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Hyperuniform disordered light trapping for ultra-thin solar cells using substrate
conformal imprint lithography

by Alexander LAMBERTZ

Ultra-thin silicon-based photovoltaic technologies offer the prospect of saving be-
yond 90 % high-quality Si in comparison to conventional c-Si cells and modules,
provided they can be supplied competitively in terms of cost and efficiency. As
an indirect bandgap material, crystalline silicon absorbs light poorly especially in
the near-infrared region, requiring absorbing layers many times thicker than amor-
phous Si or compound PV materials. Light-trapping structures applied to ultra-thin
films mitigate transmission losses, yet add complexity to fabrication processes as
they usually involve sub-micron features in order to reach short-circuit currents of
thick devices.

In this work, hyperuniform disordered nanopatterns for light trapping were an-
alyzed through theoretical and numerical methods and fabricated on free-standing
ultra-thin silicon wafers and thinned IBC solar cells by means of substrate confor-
mal imprint lithography. The hyperuniform platform offers unprecedented ability
to tailor diffraction and was shown to outperform optimized periodic gratings in a
series of FDTD simulations, where up to 68 % and 87 % solar absorbance at Tum-
and 10 um thickness were achieved, respectively. An existing coupled-mode theory
approach to estimate absorption with hyperuniform light trapping was evaluated
and further developed, which serves as a starting point for computer-based design
optimizations. Three substrate conformal imprint lithography stamps with 4 cm? ar-
eas of different HUD designs were fabricated and used to imprint on substrates from
(10-30) um thickness as well as IBC solar cells. After etch-transfer of the imprint into
the substrate, 80 % absorbance of solar irradiance in a 20 pm-thick silicon wafer even
before the application of anti-reflective coatings was found. For the experimental
work, a handling platform was developed that affords imprinting on fragile, ultra-
thin substrates and facilitates bonding /debonding to and from arbitrary carriers.

The investigations furthermore revealed the robustness of hyperuniform pat-
terns against fabrication imperfections, which was warranted through Fourier anal-
ysis of scanning-electron micrographs at different production stages and the devel-
oped techniques enable further processing of (patterned) ultra-thin substrates for
surface passivation and anti-reflective coatings. The manufactured stamps are suit-
able for additional inquiries, such as patterning the anti-reflection layer or back-
reflector, or can be used as a mask to grow or deposit nano particles with hyperuni-
form distribution, thus opening the door to plasmonic or resonant dielectric hybrid
photonic materials with novel qualities.
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Chapter 1

Introduction

The aim of this work is to enable fast fabrication of hyperuniform disordered (HUD)
large-area nanostructures on ultra-thin silicon substrates as well as thinned IBC solar
cells, facilitate their characterization and further to investigate hyperuniform light
trapping from a theoretical and numerical standpoint. This introductory chapter
reviews the current situation, builds motivation for developing high-efficiency ultra-
thin c-Si solar cells, makes acquaintance with hyperuniform patterns and networks,
and finally gives an outline of the thesis.

1.1 Background and motivation

Development of direct solar energy conversion technologies through photovoltaic
cells and modules has increased substantially in the past decades, because they can
help replace fossil fuels as an energy source and thereby contribute to a reduction
of greenhouse gas (GHG) emissions. The link between the global use of fossil fuels,
atmospheric GHG concentrations, and climate change has been recognized by the
Intergovernmental Panel on Climate Change (IPCC) [1] and the goal set in the Paris
agreement [2] requires all participating nations to increase their efforts in renewable
energy production. In a sustainable development scenario, electricity production
from photovoltaic technologies is projected to increase more than fourfold from 2019
to 2030 [3], which requires higher cell efficiencies, lower module costs as well as an
increase in surface area used for PV installations [4].

From 2010 to 2020, the rise of installed solar energy capacity from about 40 GW to
more than 700 GW [5] has significantly changed the land- and cityscape with PV
panels being installed mainly on rooftops of private and commercial buildings and
large solar parks built in areas previously unused or used for other purposes [6].
While efforts to meet the Paris agreement still need to increase, public opinion about
the change of landscape by renewable energy technologies has already become an
opposing force in some regions [7][8][9].

Since many more sun-exposed surfaces need to be covered with PV panels, besides
efficiency their implementability in areas where they do not compete with other ap-
plications needs to increase, while their perceptibility and cost need to reduce sub-
stantially.

Thin-film solar cells can potentially tackle all of these challenges as they offer flex-
ibility, (partial) transparency and integrability, all-the-while using less material and
offering capability for high-throughput fabrication. Due to their thinness, lower-
grade substrates can be used without jeopardizing the open circuit voltage [10] and
"bottom-up" techniques to grow silicon in situ are on their way to become economi-
cally feasible [11] [12].
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1.2 Thin Film Solar Cells

Thin film solar cells currently lack behind their thick counterparts in both price and
efficiency [13]. The lower efficiency can be explained by incomplete absorption of
incident radiation in the thin absorbing layers. Fig.1.1 shows the short-circuit cur-
rent (Jsc) versus absorber thickness for the popular thin-film technologies, Copper
Indium Gallium (di)Selenide (CIGS), Cadmium Telluride (CdTe), amorphous- («-
Si), and crystalline silicon (c-Si). The short-circuit current density is computed from
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FIGURE 1.1: Short-circuit current [, as a function of absorber thickness in

semi-log scale. Different absorber materials are denoted by color, where

green corresponds to CIGS (Copper Indium Gallium Selenide), black and

blue to crystalline- and amorphous silicon, respectively, and red to CdTe

(Cadmium Telluride). Solid lines represent single pass values of J;., while

dashed lines correspond to the lambertian light-trapping limit. Reprinted
from [14].

the rate of photons delivered to the earth’s surface with energies above the bandgap
of the respective materials, where each collected photon is assumed to contribute
the charge of one electron to the current density through its absorption. The solid
lines in fig. 1.1 correspond to short-circuit current densities versus thickness for a
single pass of incident light, while the dashed lines represent the lambertian limit
of Js. against thickness, which assumes a homogeneous angular distribution of light
upon its entry into the absorbing layer. In the case of c-Si (black lines), the differ-
ence in short-circuit current between single-pass absorption and lambertian limit
is substantial for thicknesses between 0.1 um and 100 pm, indicating that effective
light-trapping can afford a significant thickness reduction accompanied by only a
minute J;. decrease.

Despite many parties being involved in research and fabrication nano-textured ultra-
thin silicon solar cells on a laboratory scale, with reported cells reaching a J;. of
25.3mA cm 2 at 2.75 um thickness [15], (29.0-34.5) mA cm 2 at 10 pm thickness [16][17],
or 37.8 mA cm 2 at 43 pm thickness [18], the performance of actual devices in general
falls far below the values obtained from numerical results, as compared in fig. 1.2 be-
low. Most real devices shown in fig. 1.2 are located close to the single pass reference
with only three surpassing the double pass limit up to a thickness of 10 um, all of
which stay far below the lambertian limit corresponding to their thickness. The nu-
merical results, on the other hand, are seen to exceed even the lambertian limit in
some cases. This discrepancy highlights the difficulty of fabricating ultra-thin solar



1.3. Stealthy hyperuniform point patterns and networks 3

Experimental results
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FIGURE 1.2: Short-circuit current of state-of-the-art thin-film crystalline sil-

icon solar cells versus absorber thickness. Numerical results are shown as

hollow symbols and actual devices as filled triangles with color denoting

their method of fabrication. The blue lines correspond to single pass- (solid),

double pass- (dashed), and lambertian (dotted) absorption limits. Adapted
from [19].

cells with light trapping schemes, which do not penalize the short-circuit current by
e.g. added series resistance or increased surface- or interface recombination. The
record short-circuit current cited above were all achieved using either periodic or
random nanostructures to trap incident light, though investigations have led to the
conclusion that periodic patterns with a certain degree of correlated disorder are able
to trap light more efficiently than either purely periodic or random texturing [20].
Arising as a special case of disordered materials, the hyperuniform disordered pat-
terns tested in this work present a range of interesting qualities, which are explained
in more detail in the following section.

1.3 Stealthy hyperuniform point patterns and networks

Discovered quite recently in 2003, peculiarities of hyperuniform disordered (HUD)
states of matter have been recognized by disciplines besides physics, including poly-
meric chemistry [21] and biological tissues [22]. Disordered hyperuniformity is simi-
lar to crystal structures, since neither exhibit large-scale density fluctuations, yet the
Bragg-peaks associated with the order in crystals are absent in HUD structures, such
that they share similarities also with amorphous materials like liquids or glasses [23]
[24][25]. The hyperuniform arrangement thus presents itself as an underlying, or
hidden order state in-between the limiting cases of a perfect crystal and a totally
random system as a Poissonian point distribution. Since the discovery of hyper-
uniformity in the distribution of photo-receptors in the eyes of a chicken [26], many
more natural systems have been found to exhibit similar properties, including the
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density-fluctuations in the early universe [27], jammed hard-particle packing prob-
lems [28], organization of adapted immune systems [29], and amorphous cellular
geometries [30].

The hyperuniform state can mathematically be described by an ensemble-averaged

structure factor S(k) of infinite point configurations in a d-dimensional Euclidean
space with the following form [26]:

S(k) =1+ ph(k), (1.1)

where p denotes the number density and hi(k) the Fourier-transform of the total cor-
relation function h(7) = 1 — g»(7), with pair-correlation function g»(7) of the system,
which depends only on the radial distance? = r and number-density p for statis-
tically homogeneous and isotropic systems. Furthermore, the forward scattering
contribution to the diffraction pattern is discarded in the definition of (1.1). In case
S(k) = 0 when |k| — 0, the ensemble classifies as hyperuniform, which is equivalent
to the statement that infinite-wavelength fluctuations vanish.

By imposing further constraints on the structure factor, (sub-)classes of hyper-
uniform arrangements with peculiar properties are found, for example super-ideal
gases with S(k) = 1 or stealth-materials with S(k) = 0 for a set of wavevectors k [31].
In particular, the stealthy-hyperuniform ensembles, where the structure factor van-
ishes for a range of k-vectors below some critical value k., or S(E) =0V k € [0ke),
have many applications in (optical) science and nanophotonics, since they offer com-
plete and isotropic photonic bandgaps with tunable properties[32]. These appli-
cations include waveguides, optical (resonant) modulators, couplers and insula-
tors [31][32], directional LEDs [33], lenses [34], as well as light-trapping in solar cells
presented in this thesis.

The hyperuniform designs under investigation belong to the stealthy hyperuni-
form class and were reported before in an article currently in review [35]. They are
classified by their targeted structure factor, which can be described by a gate func-
tion that equals one only when k € [ky, kz], and zero for other k-vectors. Since both
ki and k; are positive, real numbers, k; = k. denotes the critical wavevector value
of stealth-materials below which the structure factor vanishes, while in the interval
[k1, k2] the structure acts as a super-ideal gas with S(k) = 1. For a structure factor of
this kind, one may define a so-called "stealthiness parameter" x = k; /kz, which indi-
cates the fraction of wavevectors for which S(k) vanishes. In the following, k1 and k»
will be called the "characteristic HUD numbers", since they classify a hyperuniform
distribution with a specified structure factor, whose intensity is (ideally) limited
to wavevectors of certaink € [kq,kz]. A hyperuniform point-distribution exhibit-
ing these properties is obtained by an iterative algorithm that probes point-to-point
correlations in a configuration previously obtained from for example a periodic- or
random starting distribution. The algorithm then corrects the pair-correlations ac-
cording to the desired structure factor by computing the photonic band structure
through a plane-wave expansion method [25][31][32][36]. After a few iterations, a
hyperuniform disordered point pattern is obtained and upon placing cylinders of
a certain radius at the positions of the points, a binary material with one element
or compound comprising the cylinders and another as the background material is
obtained.
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FIGURE 1.3: Two of the hyperuniform disordered structures under inves-
tigation. The top row shows a hyperuniform point-pattern, where A visu-
alizes (10 x 10) pm? of the design, B the momentum-space image of the
design, C a scanning electron-microscope image of the design fabricated on
silicon, D Fourier-transformed image of the fabricated sample. The bot-
tom row shows a hyperuniform wall-network as designed A, its Fourier-
transform B, the design fabricated on silicon C, and again a k-space image of
the same in D. The scale bars in B & D are 10 pm~! and 500 nm in C and the
brightness of the Fourier-space images has been normalized to the shown
regions.

The top row in fig. 1.3 shows the HUD point pattern and corresponding momentum-
space image, as well as a tilted scanning electron-microscope image of the struc-
ture fabricated on a silicon sample with electron-beam lithography and a Fourier-
transform of a (10 x 10) um? area of the sample.

A hyperuniform wall-network, shown in the lower row of fig. 1.3, can be obtained
from a HUD-point pattern by employment of a Delaunay’s-triangulation tessela-
tion protocol [37][38]. Starting point for the hyperuniform algorithm in this case is a
regular triangular lattice, from which a HUD-distribution with characteristic num-
berskq, ks is generated. The wall-network resembles a distorted honeycomb struc-
ture and possesses interesting photonic properties, such as a large TE-polarization
bandgap, whose center frequency is tunable by the thickness of the walls [38].
Another way of obtaining hyperuniform disordered patterns is inspired by spinodal
decomposition, as observed in the separation of a single-phase fluid or solid solution
into two phases [39]. The spinodal configuration can be described by a superposi-
tion of sine-waves with fixed wavenumber(s) but random amplitudes, phases and
orientations [40]. By deliberately choosing a range of wavevectorsk; < k < k, for
the sine-waves and dispersing them for example on a 2D-plane with random phases,
amplitudes and orientations, a pattern with the desired structure factor is automat-
ically obtained. If the amplitude is represented as height in this example, setting a
height threshold will allow the generation of a binary system with almost arbitrary
filling-fraction [41].

The spinodal structure generated this way for [35] and under investigation here is
visualized in the top row of fig 1.4. It should be noted that a spinodal pattern of this
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A B Cc D

FIGURE 1.4: A spinodal (top row) and an optimized periodic structure (bot-

tom row) are shown. A visualizes (10 x 10) um? of the design in real-space,

B the same in momentum-space, C a scanning electron-microscope image of

the design fabricated on silicon, D Fourier-transformed image of the fabri-

cated sample. The scale bars in B& D are 10um ! and 500 nm in C and the

brightness of the Fourier-space images has been normalized to the shown
regions.

kind is not strictly stealthy-hyperuniform, but retains some residual intensity below
the critical wavevector value k;. Also shown in the same figure in the bottom row is
an optimized periodic structure, which is compared to the three hyperuniform de-
signs besides an unpatterned reference case. All of the designs were generated by
the "Theoretical Nanphototonics and Quantum Optics Group” under Dr.M. Florescu
at Surrey University [42] and made available for the use in this work.

1.4 Scope and thesis outline

The nanopatterns presented in the previous chapter have been manufactured on
a suspended 1 pm-thick silicon membrane in fields of (100 x 100 ) um? or (150 x
150 ) pm? using electron-beam lithography. After infiltrating the exposed valleys
with a polymeric resist (refractive index n=1.52) acting as an anti-reflective coat-
ing, an absorbance beyond 65 % under AM1.5G [43] illumination was experimen-
tally confirmed [35]. In order to implement this improvement of almost 60 % over an
unpatterned slab! in a high-throughput industrial fabrication process, for example
in roll-to-roll [44][45] or roll-to-plate [46], a faster route for obtaining these structures
not relying on electron-beam lithography needs to be found.

The goal of this project can be summarized as in the following research questions:

! Absorbance of a 1 pm-thick, unpatterned slab with anti-reflective coating and silver back-reflector
is simulated in ch. 2, fig.2.16.
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How can centimeter-scale hyperuniform patterns be obtained quickly on thin, fragile
substrates and their characterization facilitated, and what is the measured and simulated ab-
sorbance enhancement over an unpatterned reference case?

In the course of addressing the main concerns, also the following sub-questions
are answered:

¢ How does the choice of HUD-pattern parameters influence the expected ab-
sorption?

¢ What limits complete absorption in ultra-thin Si-layers with HUD structures?
* How can thin substrates be safely handled and made ready for texturing?

¢ Are patterns produced with substrate conformal imprint lithography equiva-
lent to those obtained through electron-beam lithography?

* Is the fast fabrication technique suitable for post-processing thinned commer-
cial solar cells?

The following is organized in three chapters, in which these sub-questions are an-
swered chronologically. Chapter 2 contains theoretical and numerical considerations
and calculations, where an approach from coupled-mode theory is refined and fur-
ther developed to obtain absorption estimates for HUD patterned slabs, which are
experimentally analyzed through a series of FDTD simulations. Chapter 3 focuses
on fabricating actual devices, for which a thin-wafer handling platform is developed
and stamps featuring HUD structures are produced, which in turn are used to im-
print on thin silicon slabs and thinned-down commercial IBC cells and the patterns
are transferred into the absorbing layers by reactive-ion etching. The conclusion in
chapter 4 combines and contrasts the results from ch.2 and 3 and gives an outlook
to the prospective performance of a full device, supplemented with suggestions for
further improvements and investigations.






Chapter 2

Light-trapping in thin substrates

In this chapter, the absorption of light in a thin, hyperuniformly patterned slab
of silicon is approximated via coupled-mode theory and experimentally validated
through finite-difference time-domain (FDTD) simulation. Beginning with a short
introduction to electromagnetic theory in sec.2.1.1, the phenomenon of total inter-
nal reflection described in sec.2.1.2 is followed by the classification of waveguides
and waveguided modes sec.2.1.3. A coupled-mode theory approach for estimating
the limit of absorption in a slab is presented in sec.2.2, which utilizes waveguided
mode data obtained through numerical computation via an algorithm proposed in
sec.2.3.1 as well as a commercial finite-difference eigenmode solver in sec.2.3.2.
Following a series of FDTD simulations of absorbance in slabs featuring different
(HUD-) patterns and thicknesses in sec. 2.3, the results from individual sections are
compared and discussed in sec. 2.4.

