applied to produce textured glass substrates as light in-
coupling structures in LPC silicon solar cells. This process relies on a combina-
tion of nano-imprint lithography (NIL) and reactive ion etching (RIE), whereby a
nano-imprinted textured resist serves as three-dimensional soft etching mask during
subsequent reactive ion etching. Figure 3.4(b) illustrates a sketch of this texture
replication process. The texture is to be replicated in the silicon oxide diffusion
barrier. Hence, its thickness is increased by the intended texture height to ensure

a sufficient residual thickness of at least 200 nm after texturing. A resist layer is
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spin-coated onto the coated glass substrate and subsequently textured by NIL (Fig.
3.4(b), step 1). Subsequently, the texture imprinted into the resist is transferred
into the underlying silicon oxide layer by reactive ion etching (step 2). Optimized
process parameters for the etching of the organic UV-NIL resist UVcur06 into silicon
oxide were identified, namely a gas composition of 25sccm Ar and 25sccm CHF3,
a chamber pressure of p = 20mTorr, and an RF plasma power of Prp = 200 W.
The reader is referred to section 6.1 for a discussion of parameter optimization.
Possible residues of the organic resist can be removed from the sample by an oxy-
gen plasma treatment (step 3), ensuring high-temperature stability in the ensuing

high-temperature processes, in particular liquid phase crystallization.

3.1.3 SMART texture production

The smooth anti-reflective three-dimensional (SMART) texture relies on a combi-
nation of nano-imprint lithography and spin-coating of titanium oxide to produce
a texture that is optically rough but, at the same time, features a smooth surface.
Figure 3.6 exhibits the schematic production process of a SMART texture that was
developed in this thesis. Using UV-NIL, a glass substrate with a nano-pillar texture
is produced. Both high-temperature stable sol-gel layers as well as nano-textures
produced by reactive ion etching of organic resists may be used for this purpose. A
liquid precursor solution consisting of a mildly acidic solution of titanium isopropox-
ide in anhydrous ethanol [162, 163] is cast on the nano-pillar array and spin-coated
for 30s (Fig. 3.6, step 1). Varying the spin speed between 500 rpm and 3000 rpm
leads to varied film thicknesses. Solvents are removed from the layer by heating the
sample for 30 min at 150 °C. Subsequently, a compact titanium oxide layer is formed
by a second annealing step for 30 min at temperatures between 500 °C and 800 °C
(step 2). The spin-coating results in a preferential material deposition in the areas
between the nano-pillars, leaving a smooth surface which is “optically rough” due to
the refractive index contrast of the employed materials. Finally, a 10 nm thin pas-
sivation layer of silicon oxide or silicon oxy-nitride is deposited on the silicon oxide
nano-pillar array with the voids filled by titanium oxide to constitute the SMART
texture (step 3).
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Figure 3.6: Schematic production process of a SMART texture by spin-coating a titanium
oxide (TiO,) precursor solution (step 1) on a nano-imprinted nano-pillar array, preferably
filling the voids between the pillars. Organic solvents are removed by thermal curing (step
2), resulting in a compact TiO, layer. Finally, a 10 nm thin passivation layer of silicon
oxide or silicon oxy-nitride is deposited to constitute the SMART texture (step 3).

3.2 Solar cell precursor stack production

High-quality liquid phase crystallized silicon requires the deposition of interlayers
that serve as diffusion barrier, anti-reflective coating, and wetting and passivation
layers [35-37, 40, 136-138, 164, 165]. The texturing process is implemented in the
established process for LPC solar cells exhibiting a planar glass substrate as de-
scribed in the following.

All glass sheets were firstly coated with a silicon oxide diffusion barrier deposited
by plasma-enhanced chemical vapor deposition (PECVD). The diffusion barrier pre-
vents metal impurities from the glass to penetrate into the silicon absorber during
high temperature processing. The standard thickness of this diffusion barrier layer
is 200nm. Thicker layers were utilized for textures replicated in the silicon oxide
layer to ensure a residual thickness of 200 nm after pattering. A 70nm thick anti-
reflective silicon nitride layer is deposited by PECVD on both textured and planar
substrates. This step is omitted for the SMART texture, where the spin-coated
titanium oxide layer acts as anti-reflective coating. Finally, a wetting and passi-
vation layer is deposited by PECVD, whereby a 10nm thin silicon oxide layer [42,
136, 164] or a plasma-oxidized silicon nitride layer [43, 138, 166] is employed. Table
3.2 summarizes the deposition steps for different sample systems discussed in this

thesis.

The silicon absorber is deposited on the coated substrates by high-rate electron beam
evaporation [38, 53, 167] with a deposition rate of up to 600 nmmin—' at a heater
temperature between 600 °C and 640 °C. Substrate temperature was measured to
~ 540 °C prior to deposition, during which the temperature drops during the first
100's of deposition before stabilizing at ~ 440°C. Absorber doping is achieved us-
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Table 3.2: Overview of layer stacks and production processes for different sample types
manufactured in this thesis.

I Anti- ..
substrate lefl}SlOIl Texture type  reflective Passivation
barrier layer
layer

) ) 10nm SiO,
reference sample 250 nm SiO, — 70nm SiN,, 10nm Si(ON)

sol-gel texture 250 nm SiO Philips sol-gel 70nm SiN 10nm Si0,
& “ p & ’ 10nm Si(ON)

: Philips sol-gel . 10nm SiO,
SMART texture 250nm SiO, NIL4RIE ~ 50nm TiO, 10nm Si(ON)

(250 nm + 10nm SiO,

NIL+RIE texture Resist + RIE 70 nm SiN,,

htexture) Slox 10 nm SI(ON)

ing a thin highly-doped amorphous silicon layer which is deposited by PECVD on
top of the electron-beam evaporated silicon. During LPC, doping atoms are evenly
distributed in the whole absorber layer [40]. In a final step, a 100 nm thick silicon
oxide capping layer is deposited via PECVD. For textured substrates, this capping
layer leads to double-sided textured LPC silicon layers [46-48].

Liquid phase crystallization is performed by scanning the sample under a line-shaped

laser with a wavelength of 808 nm with a scanning speed of 3mms~1.

Two laser
sources were used in this thesis, one with a line width of 3.3 cm and one with 5.0 cm,
for which crystallization takes place under vacuum conditions. Crystallization re-
sults for both laser sources are equivalent [40]. The crystallization process is followed
by a rapid thermal annealing for 1 min at 950 °C to reduce glass deformations re-
sulting from thermal stress induced by the crystallization process.

The silicon oxide capping layer is removed by wet-chemical etching in hydrofluoric
acid. Absorbers for electronic characterization undergo a hydrogen plasma treat-
ment for 15 min at a heater temperature of 600 °C to saturate defects in the silicon
layer and thereby enhancing material quality [130, 168].

Absorbers for optical characterization were partly produced using solid phase crys-
tallization (SPC) instead of LPC. For SPC silicon absorbers, the deposition temper-
ature during electron beam evaporation is reduced to 300 °C, doping and capping
layer deposition is omitted. Solid phase crystallization is performed in a furnace
for 20h at 600°C. While electronic material quality is limited for SPC silicon [38],
optical properties are equivalent to LPC silicon up to a wavelength of 900 nm, al-
lowing to compare light in-coupling properties of SPC and LPC samples up to this
wavelength [169].
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3.2 Solar cell precursor stack production

3.2.1 Absorber texturization

The back-side of the silicon absorber can be textured to improve light trapping in
the silicon absorber. Two approaches for this were investigated in this thesis, as
sketched in Fig. 3.7. For both approaches, the top 300 — 500 nm of the LPC silicon
absorber was etched away to remove potential surface damages induced by hydrogen
plasma treatment in a silicon etch solution consisting of hydrofluoric acid, nitric acid

and phosphorous acid diluted in de-ionized water for 1 min prior to the texturing.

Wet-chemical etching

State-of-the-art LPC silicon solar cells rely on a random pyramid texture derived
from wet-chemical etching in a solution of potassium hydroxide [42, 43, 51, 52]. Wet-
chemical etching is performed at 80°C in a hydrous solution containing potassium
hydroxide (KOH) and an organic etching agent which is provided by GP solar [170].
KOH etching of silicon relies on a silicon crystal grain orientation dependent etch
rate [88, 171]. The close-packed {111} direction hereby exhibits the lowest etch rate.
In consequence, etching in KOH leads to a silicon surface with bared {111} facets.
For a silicon layer with {100} surface orientation, KOH texturing results in a random
pyramid texture [171]. For LPC silicon, an etching time of 3 min leads to pyramids
with a height up to 2 pm, whereby pyramids are tilted on grains with a crystal grain
orientation differing from a {100} surface (see Fig. 3.10 and [88]). Current LPC
silicon thin-film solar cells exhibit a random distribution of grain orientations with
a tendency towards a {100} surface [123, 172].

Reactive ion etching of silicon absorbers

The second texturization method was developed in the scope of this thesis. It
relies on a combination of nano-imprint lithography and reactive ion etching to
produce tailor-made textures independent of the silicon crystal grain orientation.
In a first step, an organic or hybrid resist layer is spin-coated on the liquid phase
crystallized silicon absorber and subsequently textured using UV-NIL (Fig. 3.7(b),
step 1). In a process similar to the pattern replication in silicon oxide described
in section 3.1.2, the texture is transferred into the LPC silicon absorber (step 2).
Optimized parameters for pattern replication were identified, namely gas flows of
35.7sccm CHF3 and 14.3scecm SFg with a chamber pressure of 20mTorr, an RF
power of Prr = 100 W, and an ICP power of Picp = 50 W. A discussion of process

optimization is found in section 6.1.2.
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(a) step 1
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Figure 3.7: Schematic production process of back-side textures in liquid phase crystallized
(LPC) silicon absorbers using (a) wet-chemical etching in potassium hydroxide (KOH) and
(b) a combination of nano-imprint lithography in organic resists and reactive ion etching
to replicate the texture in LPC silicon.

3.3 Solar cell production

Solar cells were produced using a lithography-free cell design developed by Haschke
et al. [39], therein denoted as test structure. While these cells typically exhibit a low
fill factor, they still allow a reliable evaluation of the essential solar cell parameters,
namely the open-circuit voltage V,. and short-circuit current density jgs. (cf. section
2.3). The steps involved in the production of these solar cells are schematically
depicted in Fig. 3.8. The top 300 — 500 nm of the n-doped absorber are etched away
in a silicon etching solution to remove potential surface damage from hydrogen
plasma treatment. This step is omitted for devices with a rear-side texture as the
damaged surface was already etched away prior to texturization (see section 3.2.1).
After an RCA cleaning step, a standard procedure for silicon surface cleaning [173],
the full substrate area is covered with a hetero-emitter of 5nm intrinsic and 10 nm
p-doped hydrogenated amorphous silicon (a-Si:H) by PECVD (step 1 in Fig. 3.8).
Subsequently, an 80nm thick indium-doped tin oxide (ITO) layer is deposited on
the whole substrate via sputtering. Solar cells are defined by the attachment of
sticky polyimide dots with a diameter of 8 mm (step 3), corresponding to a cell area
of 0.503 cm? in the finished devices.
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step 1 step 2 step 3
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Figure 3.8: Schematic production process of the lithography-free solar cell processing
employed in the thesis. It exhibits a hetero-emitter and relies on polyimide dots as etching
and deposition mask to form the contacts of the solar cell.

Using a mixture of 1 : 1 concentrated hydrochloric acid and de-ionized water, the
ITO layer is partly etched away, whereby the polyimide dots act as an etching mask
(step 4). Likewise, the a-Si:H layers are removed in a silicon etching solution (step
5). The wet-chemical etching processes result in an under-etching of the polyimide
dots, as indicated in step 5 of Fig. 3.8. A metallization of 30 nm titanium and 1 pm
aluminum is thermally evaporated on the samples (step 6) with the polyimide dots
serving as deposition mask. Finally, the polyimide dots are peeled from the samples
(step 7). Due to the under-etching during wet-chemical etching, the metal and ITO

surfaces form separate contacts of the solar cell.

3.4 Characterization techniques

Multiple characterization techniques were employed to analyze the structure of the

textures produced in the scope of the thesis (section 3.4.1). The impact of textures
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on the optical (section 3.4.2) and electronic (section 3.4.3) properties of liquid phase

crystallized silicon thin-film solar cells was investigated.

3.4.1 Structural properties
Atomic force microscopy

Atomic force microscopy (AFM) measurements were performed using a Park Sys-
tems XE-70 equipped with high-aspect ratio tips to investigate surface textures
with precision in the nanometer range. During AFM, a cantilever with a sharp tip
is scanned over the sample while adapting its height as a result of interactions with
the sample. The changing height of the tip is transferred to a topography map of
the sample surface [174, 175]. All measurements in the scope of this thesis were
performed in the non-contact mode, for which attractive van-der-Waals forces dom-
inate the tip-sample interaction [176]. AFM measurements are therefore a suitable
method to investigate textured surfaces for all materials and textures employed in
this thesis. As an example for a typical measurement, the surface topography of
a nano-imprinted hexagonal nano-pillar array with a nominal period of 1000 nm is
depicted in Fig. 3.9.

Figure 3.9: Example of an atomic force microscope surface image of a nano-imprinted
hexagonal nano-pillar array with a nominal period of 1000 nm.

AFM images were used to determine the sample period P and height h to derive
the height-to-period ratio A/ P. In the presented example, a period of P = 1050 nm
and height of h = 350 nm was measured, corresponding to a height-to-period ratio
of h/P = 0.33. The difference between measured to designed period indicates an
uncertainty of 5% due to processing and measurement inaccuracies.

Measurements of the sample surfaces using AFM are restricted to a maximum size of
40 x 40 pm?. If larger areas are to be investigated, laser scanning confocal microscopy

can be employed as an alternative approach.
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Laser scanning confocal microscopy

Laser scanning confocal microscopy (LSCM) is a special kind of light microscope,
in which a point source is scanned over the sample surface instead of a large area
illumination. For this, a laser beam is focused at a specific height and scanned
over the designated surface area. Using a pinhole further reduces the size of the
light beam and, as a consequence, enhanced optical resolution and a very low depth
of focus. By varying the focus height and stacking multiple surface images, three-
dimensional profiles can be extracted from the LSCM measurements.

The measurements presented in this thesis were taken with a KEYENCE VK-X
laser scanning confocal microscope. While the resolution of LSCM is lower than
that of an atomic force microscope, it allows to measure larger surface areas and
larger height differences. Figure 3.10 exhibits an example for a LSCM surface image
of a LPC silicon absorber with a random pyramid texture produced by wet-chemical
etching in potassium hydroxide with an area of approximately 70 x 95 pm?.

LSCM surface imaging was mainly employed for sample surface analysis of larger

structures and large areas, e.g. texture variations over the sample.

Figure 3.10: Example of a laser scanning confocal microscope image of a liquid phase
crystallized silicon surface after wet-chemical etching in potassium hydroxide (cf. sec-
tion 3.2.1).

Scanning electron microscopy

In scanning electron microscopy (SEM), a focused electron beam is scanned over
the sample to measure its surface topography. SEM images were recorded with a
HITACHI S-4100 SEM with a cold field emission gun generating electron beams
with an acceleration voltage between 5kV and 30kV. Electron beam imaging re-
quires measuring in high vacuum. Non-conductive materials potentially lead to

charging effects, which inhibit the focusing of the electron beam and cause a blurry
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appearance of the respective layers. Hence, the capability of SEM in imaging these
materials can be limited.

Incident electrons cause the release of secondary electrons due to elastic and inelas-
tic scattering at atoms near the surface. These secondary electrons are detected to-
gether with back-scattered electrons in a suitable detector. The amount of secondary
electrons depends on various parameters, in particular the surface topography and
materials, and can therefore be used as a parameter for imaging contrast [177, 178].
Tilting the sample holder allows to measure the surface at an angle, notably also
in cross section to analyze layered materials. As an example for SEM imaging, Fig.
3.11 illustrates an inverted pyramid texture nano-imprinted into an organic resist
partially etched into silicon using reactive ion etching. The image was taken in
cross-section with a tilting angle of 30°. The image exhibits two kinds of contrast.
Firstly, a material contrast — the resist layer appears darker than silicon. Secondly,
a topography contrast is found, in particular an edge contrast at the cleaving edge
of the silicon wafer and around the edges of the micro-texture. Remarkably, the

non-conductive organic resist layer does not exhibit charging effects in this image.

Figure 3.11: Example of a scanning electron microscope image of a nano-imprinted
texture in an organic resist partially replicated in silicon, in cross-section tilted by 30°.

Raman spectroscopy

Raman spectroscopy was employed to analyze the crystalline structure of materials
used for substrate textures [179], in particular titanium oxide layers derived from
sol-gel on silicon substrate. The method relies on inelastic scattering of incoming
laser irradiation, in the set-up employed in this thesis with a wavelength of 633 nm.
Inelastic scattering by absorption or emission of a phonon give rise to characteristic
modes for a material and their crystalline phases. This allows to analyze changes in

the structural properties due to processing changes.
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Spectroscopic ellipsometry

Ellipsometry is a suitable method to measure the (complex) refractive index and
film thicknesses in planar layer stacks [180]. The measurement principle is based on
the polarization change of a light beam reflected at the surface of a specimen. The
amplitude ratio ® and phase difference A depend on both thickness and material
properties of the investigated sample. A SENTECH SE-850 spectroscopic ellip-
someter was employed to analyze the refractive indices and thicknesses of studied
materials. The UV/Vis range with wavelengths between 380 nm and 850 nm was
chosen for the optical analysis. Using the producer’s SpectraRay software [181], a
model of the measured stack was set up using tabulated values for the substrate and
Tauc-Lorentz models for the films under investigation [182, 183]. Material parame-

ters were determined by fitting the measured ellipsometry data to the model.

3.4.2 Optical properties
Optical UV /Vis/NIR spectroscopy

Optical measurements were conducted using a Perkin Elmer UV /Vis/NIR Lambda
1050 photo spectrometer in a wavelength range from 300 nm up to 1200 nm with a
step size of 5nm. Two light sources are used to provide an adequate light intensity
over the whole wavelength range. Up to 320 nm, a deuterium lamp is used, while a
tungsten lamp provides light for longer wavelengths. The light is monochromatized
using a grating monochromator. The part of the measurement set-up used for
detection is sketched in Fig. 3.12(a). The monochromatic light is split to generate
a reference beam (dashed green in Fig. 3.12(a)) and a probe beam (solid green).
The reference beam enters the integrating sphere (blue outline) without hitting
the sample and is used to determine the light intensity. The probe beam hits the
sample (grey) which is tilted under an angle of 8° to prevent the specular reflection
from escaping the integrating sphere through the opening for the probe beam. The
integrating sphere is designed to generate a homogenous intensity distribution by
diffuse scattering at the sphere’s inner surface [184], in particular at the detection
area in the bottom of the sphere (black area in Fig. 3.12(a)). Optical measurements
presented in this thesis were measured in the center of the integrating sphere instead
of measuring in front of (transmittance) or behind (reflectance) the sphere. This
allows to correctly measure samples exhibiting pronounced scattering, for which light
may be scattered out of the opening of the integrating sphere if measured outside of

the sphere. Two detectors are used in the measurements, namely a photomultiplier
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up to a wavelength of 820nm and an indium gallium arsenide detector for longer

wavelengths.
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Figure 3.12: (a) Schematic measurement set-up of the UV /Vis/NIR spectrometer. (b)
Example of an optical spectrum of a 15 um thick LPC silicon absorber on glass with a
250 nm silicon oxide/70 nm silicon nitride/10nm silicon oxide interlayer stack. Parasitic
absorption in the glass substrate and interlayers is included as a dotted line. The area of
interest for anti-reflective properties without an influence of the silicon back-side (defined
by a negligible transmittance) is highlighted by a dashed line, up to 600 nm in this case.

Figure 12(b) illustrates a typical optical spectrum for a 15pm thick LPC sili-
con absorber with a planar interlayer stack of 250 nm silicon oxide/70nm silicon
nitride/10 nm silicon oxide. As discussed in section 2.1.1, incident light is either re-
flected (orange, plotted as 1—reflectance), absorbed (grey) or transmitted (purple)
after passing through the sample. If the penetration depth of the incident light is
smaller than the absorber thickness, no light reaches the back-side and transmit-
tance is negligible. For a 15pm thick LPC silicon absorber, this is the case at a
wavelength of 600 nm, as indicated by a dashed line in Fig. 3.12(b). In the short
wavelength range up to 400 nm, the glass substrate and interlayers contribute to
absorptance in the sample (dotted line) and therefore need to be taken into account
in the analysis. Hence, anti-reflective properties of the investigated solar cells are
evaluated in the wavelength range between 400 nm and 600 nm, where parasitic ab-
sorption and light trapping at the silicon back-side are negligible.

The light management structures implemented in this thesis aim at an absorption
enhancement by reducing reflectance (orange area in Fig. 3.12(b)) and transmission
losses (purple area) in the silicon absorbers. To evaluate their potential to improve
light absorption in LPC silicon solar-cells, mean absorptance and the so-called max-
imum achievable short-circuit current density are employed as figures of merit. The

maximum achievable short-circuit current density jsc max represents the upper bound
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for the short-circuit current density of a solar cell, as it assumes that every absorbed
photon contributes one electron-hole pair to current generation. It is calculated
by

1100nm ()
— 2 4 (a) dx, (3.1)
3

00 nm hv

where e is the elementary charge of an electron, hr the photon energy, ®(\) the spec-
tral photon flux under AM1.5g illumination and A(\) the absorptance at wavelength
A derived from UV /Vis/NIR measurements.

3.4.3 Opto-electronic properties
Quantum efficiency

Quantum efficiency measurements are a commonly used characterization technique
for solar cells. External quantum efficiency (EQE) relates the current generated in
the solar cell to the incoming photon flux for a specific wavelength. A custom-made
setup with a probing beam size of 3 mm x 2 mm generated using Xenon and Halogen
lamps and a grating to provide monochromatic light is used. A broadband halogen
lamp bias light allows to measure under light intensities close to the solar spectrum

intensity of 100 mW cm ™2,

By chopping the probe beam and using a lock-in tech-
nique, the continuous bias light does not alter the results of the EQE measurement.
For an ideal solar cell, every incident photon generates an electron-hole pair which
contributes to current generation up to the wavelength corresponding to the absorber
material band gap, leading to an EQE of unity. For longer wavelengths, light is not
absorbed in the solar cell and EQE becomes zero. For a realistic solar cell, EQE is
reduced due to both optical and electronic losses. For LPC silicon, optical losses in
the short-wavelength range are parasitic absorption in the glass substrate and inter-
layers, and non-absorption due to reflection. In the long wavelength range, where
the penetration depth becomes larger than the absorber thickness, non-absorption
becomes the largest loss factor. Electronic losses arise due to defects in the material,
either at interfaces or in the bulk. Defects at the front glass-silicon interface mainly
reduce EQE in the short-wavelength range, where most of the light is absorbed
close to this interface. Bulk defects, e.g. at grain boundaries, cause recombination
of charge carriers and are therefore independent of the wavelength of absorbed light.