2.1 Electromagnetic theory of waveguides

2.1.1 Maxwell’s and the wave equation

The propagation of electromagnetic waves in vacuum and matter is described by
Maxwell’s equations. In the absence of free charge- (¢ = 0) and current- (j = 0)
densities, they can be simplified to (2.1-2.4) [47]:

VE =0, (2.1)
VB =0, (2.2)
L J -
VxE=-—5, (2.3)
UxB- LF (2.4)
et '

where E, B denote the electric field and magnetic flux density, respectively, and c the
speed of light in vacuum [47].

Inside of a medium, (2.4) takes on a different form in order to include the re-
sponse of the material (i.e. polarization, magnetization, induced currents) to the
propagation of electromagnetic waves:

VxH=—D, 2.5

cot @5
where the relation between the magnetic field H and magnetic flux density B, and
the relation between the electric field E and the electric flux density D, for a lossless,
linear, homogeneous, and isotropic medium are given by:
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D = ¢,E, (2.6)
B=uH. (2.7)

Here, €, = €/€p and p, = p/up denote the relative permittivity and permeability
of the medium, respectively. From (2.5), (2.6) and (2.7), the wave equation below is
obtained, as shown in detail in appendix A:

(2.8)

where the fraction €, 11,/ c¢? denotes the inverse square of the phase velocity v~2 of the
wave in the medium, which may equivalently be expressed with the refractive index
n = /€, = c/v [48]. A solution for (2.8) is given by the plane wave equation:

E(J‘C’,t) = E, exp {i (Ef— wt)] , (2.9)

where the wavevector k = 7 - k%, with free space wavevector kg = 271/A and wave-
length A. Inserting (2.9) into (2.8) yields the dispersion relation:

w?  nlw?

k2 = — = ——. (2.10)

The wavevector k = 27tn/ A indicates the phase-change of the wave with respect to
distance in the medium, similar to w representing the temporal change of phase.

2.1.2 Total internal reflection

A difference in the refractive index n of two dissimilar materials can give rise to
the phenomenon of total internal reflection at their mutual boundary, by which the
transmission of an electromagnetic wave through the interface is inhibited and only
reflection takes place. For a wave in a medium A with refractive index 7, interfaced
with medium B of ng and in case of np > np , there exists an angle 6. between
the normal of the interface and wave’s plane of incidence, at which Snellius’ law of
refraction in (2.11) becomes an inequality,

nasin(6) = npsin(6p) (2.11)
— 0. > arcsin Z—‘;.

For all angles 6 > 6. the wave experiences total internal reflection and becomes
confined to the material with greater refractive index, which is therefore termed
waveguide. The reflected portions of the incident amplitudesr are calculated us-
ing Fresnel’s equations, given in (2.12) and (2.13), and depend on the orientation of
electric and magnetic field-vectors with respect to the interface [48]:

11 COS 1 — M7 COS P
11 COS 1 + 1y cos ¢’

T = (2.12)

12 COS 1 — 711 COS (2
13 Cos ¢ + ny cos ¢y’

r'mTM = (2.13)
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where the subscript TE/TM denotes an orthogonal polarization of the electric/-
magnetic field at the interface, respectively. With Snellius” equation (2.11), they can
equivalently expressed as:

nycospy — \/n3 — nZsin’ ¢y
I'TE = , (2.14)

n1cos ¢y + /13 — n?sin® ¢y

1y cos ¢y — 114/ ny — n sin® ¢y

™M = 5 .
1 cos ¢1 + ny\/n3 — n? sin® ¢

If ¢1 exceeds the critical angle, the expressions inside the roots become negative and
|r| =1, while r is a real fraction 0 < r < 1 for angles smaller than the critical value.
Since r is complex in case of total internal reflection, a phase-shift ® of the reflected
wave occurs, which can be expressed by [49]:

s ()

cos ¢

(2.15)

$rp = 2tan™ , (2.16)

for TE polarization and for TM

2
B ,/%sin%pl -1
v = 2tan . (2.17)

n
s Cos Py

A totally internally reflected wave is termed a standing wave, if its phase is the same
at periodic positions inside the waveguide. The boundary conditions for standing
waves may be satisfied by multiple combinations of frequency and propagation an-
gles inside a waveguide, giving rise to the modes of a waveguide, which will further
be explained by example of a symmetrical waveguide in air.

2.1.3 Waveguided modes of a (silicon) slab in air

Consider a dielectric medium, infinite in both x and z, and of height / in the direc-
tion of y, surrounded by air for all |y| > h/2 as depicted in fig.2.1(a). For a wave
propagating in the z-direction inside the waveguide with its normal field vectors ori-
ented at an angle § towards the interface. The portion of the field in the y-direction
is bound by total internal reflection, the boundary condition for the y-component of
the field, defined in fig. 2.1(b) as k, = kon; cos(), is deduced as follows:

Starting from the lower interface, the wave travels a distance of / to the upper inter-
face and experiences a phase change of ¢ = k,h = kony cos(6)h during propagation.
The total internal reflection at the interface induces a phase change ¢;, given by the
Fresnel coefficients (2.16-2.17). After reflection at the upper boundary, another dis-
tance & is covered towards the lower interface and upon the second reflection and
corresponding phase change ¢; there, one period is completed and the starting con-
dition recovered. If the total phase change corresponding to a period is an integer
multiple m of 277, the boundary condition

271 - m = 2y + 2¢p; (2.18)
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Ny £

n

s

a
k=nky .\I,

k, = n kycos 6,

k. =nkgsin 0,

(b)

FIGURE 2.1: a) Planar waveguide (grey) with refractive index n; in air

(n = n3 = 1). The free-space wave vector ko becomes k = ko - n; inside

the waveguide and the wave propagates at an angle 6, relative to the nor-

mal of the air-waveguide interfaces. b) The wavevector k = n1kg is split

into two mutually orthogonal parts, k, = ksin6; parallel to the interface
and k, = kcos 6 normal to it. Adapted from [49].

is satisfied and a standing wave confined to the waveguide is observed.

Such waves are termed modes with mode number m, where the projection of wavevec-
tor k inside the waveguide onto the interface k, = kon sin6; is known as the prop-

agation constant 8. Also referred to as the mode’s wavevectork,, k, = p = k; =

kony sin(6) is an invariant for a wave across all layers in a multi-layer structure [50].

A mode is also said to have an effective refractive index n,, = ny sin(6; ), such that

km = ‘B = konm = ko?’ll sin((?l). (219)

The modes of a waveguide are further classified by their polarization. Since the
phase shift ¢; experienced by a wave upon reflection at an interface depends on the
orientation of the electric and magnetic field vectors relative to that interface, solu-
tions to the boundary condition are slightly different if the electric field is oriented
parallel or perpendicular to the plane of incidence. From the preceding, it becomes
clear that only a finite number of modes exist for a wave of frequency w in such a
system, with the highest mode number found through the critical angle 0.:

kcoch] (2.20)
mt’

Mmax = |: p

with wavevector k = “n and where the highest mode number 7y, is given as the
largest integer number that is smaller than the right-hand side expression, indicated
by the brackets with subscript "int".

So far, only the ray-optical approach was utilized to arrive at the eigenvalue
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equation (2.18). The form of this equation can be validated through solving the wave
equation (2.8), which is shown in appendix A.

The absorption coefficient

In absorptive media, the refractive index is in fact a complex number i = n + ix, of
which the real part corresponds to the ‘normal’ refractive index n and the imaginary
part x denotes the extinction coefficient according to Beer-Lambert’s law [51]:

dEN® I
<dz> =1~ P [—2koxz] = exp [—az], (2.21)
where the absorption coefficient & = 2kox was introduced. As a consequence of the
complex refractive index in absorptive media, also the wavevector becomes com-

plex:

2ntn 27K

Let us reconsider the propagation constant B for the complex case.

k=K +ik =

B =K, +ik! = p+i% = konsin6; + ik!.

From the sketch in fig.2.1b, it is evident that the distance d travelled by the wave
per unit length in z is given by d(z) = z/sin(6;), such that the imaginary part of
the mode’s effective refractive index should also depend on the propagation angle
and thus the actual distance travelled per unit length in z. Similar to N, an effective
extinction coefficient K can be defined as:

K =x«/sin6;,
and consequentially
k,z/ = koK = koﬁ = ko%K.

The implication of the above is that absorption is increased as the angle of incidence
becomes smaller, i.e. if B — kg. On the other hand, since the confinement-factor 7
of the mode to the waveguide given in (2.23) also decreases as the angle of inci-
dence becomes smaller, it has been suggested [52] that especially in the case of thin
waveguides, the absorption coefficient of the waveguide awg = a - 17. If 2kox, 2koK,
or ayg better approximate the modes” attenuation will be assessed when comparing
the mode profiles with those found via finite-difference time-domain simulation in
sec.2.4.

%N\:‘
T

=

N
Q.

<

=

(2.23)

=
I
%8)0
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=
=
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<

|
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2.2 Coupled-mode theory approach for HUD light trapping

The dominant strategy for enhancing absorption in thin substrates is to couple inci-
dent light to the quasi-guided modes of the structure and thereby greatly enhance
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the optical path length in the absorber [53][54]. In the previous section 2.1.3, the phe-
nomenon of total internal reflection was shown to give rise to waveguided modes
and an algorithm for obtaining the mode characteristics was introduced. The pres-
ence of a diffractive grating on one or more surfaces of the waveguide renders cer-
tain portions of the guided modes excitable by normally incident radiation. These
portions are referred to as guided resonances [55]. The absorption spectrum of a
single guided resonance of a waveguide is given in (2.24), which is taken from the
"Coupling of modes" chapter from Hermann Haus” book on optoelectronics [56] and
modified by Yu, Raman, and Fan [57]:

YiYe
a(w) = ) (2.24)
(w = wo)® + (i + Nve)? /4
with excitation frequency w and where 7; describes the intrinsic loss rate due to
absorption by the material, . the leakage rate to free-space channels outside the
absorber, wy the frequency of the resonance, and N the number of channels that are
coupled with coupling rate -,, which is assumed equal for all N channels.

Integration of the spectrum yields the spectral cross-section (2.25), which carries
the unit of frequency,

o= /oo a(w)dw. (2.25)

The interpretation of (2.25) given by Yu et al is as follows: "For an incident spec-
trum with bandwidth Aw > ¢, a resonance contributes an additional ¢/Aw to the
spectrally-averaged absorption coefficient." [57].

Assuming weak variation of ; and 7, in the frequency interval [w,w + Aw],
integration of (2.24) yields

Z(W_WO)]OO 21 (2.26)

arctan ,
' [ Nvye + i

(o]
since the value-space of arctan is limited to (—7,7). The right-hand term can be
rearranged to obtain:
2y 21y

(2.27)

where the approximation is valid when either 7, > ;, as in the overcoupling
regime [57], or if the number of channels N >> 7,/ ..

In order to obtain the cumulative absorption from all resonances in the frequency
range, a summation over the individual contributions ¢ is performed and the result
normalized by the incident spectral bandwidth Aw,

Omax 27-[’)/1' m
= = —_—. 2.28
E Aw Aw N ( )

(2.28) has been considered and applied to obtain an estimation for absorption for
photonic devices and thin-film solar cells [52][58][59][60]. The following passage
considers the ramifications of employing hyperuniform texturing instead of peri-
odic gratings considered in [57].

The absorption spectrum in the vicinity of a guided resonance of a hyperuniform
pattern is not necessarily in the form of a sharp Lorentzian as in case of a periodic
array, but rather forms a band delimited by the characteristic values k1, k2 of the
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HUD pattern employed as seen in fig. 2.2. For a periodic grating of distance param-
eter a, one would find the guided resonances at the intersections of the mode bands
with horizontal lines that are equally distributed with a 271/a -spacing. With a hype-

1.0
—— Periodic grating
—— HUD Holes
0.8
5 0.6
|
2
<04

k1=10
30F ko=20 -
—— Guided Resonance

10\\

5L . . . . . . . i
700 725 750 775 800 825 850 875 900
Wavelength / nm

FIGURE 2.2: Upper graph: Comparison of the absorption-spectrum between
a periodically grated- and a hyperuniformly patterned 1 um slab of silicon
for the wavelength range [700,900] nm, obtained through FDTD-simulation
in sec.2.3. Lower graph: Guided resonance-portions of the guided modes
with exemplary HUD characteristic values k1 and k2 of 10 and 20, respec-
tively. These are calculated for a 1 um slab of silicon with using a finite-
element mode solver as explained in sec.2.3.2. The ruler denotes a spectral
width Ak,, of an arbitrarily chosen guided resonance m. The upper/lower
black curves represent the dispersion-relation in silicon/air, respectively.

runiform grating, the nature of the resonances is no longer fully discrete, but instead
they appear as sub-bands of the mode dispersion diagram. From the preceding, an
equivalent phenomenon is expected in gratings featuring random roughness, which
are understood as periodic structures where parameter 2 — co [61].
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The number of resonances M per guided resonance m in the frequency inter-
val [w, w + dw] is found through considering an in-plane isotropic dispersion rela-
tionw = cokon,,. The resonances with k = kon,, form a ring in the two-dimensional
k, /-space of radius kon,, and width éw, where for a sample area L x L > A? each

resonance occupies an area of Ak? = (ZT”)2 [62]. Note that only one resonance in the
orthogonal directionk | is assumed, since the thickness of the slab is in the order of
wavelength A. The number of resonances per guided resonance is then given as:
2nwn?,  L?
M, =—F" " __f$w, 2.29

" 3 (2m)? @ 229)
and the total number from all guided resonances is found through a summation over
m, yielding [57]( S10):

M=) "= sw . (2.30)

Mot 2 rewn2, L2
2 2
=g (2m)

The number of channels N to which an individual resonance can couple in case
of a periodic grating are calculated by considering the area in the k,/-plane of the
free-space wavevector ko, Ayy = 7k3, and dividing it by the area of the unit cell

Ap = (27”)2 of the periodic grating, such that N = "C—“Z’z (ﬁ)2 Each channel is thus a
plane wave in free-space with wave vector kg > k,,, where k,, = B is the propaga-
tion constant of the mode to which this channel couples [57].

For hyperuniform structures, the propagation constants § are often larger than ko,
such that no guided resonance can couple to free-space radiation by normal refrac-
tion but only through interaction with the HUD structure. It is assumed that all
light incident onto the hyperuniform pattern is redirected to acquire any parallel
wavevector k,, € [k, k;] through this interaction, where the distribution is further
assumed to be homogeneous. A portion of the parallel wavevectors dk C [kq, k7]
is suitable to couple to an individual resonance k;,, while the HUD structure al-
lows light trapped by the resonance to couple back to free space. For a simplified
case of monochromatic excitation, guided resonances appear as individual rings in-
between the bounding circles with radii of the characteristic HUD values k1, k2 in
the k,,-plane, shown in green in fig.2.3. Each guided resonance ring consists of

30 T T T T T
— k=10
20 ] ko =24
resonance

10 ]

K, / um™!

—10} ]

—20F i

3055790 =10 010 20 30

Ky / um™t

FIGURE 2.3: K,,-plane representation of modes at 500nm wavelength
within characteristic HUD boundaries k; = 10 um~' and k, = 24 pum™~!.
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multiple resonances, each of which occupy an area Ak?> = (2%)2, invoked by the

sample area L x L. If all channels supported by the HUD structure in k-space with
area Apup = 7t (k3 — k%) are assumed as output ports, the number of channels can
roughly be estimated as:

Amup (k3 —K)

N = —
Aresonance (Ak)z

(2.31)

The intrinsic loss rate v; ,, of a mode describes the rate at which the modes am-
plitude is decreased due to material absorption and can be approximated via the
relation [57]:

c
Yim(A) = am(A) -vg(A) = ocm(/\)n—, (2.32)
m

where a,,(A) and v denote the mode’s absorption coefficient and group velocity,

-1
respectively. For a small frequency interval dw, group velocity vg = ¢ <n + wg—:})

approaches the phase velocity v, = ¢/n, since dn — 0 as shown in the approxima-
tion on the right-hand side in (2.32).

With these definitions, (2.28) can be rewritten and simplified to:

~ 4rto ko,

(2.33) represents an effective absorption at frequency w, which can be expressed
as the product of (bulk-) absorption coefficient oy multiplied with thickness W of the
absorber and an enhancement factor F = A/ (xoW) [57]. Fig. 2.4 shows Aand ag- W
plotted against wavelength in semi-logarithmic scale, where the values of k,, and
&y = 2kox are populated using mode data computed with an algorithm developed
for this thesis and described in the following section2.3.1. An enhancement of A
over the bulk absorption is seen throughout the wavelength range.

In order to estimate the total absorption for a section of the solar spectrum ac-
cording to (2.33), the analytical solutions for lambertian light-trapping in textured
solar cells, derived by M.A. Green, are employed [63]. These consider a patterned
slab with perfect metallic reflector on the rear. There are several approximations
provided by the author that are more or less accurate depending on the magnitude
of the absorption coefficient « times the device thickness W, since the radial distribu-
tion of light-intensity from a lambertian scatterer also depends on the product aWV.
The average path length of a light ray approaches 1W in case of strong absorption
(xW > 5), but increases up to 4W in case of very weak absorption («W < 0.2) [63](ch:
Asymptotic behavior).

The product aW in these formulas can be identified with A from 2.33, since the ab-
sorption A is unitless and the thickness is incorporated through the magnitude of m,
which is the number of modes taking part in the summation. Since the path length
enhancement factor f, € [1,4] depends on the magnitude of A, the latter needs to be
considered in order to choose the most accurate approximation for the total absorp-
tion in the slab.

The modified equation (7a) from Green including f, is reproduced below:
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— (2.33)I with (2.36)
(2.33) with (2.31)
- Oy w

1072 3

04 0.5 0.6 0.7 0.8 0.9 1.0
Wavelength / pm

FIGURE 2.4: Comparison of the absorption A from (2.33) and (bulk-) ab-

sorption coefficient g multiplied with thickness W for a 1 pm thick silicon

slab. The difference between the orange and blue curves arises from an al-
ternative enumeration of Ny, in (2.31) and (2.36), respectively.

 1op(hA)
AW = T Dep (A (239

It may be inferred, since A already includes an enhancement arising from the coupled-
mode theory estimation, f, = 1 should be set. At any rate, for an upper limit of total
absorption also f, = 4 is considered.

Using (2.34) it is now possible to calculate the integrated, spectrally averaged ab-
sorption IA by convolution of (2.34) with the AM1.5 solar spectrum [43], shown in
tig. 2.5, integrated over the wavelength range [400,1050] nm:

IA = fF(lw)dw /w Aw)F(w)dw, (2.35)

where F(w) describes the number of photons per square meter and second at the
frequency w as obtained from the AM1.5 spectrum.

(2.35) has been employed by Tavakoli et al. in order to predetermine a set of
characteristic HUD values kq, k2, which in turn were used as starting points for full-
wave FDTD simulations to find the optimum kj, k; values experimentally [35]. The
article is under review at the time of writing this report, but the optimizations have
been concluded and suggest the values k; = 10 and k, = 20, approximately. Based
on these results, the optimized HUD structures presented in this work were gen-
erated and scaled up to show enhanced light trapping on large-area substrates and
solar cells with soft imprint techniques, thereby paving the way for high-throughput
manufacture of highly-efficient thin-film photovoltaic devices.
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FIGURE 2.5: AM1.5 solar irradiance data and absorbed fraction thereof cal-
culated with (2.34) for k; = 10 and k, = 20 versus wavelength. Integrated
absorption (IA) given in the legend is computed via (2.35).

Predetermining the HUD values is performed by plotting (2.35) for ky, k» € [5,100] pm ™

as seen in fig.2.6 for a path length enhancement of f, = 1 (left) and f, = 4 (right)
across the entire spectral bandwidth.

It should be noted that the derivation of (2.33) in [35] is differs from the above
and the final result shown in the supporting information of the article features an ex-
tra effective refractive index n,, in the denominator of (2.33), since the enumerations
of N, and M are based on a different approach in the article. Another alternate enu-
meration of N, based on rigorous adherence to [57] was suggested by Prof. F. Koen-
derink [64] and involves geometric construction of the overlap between the HUD-
supported diffraction region and the light-cone in k-space, which is sketched below
in fig. 2.7 with permission from Prof. Koenderink. From fig. 2.7, the overlap between
the colored regions can be estimated as a fraction of the ring with area A = 7(k3 —
k%), given by twice the subtended angle 2¢ = 2 arctan (ko/k,,) ~ 1y, divided by
271. The number of channels follows from the area fraction Agae = A (7T1,,) " by
division through the k-space area per channel Aganne = (Ak)? = (L/27):

As 1 / L\
Ny, = —2 = (k5 —k)— () : 2.36

" Achannel ( 2 l) m \ 27T ( )
(2.36) holds approximately for small angles ¢ and (k, — k1) < 2ko, where it is further
assumed that the ring intersects k = (0,0) roughly at k,, = 2751, Plugging (2.36)
instead of (2.31) into (2.28) yields and alternate version of A in (2.33), which differs
to the former by an extra factor of 777, in the numerator.
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FIGURE 2.6: Absorbance for HUD patterned 1 um -thick Si slab, calculated
with (2.35) and f, = 1 in the left column and f, = 4 in the right, visualized
by color versus characteristic HUD values kq, k> € [5,90] um~!. On the top
row, the mode data was calculated with the python solver (sec.2.3.1) for a
Si slab in air and using the extinction coefficient K = « (cp. with sec.2.1.3).
Absorption is maximized at k; = 20 um~! and k, = 26 um~! (left) and
ki = 18 um~! and k; = 23.5 um™! (right). On the bottom row, the mode data
was obtained through the FDE solver for the slab with anti-reflective coating
(sec.2.3.2) and absorption is maximized for k; = 21 um ! and k; = 23 um~!
(left) and k; = 20.5um ! and k, = 22.5 um~! (right).

2.3 Numerical methods and FDTD simulation

Finite-Difference Time-Domain (FDTD) simulation describes a numerical method of
obtaining solutions for Maxwell’s equations in any given system using a finite num-
ber of elements (mesh-cells) and time-steps to model dynamic electromagnetic pro-
cesses. The boundary conditions for every pair of adjacent mesh-cells are evaluated
at each time-increment until the total simulation time or a predefined condition has
been reached. It is thus not possible to retrieve exact solutions with FDTD, but all
results will retain a size-adjustable numerical error. In this work, FDTD is utilized to
calculate the guided modes of a thin slab of silicon as well as the absorption of light
in a (textured) slab with back-reflector and anti-reflective coating. The guided modes
of a thin slab of silicon are found using the finite difference Eigenmode (FDE) solver
of Ansys-Lumerical simulation software [65], which computes the time-independent
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FIGURE 2.7: Geometrical evaluation of the number of channels N,,;, to which
a resonance m with wavevector k,, can couple through virtue of the HUD-
structure with characteristic numbers kj,k;. Channels in free space are
found in the colored circle around k = (0,0) with radius k¢ and are shown
as dots with a pitch Ak obtained from considering a sample area L x L with

Ak = 2. Reprinted with permission from [64].

field-solutions of a one- or two-dimensional system with symmetry along the or-
thogonal directions.

Absorption on the other hand is found by illuminating the system with a short light-
pulse of well-defined spectrum and intensity and computing its spatial dispersion
after a certain duration or until the remaining intensity has decayed below a preset
threshold. Decay pathways are due to absorption within the materials of the simu-
lation or through the boundaries of the finite simulation volume, which for this pur-
pose are modeled as perfectly-matching layers (PML) without back-reflection. The
integrated absorption IA values given in the legends of the following figures are cal-
culated through convolution of the AM1.5 irradiance data shown in fig. 2.5 with the
absorption spectrum A(w), integrated over the incident spectral range [400,1050] nm
according to (2.35), where the absorption spectrum A is replaced by the absorption
A(w) found through FDTD simulation A — A(w). The following section 2.3.1 intro-
duces a simple mode solver programmed in python for this work and is compared
to the solutions obtained via the FDE-solver included with Lumerical (sec.2.3.2).
The subsequent section 2.3 focuses on the full-wave simulation in 3D, and finally the
results of all sections in this chapter are compared and discussed in sec. 2.4.

2.3.1 Python script for calculating waveguided modes of a triple-layered
stack

Using the boundary condition (2.18) from sec.2.1.3 and #n and x of the chosen mate-
rials, one may calculate the modes of propagation of plane-waves confined by total
internal reflection.

The script can be configured to use any dielectric material in each of the three layers
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and is capable of importing tabulated 1, x-values, such as Green’s [66] values for sil-
icon from refractiveindex.info [67].

One may then set the desired wavelength range and intermediate steps, as well as
the desired precision to which propagation constants shall be approximated. Lastly,
the thickness of the central layer is defined, upon which the calculation and subse-
quent data-export to a file, as well as a set of different graphical representations can
be initiated.

The algorithm probes sequential values of 6; and computes ¢; (61) and ¢(61), which
are inserted into (2.18) yielding a value for m. Subsequently, the deviation of m from
an integer is calculated and compared with the desired precision. If the latter is not
reached, the next iteration probes smaller deltas of 0;-values inside the last interval
that ‘encircled’ the true 6, et cetera. The script in form of an import-friendly library
(module), or an interactive Jupyter notebook is freely available and provided with
lots of comments and instructions on github [68][69] and an exemplary execution of
the notebook is found in appendix A.

Plotting the propagation constant § obtained from the algorithm above for a crys-
talline silicon waveguide of 1 pm- and 10 um thickness in air against wavelength,
one obtains the dispersion diagram shown in fig. 2.8. The upper/lower black curves
in fig. 2.8 represent the dispersion in silicon/air, respectively.

FIGURE 2.8: Propagation constant B against wavelength A in a 1 um (top)
and 10 um (bottom) slab of silicon in air in 1D.
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2.3.2 Dispersion diagram of a slab of silicon

In order to setup the eigenmode solver, the stack consisting of the silver substrate,
the 1 pum silicon waveguide, a 72 nm anti-reflection coating, and the upper air bound-
ary are built in the software. The anti-reflection coating (AR) is set with a refractive
index of 1.82 nm across the spectral bandwidth, which was found the optimum value
by previous FDTD simulations [35]. Subsequently, the FDE object is created and X:Y-
proportional 1D-solver mode selected (cylindrical symmetry), and the layers of the
stack are all normal to z. The stack is visualized in fig.2.9 below, which shows an
X-Z view of the setup.

FIGURE 2.9: X-Z view of the waveguide stack in the FDE eigensolver soft-

ware. The layers are denoted by color, from the bottom up: silver substrate

(grey), 1 um silicon waveguide (red), AR-coating n=1.82 (white), upper air

boundary (turqoise). The waveguide overrides all other layers, due to its

top mesh priority. The square in the center visualizes the position of the
FDE solver object.

The conditions at the boundaries of the FDE solver are set to perfectly-matching lay-
ers (PML) in the x-/y-direction, and in z are not changeable in FDE, since this is the
normal direction to the cross-sectional simulation mesh. The mode data is calculated
in the wavelength range [400,1050] nm, using 200 intermediate steps and 200 test
modes are evaluated in the range of the effective index n,i < n,, < ng;. In contrast
to the mode solver developed for this thesis in sec.2.3.1, the FDE also computes ra-
diative modes, which are not confined by total internal reflection. Comparison with
the previous results is facilitated by filtering the mode data above guided modes
Mair < Ny < ngi and brought to the form used by the python3-script. Both steps are
done via the ".ImportLumerical()"-function of the latter. The calculated dispersion
relations for thicknesses 1 ym and 10 ym are displayed in fig. 2.10.

2.3.3 Full-wave 3D simulation of HUD patterned absorber

Full-wave 3D simulations presented in this chapter are conducted with FDTD-solver
of Lumerical [65]. The software allows for import of GDSII design files, such that
the same designs that are fabricated into soft stamps for experiments on real sub-
strates (sec. 3.4) are used to simulate the absorption in the FDTD software. In order
to incorporate the long-range correlations of the hyperuniform patterns, unit cells
with large transverse dimensions of 10-15 pm are required, which in turn demand
large amounts of memory and processing power at high mesh accuracy. Hence,
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FIGURE 2.10: Dispersion diagram calculated with the FDE solver fora 1 um

(left) and 10 um (right) Si-slab with Ag back-reflector and 72nm AR coating

(n=1.82) on top. The upper row shows all modes calculated by the solver,

while only guided modes with 7, < n, < ng; are displayed on the lower
TOW.

the Dutch supercomputer "Cartesius" is utilized, which allows up to 480 nodes with
24 CPUs and 64 GB RAM per node to be allocated for parallel computation of the
simulations [70].

Each simulation is build up step-wise from a small transverse area of 1 um? that can
be run on most modern computers in a short time and checked for convergence. If
no errors occur, both the x- and y-dimensions are increased to (2,5, and 10) pm con-
secutively, while for each a design excerpt of according size is imported and another
convergence check executed. The simulations are run until the remaining error falls
below a predetermined threshold, which is set to 10~ unless otherwise indicated in
the respective graphs. The simulation volume is visualized in fig. 2.11 below, where
the dimension perpendicular to the stack amounts to 8.3 um and a total of seven
monitors are used at different locations recording transmitted power. The bound-
aries are set to PML above and below the stack, while being chosen as periodic in
the transverse direction in the plane of the stack. For improved stability, the lower
PML boundary is placed inside the silver layer at a distance of 250 nm from the Si-
Ag interface. A monitor close to the latter and another close to the interface allow to
determine the energy lost in the Ag-layer as well as the amount transmitted through
the PML. Above the source at the top, another monitor records the energy leaving
the system through the upper PML boundary and two more are placed very close
above and below the pattern, such that energy absorbed in those ~200nm can be
discerned from the bulk. The anti-reflective coating of 72 nm is hardly visible at this
scale and did not receive a notation in the figure. An additional mesh-refinement
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region is placed around the patterned region with a margin of 50 nm, in which indi-
vidual mesh-cells may not be set larger than a threshold of 10 nm by the "conformal-
variant 0" automatic-meshing algorithm provided with the software. The material

9

C

a

F*:I

FIGURE 2.11: XZ-view of the simulation volume. There are six horizontal

and one vertical monitor recording transmitted power at a, the light-source

at b, the hyperuniform structure at ¢, silicon at d, and the silver back re-

flector at e. The boundaries of the simulation are set to periodic at f and

perfectly-matching layers at g. The dimension are 8.3 pm in the vertical (z-)

direction and (1,2, 5, or 10) um in both horizontal directions, depending on
the respective case.

properties of silicon and silver are approximated as Lorentz-oscillators with a total
of 43 and 10 terms, respectively. The residual weighed rms-error in the wavelength
range of interest is approx. 1.1 % for Si and 7.1 % for Ag. Plots showing the quality
of the fits are found in fig.2.12. There is a dip of the model in the imaginary part
for silicon around wavelength 850 nm, which could not be avoided without causing
significant over-estimation of the dielectric function for wavelengths A > 900 nm.

2.4 Results and Discussion

The waveguided modes calculated with the python3-solver in sec.2.3.1 show ap-
proximately the same amount of modes as the FDE solutions from sec.2.3.2. In case
of 1 pm-Si the verification is simple due to the small amount of modes at that thick-
ness. The imaginary part of the wavevector a/2 on the other hand appears larger
for the FDE solutions than for the python3-data, especially in the small-wavelength
range. This is confirmed by choosing a random test mode from the FDE output and
finding a corresponding one in the python3 data by comparing the k,,(A)-profile
with all modes and calculating the least difference. Once the mode in closest agree-
ment is found, the imaginary and real parts of the propagation constant are plotted
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FIGURE 2.12: Dielectric function fits of the materials used in the FDTD sim-
ulations. The visible dip of the Si-model’s imaginary part of the index is an
unintentional artifact of the fit.

individually for both versions, as shown in fig.2.13. In the same figure, the ques-
tion about the definition of extinction coefficient « raised at the end of sec.2.1.3 can
be qualitatively evaluated. For the test mode shown in fig.2.13, the attenuation for
all versions of x falls below the values calculated with the FDE solver for all wave-
lengths A < 900nm. The approximation using K = x/ sin(#) deviates less from
the FDE solution, especially in the range 700nm < A < 900 nm, where both curves
intersect at A ~ 900 nm. Incorporating the propagation angle into the extinction co-
efficient results in a better approximation of the FDE results, but for a large range of
wavelengths the imaginary part still differs by about a factor of 1.4. Near the light-
line of air (A ~ 1 pm), the definition including the confinement factor proves most
accurate. The algorithm for comparing individual modes from different sources is
included in the python3-notebook [68].

The coupled-mode theory approximation of absorption in the patterned slabs
based on either the mode data calculated with the python3-script or the FDE-solver’s
output presents several interesting features. From the preceding paragraph about
the difference in extinction coefficient in both solvers, a difference in estimated ab-
sorption is expected and also the prediction for optimum characteristic HUD values
ki, k; is found to depend on the specific mode characteristics. The comparison made
in sec. 2.2 for different path length enhancement factors f, relates to the approxima-
tion of absorption in the weakly-absorptive limit. Using f, = 4 results in an upper
limit of absorption and the prediction for the optimum ky, k; is only marginally af-
fected by choosing a value of f, = 1 throughout the wavelength range. Fig.2.6
shows little diminution of absorbance with respect to variations of the character-
istic HUD numbers in the vicinity of the optimum ki, k, values. The discrepancy
of ki, k; arising from the different sets of mode data employed and compared with
the values in [35] based on a different theoretical approach motivates to perform
FDTD optimizations for improved HUD designs and further evaluate and develop
the coupled-mode theory approach.
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FIGURE 2.13: Comparison of mode solver output from python3-script and
proprietary FDE solver from sections2.3.1 and sec.2.3.2, respectively. The
propagation constant 8 is compared in the left-hand graph and the extinc-
tion coefficient x times wavevector ko, or kox = 75 is compared on the right-
hand side. The simple mode solver is denoted with "PYT" and the FDE
solver is labeled "FDE". The suffix "BigK", "SmIK", or "with-confinement"
corresponds to different definitions of the extinction coefficient as explained
in sec.2.1.3, where the first mentioned K = «/ sin 6 is calculated similarly to
the effective refractive index N, the second k = x the extinction coefficient
at wavelength A from Green'’s tabulated values for silicon [66], and the last
named using &g = & - 17 with confinement# as in [52].

For the ki, ky-values upon which the designs utilized in this work were gener-
ated, the absorption spectrum calculated with the different sets of mode data are dis-
played together with the FDTD result for the hyperuniform disordered arrangement
of holes with the same characteristic HUD numbers. The graphs in fig.2.14 corre-
sponding to the coupled-mode theory approach over-estimate absorption through-
out the wavelength range, where solutions found with the FDE solver result in a
larger integrated absorption than those from the python mode solver on account
of the difference in absorption coefficients. Both solutions found via the coupled-
mode approach exceed the lambertian limit, while the FDTD results fall below the
lambertian limit for all wavelengths. The lambertian spectrum shown relates to the
Yablonovitch 4n? absorption limit [71] of the material and is taken from [35], where
in addition an anti-reflective coating was considered. An absorption exceeding the
lambertian limit based on theoretical calculations was reported before with light-
trapping schemes involving multi-resonant absorption [72][73].

The results from the FDTD simulation with hyperuniform patterns are summa-
rized in graphs below. Since light-trapping is afforded by long-range correlations
in the spatial distribution of the patterns, the total absorption depends on the size
of the transverse simulation area, where for larger unit cells excerpts of the design
higher absorption is expected. The spectra computed with different unit-cell areas
for the Spinodal pattern is visualized in fig 2.15 below. The spectrally-averaged in-
tegrated absorption (IA) given in the legend of the figure show a difference of 2 %
when the transverse area is increased from 1um? to (2pm)2. With an increase to
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FIGURE 2.14: Comparison of absorption spectrum for 1pum slab of silicon
with Ag-mirror among the coupled-mode theory approach with python-
/FDE mode data, FDTD simulation and lambertian limit.