If the absorptance A of the solar cell is known, internal quantum efficiency (IQE)
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can be calculated from IQE = EQE/4. IQE relates current generation to every ab-
sorbed photon and is a measure of electronic losses in the solar cell. Hereby, parasitic
absorption needs to be taken into account as it contributes to absorptance but not
current generation.

External quantum efficiency measurements allow to calculate the short-circuit cur-

rent density provided by the solar cell via

1100 nm

JeomQn = € /3 T O(NEQE() d), (3.2)
where e is the electron elementary charge, ©(\) the incident photon flux corre-
sponding to the solar spectrum (see Fig. 2.1(b)) and EQE()) the external quantum
efficiency at wavelength \.

In summary, quantum efficiency measurements are a suitable method to charac-
terize how efficiently the investigated solar cells convert incoming light to current
at a given wavelength. In doing so, both optical and electronic loss mechanisms
are taken into account. In combination with absorption measurements, it allows to
distinguish between optical and electronic losses. If parasitic absorption losses are

accounted for, electronic losses can be expressed by the internal quantum efficiency
[19, 66, 67].

Current-voltage characteristics

Current-voltage characteristics were measured with a WXS-156S-1.2 solar simulator
of WACOM ELECTRONIC CO. The solar simulator is equipped with a dual light
source with a Xenon and Halogen lamp mimicking the solar AM1.5g spectrum, with
a classification class AAA after DIN norm 60904-9:2007. Current-voltage character-
istics are measured under standard testing conditions, corresponding to an illumina-
tion intensity of 100 mW cm~2 at 25°C. Solar cell parameters, namely open-circuit
voltage, short-circuit current density, fill factor and power conversion efficiency are
calculated from the measured data employing a two-diode fitting model (cf. section
2.3). Current-voltage characteristics are the standard measurement technique to

determine a solar cell’s power conversion efficiency [4, 186, 187].

Suns-V,. method

The Suns-V,. method allows to measure open-circuit voltages of the lithography-free

processed solar cells used in this thesis (section 3.3). Measurements were performed
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with a Suns-V,. unit of a WCT-100 photo-conductance lifetime tool by Sinton In-
struments. The Suns-V,. method relies on tracking the open-circuit voltage as a
function of light intensity. A flash lamp with slow decay is used as a light source,
providing light intensities up to a few suns. The intensity decay is decisively slower
than the carrier lifetime in the device, ensuring quasi-steady state conditions dur-
ing the measurements. In contrast to current-voltage characteristics measurements
described above, the current is measured with a separate calibrated photodiode, al-
lowing to determine the illumination density independent of the measured sample.
These aspects facilitate a quick determination of open-circuit voltages as well as
measurements with high throughput [188, 189]. Another peculiarity of the Suns-V.
method is that measurements are performed under open-circuit conditions. Ac-
cordingly, series resistance does not alter the measurements (see section 2.3) and
requirements for the contacting scheme are reduced. In combination with the short-
circuit current density, which may be calculated from EQE measurements described
above, an idealized current-voltage curve can be calculated under the assumption
of the short-circuit current density being a linear function of illumination intensity
[190, 191]. An idealized fill factor can be calculated from this j — V' characteristics,
which constitutes the limit of F'F for a perfect contacting scheme. The resulting fill
factor is also referred to as pseudo fill factor (pseudo-F'F'), from which the pseudo-

efficiency might be calculated using Eq. (2.32).

3.5 Numerical methods

Simulations allow to calculate solutions for Maxwell’s equations based on numerical
assumptions. From these, optical properties of a solar cell can be calculated in a fast
and controllable way. Parameters like layer thicknesses and texture geometry can be
varied easily and cost-effective. In this way, simulations may assist to guideline the
experiment to identify optimized parameters and, in consequence, optical properties
in real solar cells.

In this thesis, one-dimensional and three-dimensional simulations were employed
and will be introduced in the next sections. Three-dimensional simulations using
the finite element method solve Maxwell’s equations for a three-dimensional texture
that is discretized in the trial space [192]. While the simulations are time- and
resource-consuming, they allow precise approximations of the solutions to Maxwell’s
equation. In consequence, a complete layer stack including the silicon back-side of
LPC silicon thin-film solar cells can not be treated in three-dimensional simulations

and one-dimensional simulations were employed for these cases. For one-dimensional
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simulations, a net radiation approach is used, relying on the continuity conditions

of the electric field in Maxwell’s equations [192].

3.5.1 One-dimensional simulations

One-dimensional simulations were performed using the optical simulation software
“GenPro4” developed at Delft University of Technology [193, 194]. The software
code numerically calculates the absorptance in both coherent and incoherent layers
based on an extended net radiation approach and gives reflectance and transmittance
of the investigated layer stack. Input parameters for the layers are their complex
refractive indices and layer thicknesses. While interference is taken into account in
coherent layers, it is neglected for incoherent layers by assuming that incident and
reflected beam do not exhibit a correlated phase [194]. Despite the one-dimensional
simulation approach, textured interface can be approximated in GenPro4. For this,
scatter matrices describing the reflectance and transmittance at an interface are dis-
tributed in multiple angular intervals relative to the interface [193]. Two models can
be employed to calculate the light intensity in the angular intervals, namely a ray-
optics model using a ray tracing technique [195, 196] and a wave-optics model based
on the scalar scattering theory developed by Jager et al. [197, 198]. The ray-optics
model is most suitable for textures with features much larger than the wavelength
range investigated, whereas the wave-optics model is used for textures with typi-
cal feature sizes comparable to the wavelength. Surface topographies measured by
atomic force microscopy (section 3.4.1) were used as input for the calculation mod-
els. The LPC silicon thin-film solar cells modelled in this thesis, as sketched in
Fig. 3.13(a), exhibit a SMART texture (see section 3.1.3) with a period of 750 nm
at the front-side and random pyramids at the back-side. The pyramid texture was
produced by wet-chemical etching in potassium hydroxide (see section 3.2.1) with a
typical size of 2 um at the back-side of the silicon absorber. The modelled structure
of these stacks is sketched in Fig. 3.13(b). The SMART texture was represented
as an effective medium with an effective dielectric constant .5 calculated using the
Maxwell-Garnett equation [84, 199

= 50 2- (1 - ff) ) (5Tioz - 55101) + emio, + 2 €sio,

Eeff s (33)

where ff denotes the filling fraction of the hexagonal array of SiO, nano-pillars.
The effective refractive index neg = /o may be calculated from the dielectric

constant.
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Scattering due to textures at the front and back-side are taken into account by

wave-optical and ray-optical models, respectively.

(a) Experimental (b) Modelled
structure structure

S \ « Ray-optical scattering
|

$i0,/TiO,

effective medium « Wave-optical scattering

Figure 3.13: Schematic of (a) the experimental structure of a LPC silicon absorber with a
SMART texture at the front-side and random pyramid texture at the back-side and (b) the
adapted structure for one-dimensional simulations with planar interfaces and scattering
models.

3.5.2 Three-dimensional simulations

The finite-element solver “JCMsuite” was used for three-dimensional simulations
[200, 201]. JCMsuite calculates rigorous solutions to Maxwell’s equation for a given
structure in three dimensions. For this, a unit cell of the periodic structure is meshed
into tetrahedra and prisms. Solutions to Maxwell’s equations are approximated by
a polynomial on every finite element, whereby periodic boundary conditions at the
side of the unit cell are applied. In this thesis, a relative error of the field energy
of 1073 is chosen, which is ensured by constraining the typical side lengths of the
elements and adapting the polynomial degree during simulations.

As the simulation is limited by memory and time, the computational domain is
enclosed by artificial absorbing layers at the top and bottom, so-called perfectly
matched layers. This ensures a computational domain limited to finite thickness for
scattering problems [192]. In the perfectly-matched layer, it is assumed that every
photon reaching its interface is absorbed, corresponding to an infinitely thick layer.
The simulated SMART structures consist of hexagonal arrays of nano-pillars with
titanium oxide filling the voids between nano-pillars (see section 3.1.3). The simula-
tion assumes a perfectly flat surface of the silicon oxide/titanium oxide inter-mixed
layer. A 10nm thin silicon oxide layer on top of this inter-mixed layer terminates
the texture. The geometrical parameters describing the SMART texture are the
period p of the unit cell and the height h and the diameter d of the-nano-pillar, as
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indicated in Fig. 3.14.
The area filling fraction ff corresponding to the relative areas of the nano-pillar

and the unit cell is given by

ff=2mV3(d-p). (3.4)

c-Si PML

c-Si
SiO,
TiO, sol-gel

SiO, sol-gel

SiO

X

glass
glass PML

Figure 3.14: Unit cell of the simulated SMART texture, indicating the geometrical pa-
rameters varied in the simulations, namely the period p of the unit cell and the height h
and diameter d of the silicon oxide nano-pillars. The top and bottom of the simulation
domain are enclosed by perfectly-matched layers (PML).
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4 Sinusoidal nano-structures

Sinusoidally textured glass substrates were extensively studied as light management
textures in LPC silicon thin-film solar cells by Koppel [49]. In this study, high elec-
tronic material quality with open-circuit voltages above 600 mV was demonstrated.
The method employed limited the height-to-period ratio of sinusoidal textures to 0.3,
while simulations by Jager et al. [202] revealed improved light in-coupling for higher
height-to-period ratios up to 0.5. The method introduced in section 3.1.2 using a
combination of nano-imprint lithography (NIL) of commercially available resists
and subsequent reactive-ion etching (RIE) is applied to sinusoidal nano-textures
with height-to-period ratios of 0.5. Additionally, newly developed interlayers that
demonstrated to improve the glass-silicon interface in planar devices [43, 138] are ap-
plied to these textures and their influence on optical properties and interface quality
is studied. The surfaces of sinusoidal textures produced using this NIL+RIE method
are analyzed, and their optical properties in LPC silicon solar cells is investigated.
Finally, solar cell results on these textured substrates are presented.

Parts of the results presented in this chapter were previously published in [203].

4.1 Previous work

Sinusoidal textures were investigated as light management structures in LPC silicon
thin-film solar cells in [48, 49]. After steep textures were found to cause disloca-
tions in the silicon absorber after crystallization [45, 46], the sinusoidal texture was
developed as an alternative texture without edges and steep flanks, aiming at op-
timizing interface quality. The sinusoidal textures studied in [49] had periods of
500 nm and 750 nm based on simulations predicting these to be close to the optimal
period for light in-coupling in liquid phase crystallized silicon thin-film solar cells
on glass [204, 205]. Master structures with a hexagonal sinusoidal texture with a
height-to-period ratio of 0.5 were produced by laser interference lithography [206].
The structures were replicated into high-temperature stable sol-gel layers [156] using

UV-NIL. To ensure process compatibility with the high temperatures during LPC,
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CHAPTER 4 Sinusoidal nano-structures

these sol-gels require a thermal annealing step at 600 °C. This process leads to a
substantial shrinkage of the nano-structures, thereby limiting the height-to-period
ratio to 0.3. Simulations by Jager et al. [202] revealed that light in-coupling into the
silicon absorber is enhanced by higher aspect ratios up to around 0.5, as depicted in
Fig. 4.1. Therefore, fully exploiting the optical potential of the sinusoidal texture
requires a fabrication method that allows to replicate the nano-structures without

shrinkage, while still providing the necessary stability at high temperatures.
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Figure 4.1: Simulated (lines) and experimental (dots) mean absorptance at the sinu-
soidally textured glass-silicon interface for a period of (a) 500 nm and (b) 750 nm, adapted
from [202].

Sinusoidal textures with height-to-period ratios below 0.3 produced using the Philips
sol-gel with high-temperature stability have experimentally demonstrated efficient
anti-reflection at the interface between glass substrate and LPC silicon. However,
absorption enhancement only leads to an increased solar cell efficiency if the imple-
mentation of the texture does not reduce carrier extraction by inducing defects in
the absorber material or its interfaces. While bulk material quality could be shown
to be close to that of comparable planar reference devices, providing open-circuit
voltages above 600mV [48, 49], characteristics of the external quantum efficiency
revealed that surface recombination at the textured interface is still higher than for
planar devices, indicating texture-induced defects at this interface.

The sinusoidal nano-textures presented in this chapter exhibit a height-to-period
ratio of 0.5 reached by the newly developed texture production method based on
a combination of nano-imprint lithography and reactive ion etching (cf. section
3.1.2). Additionally, novel interlayers between textured glass substrate and LPC
silicon absorber are investigated with respect to their influence on optical properties

and interface and material quality of solar cells exhibiting a sinusoidal texture.
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4.2 Process development

4.2.1 Optimization of the reactive ion etching process

In the method presented here, nano-imprinted resist layers act as three-dimensional
soft etching masks in a subsequent reactive ion etching (RIE) process. The follow-
ing prerequisites should be fulfilled in order to replicate nano-structures with high
structural fidelity. First, a reactive ion etching process that facilitates the same etch
rates for the resist mask layer and the underlying material needs to be identified. If
the etch rate of the materials differs, the resulting texture is compressed or stretched
accordingly. Secondly, the etching process should be anisotropic, e.g. directional, to
prevent pattern distortions. For the implementation of sinusoidal textures produced
by this method into liquid phase crystallized silicon thin-film solar cells on glass, two
commercially available UV-curable resists (OrmoComp and UVcur06 from microre-
sist technology GmbH) were analyzed as mask materials. The silicon oxide (SiO,)
diffusion barrier produced by plasma-enhanced chemical vapor deposition (PECVD)
was identified as a suitable target material.

Etch rates of these three materials were examined for different gas compositions fre-
quently employed for silicon oxide etching [207]. Gas compositions include a mixture
of 25 scem Ar and 25 scem CHF3 (process (1)), these gases with an additional 2 sccm
Oy (process (II)), 40sccm CHF3 and 2sccm Oy (process (I11)), and a mixture of
35scem CHF3 and 14 scem SFg (process (IV)). Figure 4.2 illustrates the measured
etch rates for PECVD silicon oxide (black squares), OrmoComp (blue triangles) and
UVcur06 (green circles). As the resists contain organic constituents, the inclusion of
oxygen, process (II) compared to process (I), increases the etch rate for the resists
by a factor of two, whereby the etch rate for SiO, is unchanged. For process (III),
without Argon as dilution gas, the etch rate of the resists is lower despite a higher
relative oxygen content in the chamber. Further, the etch rate for SiO, rises due to
a higher concentration of CHF3 as etching agent. Process (IV) is found not to be
suitable for pattern replication as the resists are etched more than twice as fast as
the silicon oxide.

Similar etch rates for the resists and PECVD silicon oxide, a requirement for pattern
replication without structural distortions, is given for process (I) and, additionally,

for UVeur06 in combination with process (I1I).

Consequently, these combinations were further analyzed in regards to the anisotropy
of the process. For that purpose, hexagonal nano-pillar arrays with a period of
750nm and a height of 100nm were nano-imprinted on top of and subsequently
replicated in PECVD SiO, using the aforementioned processes (I) and (III). The
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Figure 4.2: Etch rates for different gas compositions for silicon oxide produced by chem-
ical vapor deposition (black squares) and two commercially available resists, OrmoComp
(blue triangles) and UVcur06 (green circles).

vertical sidewalls of the nano-pillars allow to evaluate the anisotropy of the etching
processes.

For the method to be compatible with subsequent high temperature processes, in
particular liquid phase crystallization with temperatures above 700 °C, potential
resist residues need to be removed without altering the replicated pattern. For
UVcur06, it was found that a residue-free removal is ensured by an oxygen plasma
treatment [157], which does not affect the replicated pattern in the silicon oxide
layer. For OrmoComp, on the contrary, no process could be identified that provided
a residue-free removal while preserving the replicated texture as it exhibits glass-like
properties after UV curing [158]. Hence, OrmoComp was discarded as a suitable
masking material and further experiments were limited to UVcur06.

Figure 4.3 depicts surface profiles measured using atomic force microscopy for etch-
ing processes (I) (Fig. 4.3(a)) and process (III) (Fig. 4.3(b)). The imprinted
structure in UVeur06 (black) and the replicated pattern after etching (red) are com-
pared. Due to the AFM surface profile constituting a convolution of tip geometry
and surface topography, the flanks of the nano-pillar appear to be inclined. Pattern
replication was successful for both processes, the nano-pillar array is clearly recog-
nizable. For process (III), however, the height of the nano-structure is reduced to
about half of the imprinted structure as a result of partly isotropic etching. Isotropic
etching leads to a removal of material on the sides of the nano-pillar. If the thickness
of material etched horizontally becomes larger than the pillar diameter, the height

of the texture is reduced.
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Figure 4.3: Atomic force microscope profiles for (a) etching process (I) and (b) etching
process (III), for a hexagonal nano-pillar array imprinted into UVcur06 (black) and etched
into silicon oxide (red).

The sample etched by process (I), on the contrary, exhibits an increase in mean
pillar height by about 10 nm, which is in line with variations over one sample and the
accuracy of AFM measurement (see section 3.4.1). Side-walls of the structure etched
in Si0, are streamlined due to partly isotropic etching, but the effect in considerably
smaller than for process (III). Surface topography images of the imprinted and
replicated texture employing process (I) measured by AFM, disclosed in Fig. 4.4,
illustrate this further. While the nano-pillars are clearly replicated, material removal
at the tips of the nano-pillars is evident. As a consequence, the conicity of the etched
nano-pillars is greater than that of the imprinted structure. Still, the pattern is
transferred with sufficient structural fidelity. Hence, using UVcur06 as mask material
and a reactive ion etching process with a gas composition of 25 sccm Ar and 25 scem
CHF3, chamber pressure of 20 mTorr, and plasma power of Prrp = 200 W constitute

a process for pattern replication into the silicon oxide diffusion barrier.

(b)

120 nm 130 nm

a0V

Figure 4.4: Atomic force microscope images of a nano-pillar array with a period of 750 nm
and a height of around 100nm (a) imprinted into UVcur06 and (b) replicated in silicon
oxide using etching process (I).
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4.2.2 Structural analysis of sinusoidal structures

Having established a suitable RIE process for pattern replication from UVcur06 to
the silicon oxide diffusion barrier, sinusoidal nano-textures with a period of 750 nm
and a height-to-period ratio of 0.5 were produced using the NIL+4RIE approach.
Fig. 4.5 depicts AFM surface profiles of the sinusoidal texture nano-imprinted into
UVeur06 (black) and the same texture after etching into silicon oxide (red). For com-
parison, the sinusoidal texture imprinted into the previously used high-temperature
stable sol-gel (green) [48] after thermal annealing is included.

As already stated in the previous section, the reactive ion etching process preserves
the surface topography and height of the master structure. The influence of partly
isotropic etching on texture deformation is less pronounced as for the sharp-edged
nano-pillar texture. The structure imprinted into the organic resist UVcur06, which
constitutes a duplicate of the master structure, has a height-to-period ratio of 0.5
and exhibits a characteristic feature of the valley being steeper than the top of the
structure [49]. For the replicated structure, the steep valley is smoothed out by
the reactive ion etching process, and appears more symmetrical than the imprinted
structure. Texture height, however, stays constant after pattern replication, and the

height-to-period ratio of 0.5 is conserved.
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Figure 4.5: Atomic force microscope profiles of a hexagonal sinusoidal texture with a
period of 750 nm and a height-to-period ratio of 0.5, nano-imprinted in the organic resist
UVcur06 (black) constituting a duplicate of the master structure, replicated in silicon
oxide by means of reactive ion etching (red), and nano-imprinted in a high-temperature
stable sol-gel after thermal annealing (green).

For the texture imprinted into the high-temperature stable sol-gel, the shrinkage
during thermal annealing is clearly observed. The height of the structure is reduced
by 50% due to the driving out of organic constituents. The steep valley of the
texture is preserved after annealing.

Surface topography of the sinusoidal textures disclosed in Fig. 4.6 was measured

by atomic force microscopy. Again, the lower height of the texture produced by
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the method relying on the high-temperature stable sol-gel (green outline) is clearly
identified. The texture imprinted into UVcur06 (black) and the texture replicated
in SiO, by means of RIE (red) exhibit a close resemblance, emphasizing the high
degree of structural fidelity achievable with the NIL+RIE method. The surface of
the sinusoidally textured high-temperature stable sol-gel layer is rounded compared
to the master structure represented by the duplicated texture imprinted in UVcur06,

which reveals contours at the top of the texture.
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Figure 4.6: Atomic force microscope images of a hexagonal sinusoidal texture with a
period of 750 nm and a height-to-period ratio of 0.5, nano-imprinted into the organic resist
UVcur06 (black), replicated into silicon oxide by NIL+RIE (red), and nano-imprinted in
a high-temperature stable sol-gel after thermal annealing (green).

In summary, a method for the replication of textures nano-imprinted into an or-
ganic resist to the silicon oxide diffusion barrier was developed and optimized for
high structural fidelity. Optimized process parameters during reactive ion etch-
ing allowed to reproduce a sinusoidal nano-texture with a period of 750 nm and a
height-to-period ratio of 0.5 in the silicon oxide diffusion barrier without shrinkage
and pattern distortion, compared to only 0.25 in the previously employed nano-
imprinting into a high-temperature stable sol-gel that suffers from shrinkage during

thermal annealing.

4.3 Optical analysis

In the time this thesis was conducted, novel interlayer deposition methods were de-
veloped for liquid phase crystallized silicon thin-film solar cells on glass with planar
glass-silicon interface [42, 43, 136-138, 166]. Changing from interlayers deposited
by physical vapor deposition (PVD) to plasma-enhanced chemical vapor deposi-
tion (PECVD) facilitated improved solar cell efficiencies due to a lower interface
recombination [137, 166]. A three-layer interlayer stack of 250nm silicon oxide
(Si0,)/70 nm silicon nitride (SiN,)/10nm SiO, was implemented, serving as diffu-
sion barrier against glass impurities, anti-reflective coating, and wetting and passi-
vation layer, respectively. Interface quality could further be improved by changing
the interlayer stack from the SiO,/SiN,/SiO, stack to 250nm SiO,/70nm SiN,
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with a subsequent plasma oxidation of the top ~ 10nm of the SiN, layer. The
plasma oxidation results in an oxygen-rich silicon oxy-nitride (Si(ON)) layer and,
consequently, reduces the SiN, layer thickness to about 60 nm.