(10m)? cross-sectional area the total absorption yields 68.4 %, which is about 4 %
higher than in the 1 pm? case.
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FIGURE 2.15: Comparison of absorption spectrum for 1um slab of silicon
with Ag-mirror among the different transverse dimensions or cross-sections
(CS), which are obtained from FDTD simulation.

It should be borne in mind that the values around 850 nm wavelength are un-
derrepresented, due to the model of the dielectric function € visualized in fig.2.12,
where the same dips below the tabulated data points from literature.

The comparison among the HUDS, Spinodal, periodic and a flat reference slab for
the case of 1um? absorber thickness is found in fig.2.16. From the values given
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FIGURE 2.16: Comparison of absorption spectra for 1pm slab of silicon
with Ag-mirror and anti-reflective coating among the different hyperuni-
form and Spinodal design as well as a planar reference slab.

in the figure’s legend, one deduces an absolute increase in total absorption in the
range (21-27) % for periodic and hyperuniform structures compared to a flat device,
where all models feature a 72 nm-thick anti-reflective coating with a constant index
of refraction of n =1.82 and zero loss as well as an Ag-back-reflector. The highest
absorbance of about 68 % is found for the Spinodal texture. The pronounced Fabry-
Pérot-resonances seen in the flat reference are diminished and stretched by the ap-
plication of the hyperuniform and Spinodal patterns, where the Spinodal shows the
least oscillations of all. In case of the periodic grating, the lattice constant and unit-
cell parameters of the same give rise to a different kind of sharp resonances result-
ing in strong differences in absorbance with respect to little changes of the incident
wavelength under consideration. These features are typical for periodic gratings
rendering implementation of a specific instance less universal, but require careful
determination of the employed parameters for the respective application.

Turning to an absorber-thickness of 10 pm, the following figure shows a compari-
son among a bare slab in air, another with anti-reflection coating (1=1.82) and thirdly
a slab with both AR and a silver back-reflector. The values given in the legend re-
veal an IA for the last-named configuration of about 74 %. Without the Ag-layer but
with anti-reflection, the absorbance is about equal to the 1pm-slab with Spinodal
pattern and roughly 44 % higher than for a slab without AR. The deviation around
A = 850nm due to the dielectric-function model again needs to be taken into ac-
count. Concerning the same, the flat reference slab with Ag-mirror and AR can be
utilized to estimate the error in integrated absorption, when a region around the
wavelength where the deviation occurs is taken to be either 1 or 0 in absorbance and
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subsequently compared to the original. This is done in fig.2.18, where the deviation
in integrated absorption is given in the legend and found to be in the order of +2 %
absolute.
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FIGURE 2.17: Comparison of absorption spectra for an unpatterned 10 pm-
slab of silicon with and without Ag-mirror, as well as without anti-reflective
coating for the latter case.
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FIGURE 2.18: Comparison of absorption spectra for an unpatterned 10 pm-

slab of silicon with and without Ag-mirror, as well as without anti-reflective
coating for the latter case.
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Finally, the absorbance enhancement by employing the HUD, Spinodal, and pe-
riodic patterns into the top 200 nm of 10 pm-thick absorbers are shown in fig.2.19.
As before, the Spinodal outperforms the other patterns, but the difference to the hy-
peruniform holes and honeycomb structure remains within the limits of uncertainty
due to the dielectric function model. The oscillations from Fabry-Pérot resonances
in fig. 2.19 are spaced much closer in comparison to the 1 pm-slab on account of the
anti-proportionality of the free spectral-range to the thickness of the slab [74].
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FIGURE 2.19: Comparison of absorption spectra for 10 um slab of silicon
with Ag-mirror among the different hyperuniform and Spinodal design as
well as a planar reference slab.

The power monitors included in the simulation volume enable assessment of re-
flected power due to surface reflection and discern it from the amount reflected by
the Ag-mirror at the back of the slab, as well as the fraction of power absorbed solely
in the top 200 nm of the slab, where the pattern is located. The latter quantity is sim-
ply given by the difference in transmission of the monitors located just above and
below the pattern, while for the former a different approach is needed. In order to
suppress reflections from the back surface, the PML is placed inside the silicon layer,
such that it acts as an infinitely long absorber with no further interfaces. In that
case, all reflection measured in the reflection-monitor must come from the air-AR-
and AR-Si-interfaces and the pattern just below. Both questions are investigated for
the Spinodal pattern, while for the remaining structures only the power absorbed in
the pattern is compared in fig.2.20. From the reflection-spectra on top in fig.2.20,
it is evident that a large portion of the reflected light is due to the Ag back reflec-
tor, amounting to a difference of ~ 5% in spectrally-averaged integrated reflection
(IR) between the infinite- and 10 pm-slab with Spinodal pattern. The reduction of
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integrated reflection when the Spinodal pattern is applied to a 10 pm-slab is approx-
imately 14 %. In all cases, the reflected portion increases strongly with the incident
wavelength above A ~ 700nm and needs special attention when designing light
trapping structures of this kind. The fraction of power absorbed in the pattern itself
is visualized in the lower graph of fig.2.20, where for the first time the optimized
periodic structure yields higher spectrally-averaged, integrated absorption values
than the HUD holes and HUD honeycomb. Interestingly, the increased absorption
of roughly 3 % of the Spinodal over the unpatterned case, where also only the top
~ 200nm are analyzed, is achieved in spite of the about 50 % less silicon present
due to the AR-infiltrated pattern of the Spinodal. An explanation for this observa-
tion next to in-plane diffraction by the pattern could come from the sub-wavelength
confinement of the wavefunction to the Si-parts of the structure.
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FIGURE 2.20: Analysis of surface reflection (left) and power absorbed in the

patterned layer alone (right). The spectrally-averaged integrated absorption

for given in the legend in percent corresponds only to the fraction absorbed
in the patterned layer.

This concludes the investigation of light-trapping with hyperuniform disordered
gratings from a theoretical and numerical perspective and the following chapter de-
scribes the fabrication of actual devices towards evaluating their performance on the
laboratory scale.
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Chapter 3

Manufacturing hyperuniform
patterns substrates

In this chapter, methods for fast fabrication of large area hyperuniform disordered
structures on top of ultra-thin silicon wafers and thin IBC solar cells are described.
Patterning at the nano scale is afforded by substrate conformal imprint lithogra-
phy (SCIL), a stamping technique capable of creating feature sizes below 10 nm over
large areas by combining the advantages of high resolution of hard stamps with the
conformality of soft stamps [75][76]. A SCIL stamp is fabricated in layers of different
elasticity on top of a master wafer previously patterned with the desired nanostruc-
ture. The stamp is utilized to imprint a layer of resist applied to a substrate on
which the pattern is to be reproduced, where the resist contains silicon dioxide pre-
cursors in this work. After imprinting, the resist converts to a porous SiO; layer
through evaporation of contained solvents. Subsequently, the stamp can be sepa-
rated from the substrate and the latter remains with the patterned silicon dioxide
mask. With a reactive-ion etch, the pattern is transferred from the mask into the
substrate and afterwards the residual layer of SiO, can be removed by wet chemical
means, such as dipping in low-concentrated HF. Automated SCIL systems capable
of handling up to 200 mm wafers are commercially available and the technique is
also suitable for implementation in roll-to-roll or similar high-throughput manufac-
turing processes [76][77].

The chapter is organized as follows: Firstly, the challenge of handling thin, frag-
ile substrates is overcome through development of a suitable bonding procedure
(sec.3.1). Secondly, the steps for fabricating the master wafers (sec.3.2) and SCIL
stamps (sec. 3.3), and producing patterns on thin, fragile substrates (sec. 3.4) are de-
scribed. Subsequently, the process of transferring the imprinted structure using
multi step reactive-ion etching is explained (sec.3.5), followed by a section on re-
moval of the residual resist layers (sec. 3.6), which concludes the primary fabrication
procedure. In the final section 3.7, fabrication results are summarized and discussed.
Ultimately, appropriate passivation of the patterned surface and subsequent appli-
cation of an anti-reflection layer are needed to achieve a full device. These last steps
are, however, beyond the scope of this thesis.

3.1 Thin wafer handling systems

In order to enable safe handling of the thin substrates and thinned-down IBC so-
lar cells, several options of temporary bonding to thick carriers were investigated.
Bonding options are primarily classified by their use of a bonding agent, such as an
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adhesive or contact forming substance. If a third material is to remain in-between
the surfaces to be bonded, the method is referred to as indirect. In case the bonding
surfaces are in direct contact, the term "direct bonding’ is used. Two commonly used
options that are special cases of the latter are anodic direct bonding and electrostatic
bonding.

In anodic bonding, a device is bonded to a sodium-rich glass carrier, e.g. Pyrex glass.
An electric potential is applied across the bonding interface after the surfaces to be
bonded have been brought in close proximity and heated just below the glass’ tran-
sition temperature. The resulting electric field causes (mainly sodium) ions present
in the glass to drift towards the interface and thereby partially screen the applied
field. Remaining voids at the interface will cause a larger voltage drop than ar-
eas already in contact, and the increased field strength "pulls together” the surfaces
from the edges of voids, resulting in a very homogeneous contact across the en-
tire interface [78]. Anodic bonding is mainly used for permanent bonding applica-
tions, such as micro-electromechanical systems (MEMS) or similar devices [79][80].
Choosing an appropriate set of parameters and materials, i.e. applied voltage and
temperature, time and annealing conditions, also reversible bonds may be formed
this way [81].

In electrostatic bonding, use of a potential difference between either substrate and
carrier, or different sections on the latter cause electrostatic attraction between the
two surfaces to be bonded. Depending on the materials, AC or DC signals may be
used and also carriers with large dielectric constants can be employed that retain a
charged and thus bonded state long after the external power supply has been re-
moved [82]. Both anodic and electrostatic bonding were considered for the purpose
of bonding thin silicon wafers for this project, but their successful application for
temporary bonding requires in-depth studies of the individual case as well as spe-
cialized equipment, which was not readily available.

Several options of direct bonding are tested using both thick- and ultra-thin Si-
wafers and subsequently assessed by eye, after which debonding is attempted and
qualitatively compared. Among these trials, for example O,-plasma is used to acti-
vate the surfaces prior to bonding, annealing at intermediate temperatures ranging
from 70° C to 200° C of the bonded stack was tested, the use of a slowly evaporating
contact forming agent, such as IPA or H,O, or a mixture of the two are also inves-
tigated. Furthermore, the "Peel-and-Stick" [83] mechanism, which relies on the sus-
ceptibility of the critical adhesion energy of a metal-S5iO; interface to humidity, was
attempted in reverse by bonding Si to Ni-coated Si wafer with water and subsequent
dehydration in a nitrogen desiccator. Some photographs corresponding to these ex-
periments are found in the bonding related appendix B. These experiments are in
general not reproducible in terms of safe handling thin substrates during the steps
and achieving bonded states that appear identical to the eye. The environmental
conditions controlling for example the evaporation of contact forming agents would
require a dedicated desiccator, whose humidity and temperature can be arbitrarily
set. Pre-treatment of the UTSi, on the other hand, with e.g. oxygen plasma, requires
a bond by itself, since the thin substrates cannot simply be placed inside a vacuum
chamber due to their low weight. Full-area, reversible direct bonding of Si to glass
and glass to glass has been shown and investigated for thick, 500 um substrates with
the use of oxygen plasma activation and subsequent annealing [84], such that this
route could be pursued further, if suitable equipment becomes available. Debond-
ing is performed by inserting a blade into the interface, after immersing the bonded
stack in a solvent that reduces the bonding strength, such as DI-water or ethanol,
for many hours up to several days. This mechanical stress, at any rate, may cause
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the ultra-thin substrates to break more easily, since the fracture strength strongly de-
pends on the thickness of the silicon [85]. Another uncertainty exists about direct
bonding concerning long-term storage, since the bonding force will not necessarily
stay the same over extended periods of time, but can both degrade or increase in
strength, depending on the initial bond quality and external factors that determine
which of the various bonding mechanisms, e.g. van-der-Waals, covalent bonding,
mechanical interlocking, become dominant in the individual case [86].

Indirect bonding featuring an adhesive layer are a viable alternative leading to re-
producible conditions, but require means of applying first the adhesive at a prede-
fined thickness with little tolerance. Spin coating as a means for applying the adhe-
sive layer is superior to tapes and waxes applied by hand, due to increased unifor-
mity and higher thermal stability [87]. Experiments in which a layer of PMMA (Poly
(methyl methacrylate)) was spin-coated onto a quartz carrier and subsequently a
thin substrate was placed onto the PMMA, followed by a baking step, were already
performed at AMOLF by the photonic materials group [88]. Placing the UTSi onto
the PMMA, such that the entire surface achieves sufficient proximity, however, has
proven very difficult and small air bubbles trapped at the interface expand during
the baking step and cause local deformations of the thin substrate (See fig. B.9 in ap-
pendix B).

For this work, an optimized indirect bonding procedure was developed to tackle
these issues and allow for both homogeneous application of pressure and add a
path for air to escape from the interface during bonding and baking. This approach
features a specially developed mount for the spin coater, which allows for the UTSi
to be coated with PMMA (or an alternative adhesive) instead of the carrier. By this
method, the mount can serve as a flat, rigid backing for making contact with the car-
rier, while trapped air can escape at the circumference of the thin substrate during
the application of pressure and heat.

The membrane mount is thus the only tool in contact with the membrane prior to
achieving the bond, which decreases the chance of damage compared with the multi-
step pre-treatments described in the direct bonding section. The mount serves to fix-
ate the substrate during spin coating via a vacuum chuck built into the spin coater.
For this purpose, a porous filter material is placed at the mount’s center, which
serves to both reduce and distribute the applied pressure difference evenly across
a large portion of the substrate’s surface. Different filter materials were tested and
compared, with surface roughness and hardness of the material being the two most
critical properties determining the resulting flatness of the substrate when the vac-
uum pump is turned on. A photograph of two well-performing mounts are shown in
fig. 3.1, where the left-hand prototype is made from PEEK (Polyether ether ketone),
50 mm in diameter featuring a protrusion of approx. 1 mm height and 24 mm diame-
ter placed in the center of the mount. In the center of the protrusion, a hole of 10 mm
diameter is fitted with a nylon filter material spanning the entire thickness of the
mount. On the right-hand side of fig. 3.1, a mount made from aluminum with simi-
lar dimensions is shown, which features a filter piece made from brass in the center
protrusion with a diameter of approx. 20 mm. The use of both alumina and brass af-
fords the mount a higher temperature stability compared to the nylon variant, where
in the latter an epoxy-based adhesive was used with a temperature stability up to
70°C[89]. In addition, the brass filter retains the low surface roughness achieved
through extensive polishing much longer due to its superior hardness in contrast to
the nylon filter. Optionally, for both mounts an extra spacing material can be used as
an inter-layer between mount and substrate, which mitigates remaining irregulari-
ties and furthermore prevents direct bonding of the membrane to the PEEK- or or
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FIGURE 3.1: Membrane mounts for spin coating adhesives on ultra-thin
substrates and solar cells. Left: Mount made from PEEK with 10 mm diame-
ter nylon filter piece in the center, through which an applied under pressure
serves to flatten the substrate against the mount. Right: Mount made from
aluminum with a larger brass filter piece in the center protrusion.

aluminum rim of the mount. Especially with the PEEK mount, direct bonding can
become an issue as the highly polished surface and present oxygen species therein,
together with the applied pressure comprise a bonding-promoting environment for
the membrane. In fact, direct bonding of PEEK and glass with prior plasma activa-
tion has emerged as an encapsulation replacement for titanium in medical implants
and similar applications [90]. Experiments with a sheet of lens-polishing paper as
a spacing layer (see fig. B.1 in appendix B) show at least equivalent surface flatness
after turning on the vacuum pump, and the release of the membrane after spin coat-
ing is facilitated substantially. The detailed step-by-step procedure for bonding UTSi
wafers and thinned IBC cells is found in appendix B and an excerpt highlighting
critical steps concerning the preparation of samples for texturing is given in sec. 3.4,
after necessary steps for obtaining substrate conformal imprint lithography (SCIL)
stamps are described in the following sections sec. 3.2-3.3.

3.2 Master fabrication with electron-beam lithography

Electron beam lithography (EBL) is a structuring technique using a focused source
of electrons to selectively expose a polymeric resist with nanometer-scale resolution.
During exposure, the beam traverses the substrate in a point-by-point fashion (ras-
tering) and deposits a predetermined amount of charge on every pixel of pattern,
while being blanked on positions where the resist is not be exposed. Although the
wavelength of the electrons is small (A = 8pm for 25kV electrons), the minimum
spot-size is limited by the e-source dimensions, Coulomb-repulsion, electron focus-
ing optics and scattering of electrons by the surface. Especially the last named factor
is strongly dependent on the electron current, where a current of 2 uA already leads
to spreading of 100 nm due to interaction aberration [91]. The higher a resolution is
required, the lower the current must be and consequentially the longer every pixel
needs to be exposed in order to reach a charge necessary for cross-linking (or break-
age of cross-links) of the polymeric resist. EBL is thus a technique that is capable
of producing 5-7 nm features, but in addition to its necessity for high vacuum and
conductivity of the substrate, it requires substantial amounts of time to fabricate
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large-area structures, due to the point-based exposure scheme and parameter limi-
tations [92].

Dosage tests for exposure parameter calibration

For every combination of structure, patterning dimensions, and substrate, the pa-
rameters for obtaining a 1:1 copy of the design in the resist layer need to be deter-
mined by a series of dosage tests, where the charge per pixel is varied around the
value provided in the datasheet of the polymeric resist. In this work, the positive-
tone resist AR-P CSAR6200.09 is used, which has a nominal dose of 65 (uC /cm?) [93].
The dose tests are comprised of nine fields each with 100 x 100 um? or 150 x 150 pm?
dimensions on 200 nm resist on top of 500 um thick silicon. In-between the silicon
and resist layer, an ultra-thin adhesion layer of HDMS (hexamethyldisilazane or
Bis(trimethylsilyl)amine) is spin coated, which promotes bonding of the hydropho-
bic polymer resist to the hydrophilic native silicon-dioxide layer on the Si wafer [94].
On top of the electron-beam resist, an additional layer for improved conductiv-
ity [95] of approx. 60 nm is spin-coated in order to reduce charging of the resist dur-
ing exposure. The nine fields are each produced with different charge dosages on
the same substrate, developed according to table3.1 and etched as explained later
in sec. 3.5 using reactive ions. After etching, the patterned wafer is cleaned from re-
sist residuals first in a low-pressure oxygen-plasma system (Pico [96]) for 20 min and
subsequently with a base-piranha solution (=~ 10 % wt.) at 78 °C for 10 min.

TABLE 3.1: Development of the positive-tone electron-beam resist AR-P
CSAR6200.09. As an alternative for step 2, n-Amyl-Acetat may also be used
with the same parameters. Except for O-Xylene, which diffuses slowly
through PP, other solvents can be stored for re-use in appropriate containers.

Step# time/s  Chemical Comment Disposal
1 10 H,O Rinse conducting layer Org. low-halogen
2 60 Penta-Acetat Remove resist Org. low-halogen
3 6 O-Xylene Remove residuals Org. low-halogen
4 15 MIBK: IPA Ratio 9:1 Org. low-halogen
5 15 IPA Cleaning Org. low-halogen
6 10 N»-gas Drying -

Electron microscope images of a dosage test series on the honeycomb structure
after etching and cleaning are displayed in fig. 3.2.

Surface analysis with electron microscopy

Evaluation of the obtained structures is conducted using a scanning electron mi-
croscope (SEM) [97][98]. The SEM creates surface maps by first exciting the mate-
rial with electrons, in this case of 5keV and at 86 pA. Upon excitation the material
ejects electrons itself and these "secondary electrons” with energies of a few eV are
recorded by the system at every pixel it scans, where more recorded electrons re-
sult in higher brightness of the spot (pixel) [99]. Areas where the the surface is fur-
ther away from the electron tip, e.g. the valleys of a structure, appear darker due
to the smaller solid angle and increased path-length to the detector, which makes
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FIGURE 3.2: Scanning electron microscope images HUD Honeycomb for

different charge dosages ranging from 100 uC/cm

38

in the bottom right, in 10 uC/ cm?
areas appear dark and correspond to the valleys of the structure,

2

180 uC/cm

while the

remaining silicon walls appear bright and become narrower with higher

doses, until eventually the walls become discontinuous in the case of the
highest doses. Each of the nine images shows a roughly 10 x 10 um?

area,

the accelerator voltage of the electron column was set to 5kV at 86 pA. The

contrast and brightness are adjusted to facilitate distinction between top

level and valleys.

scattering or (re-)absorption by the walls more likely to occur. As a consequence,
it is possible to distinguish the top surface of the substrate from the bottom of the

features of the structure, i.e.

defects like dangling bonds are more likely to occur,

which increases the local density of states and hence more secondary electrons can

valleys by setting a brightness threshold. At the edge

where vertical walls are located

4

be generated. These regions may appear brighter than the top surface and render the
discrimination between the two levels more difficult when setting the threshold. A

strategy for obtaining reproducible results in spite of this complication is provided

in appendix C.
ure of merit, can be calibrated using an image processing tool of choice, where in

Once the threshold is set, the filling fraction of silicon, which serves as the first fig-
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this case the free software "Image]" was used [100]. Secondly, a map of spatial fre-
quencies of the SEM image is generated through a fast-Fourier-transform algorithm
provided with the image processing tool, which produces a set of magnitude- and
phase maps of the original image. Subsequently, a radially-averaged profile is ex-
tracted from the magnitude map using a plugin for Image] [101]. A spatial cali-
bration obtained from the dimensions of the original image allows for the absolute
frequency of each pixel in the radial profile to be determined, while the recorded
intensities are normalized to the region of interest 5 um~! < k < 30 um~!, where k
denotes the spatial frequency. Both area fraction and radial profile are extracted from
all dosage test fields and compared with the properties of the design file, which for
this purpose is processed in exactly the same way as the SEM images.

The second figure of merit is given by the standard deviation of the measured radial
profiles from the one obtained from the design file. This is achieved by interpolating
the profile from the design and computing the squared difference of intensities at
each point of the radial profile obtained from the SEM image. The figure of merit is
then given as:

FOM = \/ L (L (k 3\]_ L(®)” (3.1)

where k denotes the spatial frequency, N corresponds to the number of points in the
interval of interest k € [5,30] um~!, and I5(k) / I;(k) denote the normalized inten-
sity at frequency k of the sem image / design image, respectively. Exemplary plots
for determining the correct dose for exposure of the honeycomb pattern is given in
fig. (3.3) and (3.4), where in this case the silicon filling fraction of the top layer cor-
responds to the thickness of the walls comprising the honeycomb network. From
the figures the dose factor value with the best compromise for filling fraction and
deviation in the radial profile is chosen for exposing the SCIL master wafer. The er-
ror in filling fraction is estimated from taking two slightly different thresholds of the
same image and computing the difference in resulting filling fraction, as explained
in appendix C. The radial-profile error is estimated similarly and amounts to approx-
imately +1 % for the second figure of merit, which is also shown in appendix C.

Speeding up the exposure of a 20 x 20 mm? area.

In general, exposing a pattern with EBL and positioning it on the substrate is done
via a position list in the controlling software. Each pattern or instance thereof cor-
responds to a line in the position list and the list items are written sequentially. For
each entry the sample stage is first driven to the starting position of the field, then
the design data is decomposed and translated into instructions for the stage drive
and beam blanker, and lastly these instructions are executed, which results in the
structure actually being written.

In order to expose a large area with a small design, the same is multiplied and po-
sitioned in a raster, where for each instance the decomposition of the design is re-
peated, which creates a large computational overhead and significantly slows down
the patterning procedure.

Alternatively, one would capture the decomposed design in form of a large binary
file, which holds the instructions for writing one instance of the pattern. With the
help of a script, these instructions can directly be fed to the pattern generator over
and over again without any dead times due to computation. All that is necessary
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FIGURE 3.3: Silicon filling fraction of HUD Honeycomb for different charge
dosages ranging from (100 — 180) uC/cm?. Column mode: MC60.

is to insert instructions for moving the stage according to the raster in-between the
individual exposures. This technique is called dump-file exposure (DFE).

The dump file is generated according to the parameters of the exposure, namely
the beam current, desired dosage, step size, and area-filling mode. From these pa-
rameters, the dwell time per pixel is calculated and the design is broken down into
pixels with a pitch equal to the step size, but only at locations where the beam is not
blanked and the resist to be exposed. The area filling mode controls the beam’s tra-
jectory in areas where pixels are located, the most common choices being concentric
or longitudinal, corresponding to an inward/outward spiral motion in case of the
former or a ‘line-by-line” progression for the latter.

The dwell time per pixel is found via the equation below:

current - dwelltime

. (3.2)

Dosage = -
stepsize
In order to expose a structure in the shortest possible time, the dwell time should
be minimized, while current and step size should be chosen as large as possible. In
practice, the dwell time cannot be smaller than 60ns due to the maximum blank-
ing speed of the beam, the current can only be set by the column mode, which has
relatively coarse increments (LC40 0.22nA; LC60 0.5nA; MC40 1nA; MC60 2.5nA;
HMC405.5nA;...), and the step size should small enough to accurately reproduce the
design. Furthermore, the beam speed is limited by the manufacturer’s recommenda-
tion to about 100 mm/s. At any rate, dump-file exposures exceeding the beam speed
recommendation have been performed successfully up to about 270 mm/s and were
also employed in exposing the SCIL master wafers.
The dimensions of the unit cell for DFE is critical for the total exposure duration,
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FIGURE 3.4: Radial profile of fourier-transformed SEM images and design
file. FOM provided in the legend in percent as calculated with eq. (3.1) for
different charge dosages DF - 100 uC cm 2. Column mode: MC60.

since they determine the number of matrix elements to be written as well as the file
size of the dump file, which needs to be transferred and read repeatedly. The maxi-
mum dimensions are limited by the maximum write-field size of the system, which
in this case is 500 um. After each stage move, a short pause called the "stitch wait" is
inserted, which by default takes 500 ms and allows for the stage to settle before the
exposure resumes to improve the quality of the stitching boundaries. Experiments
in which the unit cell dimensions, stitch wait, or step size were varied, are summa-
rized with their duration per mm? of patterning in table 3.2.

For each test exposure the number of unit cells and thus number of stitches was
at least nine and the column mode MC60 was chosen, which corresponds to about
2.5nA beam current.

TABLE 3.2: Patterning time per mm?-area (T mm2) vs. step size, unit cell
dimensions (Dim.), and DFE file size for different structures. The column
mode MC60 corresponds to a beam current of approx. 2.5nA.

Structure  Step size/nm Dim./um? filesize/MB Tmm 2/ min

Spinodal 12.5 100100 214 20
Spinodal 12.5 100x100 214 21.4
Spinodal 12.5 100100 214 7.8
Spinodal 12.5 100100 214 7.47
Spinodal 12.5 200x200 850 5.58
Honeycomb 12.5 150150 1400 15.9
Honeycomb 12.5 150x300 2200 16.6
Honeycomb 12.5 300x300 3000 47
Honeycomb 15 150150 1400 11.95
Honeycomb 15 300x300 2000 10.1

2

Since the total area is 400 mm?, a time of 5 min per mm? corresponds to roughly
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33 h of exposure, while a value of 16 min already takes 106 h and thus more than
four full days for which the system needs to be reserved. Another factor involved in
the long term exposure is the stability of the beam current, which according to the
manufacturer deviates by less than 5% per hour. This tolerance linearly influences
the actual dosage delivered via eq. (3.2), which in turn can vary quite a bit, when
the exposure lasts several days. The honeycomb, HUD holes and periodic patterns
could not be optimized to achieve the roughly 5 min per mm? of the Spinodal expo-
sure, and the next higher column mode HMC40 (= 5.5nA) is chosen for exposing
them. Another series of patterning time trials via dump-file exposure are displayed
in table 3.3 for the HMC40 column mode.

TABLE 3.3: Patterning time per mm?-area (T mm™2) vs. step size, unit cell

dimensions (Dim.), and DEFE file size for the honeycomb-structure. The col-
umn mode HMC40 corresponds to a beam current of approx. 5.5 nA.

Structure step size /nm Dim. / umz File size /MB Tmm 2/ min

Honeycomb 15 300300 2050 3.9

Honeycomb 20 300x300 1230 7.57
Honeycomb 15 450450 4700 4.05
Honeycomb 18 450 x 450 3310 10.93

The duration per mm? (T mm~2) of patterning shown in table 3.3 show peculiar
dependencies on both step size and unit cell dimension, where for example between
line 1 and 2, one would expect the time to decrease due to fewer steps required at
larger step sizes, yet the opposite behavior is observed. This makes optimizations
hard to predict and a series of parameters necessarily needs to be tested for every
individual structure in order to obtain the desired patterned area in the shortest
possible time. After exposure, the master wafer is processed as described for the
dosage tests above, i.e. developed and etched to a depth of 120nm, followed by
removal of the residual resist layers through ashing and immersion in a base piranha
solution. At this stage, the soft stamp may be fabricated from the master mold.

3.3 Stamp fabrication

After the silicon master featuring the final pattern has been obtained and cleaned,
from it a SCIL stamp is made through a molding procedure developed initially by
Mark Verschuuren [75] and subsequently optimized for the AMOLF NanoLab [102].
The fabrication of the stamp was performed by Dimitry Lamers, who is also respon-
sible for optimized instructions and the author takes no credit for this part of the
process. The following points summarize the fabrication procedure:

¢ Cleaning the master wafer (O,-plasma, base-piranha, O,-plasma)

Apply Fluoro-monolayer to the master

Spin-coat X-PDMS on master (hard mask)

Spin-coat I-PDMS on master (intermediate mask)

HF-treat the willow-glass carrier

Prime the willow-glass with Dow Corning primer [103]



3.4. Preparation of samples and SCIL imprint 43

* Apply PDMS (soft mask) to the willow-glass
* Bond the glass to the coated master in a thermally-assisted bonding tool

* Separate the master from the stamp with IPA

3.4 Preparation of samples and SCIL imprint

FIGURE 3.5: Exemplary process flow chart of bonding an ultra-thin sub-
strate "UTSI" to a carrier "QUARTZ" (1-5), imprinting the substrate with a
SCIL stamp (6-8), using reactive-ion etch for pattern-transfer into the sub-
strate (9), removing residual resist (10), and dissolving the adhesive to re-
trieve the free-standing substrate (11-12). The procedure as visualized is
applicable when the Al-mount is used and in case of the PEEK mount, steps
(4) & (5) are exchanged, where the use of the reverse-blow with N is op-
tional in both cases. Step (9) summarizes the three individual etch steps
explained in sec. 3.5, and between (11) and (12) an additional bath in IPA is
useful to rinse the substrate from acetone residue.

Fig. 3.5 shows a process flow chart for the steps outlined below, beginning with
bonding of the thin substrate to a carrier, followed by spin coating the resist and im-
printing the same with a SCIL stamp. Subsequently, reactive-ion etching transfers
the pattern from the resist layer into the substrate, after which an HF step removes
the residual resist. Additional processes on the bonded stack, e.g. passivation and
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application of an anti-reflective coating can now be executed and concluded with
debonding the substrate by submersion in a suitable solvent, after which the sub-
strate can be separated from the carrier by sliding into a bath of H>O at a shallow
angle.

During the patterning step by soft conformal imprint lithography a force needs to be
applied in order to distribute the sol-gel into the grooves of the stamp and remove
it from the protrusions of the same. At the time of the imprint, the solvents present
in the sol-gel cause an adhesion to both the silicon substrate to be imprinted and the
stamp surface, while capillary forces pull the sol-gel into the grooves of the latter. Af-
ter evaporation of the solvents and due to selenization of the stamp surface, the hy-
drophillic SiO,-remainder and the hydrophobic PDMS stamp exhibit much weaker
adhesion than observed at the substrate-sol-gel interface, which allows removal of
the stamp without alterations of the sol-gel structure previously obtained. The stress
inflicted to the membrane during the imprint procedure needs to be countered by a
flat, sturdy back support, which also serves to keep the substrate from sticking to
the stamp at the time of separation. Temporarily bonding the thin silicon wafers or
IBC solar cells to a suitable substrate using an appropriate adhesive proves itself as a
reliable solution as previously explained in section 3.1. If no carrier is used, the thin
wafer will stick to the stamp after solvent evaporation and likely break upon sepa-
ration trials. A complete set of step-by-step instructions of the bonding procedure is
found in appendix B, of which the following highlights important considerations.
In order to transfer the substrate to a (quartz-) carrier, the latter is placed onto the
membrane and mount directly after spin coating the adhesive and a light application
of pressure is used to make homogeneous contact and remove air from the interface.
When a spacer is used, the adhesion should already be sufficient to lift off the carrier
with the substrate attached while leaving behind the mount. The carrier is flipped
and placed onto a hotplate with the substrate facing up for a duration of 180s at
120 °C. Without a spacer and when using the aluminum mount, the entire stack con-
sisting of mount, membrane, and carrier can be taken from the spin coater, flipped
and baked on the hotplate using equivalent conditions (as shown in fig.3.5). The
applied heat will release the mount from the membrane through thermal expansion,
since the coefficients of linear thermal expansion for aluminum/brass differ from
those of glass/silicon by about a factor of 3-4 [104]. The same technique is not suit-
able for the release of thinned IBC solar cells from the aluminum mount, since the
cells contain both metal and silicon and tend to bend in the longitudinal direction
of their metallic bus bars. In this case, the transfer to the carrier can be aided by ap-
plication of over-pressure through the backside of the mount, such that the pressure
gradient is reversed with respect to the situation on the spin coater. This will release
the IBC cell (or UTSi) with a pressure wave expanding from the center towards the
circumference of the bonded interface and result in an equally homogeneous and
void-free contact. The following baking step is performed progressively on the cells,
starting from 50 °C for 5min and finishing at 100 °C in 10 °C-steps with a duration
of 5min each, counted after the hotplate reached the current temperature step. This
way, the resulting bonding strength of the hardening PMMA that stays superior to
the temperature-induced bending of the cell. The optimum thickness of the PMMA
layer employed for bonding was found to be around 400 nm in case of a bare silicon
substrate and (800-1000) nm for bonding the IBC cells, which have higher surface ir-
regularities due to the parylene-coated inter-digitated contacts on the backside. The
optimum results as a trade-off between conformality to the substrate and a mini-
mum edge-bead, where the former decreases with thinner layers and the latter in-
creases with layer thickness, resulting in inhomogeneity of thickness from the center
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to the edge of the layer.
Imprinting the substrate/cell is performed by first placing the carrier with the sub-
strate facing upwards on the spin coater and applying the sol-gel with spin param-
eters given in table 3.4. Subsequently, the stack is quickly placed onto an extremely
flat surface, backed by a thick, rigid base. Afterwards, the stamp is aligned above
the substrate and slowly brought into contact with the same, until its weight is en-
tirely supported by the substrate-carrier stack. Pressure is applied onto the stamp
beginning from one edge of the pattern and expanded to the opposite edge in a
wave-like motion. While in automated SCIL devices, compressed air is used to pro-
duce the pressure-wave, the same can be achieved using the experimenter’s finger
(preferably thumb) at lab-scale imprints yielding comparable results. The wave-like
motion is repeated 3-4 times with increasing pressure, until no trapped air remains
throughout the patterned region of the stamp.

The rotation speed of 2400 RPM given in table 3.4 is calibrated to result in a thick-

TABLE 3.4: Parameters for spin coating the sol-gel onto thin substrates for
SCIL imprint. No gear set is used in this case (open bowl).