These interlayer deposition techniques were applied to sinusoidally textured glass
substrates with a height-to-period ratio of 0.5 produced by the NIL+RIE method.
The following section discusses the influence of interlayer types (section 4.3.1), and
presents a comparison of optical properties of sinusoidal textures with varied height-
to-period ratio resulting from the texturing technique (section 4.3.2).

4.3.1 Optical properties of different interlayer stacks

The light in-coupling properties of LPC silicon absorbers with different interlayers
are analyzed by absorption measurements to identify an interlayer stack that facil-
itates optimized light in-coupling properties in combination with sinusoidal nano-
textures with a height-to-period ratio of 0.5 produced by the NIL+4RIE approach.
For reference, an analysis of light in-coupling for planar interlayer stacks is included.
The investigated wavelength range was limited between 300 nm and 600 nm. In this
wavelength range, an influence of the silicon back-side by varying absorber thickness
and, in the case of sinusoidally textured absorbers, double-sided texturing, can be
excluded. As a first step, the absorptance of LPC silicon absorbers with planar
glass-silicon interface was investigated for different interlayer deposition techniques,
as illustrated in Fig. 4.7(a).
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Figure 4.7: Absorptance of LPC silicon absorbers with different interlayers on (a) planar
substrates and (b) substrates with sinusoidal textures with a period of 750 nm and height-
to-period ratio of 0.25.

Comparing the silicon oxide/silicon nitride/silicon oxide stacks between the depo-
sition methods of PVD (black curve in Fig. 4.7) and PECVD (green), a lower
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4.3 Optical analysis

absorptance and thus, higher reflectance, is found for the sample with PECVD in-
terface. This indicates a higher refractive index of the SiN, layer for the PVD
deposition, which could be explained by a more compact layer growth. If the SiO,
passivation layer (green) is replaced by a Si(ON) layer by oxidizing the top ~ 10 nm
of the SiN, layer (blue), reflectance in the short wavelength range between 300 nm
and 550 nm can be reduced. The anti-reflective properties are hence enhanced for
shorter wavelengths. This is attributed to an increased refractive index of the silicon
oxy-nitride passivation layer compared to the silicon oxide layer.

For sinusoidally textured LPC silicon absorbers with a height-to-period ratio of 0.25
(Fig. 4.7(b)), overall absorption is higher compared to the planar interlayer stacks.
In particular, reflectance in the wavelength range from 300 nm and 450 nm is re-
duced. Comparing interlayer deposition techniques for sinusoidally textured glass
substrates reveals the same trend as for absorbers grown on planar glass substrates.
The PECVD SiO, /SiN, /SiO, stack exhibits a higher reflectance, possibly due to a
lower refractive index of the silicon nitride layer compared to its counterpart pro-
duced by PVD. For the SiO,/SiN, /Si(ON) stack, reflectance is lower than for the
Si0, /SiN, /SiO, stack produced by PECVD and comparable to the PVD interlay-
ers. In the short wavelength range < 450 nm, the Si(ON) passivation layer decreases
reflectance compared to the PVD interlayer stack. Mean absorptance was calculated
in the wavelength range from 400 nm to 600 nm to exclude the parasitic absorption
in the glass occurring for wavelengths < 400 nm. Mean absorptance values for planar
(black) and sinusoidally textured (blue) LPC silicon absorbers with different inter-
layers are summarized in Fig. 4.8. Independent of interlayer deposition technique,
absorption is higher for LPC silicon layers with a sinusoidal texture at the glass-
silicon interface by more than 3% (absolute). Using a PECVD SiO, /SiN,/Si(ON)
interlayer stack in combination with a sinusoidal nano-texture allows to absorb more
than 91% of the incoming light, whereby around 4% are already reflected at the air-

glass interface.

In conclusion, the implementation of an SiO,/SiN,/Si(ON) interlayer stack de-
posited by plasma-enhanced chemical vapor deposition not only gives rise to op-
timized electronic interface quality [43, 138], but also improves light in-coupling at
the glass-silicon interface. An additional absorption gain over the state-of-the-art
interlayer stack employed in LPC silicon record solar cell devices can be achieved by
a sinusoidal texture at the glass-silicon interface. Further optimizing the light in-
coupling at the glass-silicon interface requires sinusoidal nano-textures with a higher

height-to-period ratio [202] as described in the following section.
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Figure 4.8: Mean absorptance from 400 nm to 600 nm for LPC silicon thin-film absorbers
with different interlayer stacks on planar substrates (black squares) and substrates with a
sinusoidal texture with a period 750 nm and a height-to-period ratio of 0.25 (blue circles).

4.3.2 Optical properties of sinusoidal nano-textures

To further optimize the light in-coupling at the glass-silicon interface, the NIL+RIE
method was employed for producing glass substrates for liquid phase crystallized
silicon solar cells with a sinusoidal nano-texture with a height-to-period ratio of 0.5.
The sinusoidal textures produced by the high-temperature stable sol-gel method are
only half as high as those from the NIL+RIE method due to technological restric-
tions, giving a height-to-period ratio of 0.25. Figure 4.9 depicts the absorptance
of LPC silicon absorber layers with a SiO, /SiN,/Si(ON) interlayer stack and a si-
nusoidal nano-texture produced by nano-imprinting into a high-temperature stable
sol-gel (blue) and via the NIL+RIE method (red). Absorptance curves exhibit vari-
ations in the range of about 0.5% (absolute), which are attributed to the 5 x 5 cm?
large samples causing an irregular intensity distribution in the integrating sphere.
The sample with the sinusoidal texture produced by the NIL+RIE method exhibits
higher absorptance values for wavelengths > 400nm. Mean absorption between
400 nm and 600 nm could be increased from 91.4% to 93.0% by the implementation
of the sinusoidal texture with a height-to-period ratio of 0.5 produced by NIL+RIE.
Considering the 4% reflection loss at the air-glass interface (dashed curve in Fig.

4.9), less than 3% of the incoming light is reflected at the textured interface coated
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with silicon nitride/silicon oxy-nitride anti-reflective and passivation layers, allowing

to efficiently absorb the solar irradiation in this wavelength regime.
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Figure 4.9: Absorptance of LPC silicon absorber layers on glass substrates with a sinu-
soidal texture with a period of 750 nm and a height-to-period ratio h/P of 0.25 produced
by nano-imprinting into a high-temperature stable sol-gel layer (blue) and with h/P = 0.5
reached by employing the NIL+RIE method (red). Reflectance at the air-glass interface
(dashed), represented as 1 — R is included for reference.

In a nutshell, the influence of the interlayer stack and the deposition method on the
optical properties of LPC silicon absorbers with planar and sinusoidally textured
glass-silicon interface was investigated. It was found that the change from PVD
to PECVD interlayers — which was motivated by in-line processing and advances
in interface passivation — reduced light in-coupling if the same SiO,/SiN,/SiO,
interlayer stack was applied. The PECVD process, however, allowed to implement
a novel process based on plasma oxidation of the silicon nitride anti-reflective layer,
which enhanced absorption back to the level for PVD interlayers.

Implementing sinusoidal nano-textures with a height-to-period ratio of 0.5 produced
by NIL+RIE into LPC silicon absorbers on glass allowed to further increase light
in-coupling, and mean absorptance values between 400 nm and 600 nm of more than

93% could be reached, of which 4% are already reflected at the air-glass interface.

4.4 Solar cell results

Solar cells were manufactured on glass substrates exhibiting a sinusoidal texture
produced by NIL+RIE. The state-of-the-art interlayer stack consisting of a silicon

nitride layer in combination with plasma-oxidation of the first 10 nm was deposited
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CHAPTER 4 Sinusoidal nano-structures

on the sinusoidally textured silicon oxide diffusion barrier with a height-to-period
ratio of 0.5. Figure 4.10 exhibits the external quantum efficiency and absorption
characteristics of solar cells with 15 pm thick LPC silicon absorber on a sinusoidal
texture (red) and a parallel-processed reference sample with a planar glass-silicon
interface and a KOH pyramid back-side texture (light red). As a reference, a solar
cell with a sinusoidal texture produced by imprinting in high-temperature stable
sol-gel and PVD interlayers (black) and its planar counterpart (grey) is illustrated
[48]. The EQE of the planar samples is equivalent up to a wavelength of 700 nm.
For longer wavelengths, the higher absorption due to the KOH back-side texture
results in a higher EQE. Among the samples with a sinusoidal texture, no significant
difference in EQE is found for wavelengths up to 750 nm. For longer wavelengths,
EQE is higher for the texture produced by NIL+RIE. The EQE gain is based on
a higher absorptance of the sample with a high height-to-period ratio sinusoidal
texture (dashed lines in Fig. 4.10).
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Figure 4.10: External quantum efficiency (EQE, solid) and absorptance (A, dashed) of
LPC silicon solar cells with planar (grey, light red) and sinusoidally textured (black, red)
glass-silicon interfaces. The sinusoidal textures differ in their height-to-period ratio h/P
due to the employed production method, namely high-temperature stable sol-gels leading
to an h/P of 0.25 (black), and h/P = 0.5 for the NIL4+RIE method (red). The cells exhibit
different interlayer stacks, namely a SiO,, /SiN,/SiO,, stack deposited by PVD (grey, black)
and SiO, /SiN, /Si(ON) deposited by PECVD (light red, red).

This is attributed to the sinusoidal texture produced by NIL+RIE being replicated
at the back-side of the device [46, 47] with larger height, where higher textures
increase light trapping and, hence, absorptance.

Comparing the solar cells with sinusoidal textures to the reference samples reveals
that the sinusoidal texture reduces EQE independent of nano-texture height and
interlayer deposition technique. Despite the higher absorptance, EQE is reduced in
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4.4 Solar cell results

the short wavelength range, where most of the light is absorbed close to the front
glass-silicon interface, indicating higher surface recombination.

To further investigate the interface and bulk properties of the LPC silicon solar
cells on sinusoidal textures and planar glass substrates, internal quantum efficiency
(IQE) was calculated from EQE and absorptance. This allows assessing material
quality independent of optical properties of the solar cell. IQE was calculated for
illumination through the glass (superstrate configuration) and from the back-side
of the device (substrate configuration), as indicated in the schematic measurement
setup disclosed in Fig. 4.11(a).
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Figure 4.11: (a) Schematic of the measured solar cells. The illumination direction of mea-
surements in substrate and superstrate configuration is depicted for reference. (b) Internal
quantum efficiency (IQE) of LPC silicon solar cells with planar (grey, light red) and sinu-
soidally textured (black, red) glass-silicon interfaces, measured for substrate (dashed) and
superstrate (solid) illumination. The sinusoidal textures differ in their height-to-period
ratio h/P due to the employed production method, namely high-temperature stable sol-
gels [48] leading to an h/P of 0.25 (black), and h/P = 0.5 for the NIL+RIE method (red).
The cells exhibit different interlayer stacks, namely a SiO, /SiN, /SiO, stack deposited by
PVD (grey, black) and SiO,/SiN,/Si(ON) deposited by PECVD (light red, red).

Both interface and bulk material quality affect the IQE. The IQE analysis is re-
stricted to a wavelength range from 400 nm to 600 nm. In this range, the penetration
depth of the incoming light is smaller than the absorber thickness, and therefore an
influence of the opposite interface can be excluded. Additionally, parasitic absorp-
tion in the glass substrate is negligible for wavelengths > 400 nm. In consequence,
IQE in this wavelength range reflects bulk properties and interface quality of the
interface facing the illumination. Under the assumption that interface quality of

the silicon back-side is unchanged for the sinusoidally textured samples, it can be
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assumed that differences in IQE under substrate illumination are solely caused by a
varying amount of bulk defects. Fig. 4.11(b) exhibits IQE for illumination through
the glass (solid lines) and from the back-side (dashed).

As discussed for the EQE of the solar cells, sinusoidally textured devices induce
defects in the LPC silicon layer, reflected in an IQE in superstrate configuration
that is lower than that of planar cells by about 10 — 15% (absolute).

For illumination from the back-side of the device (substrate configuration), differ-
ences in IQE are considered to be solely caused by bulk defects. A clear difference in
IQE from the textured devices to the planar reference is found, amounting to about
5 — 10% (absolute). Thus, the sinusoidal textures appear to not only cause defects
at the glass-silicon interface, but also bulk defects that reduce IQE for illumination
from the back-side of the cell.

To summarize, LPC silicon thin-film solar cells on sinusoidally textured glass sub-
strates with distinct height-to-period ratio due to their production method were
combined with different interlayer deposition techniques to analyze their impact on
bulk material and interface quality. It was found that the sinusoidal texture induces
both bulk and interface defects, independent of height-to-period ratio and interlayer

deposition technique.

4.5 Conclusion

The influence of increased height-to-period ratios resulting from a novel nano-texture
production method on the optical and opto-electronic properties of LPC silicon
manufactured on these textured substrates was investigated. In addition, optical
properties of different interlayers at the planar or sinusoidally textured glass-silicon
interface of LPC silicon absorbers were compared. A newly developed technology
based on nanoimprint lithography and reactive ion etching was applied to produce
silicon oxide layers with sinusoidal textures with a height-to-period ratio of 0.5. The
method applied before, nano-imprinting of high-temperature stable sol-gels, facili-
tated a maximum height-to-period ratio of only 0.3. The optical properties of LPC
silicon absorbers with a sinusoidal nano-texture and different interlayer stacks were
investigated. Using a PECVD interlayer stack with a plasma-oxidized silicon nitride
layer in combination with a sinusoidal texture with a height-to-period ratio of 0.5,
mean absorptance values between 400 nm and 600 nm of 93.0% could be reached, of
which 4% can be attributed to reflectance at the sun-facing air-glass interface. For
LPC silicon thin-film solar cells with a planar glass-silicon interface, this interlayer

stack also exhibited optimized interface passivation properties [43, 138].
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4.5 Conclusion

LPC silicon thin-film solar cells were produced on sinusoidally textured glass sub-
strates produced by nano-imprinting into high-temperature stable sol-gels and by the
NIL+RIE method. Analysis of the external quantum efficiency and internal quan-
tum efficiency for illumination from the front and back-side of the device yielded
that textured samples reduce the interface and bulk material quality independent
of interlayer deposition technique for both height-to-period ratios of 0.25 and 0.5.
On the other hand, previous studies on the optical properties of sinusoidal nano-
textures demonstrated that a minimum height-to-period ratio of 0.19 is required to
efficiently reduce reflection at the glass-silicon interface [48].

Solar cell results on sinusoidally textured glass substrates indicate that the nano-
texture induces defects in the LPC silicon absorber and the textured glass-silicon
interface. It is therefore assumed that EQE losses are unavoidable for sinusoidal
textures high enough for increased light in-coupling. A detailed analysis of struc-
tural properties, e.g. by transmission electron microscopy [45, 58|, might support

this hypothesis further.
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5 Smooth anti-reflective

three-dimensional textures

As the sinusoidal texture was shown to not be ideally suited as anti-reflective tex-
ture at the glass-silicon interface of liquid phase crystallized silicon thin-film solar
cells due to texture-induced defects, a second approach was investigated, namely the
smooth anti-reflective three-dimensional (SMART) texture. This structure aimed at
combining the optical benefits of nano-texturing with the interface quality of planar
interfaces. To do this, an optically rough texture with smooth surface was designed
and subsequently realized.

This chapter introduces the smooth anti-reflective three-dimensional texture by de-
scribing its production (section 5.2) and analyzing its suitability for light in-coupling
in LPC silicon thin-film solar cells by measurements and simulations of optical (sec-
tion 5.3) as well as electronic (section 5.4) properties. Further optimizations are
discussed (section 5.5) and the route towards high efficiency devices employing a
SMART texture is pointed out (section 5.6).

Parts of the results presented in this chapter were previously published in [208-
210].

5.1 Previous work

Several nano- and micro-textures for light in-coupling at the glass-silicon interface of
liquid phase crystallized silicon thin-film solar cells on glass were investigated prior
to this thesis, including a square lattice with a period of 2 m [46, 47|, a hexagonal
nano-pillar texture with a period of 750nm [48], random textures derived from
nano-imprinted zinc oxide textures [45, 46] and glass texturing [50, 52, 211}, and a
sinusoidal texture [48, 49]. The latter has already been discussed in the previous
chapter. It was concluded that sinusoidal textures cause defects at the glass-silicon
interface and thereby reduce carrier extraction and short-circuit current density

despite the increased absorptance values. This is demonstrated by changes due to
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CHAPTER 5 Smooth anti-reflective three-dimensional textures

the texture in the maximum achievable short-circuit current density jscmax derived
from absorptance and short-circuit current density js mqr calculated from external
quantum efficiency disclosed in Table 5.1 for several textures. Textures that did
not reduce the interface and bulk quality of the LPC silicon solar cells include a
nano-imprinted zinc oxide texture [45, 46] and glass substrates with a modulated
surface texture [50]. However, the dimensions of these textures were not suited
to increase light in-coupling into the LPC silicon absorber layers with thicknesses
between 10 pm and 15 pm. Thus, no significant gain in EQE could be observed for

nano-textured devices compared to their planar counterparts.

Table 5.1: Comparison of changes in maximum achievable short-circuit current density
Jse,max derived from absorptance and short-circuit current density js. rqr calculated from
external quantum efficiency (EQE) for LPC silicon thin-film solar cells with different
textures at the glass-silicon interface, compared to their respective reference samples with
planar glass-silicon interface.

Texture Jse,max 8N Jsc EQE gain
mA cm 2 mA cm ™2
Sinusoidal texture [48] +0.7 -1.0
Nano-pillar array [48] +0.6 —4.8
Zinc oxide texture [45] —0.2 —0.1
Randomly textured glass [50] +0.3 +0.2

This chapter presents a texture that was developed to overcome this trade-off be-
tween enhanced light in-coupling and deteriorated material quality, the smooth anti-
reflective three-dimensional (SMART) texture. The SMART texture relies on nano-
imprint lithography of hexagonal silicon oxide nano-pillar arrays and spin-coating of
titanium oxide, leading to a texture that is optically rough, but exhibits a smooth
substrate-to-silicon interface (cf. section 3.1.3). This feature allows to provide both,
improved anti-reflective properties and equivalent interface passivation properties
compared to planar interlayer stacks. The chapter comprises design considerations
for light in-coupling by three-dimensional simulations and in experiment, the optical
properties of the SMART texture with optimized design parameters and results of
a proof-of-concept solar cell with a SMART texture. Optical properties are further
optimized by advanced processing and double-interlayer systems using a SMART
texture / silicon nitride stack. Finally, preliminary solar cell results on these opti-

mized SMART textures are presented.
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5.2 SMART texture production

The SMART texture developed in the scope of this thesis combines nano-imprinted
nano-pillar arrays with a spin-coating process to fill the areas between the pillars (see
Fig. 5.1). While the NIL technology of silicon oxide nano-structures was already
established [46, 49, 212], a suitable material needed to be identified for spin-coating.
Process compatibility with SMART texture production and LPC silicon thin-film
solar cell production posed several requirements to the material, namely the pos-
sibility of spin-coating, temperature stability at temperatures above 700 °C, and a
suitable refractive index n for anti-reflective properties between glass (ngss = 1.5

at a wavelength of 600 nm) and silicon (n.g; ~ 3.9).

step 1 step 2
eeee b R

Glass substrate Nano-imprint Spin-Coating
lithography

Figure 5.1: Schematic process of combining nano-imprint lithography (step 1) of nano-
pillar arrays with spin-coating (step 2) to form a SMART texture. A detailed description
of the production process is found in section 3.1.3.

The material that was identified is titanium oxide, which can be produced as a
multi-crystalline material from liquid precursor solutions. The precursor consists
of titanium tetraisopropoxide diluted in ethanol [162, 163]. The precursor solution
was spin-coated with different spin speeds and dried for 30 min at 150 °C. Thermal
annealing for 30 min at 500 °C is performed, during which a compact titanium oxide
(TiO,) layer is formed.

Figure 5.2(a) illustrates the formation of titanium oxide measured by Raman spec-
troscopy. The dried sol-gel (black) only exhibits pronounced peaks assigned to the
silicon substrate, indicating an amorphous titanium oxide layer. After annealing,

an additional pronounced peak at 143 cm™—!

arises, which is assigned to titanium
oxide in the anatase phase [213, 214]. The TiO, film thickness after annealing, as
disclosed in Fig. 15.2(b), can be varied between 30nm and 100nm by changing
the rotation speed v during spin coating from 3000 rpm to 500 rpm. The common
function h = A/+/v for spin-coated layers was fitted to the measured data [215] by

optimizing the parameter A.
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Figure 5.2: (a) Raman spectroscopy images of the dried sol-gel after spin-coating (black)
and after thermal annealing (red). Reference spectra (grey) for titanium oxide in anatase
(solid) and rutile (dashed) phase, taken from [216, 217]. (b) Dependency of the film
thickness of titanium oxide sol-gel on the spin speed after thermal annealing.

The SMART texture is implemented as an optically rough texture with a smooth
interface between glass and silicon. Thus, the titanium oxide filling the voids be-
tween the silicon oxide nano-pillars needs to exhibit a suitable refractive index to
provide anti-reflective properties at the glass-silicon interface. Refractive indices of
the employed materials are depicted in Fig. 5.3. The refractive index of titanium ox-
ide (green curve) was measured by spectroscopic ellipsometry, while for ¢-Si (black)
[76] and silicon oxide (blue) [218] literature values were taken. For reference, the
optimum refractive index for a single-layer anti-reflection layer (magenta) is calcu-
lated, given by the geometric mean of the refractive indices forming the interface
(see section 2.1.2). The titanium oxide layer exhibits a refractive index of 2.1 (as a
reference value, the refractive index at a wavelength of 600 nm is considered), which
is slightly higher than that of the state-of-the-art silicon nitride with approximately
1.9 [138]. The titanium oxide layer derived from spin-coating and thermal annealing
of a sol-gel solution is therefore a suitable material to be employed in a SMART tex-
ture aimed at optimized anti-reflection at the glass-silicon interface in LPC silicon

thin-film solar cells.

To confirm the smoothing properties of the spin-coated films on the nano-pillar
array, SMART textures with a height of A = 50nm were produced. Figure 5.4(a)
illustrates the surface of a nano-pillar array with a height of 50 nm before (left)
and after (right) applying a 50 nm thick titanium oxide layer as measured by atomic
force microscopy. For reference, both images are depicted using an equal height scale.
After spin-coating, the height of the texture features is reduced as the titanium oxide
preferentially fills the volume between the SiO, nano-pillars. The resulting surface

is smooth and does not exhibit steep flanks or edges.
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Figure 5.3: Refractive index of the titanium oxide (TiO,, green) layer after thermal
annealing measured by spectroscopic ellipsometry in comparison to silicon oxide (SiO,,
blue) and crystalline silicon (c-Si, black). Literature data were taken for c-Si [76] and
SiO, [218]. The optimum refractive index (magenta) for anti-reflection calculated from

/Mesi - 18io, is included for reference.

This is further illustrated by the scanning electron microscope image in Fig. 5.4(b).
A nano-pillar array with a period of 1000 nm and height of approximately 500 nm
was smoothed using multiple spin coating and drying cycles. The complete stack
was then annealed prior to silicon deposition. The smoothing of the spin-coated
TiO, is effective also for thicker layers, preferentially filling the areas between the

silicon oxide pillars, resulting in a smooth surface.

Hence, spin-coated titanium oxide is a suitable material for the SMART texture.
The spin-coating process ensures a preferential filling of the areas between the SiO,
nano-pillars. The employed titanium oxide exhibits a refractive index of 2.1 and is
therefore suited as a smoothing material employed in the SMART texture, therein
providing anti-reflective texture at the glass-silicon interface of LPC silicon thin-film
solar cells.
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Figure 5.4: (a) Atomic force microscope images of a hexagonal nano-pillar array with
a height h = 50nm and period p = 750 nm before (left) and after (right) spin-coating.
(b) Scanning electron microscope image in cross-section of an exemplary SMART texture
with a period of 1000 nm and a height of ~ 500 nm.

5.3 Optical analysis

The SMART texture was established as a three-dimensional texture that provides
a refractive index contrast suitable for anti-reflection at the glass-silicon interface
as well as a smooth surface. To analyze its potential as anti-reflective texture at
the buried glass-silicon interface of LPC silicon thin-film solar cells on glass, its
optical properties were investigated using three-dimensional simulations to idenfity
a suitable geometrical parameter set. Based on these results, SMART textures were

produced and their optical properties compared to the simulations.

5.3.1 Simulations

Three-dimensional simulations using the finite element method were carried out as
described in section 3.5.2. The simulations aimed at finding suitable geometry pa-
rameters to guideline an optimized experimental realization of the SMART texture.
Simulations were carried out by Duote Chen and Dr. Klaus Jager in cooperation
with the author of this thesis. One unit cell of the simulated stack with a glass
substrate, SMART texture and silicon absorber is depicted in Fig. 3.14. As the
computational domain is limited by time and capacity, the glass and silicon layers
are treated as infinitely thick using perfectly matched layers, in which all light is
absorbed which reaches them. An a posteriori correction of reflection at the air-
glass interface is performed to account for light scattered back at the glass-silicon
interface at oblique angles [202]. The SMART texture consists of a silicon oxide
nano-pillar of diameter d and height h and a titanium oxide layer filling the voids

between the nano-pillars. The size of the hexagonal unit cell defines the period P of
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the texture. Period and diameter influence the SiO,, filling fraction f f of the texture
defined by the ratio of silicon oxide surface area to total area of the unit cell (cf. Eq.
(3.4)). A 10nm thin silicon oxide layer on top of the SMART texture is required as
a passivation layer in the experimental structure and therefore also included in the
simulations. Simulated absorptance values are averaged over the wavelength range
400nm to 600 nm. For these wavelengths, the penetration depth of the incoming
light is, on the one hand, small enough to exclude an influence of the rear interface
which is not taken into account in the simulations. On the other hand, parasitic
absorption of the glass substrate and titanium oxide is negligible (cf. section 3.4.2).
This allows for a better comparability to experimental results.

In order to gain insights on suitable structural parameters for the SMART texture
production, the geometric parameters of filling fraction ff, period P and height h
were varied in the simulations. As a first parameter, the filling fraction was varied
between 0.25, 0.5 and 0.75 for a fixed period of 750 nm. Figure 5.5(a) exhibits the
mean absorptance between 400nm and 600 nm for a hexagonal nano-pillar array
with varied ff. For ff = 0.25, corresponding to a nano-pillar with small diame-
ter and, thereby, a titanium oxide rich texture, the highest absorptance values are
observed. For ff = 0.25 and ff = 0.5, optimal absorptance is found for a height
of 40nm — 50nm. For ff = 0.75, the silicon oxide-rich surface, optimum height
is higher with about 60 nm — 70 nm, absolute values of absorptance, however, are
lower. Fill factors below 0.25 were not investigated due to technological constraints
in the production of very narrow nano-pillars. Therefore, further calculations were

carried out using a SiO, filling fraction of 0.25.
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Figure 5.5: (a) Mean absorptance in the wavelength range 400 nm to 600 nm for varied
filling fraction ff of the nano-pillar, for a fixed period of P = 750 nm. (b) Mean absorp-
tance in the wavelength range 400 nm — 600 nm for varied periods of the SMART texture,
with a fixed filling fraction ff = 0.25.
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As second parameter, the period of the nano-texture is varied between 350 nm and
750nm. Mean absorptance between 400nm and 600nm for P = 350 nm (blue),
500 nm (red), and 750 nm (yellow) is depicted in Fig. 5.5(b). To prove the effective-
ness of the SMART texture, a planar titanium oxide layer (black) is included in the
study. For all periods, light in-coupling at the optimal nano-structure height h of
around 40 nm — 60 nm is enhanced compared to a planar TiO, layer. While absolute
differences are modest, smaller periods yield higher light in-coupling values.

To summarize, simulation results reveal that nano-pillar arrays with narrow diam-
eters are required for efficient light in-coupling in LPC silicon thin-film solar cells.
A SiO, filling fraction of ff = 0.25 was identified as a guideline to experimental
SMART textures. While absolute differences were smaller than for the filling fraction

variation, a lower period was determined to be beneficial for light in-coupling.

5.3.2 Comparison of experiment and simulations

Several SMART textures with a silicon absorber produced by solid phase crystal-
lization (SPC) were manufactured. While SPC silicon is not suitable for solar cell
applications due to its limited material quality [38], its optical properties are equiva-
lent to LPC silicon for wavelengths up to 900 nm [169]. Therefore, it allows analyzing
the optical properties of silicon absorbers with a textured interface using a facile and
stable processing method. The study was restricted to a period of 750 nm despite
smaller periods being superior in regards to light in-coupling as this period has
proven to be more stable during LPC compared to smaller periods [49].

Based on the simulation results discussed above, three distinct SMART textures
were manufactured. Their optical properties are illustrated in Fig. 5.6. The pro-
duced SMART textures differ in filling fraction and SMART texture height, namely
ff=0.75and h = 300nm (Fig. 5.6(a)), ff = 0.50 and h = 80nm (Fig. 5.6(b)),
and ff = 0.25 and h = 60nm (Fig. 5.6(c)). Different SMART texture heights for
the simulated absorptance curves are displayed. To exclude the influence of the back
interface, the analysis is limited to the wavelength range from 300 nm to 600 nm, for
which the penetration depth in crystalline silicon is smaller than the absorber thick-
ness. The steep absorption increase for wavelengths < 400 nm in the experimental
samples stems from parasitic absorption in the glass substrate and titanium oxide
layer.

For all textures, simulations replicate the main absorption features found in experi-
ment. One peak around 560 nm in Fig. 5.6(a) is not observed in experiment. As the
peak is only found for one wavelength, it is considered to be a numerical artifact from

meshing (Dr. Klaus Jager, personal communication, February 2018). The overall
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absorptance, however, is higher for the experimental textures. This is attributed
to differences in the modelled and real SMART texture, e.g. a residual roughness
of the SMART texture surface or a complete coverage of the SMART texture with
titanium oxide. Still, the general trend of the simulations follows the same course

as the experimental structures for all filling fractions and heights.
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Figure 5.6: Comparison of simulated and experimental absorptance of a silicon absorber
with a SMART texture at the glass-silicon interface. The SMART textures are character-
ized by (a) a filling fraction of 0.75 and a height of 300 nm, (b) filling fraction of 0.50 and
a height of 80nm, and (c) filling fraction of 0.25 and a height of 60 nm. Multiple heights
of the simulated structures are added for reference.

Simulation results hence provide useful hints towards the optimal geometrical pa-
rameters for the SMART texture as an anti-reflective measure at the glass-silicon
interface of LPC silicon thin-film solar cells. In consequence, the optimum param-
eters derived from simulations while considering technological feasibility, namely a
period of 750 nm, filling fraction of 0.25 and height of 40 nm to 60 nm, were used in
the experimental SMART textures.

75



CHAPTER 5 Smooth anti-reflective three-dimensional textures
5.4 Proof-of-concept solar cells

Having identified and established an optimized geometrical parameter set for SMART
texture production, LPC silicon thin-film solar cells were produced on glass sub-
strates with a SMART texture with the abovementioned parameters of P = 750 nm,
ff=0.25 and h = 50nm. The devices exhibit a silicon absorber thickness of 8 pm
and an n-type doping concentration of ~ 1 x 10!"ecm=3. Figure 5.7 illustrates the
optical properties of the SMART texture compared to a reference solar cell with a
planar 250 nm silicon oxide/70 nm silicon nitride/10 nm silicon oxide stack processed
in parallel — the best planar interlayer stack regarding optical and electronic solar
cell performance at the time of the experiment. With regards to light in-coupling
as measured by 1—reflectance (1 — R, solid lines in Fig. 5.7), the SMART texture
reduces reflection in the wavelength range from 300 nm — 800 nm. For longer wave-
lengths, reflection at the silicon back-side dominates the properties and no difference
between the cells is found within the measurement variability. Transmittance of the
solar cells (dashed) is lower for the SMART textured absorber. Due to the texture
being optically rough, the SMART texture also scatters light away from normal in-
cidence into higher angles, leading to a longer light path in the absorber and, as a

consequence, lower transmittance.
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Figure 5.7: Optical properties, as measured by 1—reflectance (1 — R, solid) and transmit-
tance T (dashed), of LPC silicon thin-film solar cells with a planar glass-silicon interface
(black) and a SMART texture (green).

The light in-coupling properties of the SMART texture are compared to those of a

sinusoidal texture with a period of 750 nm and height-to-period ratio of 0.5 in Fig.

5.8. In the wavelength range from 300 nm to 450 nm, the sinusoidal texture allows
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5.4 Proof-of-concept solar cells

to couple in more light, while from 450 nm to 600 nm, the SMART texture absorbs
slightly more light. Overall, mean absorptance from 400 nm — 600 nm of 91.8% is
slightly higher for the sinusoidal texture than for the SMART texture absorbing
90.8%. However, both textures efficiently reduce reflectance compared to the planar
reference, which absorbs 84.0% of the incoming light. It is noted that 4% of the
incoming light is already reflected at the sun-facing air-glass interface (dotted line
in Fig. 5.8).
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Figure 5.8: Light in-coupling properties, as measured by 1—reflectance, of LPC silicon
thin-film solar cells with a planar glass-silicon interface (black), a SMART texture (green),
and a sinusoidal texture (blue). For reference, reflectance at the sun-facing air-glass inter-
face (dotted) is included.

As discussed in the previous chapter, absorption enhancement does not lead to in-
creased solar cell efficiency if the texture induces defects and limits the material
quality. Hence, electronic properties of the solar cells are at least equally impor-
tant for device performance. Figure 5.9 depicts the mean open-circuit voltage as
a measure of material quality for the five best solar cells with a SMART texture
and a sinusoidal texture and their respective reference samples exhibiting a planar
glass-silicon interface. Mean V. is about 20mV higher for the reference solar cell
manufactured in parallel to the SMART texture compared to the reference to the
sinusoidal textured solar cell. This is attributed to different doping concentrations,
absorber thicknesses, and additional process variations. If the influence of textures
on the material quality is investigated, a drop in mean V,. by 25mV is observed for
the sinusoidal texture. As discussed before, this is caused by an increase in recom-
bination due to texture-induced defects [48, 49]. For the SMART texture, on the
contrary, no detrimental effect on material quality is observed. Mean V. is higher

by 20 mV for solar cells with a SMART texture compared to the corresponding pla-
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CHAPTER 5 Smooth anti-reflective three-dimensional textures

nar reference. An open-circuit voltage gain from an enhanced short-circuit current
density (cf. Fig. 5.10) was estimated to AV,. &~ 3mV using a one-diode model. As
the doping concentration and absorber thickness is the same for the parallel pro-
cessed samples, the increased V. is attributed to an improved interface passivation
of the SMART texture compared to the SiO,/SiN,/SiO, interlayer stack used in
the planar reference. A similar passivating effect of titanium oxide has also been
reported in literature [219-223], but further experiments are needed to prove this

hypothesis.

650 — =

640

6004 = DI::]

open-circuit voltage (mV)
»*

560 1— . ;
\e

o

e .

‘e@e“ o <ef\e‘e<\

Figure 5.9: Open-circuit voltage measured with a Suns-V,. unit for the five best solar cells
on SMART texture and sinusoidal texture and their respective reference samples exhibiting
a planar glass-silicon interface. Mean V. is depicted by an open square, best V,. with a
star. The box symbolizes the standard error, the whiskers the standard deviation.

Hence, the SMART texture does not negatively influence the material quality of the
LPC silicon absorber. This finding is confirmed by current-voltage characteristics of
the solar cells displayed in Fig. 5.10. To investigate the influence of the lithography-
free quasi cell process (cf. section 3.3), both the current-voltage characteristics
measured directly and calculated from Suns-V,. without influence of series resistance
is illustrated. For both solar cells, the relatively high series resistance of the quasi
cells leads to a decreased fill factor, but short-circuit current density and open-
circuit voltage is maintained (cf. section 2.3). As stated before, the open-circuit
voltage of the device with a SMART texture at the glass-silicon interface is higher
by about 20 mV. The more significant difference, however, is found for short-circuit
current density. Introducing the SMART texture increases js from 19.0 mA cm—2
for the reference sample to 23.3mA cm—2 for the solar cell with a SMART texture,
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5.4 Proof-of-concept solar cells

a gain of 4.3mA cm~2.

This can be explained by the increased light absorption
due to enhanced light in-coupling and light scattering, which amounts to a gain
in maximum achievable short-circuit current density jscmax of 3.8 mA cm™2. The
additional j. gain of 0.5mA cm~2 is attributed to an enhanced carrier extraction

due to the improved surface passivation and measurement uncertainties.

25

SMART texture

20

reference sample

current density (mA cm™)

0 100 200 300 400 500 600 700
voltage (mV)
Figure 5.10: Current-voltage characteristics measured using a solar simulator (solid)

and calculated from Suns-V,. (dashed) for solar cells with a planar glass-silicon interface
(black) and a SMART texture (green).

To further analyze the potential of the SMART texture to increase the short-circuit
current density and, thereby, efficiency of LPC silicon thin-film silicon solar cells,
its external quantum efficiency is compared to a state-of-the-art solar cell with an
n-type 13pm thick LPC absorber with a doping concentration of 1 x 10" cm ™3
and a random pyramid back-side texture. The state-of-the-art solar cell exhibits a
interdigitated back contact (IBC) system. This IBC cell design has a dead area of
approximately 8% [42], by which the EQE is scaled to allow a fair comparison to the
full-emitter quasi cell with a SMART texture. If additional light trapping measures
at the air-glass interface are employed, this solar cell provides a power conversion
efficiency of 13.2%, the record efficiency for LPC silicon solar cells at the time of the

experiment [42].

Light in-coupling as measured by 1—reflectance is illustrated together with EQE in
Fig. 5.11. As already discussed for the reference sample processed in parallel to
the cell with a SMART texture, the introduction of the SMART texture leads to
a reduction of reflectance in the short wavelength range up to about 700 nm (grey
shaded area in Fig. 5.11). For longer wavelengths, the greater absorber layer thick-

ness (13pm vs. 8 um) and random pyramid texture of the IBC cell dominates the
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Figure 5.11: External quantum efficiency (EQE, solid) and light in-coupling as measured
by 1—reflectance (dashed) for a solar cell with a SMART texture (green) and a state-of-
the-art back textured interdigitated back contacted solar cell (black) — the record device
at the time of the experiment. Parasitic absorption of the SMART texture is included for
reference (dotted). Data for the back textured IBC cell was taken from [42].

optical properties and, hence, absorptance is higher than for the SMART textured
cell which has a flat back-side.

The same trend is observed for the external quantum efficiency. While in the long
wavelength regime, EQE is higher for the state-of-the-art cell due to the higher ab-
sorber thickness and pyramid back-side texture, in the short wavelength range the
reduced reflection leads to an increase in EQE (red shaded area in Fig. 5.11). The
electronic material quality of the SMART texture can therefore be considered equiv-
alent to that of the state-of-the-art device. In particular, it can be concluded that
the SMART texture does not induce defects at the glass-silicon interface, in contrast
to prior texturing methods. This assumption is supported by the internal quantum
efficiency (IQE) depicted in Fig. 5.12. IQE, the ratio of EQE and absorptance, is
a measure for the extraction efficiency of electron-hole pairs generated in the LPC
silicon absorber. It is equivalent for both the solar cell with the SMART texture
(green) and the back-textured IBC cell (black) up to about 800nm. For longer
wavelengths, IQE is higher for the back-textured device. As longer wavelengths are
generally absorbed closer to the rear side instead of the front interface, this is rather
attributed to better back-side passivation in the more sophisticated IBC cell design

than to a negative impact of the front-side texture.

Short-circuit current densities were calculated from the measured EQE. As EQE
provides a spectral measurement, contributions from different wavelength ranges

can be examined as opposed to 7 — V' characteristics summing over all wavelengths.
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Figure 5.12: Internal quantum efficiency (IQE) of the solar cell with a SMART texture
(green) and back-textured interdigitated back contacted (IBC) cell (black).

Table 5.2 summarizes js rqr calculated from EQE measurements in the wavelength
range 300 — 700 nm and for the whole spectral range usable for energy conversion
in silicon. For comparison, the maximum achievable short-circuit current density
Jse.max Calculated from absorptance is included. Maximum achievable short-circuit
current density from 300nm to 700nm of the solar cell with a SMART texture
is higher than that of the back-textured IBC cell by 1.9mA cm—2. If electronic
material properties are taken into account by measuring EQE, the same gain in jg.
is observed, from js. pqr(300 nm — 700 nm) = 13.2mA cm~2 to 15.0mA cm~2 for the
back-textured IBC and SMART textured solar cell, respectively.

Table 5.2: Short-circuit current density calculated from 1—reflectance (jsc,max) and from
external quantum efficiency (jsmqr) measurements, for the solar cell with a SMART
texture and the back-textured IBC reference cell.

Solar cell thickness Jsc,max Jsc,max Jse,EQE Jse,EQE
(300 — 700 nm) (300 — 700 nm)
pm mA cm 2 mA cm 2 mA cm 2 mA cm 2
IBC refer- 13 16.9 35.3 13.2 25.6
ence
SMART 8 18.8(+1.9) 34.6(—0.7) 15.0(+1.8) 24.2(—1.4)
texture

Therefore, bulk material and interface quality of LPC silicon on a SMART texture
can be considered equivalent to state-of-the-art solar cells with planar glass-silicon
interface. For the complete wavelength range, both ji max and js.rqe of the IBC
device are higher due to the back-side texturing and higher absorber thickness.
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CHAPTER 5 Smooth anti-reflective three-dimensional textures

In a nutshell, the SMART texture has demonstrated to provide both, increased
light in-coupling into LPC silicon thin-film solar cells and state-of-the-art material
quality. Solar cells with an 8 pm thick LPC absorber on a SMART texture exhibit
an open-circuit voltage of up to 649 mV and short-circuit current density calculated
from EQE of 24.2mA cm~2. Analysis of the quantum efficiency compared to a
state-of-the-art solar cell reveal the potential of the SMART texture to increase the
short-circuit current density of LPC silicon solar cells. In the wavelength range
from 300nm to 700 nm, an EQE enhancement equivalent to a gain in short-circuit
current density of 1.8 mA cm™2 proves the suitability of the SMART texture to be

implemented in high efficiency LPC silicon thin-film solar cells on glass.

5.5 SMART texture optimization

Having established the SMART texture as a suitable texture to combine improved
light in-coupling with an excellent material quality of the LPC silicon thin-film
absorber, measures to further optimize the SMART texture with respect to an im-
proved yield and optical properties were taken. In order to achieve this, enhanced
light in-coupling of the SMART texture at the front glass-silicon interface as well
as the combination of the SMART texture with light trapping textures at the sili-
con back-side were investigated. Additionally, novel interlayer deposition techniques
developed for planar LPC silicon thin-film silicon solar cells, there improving both
optical and interface quality, were incorporated in the SMART texture manufactur-

ing process.

5.5.1 Titanium oxide sol-gel annealing

The titanium oxide sol-gel was optimized with respect to light in-coupling. To
realize this, a higher refractive index of the annealed TiO, layer was targeted, which
will be addressed experimentally in the latter. One-dimensional simulations were
carried out to illustrate the benefit of a higher refractive index. In this preliminary
simulations, the SMART texture was modelled as an effective medium of silicon oxide
and titanium oxide between a glass substrate and a silicon layer (cf. section 3.5.1).
The mixing ratio was chosen in line with the filling fraction of 0.25 of nano-pillars
in the experimental SMART textures. For simplicity, the scattering effect of the
SMART texture was neglected and the silicon thickness was assumed to be infinite.
These restrictions reduce simulation accuracy, but are acceptable for this qualitative

analysis. Figure 5.13 depicts the amount of light coupled into the silicon layer for
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5.5 SMART texture optimization

three different refractive indices of the titanium oxide layer. The result demonstrates
that higher refractive indices of the layer derived from titanium oxide sol-gel are
desirable to increase light in-coupling, with most of the anti-reflective effect in the
wavelength range from 450nm to 800nm. Using lower filling fraction or planar
titanium oxide films, which would further increase the effective refractive index, was
not experimentally feasible due to limitations in the nano-pillar production process
and a lack of compatibility with the LPC process, respectively. Improved light
in-coupling can be explained by the higher refractive index of the mixed medium

being closer to the optimum for anti-reflection between glass and crystalline silicon,

/Tesi - Nsio, ~ 2.4 (see also Fig. 5.3).
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Figure 5.13: Simulation of absorptance of a silicon oxide/titanium oxide effective medium
with varied refractive index of the titanium oxide layer. The optical thickness of the layer,
the product of refractive index and physical thickness, is kept constant at 120nm for
improved comparability.