Step# Time/s Rotation/RPM Acceleration/RPMs~! Lid closed (y/n)

1 5 - - y
2 10 2400 1000 y
3 - - - n

ness of (50 — 60) nm, which for a pattern with 50 % silicon filling fraction (Spinodal
pattern) results in approximately (100-120) nm high structures, thus utilizing about
the entire depth of the grooves present in the stamp. For patterns with different fill-
ing fractions, i.e. HUD-Honeycomb ~ 33 %, HUD holes ~ 72 %, slightly lower or
higher rotation speeds can be chosen to obtain a mask of equivalent aspect ratio.
The solvents present in the sol-gel evaporate quickly, such that the stamp can al-
ready be released from the substrate after curing in air for approximately 8-10 min.
For this step, the stamp is lifted and flipped over with the substrate/carrier still
attached, such that the latter is facing up. Upon bending the glass sheet carrying
the SCIL stamp, the edges of the rigid substrate-carrier stack separate from the cir-
cumference of the stamp and a pair of closed tweezers inserted in-between stamp
and carrier release the bond across the entire interface solely through their restoring
force, after which the substrate-carrier stack can readily be picked up. The stamp is
cleaned and made ready for reuse by rinsing the same first with de-ionized water,
followed by ethanol, and H,O once more, before it is blown dry with a nitrogen gun.
The imprinted samples are now set for etching with RIE.

3.5 Reactive-ion etching for pattern transfer

Reactive-ion etching (RIE) is a plasma etching technique featuring a gaseous etchant
that produces volatile products from reactions with a solid. Next to the chemical
reactions, a number of additional mechanisms are active in RIE to facilitate the re-
moval of material. The plasma discharge produces both ions and excited neutrals,
which cause ionization, excitation, and dissociation of the target material. In con-
trast to wet etching where liquid etchants are used, plasma etching allows for fab-
rication of high aspect ratio structures, due to an unprecedented degree of achiev-
able anisotropy [91]. Where diffusion limits with liquid etchants become problem-
atic, straight walls are required and underetching must be prohibited, reactive-ion
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etching is often the instrument of choice. The required vacuum on the other hand,
together with little margin for parameter deviations like mixture, temperature and
flow rates render RIE usually slower and more expensive than wet-chemical tech-
niques.

Reactive-ion etching is used for etching three different layers in the course of fabri-
cating the HUD-patterned surfaces presented in this work. The largest depth and
highest degree of anisotropy are required for the final step, the silicon etch of 200 nm
depth.

Pure silicon is typically and most easily etched by halogens, like fluorides, chlorides,
and bromides. The Si-halogen compounds are volatile at room temperature and the
reactions from Si-Si bonds to these compounds are thermodynamically favored, such
that additional ion bombardment is only employed to increase anisotropy [91].

The RIE system utilized for this work is the PlasmalabPRO 100 [105][106]. The sys-
tem features two individual ion generators/accelerators, a radio frequency (RF) elec-
trostatic generator up to 300 W and an inductively-coupled plasma (ICP) generator
up to 3kW input power. The etch recipe for silicon was previously optimized by the
AMOLEF-NanoLab staff [107] and uses an HBr/O, mixture of 48 sccm : 2 sccm ratio
and flow rates at a temperature of 60 °C. The oxygen content helps both to achieve
straight walls by passivating silicon in the direction normal to the plasma accelera-
tion and by breaking Si-Si bonds through bombardment in the direction parallel to
it. The silicon etch is initiated by a short chloride plasma etching step to remove the
native SiO; layer, which is hardly being attacked by the subsequent bromide-oxygen
mixture. All parameters of the silicon etch are summarized in table 3.5.

TABLE 3.5: Parameters of Si-etch in PlasmalabPRO 100 RIE etcher. Initi-

ation by Cl, removes the native oxide layer. Flush purges the remaining

Cl, from the chamber and replace it with the HBr/O,-mixture of the main

etch, pump re-establishes the chamber vacuum before the main etch "Si-

etch" commences. The main etch speed was calibrated at 3.44+0.2nm/s for
the structures under consideration.

Step Time/s Gases Flow /sccm RFpow./W ICP pow./kW

Init 11 Cl, 50 30 750
Flush 60 HBr:0, 48:2 0 0
Pump 60 - - 0 0
Si-etch 60 HBr:0O, 48:2 30 750

For samples imprinted with a SCIL stamp, the resulting etch mask is not com-
prised of a polymeric resist as in the case of dosage tests and master fabrication by
electron-beam lithography, but instead consists of a porous SiO,-layer on top of the
native oxide layer of the silicon substrates. The imprint removes most of the sol-
gel from the protruding parts of the pattern on the stamp, which gets pushed and
pulled into the grooves of the same as explained before, yet a residual layer of sol-
gel remains in place and converts to porous silicon dioxide during evaporation of
the solvents. This layer needs to be removed as well as the underlying native oxide.
Si0; is removed by the initiation step with Cl, as mentioned above, but the different
quality of oxide present in these layers results in different etch rates for the native ox-
ide and residual layer and is not calibrated on the RIE system utilized. Another etch
recipe specifically optimized for removing the residual sol-gel layer employsa 1 :1
mixture of CHF; and Ar at low forward power of 67W RF and zero ICP, with the
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temperature in chamber set to 20 °C. Both flow rates are set to 25 sccm and the result-
ing etch rate is calibrated at (0.5 & 0.3) nm of porous SiO; per second. It is found by
experiment that the etch rate for native oxide with this recipe is significantly lower,
where in addition also the quality of native SiO, exhibits a strong influence on the
rate of removal of the same. For these reasons, both CHF;/Ar- and Cl,- etch steps
are retained in the recipe for etching SCIL-imprinted samples, where the the former
is calibrated to remove the residual layer and the latter to remove the native oxide,
before commencing the bromide etch into the silicon. The duration for removing the
residual sol-gel layer of the structures reliably is found to be (120 & 10) s.

3.6 Removal of residual imprint-resist layers

After transfer of the pattern from the SiO, mask into the silicon using reactive-ion
etching as explained in the previous section, the residual silicon dioxide of the mask
is removed by dipping the sample into hydrofluoric acid (HF) at 1 % concentration
for 90s. Afterwards, the sample is rinsed by short immersion in H,O, followed by
IPA and blow dried with a nitrogen gun.

An attempt to circumvent the use of HF involves spin coating a thin layer of a poly-
meric resist in-between the native oxide on the silicon and the sol-gel layer to be
imprinted with SCIL. This would allow the lifting off the remainder of the SiO;-
mask on top of the resist in a less dangerous solution such as acetone, if for example
PMMA is used here as well. Such attempts were unsuccessful when using either
200nm or 350 nm of PMMA layer thickness, owing to a change of the composition
of the PMMA during RIE, which renders the PMMA insoluble in acetone afterwards.

3.7 Results and Discussion

The bonding of thin substrates and solar cells using the special mounts and methods
described in the previous sections as well as the appendix B reflects the current state
of knowledge and may possibly be improved in order to further minimize the chance
of breaking the substrate during the process. Engaging in optimizations is mainly
limited by the availability of suitable test substrates, i.e. mono-crystalline wafers of
10 pm thickness and 2.54 mm in diameter, which are most prone to damage during
bonding and at the same time very expensive and difficult to obtain. An alternative
for obtaining a number of bonded test substrates at once, though at lower bonding
quality, is to glue large sheets of thin Si foil to a suitable wafer using an adhesive
of choice. Up to a diameter of 6inches, a carrier wafer can easily be spin coated
with e.g. PMMA and then flipped and placed onto a sheet of thin foil. After cutting
around the wafer edge, the same can be placed onto a hotplate for curing the PMMA.
The process will most likely deform the foil from degassing of the adhesive in some
places, but the overall yield still warrants the procedure. 20 um thick Si foil bonded
this way was obtained from the photonic materials group at AMOLF and used for
imprints described later in this section.

The special spin coating mounts made from PEEK featuring a nylon filter piece in the
center perform well after their surface has been polished to a very high degree, but
retain this state only for a short time and need to be polished again after a few uses,
if over pressure is applied through the back of the mount, or chemicals are used for
cleaning or to facilitate substrate release. The aluminum mount with a brass filter as
the center piece on the other hand is the first of its kind and dimensions of its features
can still be optimized in later versions, but it shows remarkable performance with
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somewhat thicker substrates of 30 um with the release through thermal expansion
and is more resistant to chemicals than the nylon counterpart.

FIGURE 3.6: Ultra-thin silicon substrates (2 2.54 mm) and a thinned IBC so-
lar cell bonded to quartz wafers. a A 10 um membrane baking on the hot-
plate on a 3-inch quartz wafer of 500 um thickness. b 30 pm membrane
bonded to a 2-inch quartz wafer of 1.6 mm thickness on hotplate. ¢ Large
piece of an IBC cell ~ (80 — 100) um absorber thickness and dimensions
roughly 36 x 48 mm? in the plane of the cell bonded to a 3-inch quartz
wafer. Residual PMMA is visible around the circumference in b, which is
removed before spin coating the imprint resist.

Of critical importance is the difference in diameter of the center protrusion of the
mount and the substrate. The substrate needs to extend about a millimeter beyond
the rim of the protrusion in order to prevent the spin-coated adhesive from entering
the interface between mount and substrate at the circumference of the same. The
overhang will cause a small amount of adhesive to be deposited on the underside
of the substrate from the slight vacuum created there but not result in the substrate
being glued to the mount. After bonding to the carrier, the residual PMMA in this
case can be washed off with acetone/IPA when spinning on the spin coater with
open lid at low RPM. A 10 um- (a) and a 30 um-thin substrate (b), as well as a piece
of thinned IBC cell (c) bonded to quartz wafers are shown in the photographs in
fig. 3.6.

The dosage tests performed in the course of making the master wafer for SCIL
with electron-beam lithography may be compared among each other by introduction
of another figure of merit, which is given by considering the characteristic HUD val-
ues ki, ky. The ideal radial profile in the surface-parallel momentum plane is given
by a gate function that equals one when k1 < k < k; and zero otherwise, where k
is the in-plane spatial frequency. The third figure of merit is then given as well via
eq. (3.1), where now I, (k) — I,(k), the intensity distribution of the design values is
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FIGURE 3.7: Comparison of momentum-space radial profiles among the dif-
ferent design structures and to a gate function (grey) defined by consider-
ing the characteristic HUD values ki, kp. The figure of merits, F1 and F2
are defined via eq.(3.1), where for F1, I;(k) corresponds to the design’s
intensity function and for F2 to a gate function, where I;(k) = 1V k €

[k1, k2] N I;(k) = 0 else.
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replaced by the intensity of the gate function defined above. The results for all four
structures are displayed together in fig.3.7 where "F1" denotes the figure of merit
calculated from the design values and "F2" the one just described.

From the third figure of merit given in the legends in fig. 3.7, the least deviation
from the gate function is achieved by the Spinodal pattern with 22.5 %, followed by
the HUD holes design with 29.6 %. As expected, the optimized periodic structure
shows the largest deviation, since it is not from the stealthy hyperuniform class and
exhibits significant intensity also below the critical wavevector k1. Between the HUD
holes and the HUD honeycomb, the radial profile of the latter deviates more from a
square shape and receives a third figure of merit of 31.6 %. From the legends found
in fig.3.7, it can be deduced that a dose factor of about 1.4-1.5 very accurately re-
produces the intensity profile of the design in most of the different structures, which
also corresponds to the best match in Si filling fraction as seen in fig. 3.3 for honey-
comb and fig. C.6-C.8 in appendix C for the remaining structures. As a consequence,
a dose of about (145 + 10) uC cm~2 is set for the exposure of all master wafers.

With the SCIL stamp featuring the Spinodal pattern fabricated first, a number
of imprints on a variety of substrates are performed. From the manufacturing pro-
cess, some particles may remain on the pattern or in the grooves thereof and are
removed by one or two initiation imprints on regular 500 um thick silicon wafers.
Afterwards, the stamp is ready-to-use and an imprint on a readily bonded thin sub-
strate, including curing of the resist and stamp-sample separation, can be executed
inside of 15min. The first imprint on 10 um thick, one inch silicon wafer is depicted
in fig.3.8a, where the amount of sol-gel used could not be fully taken up by the
grooves. In combination with a short curing time of only 6 min and too little pres-
sure applied during the imprint, the stamp slid laterally across the membrane when
separation of the two was attempted, which removed the imprint in some regions
visible at 2 in fig. 3.8a and 3.8¢c. Consequently, a longer curing duration of 9 min was
introduced and different spin parameters given in table 3.4 adopted for subsequent
imprints, which prevented the issue from occurring again.

The IBC cell shown in fig.3.6 is imprinted with the improved parameters and
shows a full area replica of the structure on the stamp. The IBC-cell thinning pro-
cedure involving HNA, a mixture of acetic: nitric : hydrofluoric acid (ratio 8:3:1), un-
veils the crystal facets visible as diamonds or pyramids in fig.3.8c that are up to
about 50 um large. The DIC microscope image in fig.3.8d confirms that most of
the pyramids are imprinted nonetheless through the high degree of conformality
achievable with SCIL.

An approximately 30 x 50 mm piece of 20 um thick Si foil bonded to a large 6-
inch wafer as explained above is cleaved and imprinted with the Spinodal stamp.
Following the RIE etch, where a Si-etch duration of 70s was employed, the sam-
ple is examined with SEM before and after it is dipped in HF. Fig.3.9a shows the
sample on the SEM-mount with the (2 x 2) cm? patterned area in the center being
highlighted through specular reflection, while in fig.3.9b a 20x magnified DIC mi-
croscope image of the same pattern is displayed (scale bar is 100 pm). The dark grid
lines in b are due to the large-area electron-beam lithography process using dump-
file exposure, as explained in sec. 3.2, where the stitching of adjacent fields of unit
cell size (200 x 200) um in this case is only accurate to about (20-30) nm. As a result,
the pattern is minutely stretched in these regions, leading to a strong interference in
optical microscopy, while in SEM they appear only slightly brighter with respect to
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FIGURE 3.8: Spinodal SCIL imprints on 10 um Si membrane (a and b) and
IBC solar cell shown in fig.3.6 (c and d). a Imprinted area is specularly
reflected in a reddish color at 1 and a region of unsuccessful imprint is lo-
cated at 2. b Bright-field optical microscope image of a at 20x magnification
showing imprinted pattern at 1 and non-imprinted areas at 2. ¢ 5x mag-
nified bright-field image of IBC solar cell with large pyramids visible from
the HNA-etch that thinned down the cell to ~ (50 — 80) um. The stamp is
capable of conformally imprinting also on the large pyramids as shown in
the 20x magnified DIC-image in d. All scale bars are 100 um and correspond
to 10x the unit cell dimension of the Spinodal pattern, visible as an array of
squares in b and c.

the rest of the area. Scanning-electron microscope images before and after dipping
the sample in HF for 90s are displayed in fig.3.9c and d, respectively, where the
scale bar corresponds to 500 nm distance in both cases. The structure depth in ¢ is
about (350 + 10 ) nm and the residual sol-gel can be seen as a bright layer forming
the top-surface. After HF-treatment, the SiO,-remainder as well as the native oxide
is removed and consequently less contrast is seen in the post-HF SEM image in d.
The depth in this image is calibrated at (430 & 10 )nm and the circular particles are
found throughout the pattern at each location that was imaged and assumed to be
SiO,-particles adsorbed to the surface when removing the sample from the HF bath.
The increase in depth from before and after the HF dipping remains to be evaluated
by repetition on another sample using equal conditions, but would in any case be
unexpected and the discrepancy is tentatively attributed to inhomogeneity of the
etch depth across the sample as well as inaccuracy of the pixel-based measuring
technique with the SEM at different inclinations (30 ° in ¢ and 35° in d).

From a top view SEM image of the sample shown in fig. 3.9, the radially-averaged
profile of k-space intensity as described in sec. 3.2 is obtained and compared to the
design using both figures of merit from above in fig.3.10. From the legend in the
same figure, it is concluded that the structure replicated on the thin substrate using
the SCIL stamp deviates about 17 % on average from the design file, while the Si
filling fraction is calibrated at (61 & 3 %), about 7 % higher than the designed value.
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FIGURE 3.9: A photograph a, an optical microscope image b, and two SEM
images ¢ and d of a 20 pm thick Si foil imprinted with Spinodal stamp. The
Si foil bonded to a 1mm thick-Si carrier shows specular reflection in the
patterned area in a. The DIC-microscope image of the patterned area in b
shows grid lines from EBL stitching during the master exposure intersecting
the scale bar. The same corresponds to 100 um. ¢ SEM image after etching
and prior to the removal of residual resist with HE. d SEM image after HF-
treatment. scale bars in ¢ and d are 500 nm.

In particular, the frequency range below k = 10 um ™! shows significantly increased
normalized intensity compared with the design values.
The sample is debonded from its thick carrier wafer by immersion in acetone for
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FIGURE 3.10: Normalized intensity versus in-plane wavevector of Fourier-

transformed SEM image from Spinodal pattern on 20 um Si foil (dashed

line), compared with the radial profile of the design (solid line). F1 corre-

sponds to std-deviation between the curves, while F2 denotes the deviation
to a gate function shown in grey.