In order to realize a higher refractive index experimentally, the annealing temper-
ature was increased from 500 °C to 800°C. The annealing time of 30 min was kept
constant. This temperature is still lower than the softening point of the glass sub-
strate [75], whereby bending or cracking of the glass can be prevented. The tem-
perature increase leads to a higher refractive index, as revealed by ellipsometry
measurements disclosed in Fig. 5.14(a). The refractive index of the titanium ox-
ide layer annealed at 500°C (light blue curve) is lower than that of the TiO, layer
annealed at 800°C (green curve) over the whole wavelength range. The refractive
index at 600 nm of the TiO, layer annealed at the higher annealing temperature of
800 °C amounts to 2.3, compared to 2.1 for an annealing at 500 °C. For the same
spin speed, the resulting layer thickness is reduced from 55 nm after spin-coating to

45nm and 36 nm for the samples annealed at 500 °C and 800 °C, respectively. As
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CHAPTER 5 Smooth anti-reflective three-dimensional textures

the temperatures during liquid phase crystallization reach above 700 °C, the higher
annealing temperature additionally prevents further densification during the LPC

process, which might affect the interface quality negatively.
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Figure 5.14: (a) Refractive index of the titanium oxide layers annealed at 500 °C (light
blue) and at 800°C (green) measured by ellipsometry. Literature data were taken for
the refractive indices for crystalline silicon [76] and silicon oxide [218] used to calculate
the optimal refractive index (magenta) for anti-reflection. (b) Raman spectroscopy of the
titanium oxide layer annealed at 500 °C (light blue) and at 800 °C (green), compared to
the titanium oxide layer before annealing (black). Reference spectra for titanium oxide in
anatase and rutile phase are displayed in Fig. 5.2(b).

Raman spectroscopy measurements were performed as fingerprint method of changes
in the micro-structure of the titanium oxide layer. Raman spectra of the samples
annealed at different temperatures displayed in Fig. 5.14(b) reveal that the micro-
structure of the titanium oxide film is unchanged by the increased annealing temper-
ature, with a characteristic titanium oxide peak at approximately 140 cm ™. Hence,
the higher refractive index and reduced layer thickness can be attributed to a denser
film after annealing at 800 °C compared to 500 °C.

The optimized annealing for the titanium oxide layer was implemented in the SMART
texture production process. Figure 5.15 presents the absorptance of LPC silicon
thin-film solar cells with a SMART texture annealed at 500°C (light blue) and at
800°C (green), highlighted for the wavelength range from 300 nm to 700 nm. As a
reference, reflectance at the air-glass interface amounting to 4% at normal incidence
is included in the graph (dotted). The SMART thickness of 45nm is the same for
both samples. Due to the lower thickness of TiO, layers annealed at 800 °C, the spin
speed was adjusted accordingly to reach a comparable thickness of the TiO, layer
constituting the SMART texture. As a consequence, the absorptance maximum for
the SMART texture annealed at 800 °C is shifted to longer wavelengths. Minimum
reflectance is reduced from 6.8 % (absolute) to 5.3 % (absolute) due to the higher
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5.5 SMART texture optimization

refractive index, including 4 % already reflected at the air-glass interface. Mean ab-
sorptance in the wavelength range from 400 nm to 600 nm amounts to 90.5 % for the
optimized SMART texture. With an optimized sinusoidal texture, in comparison,

mean absorptance of 93.0 % could be realized (cf. section 4.3.2).
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Figure 5.15: Absorptance in LPC silicon with a SMART texture annealed at 500 °C
(light blue) and 800 °C (green). Reflectance at the air-glass interface (dotted) is included
for reference.

In summary, titanium oxide films produced by optimized thermal annealing at 800 °C
were demonstrated to exhibit a denser film and thereby higher refractive index. Us-
ing this high temperature annealing in the SMART texture production process al-

lowed to further enhance the light in-coupling into LPC silicon thin-film absorbers.

5.5.2 Combination with light-trapping measures

The SMART texture efficiently reduces reflection at the front-side glass-silicon inter-
face of LPC silicon thin-film solar cells. However, fully exploiting the solar spectrum
usable for current generation in silicon, in particular the long wavelength range, re-
quires the implementation of additional light trapping measures at the silicon back-
side. Common approaches for LPC silicon solar cells with a planar glass-silicon
interface are a random pyramid texture produced by wet-chemical etching in potas-
sium hydroxide (KOH) for light scattering and a rear reflector to enhance the light
path in the absorber. Both these measures can be combined for optimized light
trapping in LPC silicon layers [209].

KOH pyramid textures and back reflectors were implemented in LPC silicon ab-

sorbers deposited on a SMART texture. Figure 5.16 discloses the absorptance of
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15pm thick LPC silicon layers for a planar glass-silicon interface with a silicon
nitride anti-reflective layer (black) and a SMART texture (green), combined with
KOH pyramids (dashed) or a white paint back reflector (dotted). Absorptance of
the white paint (grey) is included for reference. Implementing the rear-side light
trapping textures does not alter the absorptance properties for the short wavelength
range up to 600 nm, as for these wavelengths the penetration depth is smaller than
the absorber thickness. The absorptance of the silicon layer with a SMART texture
at the glass-silicon interface is higher than that of the sample with a planar silicon
nitride anti-reflective layer over the whole wavelength range. Particularly, the long
wavelength absorptance is enhanced even if no additional light trapping measures
are employed. This can be attributed to the SMART texture increasing the light

path in the silicon absorber due to scattering at the front side.
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Figure 5.16: Absorptance of 15pum thick LPC silicon absorbers with a planar glass-
silicon interface (black) and a SMART texture (green) with a planar back-side (solid),
KOH pyramid texture (dashed) or a white paint back reflector (dotted) for light trapping
at the silicon back-side. Parasitic absorption of the white paint (grey) is included for
reference.

Both light trapping measures increase absorptance in the long wavelength range for
the two samples. For the absorber with a planar glass-silicon interface, the imple-
mentation of KOH pyramids is more effective for absorption enhancement than a
rear reflector due to the scattering increasing the light path more than the simple
doubling by the white paint reflecting light back into the absorber. For the SMART
texture, on the contrary, both light trapping measures are equally effective. As the
SMART texture scatters a part of the incident light at the front glass-silicon in-
terface into larger angles, the rear reflector is more effective in increasing the light

path than for a planar glass-silicon interface. Parasitic absorption in the white paint
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reflector can be neglected as it exhibits a parasitic absorption only for wavelengths
< 700 nm, which are absorbed before reaching the silicon back-side.

If both light trapping measures are combined, as illustrated in Fig. 5.17(a), ab-
sorptance can further be enhanced by combining both the scattering of the KOH
pyramid texture with the back-reflectance of the white paint back reflector. While
absorptance differences between planar reference and SMART texture get smaller
if back-side textures are implemented, the SMART texture still absorbs a higher
proportion of the incoming light for the whole wavelength range. At a wavelength
of 1200nm, for which crystalline silicon is not absorbing, parasitic absorption of
10% (absolute) for the planar reference and 33% for the SMART texture are ob-
served. Such high absorptance values have previously been reported for textured
thin-film silicon solar cells on glass substrates and have been attributed to parasitic

absorption in the glass and free carrier absorption [52, 224-226].

(a) (b)

A
36 o
A
34, A
T R
§ g 32 4 )
S < 7 o
Q.
5 E
@ x
8 :
| ) . . 530+
---— planar reference ~ p
02— SMART texture . ~ 4 KOH pyramid + rear reflector,
28 a | O rearreflector
------ planar back-side . 4 KOH pyramids
0ol —— KOH plyram|ds + realr reflector . \. ....... » as deposited
300 500 700 900 1100 26 T T
wavelength (nm) planar reference SMART texture

Figure 5.17: (a) Absorptance of 15 pm thick LPC silicon absorbers with a planar glass-
silicon interface (black) and a SMART texture (green) without back-side light management
measures (dotted) and with KOH pyramids and a white paint back reflector (solid). (b)
Maximum achievable short-circuit current density calculated from absorptance for 15 pm
thick LPC silicon absorber with a planar glass-silicon interface (black) and a SMART
texture (green) for different light trapping measures at the silicon back-side. For reference,
the highest value achieved for the sample with a planar glass-silicon interface is highlighted
with a dotted line.

The optical potential of LPC silicon absorbers with a SMART texture is evaluated
in terms of maximum achievable short-circuit current density in Fig. 5.17(b). Im-
plementing a SMART texture at the glass-silicon interface increases the maximum
achievable short-circuit current density from 27.9mA em =2 to 32.9mA cm 2 without
additional light trapping measures (filled squares). All light trapping measures in-
crease Jsemax, Whereby the effectiveness of KOH texturing (filled triangles) is higher
for the planar reference than for the SMART texture. If both light trapping means

are introduced (open triangles), the maximum short-circuit current density is raised
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to 33.8mA cm 2 and 36.4 mA cm ™2 for the reference sample and SMART texture.

Hence, the SMART texture can efficiently be combined with state-of-the-art light
trapping measures at the silicon back-side to improve light trapping in the LPC sili-
con absorber, allowing to increase maximum achievable short-circuit current density
by 2.6 mA cm~—2 compared to a planar glass-silicon interface with silicon nitride anti-

reflective layer.

To sum up, the SMART texture was combined with KOH pyramid textures and
white paint back reflectors at the silicon back-side of 15 pm thick LPC silicon ab-
sorbers. These state-of-the-art light trapping measures increased absorptance in the
long wavelength range for both, a reference sample and a SMART textured LPC sil-
icon layer. Combining a SMART texture with a KOH pyramid texture and a white
paint back reflector provided optimized light management, yielding a maximum

2 compared to 33.8 mA cm 2

achievable short-circuit current density of 36.4 mA cm™
if these measures are implemented in an absorber with a planar glass-silicon inter-
face with optimized silicon nitride anti-reflective layer, possibly enhancing the cell

performance in future cell designs.

5.5.3 Implementation of novel interlayer developments

At the time this thesis was conducted, novel interlayer systems were developed to
optimize the material and interface quality in planar LPC silicon solar cells (cf.
section 4.3.1). The most recent advance in interlayer development was plasma-
oxidation of the top ~ 10 nm of the anti-reflective silicon nitride layer as passivation
layer [43, 138]. Thus, the silicon oxide/silicon nitride/silicon oxide interlayer stack
was substituted by a silicon oxide/silicon nitride/silicon oxy-nitride stack. Using this

I could be reached

approach, a surface recombination velocity as low as 200 cms™
[43, 138]. Additionally, the higher refractive index of the silicon oxy-nitride layer
compared to the previously employed silicon oxide layer reduced optical losses in
the short wavelength range (see Fig. 4.7 and [43]).

In the SMART texture, the anti-reflective layer is constituted by titanium oxide
instead of silicon nitride. Hence, the silicon oxide passivation layer is replaced by a
silicon nitride layer. The first 10 nm of this silicon nitride layer can be then oxidized
in order to implement the benefits of plasma oxidation in the SMART texture pro-
duction process.

In order to identify suitable parameters for a SMART texture/silicon nitride double-
layer system, one-dimensional simulations were performed. The SMART texture was

modelled as a silicon oxide/titanium oxide effective medium, for which scattering is
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5.5 SMART texture optimization

implemented using scalar scattering theory [197, 198] as described in section 3.5.1.
Of the silicon nitride layer thickness, the top 10 nm were assumed to consist of silicon
oxy-nitride (Si(ON)) after plasma oxidation. The thickness of the effective medium
representing the SMART texture was varied between O nm and 80 nm. Thicker sil-
icon nitride layers of which only the top 10nm are oxidized were also considered,
varying the silicon nitride layer thickness between 10nm (no residual SiN, layer)
and 90nm (80 nm SiN, + 10nm Si(ON)).

Maximum achievable short-circuit current densities were calculated from these sim-
ulations, and are illustrated in Fig. 5.18 for (a) an infinitely thick silicon absorber
and (b) a 15 um thick absorber with a KOH pyramid texture and a rear reflector at
the back-side.

80

SiN, thickness (nm)
SiN, thickness (nm)

10 20 30 40 5 60 70 80

0 10 20 30 40 50 60 70 80
SMART thickness (nm) SMART thickness (nm)

Figure 5.18: Maximum achievable short-circuit current density (jscmax) as a function of
varied SiN, and SMART layer thicknesses derived from one-dimensional simulations of
a SMART texture/silicon nitride/silicon oxy-nitride interlayer stack, for (a) an infinitely
thick LPC silicon absorber and (b) a 15 pm thick LPC silicon absorber with a KOH back-

side texture.

For an infinitely thick absorber layer, where only light in-coupling is considered, the
optimum parameters are a thickness of the effective medium between 50 nm and
60 nm and a silicon oxy-nitride thickness of 10 nm. This result is in line with three-
dimensional simulations discussed in section 5.3.1, validating the use of the simple
one-dimensional approach. Introducing a thicker silicon nitride layer than the 10 nm
that are oxidized reduces the maximum achievable short-circuit current density. In
particular, jscmax is higher for an interlayer system with a SMART texture than for
a planar silicon nitride anti-reflective coating with optimized thickness. Maximum
achievable short-circuit current density for a realistic silicon absorber with a thick-
ness of 15 1m, KOH pyramid back-side texture and rear reflector, is disclosed in Fig.
5.18(b). The parameter range that allows the highest absorptance is broader, with
SMART thicknesses from 40nm to 50 nm and silicon nitride thickness under the

Si(ON) layer of 0 — 10nm. The highest maximum achievable short-circuit current
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CHAPTER 5 Smooth anti-reflective three-dimensional textures

density, jsemax = 35.8mA cm~2, is found for a SMART thickness of 50nm and a

2 compared to an

10nm thick silicon oxy-nitride layer, an increase of 0.6 mA cm™
optimized silicon nitride anti-reflective layer.

To validate the simulation results, glass substrates with a SMART texture with
a thickness of 45nm and silicon nitride layers of 10nm, 20nm, and 30 nm were
produced. The first 10nm of the silicon nitride layers were oxidized using the
plasma oxidation process. To analyze the optical potential for light in-coupling
of the double-interlayer samples, 15 pm thick silicon layers were deposited and sub-
sequently crystallized by solid phase crystallization. Absorptance characteristics of

these samples are illustrated in Fig. 5.19.
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Figure 5.19: Absorptance of silicon absorbers with a 45nm thick SMART texture and
varied silicon nitride thickness, of which the first 10 nm are oxidized.

The trend predicted by the simulations is confirmed. The sample without residual
silicon nitride layer under the 10 nm thin silicon oxy-nitride gives the highest mean
absorptance, while thicker silicon nitride layers shift maximum absorptance to longer
wavelengths and reduce light in-coupling for the wavelength range between 300 nm
and 700nm. For all samples, a maximum absorptance of 95% is found, whereof
4% of the light is reflected at the sun-facing air-glass interface. This proves the
excellent anti-reflective properties of the SMART texture in combination with a

silicon (oxy-)nitride layer.

Figure 5.20 exhibits the absorptance properties of the optimized SMART /silicon
oxy-nitride interlayer stack (green, solid curve in Fig. 5.20) compared to a SMART
texture with a 10nm thick silicon oxide passivation layer (green, dashed), and the
respective reference samples (black) with a silicon oxide/silicon nitride/silicon ox-
ide (SiO,, dashed) and a silicon oxide/silicon nitride/silicon oxy-nitride (Si(ON),
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5.5 SMART texture optimization

solid) interlayer stack. For both planar and SMART textured interlayer stacks, the
substitution of the passivation layer from SiO, to Si(ON) reduces reflection in the
short wavelength range < 500 nm, while maximum absorptance remains unchanged.
In terms of mean absorptance between 400 nm and 600 nm, replacing the diffusion
barrier of silicon oxide by silicon oxy-nitride leads to an increase from 90.6% to
92.9% (absolute) for the SMART texture. The optimized planar SiO, /SiN,/Si(ON)
interlayer stack provides a mean absorptance of 90.2%. This anti-reflective effect cor-
responds to an enhanced maximum achievable short-circuit current density gain of
0.6 mA cm~2 in the wavelength range from 400 nm to 600 nm, indicating an underes-
timated jscmax gain for the simulations with 0.6 mA cm ™2 for the whole wavelength
range. Hence, combining the SMART texture with the plasma oxidation process

allows to further optimize light in-coupling in LPC silicon thin-film solar cells.
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Figure 5.20: Absorptance of LPC silicon layers with a SMART texture (green) with a
silicon oxide (SiO,, dashed) and silicon oxy-nitride (Si(ON), solid) passivation layer, and
reference samples with a planar silicon oxide/silicon nitride/silicon oxide interlayer stack
(SiO,, dashed) and with a silicon oxide/silicon nitride/silicon oxy-nitride interlayer stack
(Si(ON), solid).

To summarize, multiple approaches to optimize the SMART texture were investi-
gated. Raising the annealing temperature from 500 °C to 800 °C allowed to increase
the refractive index of the titanium oxide layer, leading to improved anti-reflective
properties at the glass-silicon interface. In addition, combinations of the SMART
texture with light trapping measures at the silicon back-side, namely a random pyra-
mid texture and a white paint rear reflector, were produced and analyzed in regards
to their absorption properties. It was found that by combining the SMART texture
with both light trapping techniques, a maximum achievable short-circuit current

density of up to 36.4mA cm~2 could be reached, an enhancement of 2.6 mA cm 2
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CHAPTER 5 Smooth anti-reflective three-dimensional textures

compared to a planar interlayer stack with silicon nitride anti-reflective layer.

Finally, the novel interlayer deposition technique of plasma oxidation of silicon ni-
tride layers was applied to the SMART texture. Simulations were conducted to
identify optimal layer thicknesses of the SMART texture/silicon nitride/silicon oxy-
nitride interlayer stack. Using a 45nm thick SMART texture in combination with
a plasma-oxidized 10nm thick silicon oxy-nitride layer, the short wavelength ab-
sorptance could be further increased, leading to a mean absorptance from 400 nm
to 600 nm of 92.9% (absolute) compared to 90.6% and 90.2% for the SMART tex-
ture with silicon oxide diffusion barrier and optimized planar silicon oxide/silicon

nitride/silicon oxy-nitride interlayer stack, respectively.

5.6 Towards solar cells on optimized SMART

texture

Solar cells were produced on SMART textures with a silicon oxide and silicon oxy-
nitride passivation layer and a reference sample with a planar silicon oxide/silicon
nitride/silicon oxy-nitride interlayer stack. The 16 pm thick LPC silicon absorbers
were textured at the rear side with random pyramids derived from KOH etching.
Figure 5.21(a) displays the external quantum efficiency (solid) and light in-coupling
as measured by 1—reflectance (dashed) for the solar cells on SMART texture with
SiO, (green) and Si(ON) (red) passivation layer and the reference sample (black).
It is found that the liquid phase crystallization process alters the sample exhibit-
ing a SMART texture and Si(ON) passivation layer. Both the optical and elec-
tronic properties are deteriorated. Comparison to one-dimensional simulations as
presented previously reveal that the light in-coupling properties correspond to a
SMART texture height of 30nm. As both samples were produced in parallel, the
changed properties observed for the SMART texture with a silicon oxy-nitride layer
are attributed to the interlayer stack being altered during LPC. The parallel pro-
cessed samples exhibit the same SMART texture and the Si(ON) passivation layer
did not alter the optical properties after an SPC process, excluding these processes
as an reason for the deteriorated properties. Internal quantum efficiency (IQE) for
the wavelength range from 300nm to 700 nm is disclosed in Fig. 5.21(b), for illu-
mination from both superstrate (solid) and substrate (dashed) configuration (see
Fig. 4.11(a) for a schematic of the measurement principle). If IQE is measured in
substrate configuration, an equivalent IQE independent of the interlayer system is
found. Thus, the bulk material quality seems not to be reduced by both SMART

textures. In contrast, measurements through the glass, where most of the incoming
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5.6 Towards solar cells on optimized SMART texture

light is absorbed close to the glass-silicon interface, reveal a reduced carrier collec-
tion by the solar cells on SMART textures.

Internal quantum efficiency of the reference sample (black) is higher than 90% for
wavelengths > 400nm. The SMART texture with silicon oxide passivation layer
exhibits an IQE that is reduced by less than 10% (absolute), which is accounted
for by a higher recombination caused by the SiO, passivation layer. IQE of the
SMART texture with silicon oxy-nitride passivation layer, in contrast, is limited to
values below 70%. As IQE for illumination in substrate configuration was found
to be equivalent, this is attributed to a deteriorated glass-silicon interface and, as
a consequence, higher interface recombination velocity. In terms of short-circuit
current density, the planar reference provides the highest js. pqr of 31.4mA cm ™2
The SMART texture with silicon oxide passivation layer still gives a high js pqr of
29.4mA cm™2, whereby the reduced interface quality of the SMART texture with a

silicon oxy-nitride passivation layer limits js.pqr to 20.5 mA cm ™2
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Figure 5.21: (a) External quantum efficiency (EQE, solid) and light in-coupling, as
measured by 1—reflectance (dashed) of solar cells with a SMART texture with a silicon
oxide (green) or silicon oxy-nitride (red) passivation layer and a reference sample (black).
(b) Internal quantum efficiency for these solar cells, measured in superstrate (solid) and
substrate (dotted) configuration.

Open-circuit voltage measurements performed using the suns-V,. method support
the finding of higher recombination in the devices with SMART texture, as illus-
trated in Fig. 5.22. Spectral illumination during the V. measurements does not
allow to distinguish between a primary influence of front and back interface as has
been the case for the IQE measurement from both sides of the solar cells. Still, a
similar trend is found for open-circuit voltages. While the solar cells on a planar
glass substrate provides high V,.’s well above 600 mV, the devices with a SMART
texture exhibit lower V,.’s indicating increased recombination. Mean V. for the
SMART texture with SiO, passivation layer is reduced by 20mV, whereas for a

Si(ON) passivation layer, mean open-circuit voltage drops by about 70 mV.
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Figure 5.22: Open-circuit voltage measured by the suns-V,. method for solar cells with
SMART textures with a silicon oxide (SiO;) and silicon oxy-nitride (Si(ON)) passivation
layer and a reference sample, in both superstrate (left) and substrate (right) configuration.
Mean V. is depicted by an open square, best V,. with a star. The box symbolizes the
standard error, the whiskers the standard deviation.

Summarizing, it was found that the plasma oxidation process developed for LPC
silicon thin-film solar cells with planar glass-silicon interface could thus far not be
implemented in the SMART texture production process. While optical properties
in the short wavelength range were improved as revealed on solid phase crystallized
silicon absorbers, optical as well as electronic properties were deteriorated in LPC
silicon thin-film solar cells. In consequence, both external quantum efficiency and
open-circuit voltage were diminished for solar cells exhibiting a SMART texture and

silicon oxy-nitride passivation layer.

5.7 Conclusion

The smooth anti-reflective three-dimensional (SMART) texture was introduced as
a possible texture to overcome the trade-off between increased light in-coupling and
electronic material quality at the glass-silicon interface of liquid phase crystallized
silicon thin-film solar cells. A three-dimensional nano-texture that is optically rough
due to the refractive index contrast of the employed materials and, at the same
time, exhibits a smooth surface could be realized. To do this, nano-imprinting of
silicon oxide nano-pillars was combined with spin-coating of titanium oxide. Using

three-dimensional simulations, optimal geometrical parameters under consideration
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of experimental feasibility of a period of 750 nm, filling fraction of 0.25, and height
of 40 nm — 60 nm were identified and subsequently experimentally realized.

The SMART texture was successfully implemented in the liquid phase crystallization
process, and proof-of-concept solar cells were manufactured. It could be demon-
strated that the SMART texture allows to decrease reflection losses at the glass-
silicon interface while preserving interface and bulk material quality. Consequently,
the increased absorption lead to a higher short-circuit current density compared to
reference devices with a planar glass-silicon interface and state-of-the-art cells with
a comparable doping concentration. For a wavelength range from 300 nm to 700 nm,
the short-circuit current density of a solar cell on a SMART texture was higher by
1.8mA cm~2 than that of a solar cell with a interdigitated back contact system that
provides a power conversion efficiency of 13.2% if combined with additional light
management measures at the air-glass interface. Hence, the SMART texture proved
to be a suitable texture to enhance light in-coupling in LPC silicon solar cells while
maintaining a high material quality.

Based on these results, further optimization steps of the SMART texture were taken.
First, an increase of the annealing temperature allowed to enhance the refractive in-
dex of the titanium oxide layer further, leading to increased light in-coupling. Sec-
ond, the SMART texture was combined with light trapping measures at the silicon
back-side. It was found that the SMART front-side texture is compatible with state-
of-the-art rear-side light trapping methods, namely random pyramids produced by
wet-chemical etching in KOH and a white paint back reflector. Employing both light
trapping measures for a SMART texture with optimized refractive index yielded a

maximum achievable short-circuit current density of 36.4 mA cm—2.

Finally, novel
interlayer deposition methods that provided optimized interface passivation and de-
creased reflection for planar devices were implemented into the SMART texture
production process. The silicon oxide passivation layer was replaced by a plasma-
oxidized silicon nitride layer. One-dimensional simulations of these layer stacks in
combination with a SMART texture yielded optimal optical properties for a SMART
texture thickness of 40 nm — 50 nm and a silicon oxy-nitride layer thickness of 10 nm,
without underlying non-oxidized silicon nitride. Optically, the higher refractive in-
dex of the silicon oxy-nitride layer allowed to reduce reflection in the short wave-
length range, whereas the absorptance maximum remained unchanged.

Solar cells with these optimized SMART textures were produced. It was found that
both the optical and electronic material quality of SMART textures with a silicon
oxy-nitride passivation layer were diminished, limiting the solar cell performance
compared to both a SMART texture with silicon oxide passivation layer and a ref-
erence with planar silicon oxide/silicon nitride/silicon oxy-nitride interlayers. The

SMART texture with silicon oxide passivation layer provided a short-circuit current
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density of 29.4 mA cm 2, compared to 31.4 mA cm~2 measured on the reference cell.
Measurements of the internal quantum efficiency in both substrate and superstrate
configuration indicated that the lower material quality of devices with a SMART
texture and silicon oxy-nitride passivation layer was caused by an increase of defects
close to the glass-silicon interface.

The SMART texture is the most promising texture for anti-reflection at the buried
glass-silicon interface developed up to now, allowing to reach interface and bulk
material quality comparable to state-of-the-art devices with planar glass-silicon in-
terface. To fully capitalize on its potential and contribute to increasing short-circuit
current density of LPC silicon thin-film solar cells, optimized passivation layers in
combination with the SMART texture need to be developed.
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6 Tailor-made micro-textures for

light trapping

Due to the low absorption coefficient of silicon in the long wavelength regime, light
trapping structures that enhance the light path in the absorber are of utmost impor-
tance to fully exploit the solar spectrum. Thin-film solar cells particularly benefit
from these measures considering the decreased thickness of the absorber layer and,
hence, reduced light path. For single-crystalline silicon wafer cells, the most common
light trapping measure are random pyramids derived from wet-chemical etching in
a solution containing potassium hydroxide (KOH) [88, 171]. This process has been
adapted to LPC silicon thin-film solar cells [42, 43, 52]. As pyramid formation is
based on a grain orientation-dependent etch rate, the result for the poly-crystalline
LPC silicon differs from single-crystalline silicon wafers. While the etching of a
{100} surface leads to upright pyramids with {111} facets, grains with varying sur-
face orientation give rise to tilted pyramids with a distinct tilting angle. This results
in — unfavorable — varying optical properties from grain to grain and gives rise to
an inhomogeneous appearance of the solar cells (cf. Figure 6.7).

This chapter presents a method that was developed to enable the production of
tailor-made micro-structures for LPC silicon absorbers, independent of crystal grain
orientation. A process similar to the one presented in chapter 4, using a combina-
tion of nano-imprint lithography (NIL) and reactive ion etching (RIE), allows to
produce micro-structured LPC silicon surfaces with a wide range of slopes, periods
and heights. The optical properties of these structures are analyzed, and solar cell
results on textured absorbers are presented.

Parts of the results presented in this chapter were previously published in [227].

6.1 Process development and optimization

Reactive ion etching of silicon is an industrially established process, widely used

in semiconductor industry and microelectromechanical systems (MEMS) [228-231].
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Therefore, a variety of RIE processes were proposed for silicon etching using several
gas compositions [207, 230]. In the common processes, resist materials or metals are
used as rigid etching masks. This requires a high selectivity between silicon and the
mask material and generally limits the etched profiles to vertical flanks. The method
employed in the scope of this thesis, on the contrary, relies on nano-imprinted resist
layers as three-dimensional soft etching masks in order to allow arbitrary surface
textures to be replicated. Process parameters in reactive ion etching were varied
and examined in order to identify a set of parameters that allows the replication of

nano- and micro-textures in LPC silicon with high structural fidelity.

6.1.1 Variation of the gas composition

In a first step, different gas compositions were examined based on processes known
from literature [207, 230], using CHF3 and SF4 as etching agents. In order to
replicate structures without distortions, a combination facilitating a selectivity close
to 1 : 1 needed to be identified. Figure 6.1(a) illustrates the etch rates for silicon
as well as two commercially available UV-NIL resist materials, UVcur06 [157] and
OrmoComp [158], for different combinations of etching gases to determine a suitable
process. Gas compositions investigated include a mixture of 25sccm Ar / 25scem
CHF5 (process (I)), these gases with additional 1sccm of oxygen (process (II)), a
mixture without the dilution gas argon with 40sccm CHF3 / 2scem Oy (process
(III)) and a combination of 35sccm CHF3 with 14 sccm SFg (process (IV)).

For both resists, the incorporation of oxygen (cf. processes (I) and (II) in Fig. 6.1(a))
in the process leads to a steep increase in etch rate due to organic compounds in
the resist being quickly etched. The gas compositions without oxygen, processes (I)
and (IV), both reveal similar etch rates for UVcur06 and silicon, with OrmoComp
having a higher rate. Etching selectivities for LPC silicon to UVcur06 of 1.0 : 1.74+0.3
and 1.0 : 1.0 £+ 0.2 were found for processes (I) and (IV), respectively. Therefore,
further investigations will be carried out using UVcur(06 as resist and gas mixtures
deriving from process (IV), providing close to optimum selectivity and high etch
rates. UVcur06, additionally, is advantageous for the desired processes compared to
OrmoComp, as it can be completely removed in an oxygen plasma [157], ensuring
process compatibility with the subsequent processes in LPC silicon thin-film solar

cell production.

In a second optimization step, the ratio of etching gases CHF3 and SFg is varied
from 3 : 1 to 1 : 2.5, while keeping the overall gas flow constant at 50sccm. Etch
rates measured for UVcur06 and LPC silicon are depicted in Fig. 6.1(b). Etch rates
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Figure 6.1: (a) Etch rates for LPC silicon (black squares) and the two commercial resists
UVcur06 (green circles) and OrmoComp (blue triangles) for different gas compositions
during reactive ion etching. (b) Etch rates for LPC silicon (black squares) and UVcur06
(green circles) for different CHF3/SFg ratios, based on process (IV).

providing a selectivity close to 1 : 1 were determined for gas ratios of 2.5 : 1, 1:1
and 1:1.5.

In order to assess anisotropy for the gas combinations with suitable selectivity, an
inverted pyramid texture with a period of 1.25um and a pyramid base of 1.0 pm
imprinted into UVcur(06 was replicated using these gas ratios and etch rates. Possible
residues of UVcur06 after RIE etching — being an organic resist — could be removed
using an oxygen plasma [157]. The surfaces of these silicon structures were analyzed
using atomic force microscopy in order to evaluate the process most suitable for
texture replication. Surface profiles were extracted from the AFM measurements,
as illustrated in Fig. 6.2. For all gas ratios, the micro-structures reveal distortions
due to partly isotropic etching. That leads to a narrowing of the 250 nm wide bars
between the inverted pyramids. Depending on the degree of isotropy, the height of
the structures is reduced and sharp features of the textures are rounded. This was
observed for the gas ratios of 1 : 1 and 1 : 1.5. For the gas ratio 2.5 : 1, partly
isotropic etching lead to a narrowing, but no height reduction is found.

Hence, a gas composition of 35.7sccm CHF3 and 14.3scecm SFg — corresponding
to a gas ratio of 2.5 : 1 — was used in an additional optimization step aimed at
further reducing isotropy, thereby enabling a texture replication with high structural
fidelity.
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Figure 6.2: Surface profiles measured by AFM for the imprinted nano-structure and
different gas ratios between CHF3 and SFg.

6.1.2 Process parameter optimization

A suitable process for pattern replication requires high anisotropy to avoid pattern
distortion during etching. Further experiments were therefore carried out to op-
timize the etching step. Having identified a suitable gas composition, the plasma
power was varied to increase anisotropy. The utilized Oxford 80 RIE etcher is
equipped with a capacitively coupled radio frequency (RF) an inductively coupled
plasma (ICP) power source, allowing to apply both a RF power Pgrr and an ICP
power Picp (also see section 3.1.2).

Figure 6.3 demonstrates the etch rate for a variety of combinations of Pgrr and Picp
for LPC silicon and UVcur06. Generally, the etch rate rises for both materials with
increasing Picp. This increase is higher for silicon than for UVcur06 and, as a con-
sequence, etch selectivity is not suitable for pattern replication with high structural
fidelity. Picp should therefore be kept below 50 W to maintain an appropriate selec-
tivity. Suitable processes are highlighted by arrows in Fig. 6.3. For these processes
— labeled (I), (IT) and (III), a test structure consisting of a line grating with a pe-
riod of 690 nm was nano-imprinted into UVcur06 and subsequently replicated into
silicon using the parameter sets determined before. SEM images in cross section, as
depicted in Fig. 6.4, allow to assess the anisotropy of the structures after etching.
For the non-conductive nano-imprinted UVcur(06 layer, the SEM image is blurry due
to charging effects. Still, the line grating pattern can be recognized and a grating
height of 170nm to 180 nm is found. Processes (I) and (II) give the same height as
the imprinted structure, whereas the height of the replicated line grating for process
(III) is reduced to about 130 nm.
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Figure 6.3: Etch rates of LPC silicon (black squares) and the organic resist UVcur06
(green circles) for different radio-frequency (RF) and inductively-coupled plasma (ICP)
powers during RIE.

Assessing anisotropy is done using the angle of the flanks of the line grating texture,
which are vertical in the master structure. Charging of the imprinted structure,
however, does not allow to confidently determine the angle of the flanks. The angle
of the etched samples were determined to 16 + 3° and 10 4 2° for etching processes
(I) and (II), respectively. In comparison, process (III) yields an angle of 32 4+ 7°.
Using process (II) with Prp = 100 W and Picp = 50 W gives the highest anisotropy
of the processes investigated, constituting the optimized plasma power for structure

replication with high structural fidelity.

Summarizing, an optimized process for directional etching of micro- and nano-
structures in LPC silicon could be identified. Using several optimization steps
varying the gas composition, gas ratio and plasma power during the reactive ion
etching process, a gas composition of 35.7sccm CHF3 and 14.3 scem with a chamber
pressure of 20mTorr, an RF power of Prp = 100 W, and an inductively coupled
plasma power of Picp = 50 W were determined as optimal parameters. Employing
these parameters facilitates a selectivity of close to 1 : 1 and a pattern replication

with high structural fidelity due to highly anisotropic etching.
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Figure 6.4: Cross-section SEM images of a line grating imprinted into UVcur06 and
replicated into silicon for the etching conditions (I), (IT) and (III). The scale bar holds for
all images.

6.2 Structural analysis

6.2.1 Grain orientation dependency

Having established a RIE process that allows to replicate nano-imprinted structures
into silicon, an analysis of the silicon surface for different surface orientations aims
at verifying that the process is independent of grain orientation for poly-crystalline
LPC silicon. For this, silicon surfaces structured with an inverted pyramid array
were produced by NIL+RIE for wafers of different surface orientations, namely a
{100}, {111} and multi-crystalline surface. As a reference, wafers of the same ori-
entation were wet-chemically etched in a commonly applied KOH-based etching
solution [170]. Figure 6.5 illustrates the surfaces of wafer pieces of the three orienta-
tions examined, textured using KOH wet-chemical etching (first row) and NIL+RIE
(second row). As expected for the wet-chemical etching process, the surface texture
depends on grain orientation. For the {100} wafer, the wet-chemically etched pyra-
mids lead to reduced direct reflection and light scattering at the surface. For the
{111} wafer, KOH etching does not have a texturing effect, and, hence, the flat front

surface causes pronounced reflection, revealing the author taking the photograph.
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{100} {111} mc-Si

KOH

Figure 6.5: Wafer pieces of different silicon surface orientations, textured using a wet-
chemical etching solution (KOH, first row) or a combination of nano-imprinting and reac-
tive ion etching (NIL+RIE, second row).

The multi-crystalline silicon wafer, with multiple grains and their corresponding
surface orientations, reveals different reflection properties for each grain. On the
contrary, no difference in visual appearance is observed for the wafer pieces textured
by NIL+RIE. In particular, individual grains of the multi-crystalline silicon wafer
are not discernible. The periodic structure leads to diffraction, whereby the changing
angles for the three samples cause differently colored appearance.

Laser scanning confocal microscopy images displayed in Fig. 6.6 support these
findings. Again, for the samples etched in a KOH-based solution, grain orientation
dependency of the resulting texture is evident. For a {100} wafer, upright pyramids
form, constituting the optimal case for light trapping. For a {111} wafer, the KOH
solution has no texturing effect and the wafer is flat, posing the worst case. For the
multi-crystalline wafer, which represents the closest resemblance to a LPC silicon
surface, the pyramids on grains of different orientations are distinctly tilted. The
optical properties hence depend on the grain orientation, which explains the patchy
structure observed in Fig. 6.5. For the wafer pieces textured using NIL+RIE, the
inverted pyramid structure is found independent of grain orientation. In particular,

the grains of the multi-crystalline silicon surface are not distinguishable.

Thus, the etch rate and structure replication during NIL+RIE does not depend on
grain orientation and confirms that NIL+RIE is a suitable candidate to provide a
surface-orientation independent texturing method for LPC silicon. This is further

demonstrated by Fig. 6.7, showing (a) photographs of LPC silicon absorbers with
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{100} 111}

KOH

NIL

RIE

Figure 6.6: Laser scanning confocal microscopy images of wafer pieces of different surface
orientations textured using a wet-chemical etching solution (KOH, first row) or a combi-
nation of nano-imprinting and reactive ion etching (NIL+RIE, second row). The scale bar
applies to all images.

a wet-chemical random pyramid texture (KOH) and a periodic nano-texture with
inverted pyramids of 1.25 pm period produced by NIL4+RIE and (b) their respective
surfaces measured using laser scanning confocal microscopy. For the LPC silicon
layer with a KOH texture, the different grain orientations lead to tilted pyramids
and an inhomogeneous appearance. This is not the case for the NIL4+RIE texture,
where the whole surface is covered with the pyramid array etched into the LPC

silicon. No difference in texture is observed for different grains.
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Figure 6.7: (a) Photographs and (b) laser scanning confocal microscope images of the
LPC silicon surface after wet-chemical etching (KOH) and reactive-ion etching of nano-
imprinted nano-structures (NIL+RIE).

6.2.2 Surface analysis

The developed method of NIL+RIE was applied to a range of micro-textures with
a honeycomb pattern, which have proven to be a suitable light trapping texture in
high-efficiency micro-crystalline silicon thin-film solar cells [146, 147]. Honeycomb
masters with periods of 1.5 pm, 3.0 pm and 6.0 pm and height-to-period ratios rang-
ing from 0.1 to 0.3 were produced (see section 3.1.1) and replicated in LPC silicon
using NIL+RIE. In addition, an inverted pyramid array with a period of 1.25 pm
and pyramid base of 1.0 pm produced by NIL+RIE and a random micro-texturing
method based on texturing in a SFg/O5 plasma introduced by Moreno et al. [232,
233] are investigated. The resulting surface texture was examined using atomic force
microscopy (AFM) and laser scanning confocal microscopy (LSCM).

Figure 6.8 exhibits the surface topography of the investigated micro-textures mea-
sured by LSCM. As discussed above, the texturing result on grains with different
silicon crystal grain orientation varies for the random pyramid texture produced by
wet-chemical etching in KOH. The SFg/O5 plasma texturing leads to small ran-
dom pyramid-like shapes and larger bowl-shaped features, whereby the texturing is
independent of grain orientation. Both, the inverted pyramid array and different
honeycomb textures with varying period could successfully be replicated, demon-
strating that the NIL+RIE method is suitable for textures exhibiting smooth as

well as sharp-edged features.
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Figure 6.8: Laser scanning confocal microscope images of textured LPC silicon surfaces
with different texturing methods and textures. The scale bar holds for all images.

Further analysis of the surface topography of replicated honeycomb textures was
conducted using atomic force microscopy. Figure 6.9 depicts AFM profiles for two
example cases of a shallow honeycomb texture with a period of 1.5 pm and a height of
125nm (blue), and the most pronounced texture produced, with a period of 6.0 pm
and a height of 1.4pum (black), covering the extremes of honeycomb periods and
heights produced. For better comparison of the textures despite their differing di-
mensions, the axes of the 1.5 pm period sample are stretched by a factor of four — the
ratio of the periods. The characteristic honeycomb pattern is clearly observed for
both samples. The height of the small period texture is slightly reduced compared to
its master structure, from 125 nm to 100 nm. The larger pitched honeycomb pattern
is replicated with a high structural fidelity and the height is similar to the master
structure. In parts, the replicated structure is even higher than the master. Devi-
ations from the heights of the master structured are attributed to inhomogeneities

in manufacturing and characterization in both master and NIL+RIE samples.
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Figure 6.9: Surface profiles measured using atomic force microscopy of LPC silicon sur-
faces textured with honeycomb patterns with a period of 6.0 pm (black) and 1.5 pm (blue)
and height-to-period ratios of 0.25 and 0.1, respectively. Axes for sample with a period of
1.5 pm were colored in blue for clarity.

The honeycomb textures were designed for light trapping in micro-crystalline silicon
thin-film solar cells in substrate configuration [148, 149]. For LPC silicon devices,
the light impinges through the glass and therefore reaches the textured surface from
the opposite side as for micro-crystalline silicon thin-film solar cells. In order to
elucidate the influence of texture inversion, honeycomb master textures with an
inverted structure were produced (see section 3.1.1) and replicated in LPC silicon
using the NIL+4RIE method. Due to technological constrains, the masters with
a period of 6.0pum could not be inverted in the scope of this thesis. Figure 6.10
discloses LPC silicon surface profiles measured by AFM of a honeycomb texture
with a period of 3.0pm and a height-to-period ratio of 0.2 (black) and its inverse
texture (blue, solid). For better comparison, the negative of the inverted texture is
shown in addition (blue, dashed).

It is evident that inverted honeycomb master textures could successfully be produced
and replicated in LPC silicon. The inverse pattern has an equivalent height and

morphology as the initial honeycomb texture.

Further, the homogeneity of the NIL+RIE method over large areas is analyzed. For
a honeycomb texture with a period of 3.0 pm and a height of 290 nm, the surface
of LPC silicon after etching was examined using LSCM. Figure 6.11 presents five
LSCM images with a magnification of 150x that were taken in the center and four
corners of the 3 x 3cm? large sample. The surface profiles were analyzed via line

profiles and heights were extracted and averaged over 15 periods (see insets in Fig.
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Figure 6.10: Comparison of surface profiles measured by AFM for LPC silicon surfaces
textured with a honeycomb texture with a period of 3.0 pm (black) and its inverse structure
(blue). For clarity, the negative of the inverted structure surface is included (blue, dashed).

6.11). Structure heights ranging from 280 nm to 330 nm were measured in individual
LSCM images. Comparing the mean heights of individual images, values between
290nm and 315nm were found. The nano-structure heights therefore vary to the
same extent on both short and long range. Large-area homogeneity of less than 10%

mean height deviations is thus given over the whole sample area of 3 x 3 cm?.