24 h and transferred to a microscope cover glass, to which it is directly bonded us-
ing IPA as a contact forming agent. After the IPA evaporation in air, the glass with
patterned membrane can be optically characterized in its bare state. The reflection-
and transmission- measurements depicted in fig. 3.10 were performed by Bsc Jelena
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Dolecek, who as her master project investigates into effective surface passivation of
the hyperuniform structures fabricated on thin substrates presented in this thesis.
Without an anti-reflective coating and the surface being left in the state after HF-
dipping, the transmission through the sample is lowered by about 4 % compared
with an unpatterned reference foil to a value of 6 %, while reflection is reduced by
approximately 20 % through application of the texture. These values were found by
integrating over the convolution of the measured spectra with the AM1.5 spectrum
in the wavelength range A € [400, 1050] nm as before. Absorbance is calibrated via
A =1—-T — R and reached an integrated, spectrally averaged value of 80 % in case
of the patterned foil, while the reference absorbed 56 %. Also shown in fig.3.11 as
dotted lines are results from FDTD simulation of 20 pm silicon with 200 nm Spinodal
pattern and without anti-reflective coating on top of a SiO; carrier. In this simula-
tion, the transmission monitor is placed inside the SiO; layer 50 nm from the Si-SiO,
interface and the simulation area in the plane of the silicon is (2 pm)>?. The difference
in transmission can be attributed to the idealization in the simulation, since in the
experiment there are additional interfaces arising from the direct bonding to a mi-
croscope cover slip with IPA and the thickness of the cover slip of 150 um, behind
which transmission is recorded. The patterned layer on top of the Si-foil of the ex-
periment is about 2 times thicker than in the simulation, causing a difference also in
reflection in addition to the experimental uncertainties. As a result, the spectrally av-
eraged absorption is 11 % higher in the experiment with the patterned foil compared
to the simulated value, but all graphs show very similar trends and indicate good
agreement between experiment and simulation, despite the mentioned influences.
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FIGURE 3.11: Absorbance measured optically with UVVIS-spectrometer on
native 20 pm Si foil (ref) and compared with Spinodal-imprinted 20 um Si
foil (Spin), for which both samples are directly bonded to a microscope cover
glass. Spectrally averaged absorption/reflection/transmission (IA/IR/IT)
is found through convolution with AM1.5 irradiance data [43]. Also shown
as dotted lines and in lighter colors are FDTD simulation results of a 20 pm
Si slab on glass (5i0,) and with Spinodal pattern in the top 200nm of the
silicon layer, which is not infiltrated and covered with anti-reflective coating

in this case.
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Chapter 4

Conclusion & Outlook

The goal to develop a feasible approach for quickly obtaining large-scale, hyperuni-
form patterns on ultra-thin Si substrates and thinned IBC solar cells and facilitate
their (optical) characterization was accomplished. The approach relies on tempo-
rary bonding of the fragile substrates to a transparent carrier, for which a special
tool was invented that ensures homogeneous contact throughout the bonding region
and protects the device from breaking during the procedure. Substrate conformal
imprint lithography (SCIL) was chosen as a means for imprinting nanostructures in
a short time, which reproduced the design over 4cm?-areas on ultra-thin devices
with a standard deviation of about 17 %, obtained through Fourier-analysis, while
the filling-fraction differed by approximately 7 %. The master wafers required for
making SCIL-stamps were fabricated using electron-beam lithography, which was
optimized to complete the exposure of 4 cm? in under two days. Several multi-step,
reactive-ion etch recipes were investigated and a reliable procedure for obtaining
arbitrary structure-depths of hyperuniform patterns on SCIL-imprinted devices de-
duced. The patterned devices in their bonded state can be processed further akin
to standard wafers without major limitations after a single-step HF treatment to re-
move the residual imprint resist, and debonding from the carrier can be performed
at any time to retrieve the free-standing substrate.

Preliminary optical characterization of a 20 pm thick silicon slab after patterning and
debonding yielded an absorbance enhancement of approximately 46 % over an un-
patterned reference case, where absorption is still expected to improve substantially
when an anti-reflection coating is applied. As seen in fig2.17 for a bare slab of 10 pm
thickness, applying an anti-reflective coating to the front surface increased absorp-
tion by about 44 %.

Molding SCIL stamps from the HUD master wafers fabricated in the course of
this project was not fully completed in the available time and so far, experiments
could only be carried out with the Spinodal stamp, which was completed first. Both
remaining hyperuniform stamps have been fabricated in the meantime and test im-
prints on thick substrates allow the conclusion that their performance can be ex-
pected equivalent to the Spinodal one, such that a stamp with the optimized peri-
odic pattern is the only one yet to be made. An ongoing project into effective surfaces
passivation of HUD-patterned thin-films will make use of all stamps available now
in order to pattern the substrates used for passivation experiments according to the
procedure presented in this work.

The absorbance in slabs with hyperuniform patterns estimated via coupled-mode
theory predict a significant absorption enhancement also for 10 um thick absorbers,
though the targeted structure factor with characteristic HUD values ki, k; of the in-
vestigated textures was optimized for 1 pm thickness. The predicted optimum ky, k>
values depend on the mode data used for evaluating the absorbance, and the values
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previously obtained in [35] were not exactly recovered by any of the inquired waveg-
uide configurations. The investigation into the coupled-mode theory approach can
be expanded to improve certain estimates, e.g. the number of channels, and the re-
sulting implications and predictions further compared with FDTD simulations fea-
turing HUD structures of varying characteristic values k1, k», which in turn would
allow a conclusion on both the theoretical approach as well as the set of mode data
employed.

From fig.2.16, it can be deduced that reducing Fabry-Pérot oscillations increases
absorption, which is accomplished by employing a hyperuniform pattern. Another
light trapping mechanism involving multi-resonant absorption has shown capabil-
ity to exceed the lambertian limit in some cases [19]. Positioning resonant scatterers
in an array with hyperuniform spatial distribution would combine both effects and
open up the possibility of "flattening" the FP-oscillations even further, and in ad-
dition could be tailored to target a wavelength range, where many photons of the
solar spectrum are available. So far, only a structure etched into the absorber has
been considered, though patterning the anti-reflection coating or the back-reflector
could in principle provide similar enhancement of absorbance with less fabrication
steps required. Also, a combination of patterned layers on front- and backside could
be considered, where each layer targets a specific portion of wavelengths or incident
angles for more complete absorption. Furthermore, the hyperuniform patterns offer
new perspectives for tandem cells, where a secondary ultra-thin PV cell with larger
bandgap is placed on top of a silicon cell. With a HUD-structure situated at their
mutual boundary, corresponding parts of the incident solar spectrum would be se-
lectively reflected or transmitted through a tunable, built-in photonic bandgap.
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Appendix A

Mode solver and absorption with
HUD-patterns

The following sections hold additional calculations and serve to give detailed in-
structions for replicating mode data and absorption figures of the main text (Ap-
pendix A), bond an ultra-thin substrate to a carrier using the specially made spin
coating mounts and an adhesive (Appendix B), as well as obtaining the structure
factor and filling fraction from SEM images (Appendix C).

Deriving the wave equation

This section includes the detailed steps to sec.2.1.1 for obtaining the wave equation
in simple media. The propagation of electromagnetic waves in vacuum and matter
is described by Maxwell’s equations. In the absence of free charge- (¢ = 0) and
current- (j = 0) densities, they can be simplified to eq. (A.1-A.4)[47]:

VE =0, (A1)
VB =0, (A2)
— - a —
VxE=-=5 (A.3)
GxB- OF (A.4)
~cot '

where E, B denote the electric field and magnetic flux density, respectively, and c the
speed of light in vacuum [47]. From eq. (A.3) and (A.4), the differential form of the
wave-equation for electric and magnetic waves can be found as follows. In case of
the electric field, one proceeds by taking the curl of eq. (A.3), applying Fubini’s the-
orem, and subsequently replacing V x B with eq. (A.4) to obtain:

VxVxE=-Vx2B=-2¥xB5,
— Y (VE) = V2E = -5 5E
2z O =
= VIE = 55E, (A5)

where the vector identity V x Vx = V¥ (@) — V2 and VE = 0 was used. Equiv-
alently, one may obtain the wave equation for the magnetic induction by taking the
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curl of eq. (A.4) and inserting it into eq. (A.3) to find:

2
> 5 (A.6)

— V2B = :
c2ot2

The simplest form of a solution for eq. (A.5) is given by the plane-wave equation
below:

=

E(X,t) = Eyexp [i (koX — wt)], (A7)

- i —w _ 1
where the free-space wavevector ko and frequency w are defined by c = ¢~ = |/ o
with vacuum permittivity €, and vacuum permeability .

Inside of a medium, eq.(A.4) takes on a different form in order to include the
response of the material (i.e. polarization, magnetization, induced currents) to the
propagation of electromagnetic waves:

V x H= —5, A8

cot (A.8)
where the relation between the magnetic field H and magnetic flux density B, and
the relation between the electric field E and the electric flux density D, for a lossless,
linear, homogeneous, and isotropic medium are given by:

D = ¢,E, (A.9)
B=uH. (A.10)

Here, ¢, = fo and yu, = % denote the relative permittivity and permeability of the
medium, respectively. Repeating the operations for obtaining the wave-equation
as outlined above, starting now from eq. (A.8) and re-substituting H and D with
eq. (A.9) and (A.10), respectively, equation (A.5) becomes:

2—'_ 67‘}4;’ 82 =
VE— CZ ﬁE/

(A.11)

where the fraction “5* denotes the inverse square of the phase velocity v~2 of the

wave in the medium, which may equivalently be expressed with the refractive in-
dex n = /€, = $[48]. The plane-wave solution for eq. (A.11) takes on the form:

=

E(at)::ﬁoexp[i(Ef-au)}, (A12)

where now the wavevector k = 7 - ko. Inserting eq. (A.12) into eq. (A.11) yields the
dispersion relation:

2 2,2
> w n-w
k=2 = — . A3
fr=2="5 (A13)
The wavevector k = 2 indicates the phase-change of the wave with respect to

distance in the medium, similar to w representing the temporal change of phase.
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Verifying boundary conditions through Maxwell’s equations

The eigenvalue equation (2.18) in the main text was obtained through ray-optical
consideration. The form of this equation can be validated through solving the wave
equation (A.11) for the case of the waveguide and stipulate boundary conditions,
namely continuity of fields and their first derivatives across the interface. For the
electric field of a wave travelling in the positive z—direction and polarized only in
the x—direction E = Ey - &, = E,, eq. (A.12) of the plane wave simplifies to:

E(X,t) = Ex(y,2,t) = Eye fwvemikezpiwt (A.14)

where E (x) =const, since the waveguide is assumed infinite in x.
When inserted into the wave equation (A.11), the left-hand side becomes:

V2E, = 2E, + 92E, = — (kj + kﬁ) E,, (A.15)
and the right-hand side:
n? n? ,
C—zatEx =W Ey, (A.16)

from which and also fig. 2.1b) follows:

nw? 2_p2 2
( 2 kz> E. = (kon® — p*) Ex = ky Ex. (A.17)
The expression (kon? — B?) is greater or equal zero inside the waveguide core, but
since n ~ 1 in air and B > ¢ for total internal reflection, k; must be negative and
hence k, imaginary outside the core. The plane-wave solutions for the latter case can
be written as:

y S —Z - El(yrzl t) = ekyl(y+%)Ex(Z’ t)’ (A]"g)

where ky, and k,; are now real constants for the upper and lower air half-spaces,
respectively. In the core:

h .
ly| < 5 = Ec(y,z,t) = e MYE (z,1). (A.20)
In order to simplify solving the boundary conditions at the interfaces we will deviate
from the generalized expressions and only describe the plane-wave for even modes
by a cosine function, though an equivalent procedure can be performed with the

odd modes featuring sine.
At the upper interface y = h/2, from

E, = E.cos <kyz + 4)) (A.21)
and from the first derivative:

h
kyuEy = kyE.sin (kyz + ([)) , (A.22)
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follows through elimination of E,,:

kyu
tan (kyg + 4)) = % (A.23)

Similarly, at the lower interface y = —h/2:

h
E; = E.cos <—ky2 + 4)) (A.24)
and the first derivative:
. h
kyE; = kyE.sin (kyz — q)) , (A.25)
which leads to:
tan | —k ﬁ—i— = @ (A.26)
i te) =5 :

Now taking the arctan from eq. (A.23) and (A.26) and subsequently adding both, the
resulting equation is:

k k
kyh +mm = tan~! (yu> +tan~! <yl> , (A.27)
ky ky

which is equvialent to eq. (2.18) divided by two, since k,h = ¢; = kon cos(f) - h and
Ky \/n%k% sin?(0) — n3k3 B

\/sinz(f)) - <ﬁ>2
tan ! -2 = tan! ki _ ®rp/2 = tan ! = tan"! =2
ky ky kony cos(6) cos(0)

Modesolver and Slab-Absorption

The python module for calculating the 1D mode data for a three-layered stack can be
freely downloaded from github, along with the module that calculates the estimated
absorption based on the mode data for stealthy hyperuniform point patterns.

The material constants, i.e. n k values, of the three layers in the stack need to be pro-
vided in tabulated values for n and k individually, where the wavelength in microns
composes the first column and the numerical value of n or k composes the second.
This data can be easily obtained for example from refractiveindex.info, values for
quartz, nitrogen, silicon, and silver from this collection of sources are already pro-
vided with the module.

Also provided is a jupyter notebook, which takes the user through every step from
creating a layered stack, calculating the propagation constants as well as the esti-
mated absorption for a variety of parameters, to plotting the results and exporting
data into useful tables. Below, the relevant sections of the notebook are printed as
figures, thus enabling the reader to use individually the provided modules and have
the jupyter instructions as a reference manual.
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The mode solver library

Let’s import the library which only has the Modedata class: (Enter the Code-containing
field by marking it and pressing "ENTER" and then compile by pressing "CTRL"+"ENTER")

python3-code

from MSclass13 import =

Use of tabulated data for refractive index values

The library is capable of importing the refractive index from any source, e.g. refrac-
tiveindex.info, if the data is provided in two separate text files for real and imaginary
part, where the filename consists of the material and the suffix "R" or "I" for real- and
imaginary, respectively. The files should each contain two columns with wavelength
in microns and the respective value in column 1 and 2, respectively. If the filename
cannot be found, generic values for air will be used (real=1, imaginary=0).

Example: Si: Two files: siliconR.dat and siliconl.dat.

Content: siliconR.dat

[lambda] [n] ( The first row will be skipped )
0.25510.4

0.256 10.7
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Let’s Create a Mode data object

python3-code

# Provide the wavelength bounds in microns:
# Lambda min, Lambda max, Lambda step
LambdaBounds=[0.4,1.2,.005]

# Provide the materials of upper clad, core,
# lower clad, respectively.
Layers=["air","silicon”,"air"]

# Provide the thickness of the waveguide in microns
Thickness=1.0

# Provide the number of significant digits to solve.
Precision=5

# Create a Modedata object m
m=Modedata (LambdaBounds ,Layers, Thickness ,Precision)

# Print the current status of the object
print(m)

# Generate the modedata now
m.generate ()

# Export mode data to txt file "name.dat”
m.Export(’name’)

# Plot the dispersion diagram to a file ’disp.pdf’
m.plDisp(’disp’)

List all available functions

python3-code

# Print README of possible options for the object
m.help ()

# Print all available sub-functions, their purpose & use
m.Fhelp ()

# Print all available plot functions, their purpose & use
m.Phelp ()
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The coupled-mode theory library
Import the library for CMT calculations:

python3-code

from CMTQ1 import =

Import mode data from file

python3-code

importModes (’name.dat’)

Here, the file extension needs to be provided.

Calculate integrated absorption

There are two equations available to calculate (2.33), denoted eq7a, and eq7b, which
are provided to the functions for integrated absorption, absorption spectrum, or k;
vs. ko plots.

eq7a corresponds to (2.33) with (2.31), and

eq7b corresponds to (2.33) with (2.36).

Also, the path length enhancement f, = 1 or f, = 4 can be chosen, denoted with
eq8a or eq8b, respectively. The nomenclature of the equations stems from the short-
ened derivation found in the full notebook available on github [68].

IA for ki = 10, k> = 20, via (2.33) with (2.31) and f, = 4:

python3-code

print (IA(10,20,eq7a,eq8b))

Plot absorption or absorbed fraction of the AM1.5 irradiance

In order to plot the absorption spectrum for k; = 10,k, = 20, via (2.33) with (2.31)
and f, = 4, and save it to a pdf with name "AbsVsLambda.pdf":

python3-code

plAbsorption(10,20,eq7a,eq8b,name="AbsVsLambda’)

If one wants to plot the AM1.5 spectrum and absorbed fraction thereof for k; =
15,ko = 60, via (2.33) with (2.36) and f, = 4, and save it to a pdf with name
"Am1l5spectrum.pdf":
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python3-code

plSpectrum(10,20,eq7b,eq8b,name="Am15spectrum’)

Plot heat map for absorbance against k; and k»

Plot a heat map for all k1,k; combinations in the range kmin = 5 to kmax = 40 with
0.5 increments, via (2.33) with (2.31) and f, = 1, and save it to a pdf with name
"heatmap.pdf":

python3-code

plk1k2(5,40,eq7a,eq8a,delta=0.5, name=’heatmap’)

The standard delta between k-values equals one, and depending on the chosen
parameters, this generation can take a very long time.

This concludes the minimal execution of the libraries, much more elaborate ex-
planations and additional functions are found in the notebook "Modesolver and Slab
Absorption.ipynb".
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Step-by-Step from Bonding to
Patterned Devices

The following shall serve as step-wise instructions for obtaining HUD structures on
fragile substrates using SCIL.

Depending on the choice of the substrate, the procedure may differ slightly be-
tween IBC cells and 10 ym-thick membranes.

Bonding

Attention: Prepare everything for the bonding procedure before opening the mem-
brane’s case, so that it stays protected and cannot be accidentally be picked up by
the draft in the fumehood.

Choose a mount. For 10 ym thickness, the PEEK mount with a spacer is recom-
mended. The same without a spacer is recommended with IBC cells. For thicker
substrates, one would use the aluminum mount without spacer. Fig.B.1 shows a
spacer cut from lens paper situated on the PEEK mount with a piece of (transparent)
mylar for vacuum seal testing.

Find out the spin parameters for the adhesive, in this case PMMA 950 A9, 3 months
old, undiluted. Spin coat a layer on cover-glass , scratch it and measure the depth.
350nm to 400 nm thickness works well will membranes. Twice as much thickness
(700-1000) nm is recommended for the IBC solar cells. Once the spin-parameters are
known (around 2000 RPM with 1000 RPM/s acceleration, closed bowl, 45, yielded
385nm for the above PMMA.), proceed with the special spin-coating mount.