In a nutshell, the NIL4+RIE method is suited to produce tailor-made micro-textures
for LPC silicon thin-film absorbers. An inverted pyramid texture and honeycomb
textures were replicated in silicon wafers of different surface orientations and LPC
silicon. Surface analysis revealed that using NIL+RIE, texturing independent of
grain orientation is feasible, in contrast to wet-chemical etching in KOH. Further-
more, the successful replication of honeycomb patterns with a wide range of periods
and heights and inverted honeycomb textures with a homogeneity of more 3 x 3 cm?

was demonstrated.
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creasing absorption. In the last section, grain-orientation independent replication
of honeycomb textures in LPC silicon with a high degree of structural fidelity and
eycomb textures with a period of (a) 1.5 pm, (b) 3.0um and (c¢) 6.0 pm for different

Figure 6.12 exhibits the absorptance of 16 pm thick LPC silicon absorbers with hon-
height

Light trapping structures for LPC silicon thin-film solar cells need to efficiently
scatter light into high angles to enhance the light path in the absorber, thus in-
homogeneity over 3 x 3cm? was presented. This section aims at finding the most
suitable honeycomb structure for light trapping and compares this texture to other

honeycomb texture with a period of 3.0 pm and a height of 290 nm.

texturing methods known from literature.

6.3 Optical analysis

Figure 6.11
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For all periods, absorption is highest for the largest height-to-period ratio. Honey-
comb textures with h/P < 0.1 do not increase absorptance (cf. green curves in Fig.
6.12(a) and (b)), as very shallow structures do not efficiently back-scatter light at
the silicon rear-side. High height-to-period ratio honeycomb textures are therefore
favorable for absorption enhancement in LPC silicon thin-film solar cells.

With respect to the period of honeycomb textures, it has been shown for multi-
crystalline silicon thin-film solar cells that the optimal period depends on the solar
cell thickness [58], with higher periods favorable for cells with a thicker absorber
layer. The same trend is observed for honeycomb textures etched into the LPC
silicon layers as illustrated in Fig. 6.12(d) disclosing absorptance of honeycomb tex-
tures with a height-to-period ratio of 0.2 for varying periods between 1.5pm and
6.0 pm.
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Figure 6.12: Absorptance of 15 pm thick LPC silicon absorbers with honeycomb textures
with a period of (a) 1.5 pm, (b) 3.0 pm and (c) 6.0 pm at the silicon back-side, for different
height-to-period ratios h/P. (d) Absorptance of honeycomb textures with a fixed height-
to-period ratio of 0.2 for different texture periods.

Absorptance in the wavelength range from 800nm to 1100nm is highest for the

honeycomb texture with a period of 6.0 pm. In terms of maximum achievable short-
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circuit current density, the implementation of the honeycomb textures increases
Jse.max Dy more than 3mA cm ™2, from 29.1 mA cm ™ for a planar silicon back-side to
32.4mA cm~2, 32.8mA cm~? and 33.2mA cm2, for periods of 1.5 pm, 3.0 pm and
6.0 pm, respectively.

As stated before, light impinges on the honeycomb texture in LPC silicon from
the opposite side as in their original design as light trapping textures for multi-
crystalline silicon thin-film solar cells. Therefore, masters with honeycomb patterns
were inverted (see section 3.1.1) and subsequently replicated in LPC silicon. Figure
6.13 illustrates the absorptance of a honeycomb pattern (solid) with a period of
3.0pm (blue) and an aspect ratio of h/P = 0.2 and its inverted structure (dashed)
compared to a planar back-side (black).
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Figure 6.13: Absorptance of a LPC silicon absorber with a honeycomb back-side texture
(blue, solid) and with an inverted honeycomb texture of the same period of height-to-
period ratio (blue, dashed), compared to a planar back-side (black).

No difference in absorption between the honeycomb texture and its inverted struc-
ture is found. The texture inversion due to changed processing compared to multi-
crystalline thin-film solar cells, thus, has no effect on the optical properties and can

be applied for light trapping in LPC silicon thin-film solar cells.

Figure 6.14 summarizes the results obtained from absorptance measurements. As a
figure-of-merit for light trapping, mean absorptance between 800 nm and 1100 nm
is chosen. A clear trend to larger height-to-period ratios is observed, and for the
highest structures, a larger texture period is favorable. No clear difference is found
for honeycomb textures and its inverse.

Hence, the honeycomb texture providing the best light trapping for LPC silicon thin-
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film solar cells on glass is a structure with a period of 6.0 pm and a height-to-period

ratio of 0.2, corresponding to a texture height of 1.2 pm.
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Figure 6.14: Mean absorptance between 800 nm and 1100 nm for LPC silicon absorbers
with honeycomb textures of different periods (closed symbols) and inverted honeycomb
textures (open symbols), compared to a planar silicon back-side (black line). The inverted
honeycomb textures exhibit a height-to-period ratio of 0.2, and were shifted for clarity
only.

The absorptance of this optimized honeycomb texture (red curve) in comparison to
other textures is depicted in Fig. 6.15. All textures, including a random micro-
texture (magenta) produced by a plasma-based method established by Moreno et
al. [232, 233], an inverted pyramid array with a period of 1.25um, pyramid base
of 1.0 pm and height of ~ 600 nm produced by NIL+RIE (yellow) and the state-of-
the-art random pyramid etching using KOH (solid black) enhance absorption in the
LPC silicon absorber compared to a planar back-side (dashed black).

The random micro-texture and the inverted pyramid array exhibit lower light trap-
ping than the KOH and honeycomb texture. This is also represented by the maxi-
mum achievable short-circuit current density calculated from the absorption curves,
which are summarized in Table 6.1. The maximum achievable short-circuit current
density of the sample with a KOH texture of jsmax = 33.5mAcm™2 is slightly
higher than that of the LPC silicon absorber with a honeycomb texture providing
Jsemax = 33.2mA cm™2. Thus, the KOH pyramid texture still provides the best
light trapping among the textures investigated even though the pyramids are tilted

depending on grain orientation in the poly-crystalline LPC silicon material.

Absorption was measured for different spots on the absorber layers in order to inves-

tigate the homogeneity of optical properties for the samples with a KOH pyramidal
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Figure 6.15: Absorptance of LPC silicon on glass with different back-side textures as
described in the legend.

texture and the NIL+RIE honeycomb texture. The measurement results are dis-
closed in Fig. 6.16(a), where mean absorptance and its standard deviation for four
spots on the silicon absorbers with a KOH texture (black) and honeycomb texture
produced by NIL+RIE (red) are plotted. The four spots were chosen with the aim
of measuring on grains with different crystal grain orientations. Absorptance values
on one texture vary to the same extent as the difference between the textures. The

difference in absorptance previously found is, hence, not statistically significant.

Table 6.1: Maximum achievable short-circuit current density jscmax of 16 pm thick LPC
silicon absorbers with different micro-textures at the back-side.

Texture  Planar Random Inverted Honeycomb K?Smi ds
back-side micro-texture pyramids texture by
(m‘fgﬂ;l’iz) 29.1 29.8 32.2 33.2 33.5

For solar cell applications, the dependency of absorptance with respect to the inci-
dent angle of the light is crucial for device performance, as irradiation varies during
the day and year. Therefore, absorption characteristics of the LPC silicon absorbers
with a KOH pyramid and honeycomb texture were measured in dependency of the
incident angle. Figure 6.16(b) displays the mean absorptance averaged for wave-
lengths from 800 nm to 1100 nm for a 16 pm thick LPC silicon absorber with a planar
back-side (grey), a pyramidal KOH texture (black) and the optimized honeycomb
texture (red). Both texturing methods increase the absorption in the silicon layer

by more than 20% (absolute). As already observed for normal incidence, equivalent
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absorption characteristics of the honeycomb texture produced by NIL+RIE and the
random KOH pyramid texture are also found for oblique light incidence if statistical
variations and measurement uncertainties are taken into account. Regarding the
change of absorption with the angle of incidence, the same trend is observed for all
samples, indicating that the sun-facing air-glass interface and glass-silicon interface
dominates angle-dependent absorption properties. From an incident angle of 10°
up to 70°, mean absorptance in the long wavelength range declines by less than
10% (relative). Thus, both the random pyramid texture and honeycomb texture are

suitable for light trapping up to high angles of incidence of 70°.
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Figure 6.16: (a) Mean absorptance and standard deviation for four spots on different
grains of LPC silicon absorbers with a KOH pyramid texture (black) and Honeycomb
texture (red). (b) Mean absorptance between 800 nm and 1100 nm of LPC silicon absorbers
with planar back-side (grey squares), textured with a KOH-based solution (black circles)
and with a honeycomb texture produced by NIL+RIE (red triangles), in dependency of
the incident angle.

In summary, the absorption characteristics of 15 pm thick LPC silicon absorbers
with different back-side textures were investigated. In particular, honeycomb tex-
tures with periods between 1.5 1m and 6.0 pm and height-to-period ratios between
0.1 and 0.3 were analyzed. An optimum honeycomb texture for light trapping was
identified exhibiting a period of 6.0 pm and a height of 1.2ppm. This honeycomb
texture revealed absorption characteristics equivalent to the state-of-the-art ran-
dom pyramid texture produced by wet-chemical etching in KOH, both for normal

incidence and for oblique angles of incidence.

6.4 Solar cell results

Solar cells were produced on the back-side textured LPC silicon absorber according
to the device design described in section 3.3. To confirm that the NIL+RIE method
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does not alter the material quality of the LPC absorber or interface passivation,
measurements of the external quantum efficiency (EQE) were performed. Figure
6.17 depicts EQE (solid lines) and absorptance (dashed) of LPC silicon thin-film
solar cells with a textured back-side, either a random pyramid texture produced by
wet-chemical etching in KOH (black) or a honeycomb texture produced by NIL+RIE
(red).
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Figure 6.17: (a) External quantum efficiency (EQE, solid) and absorptance (dashed) and
(b) internal quantum efficiency (IQE) of LPC silicon thin-film solar cells with a random
pyramid texture produced by wet-chemical etching in KOH (black) and a honeycomb
texture produced by NIL+RIE (red).

As EQE is a measure of the current extracted from the solar cell depending on
the wavelength of the incoming radiation, it comprises both optical losses and elec-
tronic losses. The absorption characteristics of both textures, as discussed before, is
comparable within statistical fluctuations. To evaluate the electronic losses indepen-
dently, internal quantum efficiency (IQE) is calculated from EQE and absorptance
and displayed in Fig. 6.17(b). Small differences in the short wavelength range
around 400nm are attributed to inhomogeneities from the interlayer production
process. The IQE gain for longer wavelengths, from 800 nm to 1050 nm, stems from
a relatively low absorptance measured for the honeycomb texture (cf. section 6.3)
and is considered negligible. Total IQE values over 0.9 indicate an excellent elec-
tronic material quality for both textures. In particular, the reactive ion etching
process employed to replicate the honeycomb texture in LPC silicon does not nega-
tively affect the external quantum efficiency, indicating a comparable interface and
material quality. Short-circuit current densities calculated from EQE amount to
28.8mA cm ™2 and 28.7mA cm~? for the KOH and NIL+RIE texture, respectively.
This is confirmed by measurements of the open-circuit voltage, as disclosed in Fig.
6.18. V.. values above 630mV were determined for solar cells with every back-

side texture. Overall, V. of the solar cells with a planar back-side is higher by
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about 20mV. This could be explained by a lower surface area and, hence, better
passivation properties. Between the textured solar cells, no significant difference is
found. Mean V. values of 643 mV, 630 mV and 619 mV were determined for the cells
with planar back-side, random pyramid texture produced by wet-chemical etching

in KOH and honeycomb texture, respectively.
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Figure 6.18: Open-circuit voltage (V,.) measured by the Suns-V,. method, for LPC
silicon solar cells with planar and textured back-sides. Mean V. is depicted by an open
square, best Vi with a star. The box symbolizes the standard error, the whiskers the
standard deviation.

To summarize, liquid phase crystallized silicon thin-film solar cells with different
back-side textures were investigated with respect to the performance of solar cells
manufactured on the textured back-sides. Both the internal quantum efficiency
and open-circuit voltage reveal that the micro-textures produced by NIL+RIE can
be implemented into LPC silicon thin-film solar cells without reducing external
quantum efficiency or open-circuit voltage. In particular, the ion bombardment
during RIE seems not to negatively influence the absorber’s material quality. Both
bulk and interface quality of the solar cell with a honeycomb texture was equivalent
to solar cells with a planar or KOH-textured back-side. Hence, the NIL+RIE method
is applicable as a back-side texturing method for LPC silicon thin-film solar cells on

glass.
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6.5 Conclusion

The NIL+RIE method for the production of tailor-made light trapping textures in
liquid phase crystallized silicon thin-film solar cells on glass was introduced. This
technology is based on replicating nano-imprinted structures into the underlying
LPC silicon layer by reactive ion etching. By optimizing the process parameters
during RIE and a proper choice of nano-imprint resist, pattern replication with high
structural fidelity could be reached.

Honeycomb textures developed for light trapping in micro-crystalline silicon thin-
film solar cells [146, 147] with periods between 1.5 pm and 6.0 pum and height-to-
period ratios from 0.1 to 0.3 were produced as master textures for nano-imprint
lithography. Honeycomb textures with heights ranging from 125nm to 1.4um as
well as an inverted pyramid texture with a period of 1.25 pm were successfully repli-
cated in LPC silicon, proving the variability of the NIL4+RIE process. Analysis of
back-textured surfaces yielded that the NIL+RIE process is homogenous over an
area of 3 x 3cm? and, in contrast to the state-of-the-art random pyramid texture
produced by wet-chemical etching in KOH solutions [41-43, 51, 52|, independent of
the grain orientation of the poly-crystalline silicon material.

Optical properties of 16 pm thick LPC silicon absorber layers with honeycomb back-
side textures were analyzed with respect to their light trapping ability. It was found
that higher height-to-period ratios and larger periods for equivalent height-to-period
ratios are beneficial. Thus, optimized geometrical parameters for light trapping in
LPC silicon absorber with a honeycomb texture were found for a period of 6.0 pm
and a height-to-period ratio of 0.2. The optimized honeycomb texture was compared
to other back-side textures known from literature [41-43, 51, 52, 232, 233] and found
to provide equivalent light trapping abilities to the state-of-the-art random pyramid
texture produced by wet-chemical etching in KOH, both at normal and oblique in-
cidence.

Solar cells on textured liquid phase crystallized silicon absorbers revealed that in-
troducing the honeycomb texture by means of the NIL+RIE method does not neg-
atively affect material and interface quality of the LPC silicon absorber layer. A

2 and a mean open-circuit voltage of

short-circuit current density of 28.7mA cm™
619mV + 15mV were measured on devices with a NIL+RIE honeycomb texture,
compared to 28.8 mA cm ™2 and 630mV £ 15mV for the state-of-the-art KOH tex-
ture.

In order to improve light trapping and, in consequence, the short-circuit current
density and power conversion efficiency in LPC silicon thin-film solar cells on glass,

different textures might be examined. One approach is to further increase the pe-
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CHAPTER 6 Tailor-made micro-textures for light trapping

riods or height-to-period ratios of the honeycomb textures. This, however, would
require to find new processes for honeycomb texture production (Hitoshi Sai, per-
sonal communication, March 2017). Another route for improved light trapping is
texturing using sharp-edges textures. The honeycomb texture was designed as a
light trapping texture that, at the same time, allows to grow micro-crystalline sil-
icon on the texture without deteriorating material quality. This trade-off — while
being crucial and widely discussed in other chapters of this thesis — does not restrict
texture choice for back-side textures taking place after the absorber deposition and
crystallization. Hence, textures with edges and steep flanks could be advantageous
for light trapping. Thirdly, a combination of front-side textures with the NIL+RIE
back-side structures could be employed for improved light trapping. If a tailor-made
texture at the back-side of the silicon absorber is appropriately chosen, it could affect

light trapping and, hence, solar cell performance positively [103].
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Throughout this thesis, three approaches to improve light management in liquid
phase crystallized silicon thin-film solar cells on glass were presented. Sinusoidal
nano-textures (Chapter 4) and smooth anti-reflective three-dimensional (SMART)
textures (Chapter 5) implemented at the glass-silicon interface primarily aimed at
optimizing light in-coupling into the devices, while the NIL+RIE method for the
replication of micro-textures at the silicon back-side (Chapter 6) focused on light
trapping of long wavelength light.

This chapter sets these approaches into context and gives a general outline to light
management in LPC silicon thin-film solar cells on glass (section 7.1). For this, the
Tiedje-Yablonovitch limit is introduced as a benchmark for optimized light absorp-
tion in a 15 pum thin silicon layer (section 7.1.1). The optical losses of state-of-the-art
planar LPC solar cells are analyzed with respect to the Tiedje-Yablonovitch limit
(section 7.1.2) and compared to cells with light management techniques developed
in the scope of this thesis being employed (section 7.1.3). From these, conclusions
for future cell designs are drawn.

Finally, potential applications of the methods developed in this thesis for improving
other solar cell types, namely perovskite-silicon tandem devices, are discussed (sec-
tion 7.2).

Parts of section 7.2 were previously published in [234].

7.1 Optical loss analysis

7.1.1 The Tiedje-Yablonovitch limit for silicon thin-film

solar cells

The mean solar photon flux at the earth surface corresponds to a maximum short-
circuit current density for silicon solar cells of 43.9mA cm™2 (see section 2.1). How-

ever, silicon has a low absorption coefficient in the near infrared due to its indirect
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bandgap, causing inherent optical losses due to non-absorption. Optimized absorp-
tion under the assumption of a Lambertian scatterer was calculated by Tiedje et al.
(cf. section 2.1.2 and [44]). Figure 7.1 illustrates the absorptance of a 15 pm thick
silicon layer assuming no front reflection and a single path through the absorber
(black), two paths due to a perfect rear reflector (blue) and the Tiedje-Yablonovitch
limit (red) calculated according to Eq. (2.18).
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Figure 7.1: Absorptance of a 15 pum thick silicon layer with a single path through the
absorber (black), double path due to a perfect back-reflector (blue) and in the Tiedje-
Yablonovitch limit (red) calculated from Eq. (2.18).

For a single and double light path, absorptance is reduced for wavelengths > 600 nm
and > 700 nm, respectively, limiting the maximum achievable short-circuit current
density to 30.8 mA cm~? and 34.2mA cm ™2, respectively. The low absorption coeffi-
cient of silicon in the near infrared limits absorptance in this wavelength range. For
a Lambertian scatterer, the light path enhancement leads to higher absorptance,
and losses are mainly limited to the wavelength range from 900 nm to 1100 nm.
In total, a maximum achievable short-circuit current density of 40.5mA cm~2 is
found for a 15 pm thick silicon layer. Silicon thin-film solar cells with a thickness of
15 um therefore inherently lose a short-circuit current density of 3.4 mA cm ™2 due to
non-absorption of long wavelength light. The Tiedje-Yablonovitch limit is used as
benchmark for light management in the following, where losses at different interfaces

play a role in addition to the trapping of long wavelength light.
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7.1 Optical loss analysis

7.1.2 Losses in state-of-the-art planar devices

In order to analyze the optical losses in LPC silicon thin-film solar cells with planar
glass-silicon interface, their absorptance characteristics were measured as well as
calculated using one-dimensional simulations. Figure 7.2(a) exhibits the measured
absorptance of 15 pm thick LPC silicon absorber with SiO, /SiN, /SiO, (light grey)
and Si0,/SiN, /Si(ON) interlayers, for which a planar back-side (grey) and a back-
side with additional light trapping measures (black) is depicted, in particular a
random pyramid texture and white paint rear reflector. The Tiedje-Yablonovitch
limit is included for reference. As already discussed in section 5.5.3, changing the
passivation layer from SiO,, to Si(ON) leads to enhanced light in-coupling in the short
wavelength range up to 600 nm, while leaving the absorptance maximum unchanged.
For longer wavelength light, implementing light trapping measures is inevitable to
facilitate high absorptance.

To analyze their optical properties further, the difference in maximum achievable
short-circuit current density of the three samples to the Tiedje-Yablonovitch limit is
illustrated in Fig. 7.2(b). This representation on the one hand weights absorptance
with the solar spectrum to take changes of photon flux into account. On the other
hand, the benchmark of maximum absorptance given by the Tiedje-Yablonovitch
limit is considered. This cumulative ji 1y loss hence visualizes the part of the
solar spectrum that cannot be utilized for energy conversion up to the respective

wavelength due to the employed device design.
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Figure 7.2: (a) Absorptance of a 15pm thick LPC silicon absorber with
a Si0,/SiN,/SiO, interlayer stack with a planar back-side (light grey) and
SiO,/SiN, /Si(ON) interlayers with a planar back-side (grey) and additional KOH tex-
ture and white paint rear reflector (black). The Tiedje-Yablonovitch limit (dashed) for
a 15 pm thick silicon layer is included for reference. (b) Cumulative short-circuit current
density loss compared to the Tiedje-Yablonovitch limit js. Ty for the three samples.
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Comparing the interlayer stacks of silicon oxide/silicon nitride/silicon oxide (light
grey) to the silicon oxide/silicon nitride/silicon oxy-nitride (grey) reveals decreased
losses due to the higher refractive index of the passivation layer. Consequently,
maximum achievable short-circuit current density losses are reduced by 1.4mA cm—2
if utilizing a Si(ON) passivation layer. The main loss occurs for wavelengths >
700 nm, where the penetration depth of the incoming light becomes larger than the
absorber thickness. Hence, a random pyramid texture produced by wet-chemical
etching in KOH and back reflectors are employed to improve light trapping (black
curves in Fig. 7.2). Implementing these measures reduces the losses in the long
wavelength range between 700 nm and 1100nm by 4.9 mA cm~2, leading to a total

jsc,TY loss of 6.1 mA Cm_2_

One-dimensional simulations were performed to further resolve losses at the inter-
faces of LPC silicon thin-film solar cells with a state-of-the-art SiO, /SiN,/Si(ON)
interlayer stack and a random pyramid texture and white paint rear reflector at
the silicon back-side for light trapping. Simulations allow to change the structure
of the solar cell such that losses at individual interfaces can be calculated, and are
disclosed as (a) absorptance and (b) cumulative js Ty loss in Fig. 7.3. The first
loss takes place at the sun-facing air-glass interface, where, for normal incidence, 4%
of the incoming light are reflected (cf. Eq. (2.16)) due to the difference in refrac-
tive indices (grey area in Fig. 7.3(a)). This corresponds to a maximum achievable
short-circuit current density loss of 1.8mA cm™ (grey area in Fig. 7.3(b)). This
loss has been addressed in record LPC silicon devices by attaching a light trapping
foil with millimeter-sized pyramids [235]. However, the foil is not suitable for device
applications as it is only modularly attached to the cell and would suffer from severe
soiling in outdoor applications.

Losses at the glass-silicon interface (light blue areas in Fig. 7.3) are calculated
by utilizing an infinitely thick silicon absorber. In this configuration, absorptance
equals the proportion of light coupled into the silicon absorber as the rear-side is
“switched off”. As apparent from Fig. 7.3(a), reflectance at the glass-silicon inter-
face depends on the wavelength of the incoming light due to wavelength-dependent
refractive indices of the materials and anti-reflective properties of the 60 nm thin
SiN, layer. Optimized anti-reflective properties of the interlayer stack for a wave-
length of 550 nm allow to minimize optical losses in this wavelength range. In total,
the glass-silicon interface amounts to a js. ry loss of 4.5 mA cm 2.

The loss at the silicon back-side (brown areas in Fig. 7.3) is calculated for a op-
timized LPC silicon absorber with a SiO,/SiN,/Si(ON) interlayer stack, absorber
thickness of 15 pm, random KOH pyramid texture, and back reflector. The loss at

this interface is calculated by subtracting the absorptance of this realistic stack from
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7.1 Optical loss analysis

the one with a Lambertian scatterer at the back-side (yellow area in Fig. 7.3(a)),
which causes inherent losses of 3.4mA cm™2 (see section 7.1.1). Due to the ab-
sorber thickness being larger than the penetration depth of the incoming light up
to approximately 700 nm, losses at the silicon back-side only come forth in the long
wavelength range. As the absorption coefficient in this wavelength range is very low
for silicon, absorptance becomes as low as 10% for a wavelength of 1100 nm and
most of the light is reflected back after passing through the absorber at least twice.

Losses due to the rear interface amount to 0.9 mA ¢m 2.

2

In comparison, the front
glass-silicon interface induces a loss of 2.6 mA cm™
(700 nm — 1100 nm).

in the same wavelength range
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Figure 7.3: One-dimensional simulations of losses at different interfaces in a 15 pm thick
LPC silicon absorber with SiO,/SiN,/Si(ON) interlayers, illustrated as (a) absorptance
and (b) cumulative short-circuit current density loss compared to the Tiedje-Yablonovitch
limit jscy. The experimental absorptance and cumulative ji 1y loss (dashed) are en-
closed for comparison.

Moreover, the cumulative js. Ty loss simulated for the realistic structure is compared
to the experimental sample (dashed). The total loss for the simulated structure is
slightly higher than in experiment, whereby the difference is gradually increasing
with wavelength up to a js vy loss difference of 1.1 mA cm~2. This is attributed to
deviations in film thicknesses and refractive indices of the experimental and numer-
ical structure, and parasitic absorption in the experiment. It is therefore assumed
that results from the numerical analysis of losses at different interfaces provide mean-
ingful insights for the experimental structure.

To sum up, an analysis of losses in state-of-the-art LPC silicon thin-film solar cells
by experiment and one-dimensional simulations was presented. It was found that
the state-of-the-art structure with a SiO,/SiN, /Si(ON) interlayer stack and light
trapping measures of KOH pyramid texture and white paint rear reflector exhibits

short-circuit current density losses compared to the Tiedje-Yablonovitch limit of

123



CHAPTER 7 Discussion

Jse,ry = 6.1mA cm 2, whereby about two thirds of the loss occurs in the wavelength
range from 700 nm to 1100 nm. For the same structure, one-dimensional simulations
yielded losses of jsry = 7.2mA cm~2. The simulations allowed to discriminate
between losses at different interfaces, revealing that the glass-silicon interface dom-

2

inates the losses with 4.5mA cm™=. The air-glass interface and silicon back-side

cause additional losses of 1.8 mA cm~2 and 0.9 mA cm ™2, respectively.

7.1.3 Loss analysis for textured LPC silicon thin-film solar

cells

As discussed in the previous section, optical losses emanate from both the front
glass-silicon interface and the silicon back-side of LPC silicon thin-film solar cells,
whereby the glass-silicon interface is the most important loss factor. In the scope of
this thesis, several techniques were employed to mitigate these losses. The double-
sided sinusoidal texture (Chapter 4) allows to engage in reducing both loss mech-
anisms, namely light in-coupling at the glass-silicon interface and insufficient light
trapping, while the SMART texture (Chapter 5) and honeycomb textures (Chapter
6) produced by a method combining nano-imprint lithography (NIL) and reactive
ion etching (RIE) mainly consider losses at the front and back interface, respectively.
Figure 7.4 presents (a) absorptance and (b) short-circuit current density losses of
15um thick LPC silicon absorbers with a SiO, /SiN,. /Si(ON) interlayer stack and a
random pyramid back-side (black) and honeycomb texture produced by NIL+RIE
(blue) at the back-side.
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Figure 7.4: (a) Absorptance and (b) cumulative short-circuit current density loss com-
pared to the Tiedje-Yablonovitch limit after glass reflectance, Aty - (1 — Rair-glass), of
15 pm thick LPC silicon absorber with back-side light trapping textures.
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7.1 Optical loss analysis

Jsc losses are represented compared to the Tiedje-Yablonovitch limit after glass re-
flectance, Aty - (1 — Rair-glass), constituting the maximum absorptance that may be
reached with glass-silicon interface and back-side texturing.

Reflectance R at the air-glass interface, as represented by 1 — Ry glass (grey ar-
eas in Fig. 7.4), and the Tiedje-Yablonovitch limit (black, dashed) after air-glass
reflectance is included for reference in Fig. 7.4(a). The honeycomb texture pro-
duced by NIL+4RIE does not enhance light trapping properties compared to the
reference sample. It was already shown that the material quality of the honeycomb
texture and reference sample are identical (see section 6.4). Still, the advantages
of the NIL+RIE method presented in Chapter 6, namely the feasibility of tailoring
back-side textures and being independent of crystal grain orientation, may facilitate
further improvement to the state-of-the-art KOH texturing.

Figure 7.5 discloses (a) absorptance and (b) cumulative Ar.y - (1 — Rairglass) lOsses
of 15 pm thick LPC silicon absorbers with a sinusoidal texture (blue) and SMART
textures (green) implemented at the glass-silicon interface, compared to a reference
sample with state-of-the-art planar SiO, /SiN, /Si(ON) interlayers (black).
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Figure 7.5: (a) Absorptance and (b) cumulative short-circuit current density loss com-
pared to the Tiedje-Yablonovitch limit after glass reflectance, Aty - (1 — Rair-glass), of
15 pm thick LPC silicon absorber with different textures implemented at the glass-silicon
interface.

The sinusoidal texture enhances absorptance over the whole wavelength range (red
curve in Fig. 7.5(a)), minimizing short-circuit current density losses compared
to the Aty - (1 — Rairglass) limit to 2.4mA cm™2, of which 1.6mA cm™? originate
from the wavelength range from 700 nm to 1100 nm. From 300nm to 700 nm, only
0.8 mA cm ™2 are lost for energy conversion. The sinusoidal texture is thereby the
most effective texture to optimize light management in LPC silicon thin-film solar
cells. Material quality, however, was found to be deteriorated by the sinusoidal

texture (see section 4.4). Hence, the enhanced absorptance could not be utilized
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for increased current generation due to a decreased internal quantum efficiency, and
short-circuit current density was limited.

For the SMART texture, a successful liquid phase crystallization was thus far only
achieved with a 10nm thick silicon oxide passivation layer (SMART SiO,, solid).
Hence, reflectance in the short wavelength range is higher due to the lower refrac-
tive index of the passivation layer compared to the other samples. For a 10 nm thick
silicon oxy-nitride passivation layer (SMART Si(ON), dashed), only solid phase crys-
tallization was feasible (see section 5.6). Consequently, the analysis for this sample
is restricted to wavelengths up to 600nm to exclude the influence of the silicon
back-side as it does not exhibit a back-side texture. With a silicon oxy-nitride
passivation layer, a higher absorptance is observed, corresponding to a short-circuit
current density loss at the glass-silicon interface (reflectance at the air-glass interface
was subtracted) of 0.5mA cm™2 compared to 1.5mA cm ™2 for the SMART texture
with a silicon oxide passivation layer up to 600 nm. In the wavelength range from
500nm to 700 nm, the SMART texture with a SiO, passivation layer exhibits the
highest absorptance of all samples. Overall, short-circuit current density losses com-
pared to the Tiedje-Yablonovitch limit after air-glass reflectance Aty - (1 — Rair-glass)
for the SMART texture with SiO, passivation layer amount to 4.1 mA cm—2. With a
silicon oxy-nitride passivation layer, the expected loss is reduced to 3.1 mA cm 2. In
comparison, the state-of-the-art device design with planar glass-silicon interface ex-
hibits losses of 4.5 mA cm~2. It could be shown that LPC silicon thin-film solar cells
on SMART texture evince a material and interface quality comparable to that of
solar cells with a planar glass-silicon interface (see section 5.4). As a consequence,
enhanced light management may be utilized to achieve an increased short-circuit

current density.

To summarize, optical losses of 15pm thick textured LPC silicon absorbers were
analyzed. The sinusoidal texture and SMART texture reduced losses compared to
the planar reference device. In terms of maximum achievable short-circuit current
density loss compared to the Tiedje-Yablonovitch limit after air-glass reflectance,
Aty - (1 = R)airglass, losses were reduced from 4.5 mA cm 2 for the reference sample
to 2.4mA cm~2 and 4.1 mA cm ™2, respectively. The future implementation of the
silicon oxy-nitride passivation layer will allow to lower losses for the SMART texture

to 3.1 mA cm 2.
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7.1.4 Conclusion

Having analyzed the losses in state-of-the-art planar LPC silicon thin-film solar cells
and presented potential gains by the implementation of the texturing methods and
textures developed in the scope of this thesis, this section summarizes their poten-
tial and indicates the most promising device designs for increased power conversion
efficiencies of LPC silicon solar cells. Table 7.1 recapitulates the strengths and weak-
nesses of the three textures discussed in the thesis and demonstrates opportunities
expected from their application. Based on these considerations, recommendations
for further research are given.

Addressing the losses for state-of-the-art devices with a planar glass-silicon inter-
face to reach higher short-circuit current densities requires the implementation of
light management measures. Tailor-made light management measures need to be
employed at the glass-silicon interface. Of the textures investigated thus far, the
SMART texture is the most promising approach as it already could prove its suit-
ability for high-efficiency solar cells by exceeding reference devices with a planar
glass-silicon interface in terms of short-circuit current density. While the sinusoidal
texture gave better optical properties, no interlayer system studied achieved a suffi-
cient surface passivation of the sinusoidally textured glass-silicon interface, resulting
in degraded electronic properties. To fully exploit the potential of the SMART tex-
ture and improve short-circuit current density in LPC silicon thin-film solar cells,
the passivation layers at the glass-silicon interface of SMART textured devices need
to be further optimized. Further optimization of the SMART texture encompasses
varied texture geometries, e.g. conical silicon oxide structures to exploit an addi-
tional graded index effect.

The NIL+RIE method established in the scope of the thesis allows to produce tai-
lored micro-structures for light trapping at the LPC silicon back-side. The method
was applied for honeycomb textures which were originally designed for light trap-
ping in micro-crystalline silicon thin-film solar cells. In this cell type, all layers
were deposited after texturing, which restricted the usable textures to those allow-
ing defect-free growth [147]. This restriction does not apply for the back-side of
LPC silicon solar cells. Hence, textures with steep flanks like (inverted) pyramids
should be examined systematically to optimize light trapping. In the scope of this
thesis, one inverted pyramid texture with a period of 1.25 pm was studied, proving
the suitability of the NIL+RIE method also for textures with steep flanks, but the
systematic variation of texture parameters was limited to honeycomb textures.
Furthermore, the combination of tailor-made back-side textures with textures at the
glass-silicon interface may give rise to synergistic effects if texture periods and light

scattering properties are properly chosen [32, 103, 236]. To elucidate the effect of a
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combination of front and back-side texture on light trapping and identify textures
that allow optimized light management in LPC silicon thin-film solar cells, three-
dimensional simulations of the full device need to be established. Based on these
simulation results, optimized textures may be integrated in the LPC silicon thin-film

solar cell process employing the methods developed in the scope of this thesis.
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Liquid phase crystallized silicon thin-film solar cells may benefit from SMART tex-
tures at the front and tailor-made micro-textures produced by NIL+RIE at the
back-side of the device if the processes are further optimized. If the crystallization
of SMART textures with a silicon oxy-nitride passivation layer can be established,
a maximum achievable short-circuit current density gain of 1.4mA cm~=2 compared
to the state-of-the-art planar SiO, /SiN,/Si(ON) interlayer stack is to be expected.
The random pyramid texture produced by wet-chemical etching in KOH already
provides light trapping properties close to the Tiedje-Yablonovitch limit with losses
of 0.9mA m~—2. Optimizing tailor-made micro textures produced by NIL+RIE fur-
ther might enable to mitigate this loss.

Additionally, reflectance at the air-glass interface causing losses of 1.8 mA cm 2 needs
to be addressed as it is the most accessible loss. Alternatives to the modularly at-
tached anti-reflective foil employed in record LPC silicon thin-film solar cells thus
far are a planar anti-reflective coating or a sub-wavelength nano-texture, e.g. a moth
eye texture [80, 237]. A moth-eye film on the air-glass interface allows to reduce the
reflectance from 4% to less than 1% [238]. Hence, a short-circuit current density

2 is expected from its usage in LPC silicon thin-film solar cells.

gain of 1.4mA cm™
Implementing all of these measures, a total gain in maximum achievable short-circuit
current density of 2.8 mA cm™2 from improved light management is feasible using
only methods that demonstrated not to affect material quality negatively, increas-

2

INg Jsemax from 34.4mAcm? to 37.2mA cm 2. Assuming an internal quantum

efficiency of 90%, which has already been shown in state-of-the-art devices (cf. Fig.

2 can be expected. If

6.17(b)), a short-circuit current density of js. = 33.4mA cm™
this short-circuit current density can be reached with a fill factor of 79% [123] and
open-circuit voltages of 670mV (see Fig. 6.18) as already reached for individual
cells, a power conversion efficiency of up to 18 % is feasible for textured liquid phase

crystallized silicon thin-film solar cells on glass.

7.2 Potential applications for other solar cell

types

While this thesis was conducted, substantial effort in the photovoltaics community
was put in the development of high-efficiency perovskite/silicon tandem solar cell.
In order to reach high efficiencies using two-terminal devices, the short-circuit cur-
rent density of both sub-cells need to be matched [89]. In a planar device, light

2

corresponding to a short-circuit current density of ~ 7.0mA cm™ are lost due to

reflection [239]. Texturing the interface between the sub-cells can efficiently reduce
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these losses [234]. However, standard device processing for perovskite solar cells
employing spin-coating and subsequent anti-solvent crystallization [240] limits the
textures applicable. In particular, a random pyramid texture with feature sizes of
> 1 pm produced by wet-chemical etching in KOH is not appropriate as spin-coating
of ~ 500 nm thick perovskite layers is not feasible on pronounced textures [241, 242].
To overcome this, the NIL+RIE method presented in Chapter 6 might be applied
to replicate smooth textures in the silicon wafer prior to cell processing. This way,
the optical gain from texturing can be combined with the capability of spin-coating
and facile processing of the perovskite top cell. To prove the feasibility of this con-
cept, sinusoidal nano-textures with periods of 500nm and 750 nm and heights of
80nm and 200nm were produced on glass. Subsequently, perovskite layers were
spin-coated and crystallized on the textured glass substrates. Cross-section SEM
images as depicted in Fig. 7.6 prove that successful spin-coating of dense perovskite
films is achieved on sinusoidally textured glass substrates. The top surface of the
perovskite layers is not altered by the textured substrate, posing no restrictions to

further cell processing.

(a) (b)

perovskite

glass

. ; 500 nm 500 nm

Figure 7.6: Scanning electron microscope images of perovskite layers on sinusoidally
textured glass substrates with (a) a period of P = 500nm and (b) P = 750 nm. Images
adapted from [234].

Future experiments on silicon wafers patterned by the NIL+RIE method need to
be conducted based on these promising preliminary results to further investigate
the benefit of nano-textured silicon wafers for perovskite-silicon tandem solar cell

applications.
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8 Summary and Outlook

Liquid phase crystallizion (LPC) of 10 — 20 pm thick silicon layers on glass is a
promising technology for thin-film solar cells, as it provides excellent material qual-
ity using a thin-film approach. To reach efficiencies close to wafer-based devices, effi-
cient light management measures are required, aiming at improved light in-coupling
at the buried glass-silicon interface and enhanced light trapping at the silicon rear-
side.

Three light management textures were developed and implemented in liquid phase
crystallized silicon thin-film solar cells on glass. Sinusoidal nano-textures with
height-to-period ratios of 0.5 and smooth anti-reflective three-dimensional (SMART)
textures were developed for light in-coupling at the buried glass-silicon interface. Dif-
ferent textures, in particular honeycomb patterns with varying texture period and
height-to-period ratio, were examined with respect to their light trapping properties
at the back-side of LPC silicon thin-film solar cells.

Sinusoidal nano-textures previously studied by Koppel et al. [48] were optimized
with respect to light in-coupling and combined with novel interlayer deposition tech-
nologies developed for LPC silicon thin-film solar cells on planar glass substrates.
A novel production method employing nano-imprint lithography (NIL) of an or-
ganic resist in combination with reactive ion etching (RIE) was developed, allowing
to produce sinusoidal textures with a height-to-period ratios of 0.5, compared to
0.3 for the previously employed method relying on high-temperature stable sol-gels.
Optical properties could be optimized using sinusoidal textures produced by this
method. However, sinusoidally textured solar cells exhibited a reduced external
quantum efficiency, indicating texture-induced defects at the glass-silicon interface
and in the bulk. It was therefore concluded that the sinusoidal texture in combina-
tion with current interlayer stacks is not ideally suited as light in-coupling texture

in LPC silicon thin-film solar cells.

The SMART texture was developed to meet all constraints for interlayers during
fabrication of textured LPC silicon thin-film solar cells, namely a high tempera-
ture stability, anti-reflective properties, and passivation and wetting at the buried

glass-silicon interface. For the production of SMART textures, nano-imprinting of
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silicon oxide nano-pillars was combined with spin-coating of titanium oxide. This
procedure on the one hand allowed to form a structure that is optically rough and
on the other hand exhibited a smooth surface. LPC silicon thin-film solar cells with
a SMART texture reached open-circuit voltages up to 649 mV and an enhanced ex-
ternal quantum efficiency compared to a state-of-the-art LPC silicon solar cell at
the time of the experiment. Further optimizations including a combination of the
SMART texture with back-side textures were carried out, leading to a maximum

achievable short-circuit current density of 36.4mA cm™2.

A passivation method
based on plasma-oxidation of silicon nitride was employed for the SMART texture.
While optical properties could further be enhanced, so far no successful liquid phase
crystallization could be achieved. Solar cells with a SMART texture with a pre-
viously employed silicon oxide passivation layer prodivded a short-circuit current
density of 29.4mA cm™2, compared to 31.4mA cm?2 for a reference sample with
optimized planar interlayers exhibiting a silicon oxy-nitride passivation layer. The
SMART texture allowed to combine optical properties of textured interfaces with an
interface and material quality of planar interfaces. Thus, open-circuit voltages and
short-circuit current densities close to wafer-based record devices could be reached.
However, further research of passivation layers is required to incorporate recent ad-

vances in LPC technology for planar substrates.

A method for the replication of micro-textures at the back-side of LPC silicon was
developed and applied to a range of textures. This texturing method is based on
an approach combining nano-imprint lithography of organic resists with subsequent
reactive ion etching to transfer the texture into LPC silicon, allowing to produce
tailor-made structures independent of the silicon crystal grain orientation. The
method was applied to honeycomb textures of varying periods and height-to-period
ratios. Light trapping properties of the honeycomb texture with optimized geometry
were found to be equivalent to that of a solar cell with a state-of-the-art random
pyramid texture produced by wet-chemical etching. LPC silicon solar cells with
an optimized honeycomb texture and KOH pyramid texture at the back-side pro-
vided equivalent external quantum efficiencies and short-circuit current densities of
28.7mA cm~? and 28.8 mA cm~2, respectively. This indicates a comparable inter-
face quality between a state-of-the-art random pyramid textures and a honeycomb
texture produced by replicating the nano-imprinted texture in LPC silicon using
reactive ion etching. Thus, the NIL+RIE method was established as a method for
the implementation of tailor-made micro-textures at the back-side of LPC silicon

solar cells independent of crystal grain orientation.

Optical losses of current state-of-the-art LPC silicon thin-film solar cells on glass

were analyzed by experiment and one-dimensional simulations. It was found that
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the current device design exhibits losses compared to the Tiedje-Yablonovitch limit

2 calculated from one-

of 6.1mAcm~2 derived from experiment and 7.2mA cm™
dimensional simulations. Thereof, losses of 4.5mA cm™2 could be attributed to
reflection at the buried glass-silicon interface, constituting the main loss.

The potential of the textures introduced and discussed in this thesis to mitigate these
losses was investigated. Losses at the glass-silicon interface were determined to be
reduced to 2.4mA cm~2 and 4.1mA cm~2 for the sinusoidal texture and SMART
texture with silicon oxide passivation layer, respectively. For the SMART texture
with silicon oxy-nitride passivation layer, a loss of 3.1 mA cm™2 was estimated.
Finally, possible short-circuit current density gains from implementing interface tex-
tures were used to derive an efficiency potential of 18 % for LPC silicon thin-film
solar cells on glass and indicate the route towards reaching it.

First experiments to investigate the capability of applying the NIL+RIE method for
texturing silicon wafers as bottom cell in monolithic two-terminal perovskite-silicon
tandem solar cells were presented. As a proof of concept, the feasibility of perovskite

spin-coating on sinusoidally textured glass substrates was demonstrated.

Future LPC silicon solar cell designs may benefit from implementing nano-structures
at the glass-silicon interface. Hereby, the SMART texture is the most promising ap-
proach developed so far. It already demonstrated an excellent material quality in
combination with improved anti-reflective properties. To fully exploit the poten-
tial gains in short-circuit current density, a passivation layer compatible with the
SMART texture providing equivalent passivation properties to state-of-the-art pla-
nar interlayer stacks needs to be identified.

Back-side texturing using nano-imprint lithography and reactive ion etching may be
implemented to facilitate a structuring independent of silicon crystal grain orienta-
tion. Further textures need to be investigated to identify a texture enhancing light
trapping and, in consequence, short-circuit current density.

In addition, the developed method of nano-imprinting and subsequent pattern repli-
cation by reactive ion etching shall be examined as texturing method to be employed

in two-terminal monolithic silicon-perovskite tandem solar cells.
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