Place the mount onto the spin-coater, optionally align the spacer with on the mount’s
center protrusion. Turn on the vacuum pump, but do not open the valve to the
mount yet.

Run an oxygen plasma "descum" for two minutes on the carrier to activate its sur-
face. Afterwards, place the carrier on a hotplate at 90°C until needed. Open the
membrane case and lift the membrane with soft plastic tweezers that have a spat-
ula on one end. Place the substrate centered on the protrusion (spacer), such that its
rim extends beyond the protrusion around the circumference, then open the vacuum
valve and check for deformations. If deformations occur and no spacer was used, it
may be necessary to polish the (PEEK) mount again. If the spacer seems to be the
cause, try exchanging it for another.

If no/little deformations are visible (cp. with fig.B.2), proceed to spin-coat the
PMMA according to the deduced parameters for the desired thickness. Shortly be-
fore starting the program, take the carrier from the hotplate to cool it down a little
before bonding. Immediately when the spin-coater lid opens, be ready to place the
carrier onto the membrane. Do so carefully and without applied force initially, but
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FIGURE B.1: PEEK mount with lens paper spacer cut to the outer diameter
of the mount’s center protrusion. On top of the spacer sits a piece of ~
20 pm-thick mylar and the vacuum pump is turned on.

FIGURE B.2: Left: Membrane on Spin-coater mount after turning on vac-
uum. A flat surface is visible. Right: Deformations of a membrane when
using special mount with insufficiently polished surface.

let the carrier settle by its own weight. If a transparent carrier is used, the bond
quality can immediately be assessed by eye and if voids are visible, repeatedly ap-
ply light pressure to above the center of the membrane (fig. B.3), but try not to move
the carrier to much in the direction parallel to the interface. If a spacer was used, the
carrier with membrane attached can be lifted off of the mount immediately, flipped
and placed onto a hotplate for baking at 120 °C for 180s.

Without a spacer and the PEEK mount, instead of placing the carrier onto the mount,
take the mount including membrane and flip it over, then carefully place it centered
onto the carrier. The direct-bonding forces between the membrane and PEEK will
keep it from falling off for some time. Apply light pressure to the center of the back-
side of the mount to make contact between the carrier and the substrate. Now use
an Np-gun and align its nozzle with the center hole on the backside of the mount
(fig. B.4). Slowly depress the trigger to build up a little over-pressure, almost imme-
diately the mount should slide free from the air-cushion being created beneath it, so
that it can be removed from the bonded stack and the latter placed onto the hotplate
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FIGURE B.3: After placing the carrier onto the substrate after spin-coating,
apply light pressure to the center of the carrier above the membrane to make
contact and remove voids.

(120 °C for 1805s).

FIGURE B.4: Reverse-blow nitrogen through the mount to detach it from the
membrane and flatten the latter against the carrier before baking.

With the Al-mount and spacer the procedure is equivalent to the one with spacer
above. If no spacer is used and the substrate is thicker than 10 ym, thermal-expansion
debonding can be attempted (fig. B.5). In that case, place the carrier onto the mem-
brane while the latter is still attached to the mount on the spin-coater and apply light
pressure. Now take the stack off the spin-coater, flip it and place it on the hotplate at
120°C. A few seconds later an audible noise will let you know the mount is ready to
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be picked up. Use two pairs of tweezers to do so, since the mount may already have
reached a high temperature.

FIGURE B.5: After picking up the mount with membrane and carrier at-
tached, flip it and place it onto the hotplate for baking the PMMA and re-
leasing the mount from the membrane.

Continue to bake the PMMA for another three minutes.

Sometimes, residual PMMA will be visible on top of the bonded membrane, espe-
cially around its circumference. If this is the case, prepare a program on the spin-
coater with open lid, and spin the carrier with membrane facing upwards at 100-
300 RPM. Make sure the center of rotation aligns with the center of the membrane.
Take a squirt-bottle of acetone and another of IPA. Start with squirting acetone ex-
clusively to the center of rotation (the membrane) in a continuous stream for about
10-15s and without a break switch to squirting with IPA at the same location, for an-
other 10-15s. Stop the spin and assess the situation, if not all residue was removed,
repeat the procedure. If the membrane is clean, dry it with N, from a great distance.
Now a proper bond should be obtained.

SCIL-Imprint

Prepare the SCIL-imprint station, make lots of room for all the equipment. Use a
20 mm thick copper plate (or something comparable) as a sturdy, solid backing. Ap-
ply a few droplets of IPA to the copper and place a clean 4" standard wafer onto the
copper. Let the IPA evaporate to direct-bond the std-wafer to the copper, or move it
around a little to accelerate the process. Acquire the sol-gel and let it warm to room
temperature for at least 30 min, then transfer it two a single-use syringe and apply a
200 nm-filter cap to the syringe. Make sure to remove most of the air in the syringe
after filling it. Prepare the SCIL stamp for imprint by cleaning it with water, ethanol,
and water once more, before blow drying it carefully and completely.

Get ready for the imprint, where everything needs to happen consecutively without
breaks. Place the carrier with substrate directly onto the spin-coater and spin the
sol-gel for 10s at 2400 RPM for Spinodal, with 1000 RPM/s acceleration and open
bowl. As soon as the process is done, move the substrate onto the std-wafer and
center it. Now take the glass carrier holding the stamp and flip it, so that the stamp
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FIGURE B.6: Sol-gel filled into a syringe with 0.2 ym filter cap. Remove as
much air as possible

is facing the substrate. Find the pattern on the stamp by tilting until diffraction re-
veals it, then use this angle to align the pattern above the substrate and lower the
stamp onto it.

Perform the "SCIL-motion", by pressing a finger (preferably thumb) onto the pat-
terned area beginning at one edge, then rolling the finger towards the opposite side.
When it can anatomically roll no further, lift it and repeat the motion from about
half-way of the last rolling distance. Repeat these steps until the far edge of the pat-
tern is reached. Now start over from the first edge and repeat the procedure with
slightly increased pressure about 2-4 times, or until no air bubbles remain.

Leave everything as it is after the last repetition and start the time of 9 min for evap-

FIGURE B.7: Align the stamp and the pattern on it with the substrate on the
SCIL imprint station.

oration.

Separating the stamp from the substrate is done by picking up the stamp from its
willow-glass carrier and flipping it over, so that the substrate faces upwards. Now
bend the glass slightly, which will cause an edge of the substrate to separate from
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the stamp, outside of the patterned area. Insert a pair of closed tweezers into the gap
and let the tweezers do the work of separation, then lift the tweezers until one of its
legs slips out and comes above the substrate. Now close the tweezers again and pick
up the substrate in a single upward motion. Congratulations, you have made just
made sub-micron patterns over an area of square centimeters on a membrane!

Reactive-ion etching

Reactive-ion etching is performed as explained in the main text, sec. 3.5. The etcher
used for this work requires four-inch substrates, so the smaller samples are bonded
to a std-Si wafer carrier using Fomblin oil. Ultimately, if the composition of the
porous SiO»-layer from the sol-gel and the native oxide and their respective etch
rates are known, a 2-step RIE could be calibrated for the procedure. At present
knowledge, standard duration for the SiO, etches using CHF3/Ar for the sol-gel
and Cl, for the native oxide are retained and the Si-etch duration calibrated for the
desired depth according to the etch speed of 3.4 £ 0.2nm/s.

An inter-layer of PMMA before spin-coating the sol-gel was used in some exper-
iments, originally for enabling lift-off of the sol-gel residual after etching, but the
same also served as an "etch-stop" for the first sol-gel etch (breakthrough etch), since
the PMMA is hardly attacked by CHF3/Ar. The PMMA layer was then opened using
an O,-plasma etch step calibrated at 100 nm/min etch speed, before removing native
oxide with chloride. The parameters of the O,-plasma etch are given in table B.1.

TABLE B.1: Parameters of PMMA-etch using oxygen plasma in a Plasmal-
abPRO 100 RIE etcher. The etch speed is found in the order of (100 &
10) nm/min for the structures under consideration.

Step time (s) Gases Flow rate (sccm) RF (W) ICP (kW)
PMMA-etch 180 O, 25 50 0
Debonding

Debonding thin membranes should be attempted with patience, since depending
on the size and thickness of the PMMA-layer, substantial amounts of time maybe
necessary to allow access of the solvent to all bonded regions. With up to 24 hrs
waiting time, all bonded substrates were found floating on their carriers and could
be collected with ease, while premature probing with tweezers against the side of a
membrane always led to cracks, when debonding was not fully completed.

Prepare a beaker with a sufficient volume of acetone, such that it does not evaporate
to lay bare the substrate over night. Place the bonded stack inside the beaker with
the sample facing upwards and the carrier touching the bottom of the beaker. Apply
some tinfoil or similar to the top of the beaker to slow the evaporation of acetone
and leave it in a fumehood. Return after 24 h.

The bonded stack will look the same upon return, but there is a layer of liquid now at
the interface instead of the PMMA. Prepare a second beaker with sufficient volume
of isopropyl alcohol and a third one with de-inoized water. Take a pair of tweezers
with spatula and transfer the carrier including floating substrate to the beaker with
IPA. Try to keep the carrier as horizontal as possible to prevent sliding of the sample
- if necessary, tilt the beaker while picking up the carrier and do the same with the
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new beaker during immersion of the stack.

Wait some time to allow for the IPA to replace the acetone at the interface, 5-10 min
should suffice.

Repeating the procedure from before, pick up the carrier including sample from the
IPA beaker as horizontally as possible and move it to the water beaker, but do not
submerge it. Instead, tilt the carrier about 20 ° and slide it into the water beaker at
a shallow angle until the surface of the water barely covers the sample. Reverse the
motion until the entire sample is above the surface again, then re-approach and re-
peat the procedure. After a few tries, the surface tension of the water will separate
the membrane from the carrier, at which point the former will be free-floating on
the water surface, from where it can be recovered with a pair of suitable tweezers or
another carrier.

For a new carrier, microscope coverslips have been used successfully to pick up the
sample and direct-bond it to the glass through slow evaporation of the water in air
afterwards.

The IBC cells on the other hand are much more sturdy and can be picked up with
tweezers directly from the IPA bath following the debonding in acetone as described
above.

Earlier bonding attempts

There are four different bonding cases displayed in fig. B.8. All direct-bonding at-
tempts show bumps of residual salts in case of water, or air-inclusions in case of IPA,
which remain also when a mixture of the two is employed. An attempt which was
not investigated further due to incompatibility with subsequent processes is through
a reverse application of Peel-and-stick mechanism [83]. The same could become use-
ful, however, where no restrictions on exposed metal during subsequent processing
apply. Fig.B.9 shows a bonding attempt without special membrane mount. The

FIGURE B.8: Visual inspection of bonding with top-left Fomblin oil; top-
right IPA, looking through the transparent carrier at the bond interface;
bottom-left DI-water; bottom-right PMMA.

PMMA in this case was spin-coated on a quartz carrier and subsequently a 10 ym-
thick membrane placed on it, followed by the baking step. There are deformations
visible near the reflection of light on the sample, which rendered this particular route
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unsuitable for the SCIL imprint processing and subsequent analysis, since the influ-
ence of the deformations cannot be easily resolved.

FIGURE B.9: 10 ym-thick membrane bonded to quartz by spin-coating

PMMA on quartz and subsequently placing the sample on it, followed by

baking. Close to the reflection in the center of the sample, bumps and de-

formations from degassing PMMA are visible and the bond quality is more
comparable to the attempts in fig. B.8.
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Analysis of SEM images

In this chapter, the procedure for obtaining Si filling fractions and radial profiles
from SEM images is explained. Additional graphs referenced in the main text are
also found here.

Taking images with SEM

Data extraction is substantially simplified and most reproducible if one already op-
timizes contrast and brightness at the time of taking images with the electron micro-
scope.

Obviously, a properly focused image is always necessary, which is most easily ac-
complished when the sample and its surface exhibit good conductivity.

When the image is properly focused, adjustments of brightness and contrast can
help setting a height-threshold later in the processing software. If the contrast is set
too high, edges located at the walls connecting top- and lower level of the structure
will record the highest brightness values as in fig. C.1. This will lead to an increased
contrast also on the top level, potentially rendering certain regions almost as dark
as the lower level, thus making the distinction more difficult. A strategy is to start
with an intermediate contrast and subsequently lower the brightness until only few
places of the structure remain visible. At this brightness value, reducing contrast
can lead to a very homogeneous appearance of the top surface with edges no longer
being overexposed. Keep the contrast at this value and successively increase bright-
ness again, until the top surface is clearly distinguishable from the valleys of the
structure, where the latter remains as dark as possible. Often times this procedure
already allows capture of images with proper illumination, but can in any case be
aided with minute adjustments of brightness and contrast.

Fig. C.2 shows an SEM-excerpt and its brightness histogram, where only one broad
peak is visible. This is an example showing a structured polymeric resist of low
conductivity, which is unsuitable for proper analysis. The SEM image showing a
honeycomb structure in fig. C.3 was adjusted exaggerate the effect of splitting the
low contrast peak in fig. C.2 into two, one of which is located at the center of the
histogram shown in lower fig. C.3 and corresponds to the valleys, while the walls
(top level) receive the maximum brightness value. Setting a threshold in this case is
substantially facilitated in comparison to fig. C.2.

Processing SEM images with Image]

After opening the SEM images with the software [100] or a comparable program, a
threshold is set using the brightness histograms shown as examples in fig. C.2 and
C.3. When the images were properly adjusted at the time of taking them with the
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FIGURE C.1: SEM image excerpt showing pentagram-shaped holes etched
into silicon. The contrast is set too high, which leads to the edges being most
bright and also bright spots occurring inside of the holes.

3 um ——

° AMOLF

FIGURE C.2: SEM image excerpt including brightness histogram showing
no distinguishable levels.
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FIGURE C.3: SEM image of honeycomb structures with high brightness and

low contrast, making the distinction between top level and valleys easier. A

histogram of brightness values shown at the bottom reveals a peak in the

center corresponding to the valleys, while the walls are represented at the
maximum brightness value.

SEM, two distinct peaks corresponding to the two height levels are visible. The
threshold corresponds to two 8-bit values, which enclose the part of the histogram
being set to one, while the part of lower brightness outside the threshold receives a
value of zero. The upper threshold value is always set to 255, corresponding to the
maximum brightness present in the image, while the lower value is chosen some-
where in the center between the peaks. In many cases, the minimum in-between
the peaks is broad and flat, such that reproduction of a certain value for the lower
threshold is somewhat arbitrary. In order two avoid the introduction this situation,
the threshold setting is performed twice on each image, which also produces an es-
timated error for the subsequent measurements.

The analysis performed on the images to obtain either filling fractions or structure
factors requires circular selections of an area within the images. The circular se-
lections are always taken at the center with equal radii, in order to minimize the
discrepancies.

Fig.C.4 and C.5 show screenshots of the software tools for taking the threshold,
where in both cases the same image was analyzed, but a different lower threshold
value chosen. The difference between the values is low in this example, and both are
placed left and right on the steps directly adjacent to the minimum in-between the
peaks.

Also displayed in both figures is the circular selection with equal radii of 415 pixels.

Obtaining filling fractions

After setting the thresholds and making the circular selection, the image is cropped
to the latter and an automated measurement routine of the program returns the frac-
tions of pixels yielding a brightness value of one, which corresponds to the silicon
filling fraction. From both images shown above (fig. C.4 and C.5), the filling fraction
amounts to 78.79 % and 76.06 %, respectively. The arithmetic mean of these values is
used as the measurement result, while the difference between both values is taken
as an estimated error for the measurement.

The filling fraction versus dose factor for the honeycomb structure is given in the
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FIGURE C.4: Screenshot of Image] while taking the threshold for top level /

valley distinction of a Spinodal pattern. The upper threshold is fixed at 255

(max), and the lower is set on the first step left from the minimum between
the brightness peaks.
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FIGURE C.5: Screenshot of Image] while taking the threshold for top level /

valley distinction of a Spinodal pattern. The upper threshold is fixed at 255

(max), and the lower is set on the first step right from the minimum between

the brightness peaks, in order to gauge the error of this method. Note that
the top level in this image is highlighted in red.
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main text in fig.3.3 and for the remaining structures found in the graphs below,
fig.C.6 - C.8.
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FIGURE C.6: Silicon filling fraction of HUD Holes structure for different
charge dosages ranging from (100 — 180) pC/cm?. Column mode: MC60.

Obtaining structure factor

With a threshold taken and the image cropped to a circular selection, a Fourier-
transformed image using an included FFT algorithm can be obtained. For the cali-
bration of spatial frequencies, both the real pixel width in meters and the pixel-size
of the cropped image are needed. Image]J allows to set a length calibration, which
facilitates reading values in the unit of meters directly before and after the Fourier
transformation. In the FFT image, the center pixel corresponds to a frequency of 2%,
and its adjacent pixel to ;—2Z— the second from the center to W&m/z, the third
to W;Tion/él’ et cetera, where the dimension is given from the length in pixels (or
calibrated distance) of the previously cropped image.

In order to obtain the radially-averaged profile, another circular selection this time
of the FFT-image is required. Next, a plugin for the software[101] is activated,
which allows for size-adjustments and positioning of the circular selection, before
the averaged-profile is calculated via confirming the selection. If a spatial calibration
was used, the unit of this profile is given in (distance/cycle) and in the opposite case
the unit is calculated by using the relation between pixels and distance in real space,
as outlined above. The structure factors of all patterns used for this work are sum-
marized in fig. 3.7 in the main text. Fig. C.9 below shows an extracted radial profile
from a honeycomb image in the software. For the structure factors presented in the
main text, the dual image processing was omitted, and instead the lower threshold
value set to the 8 bit number representing the center minimum between the peaks of
top level and valleys. In order to estimate the error of the structure factor method,
the dual image method is performed on the Spinodal structure at DF=1.4, which
shows about the largest error of the filling fraction determination among all patterns
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FIGURE C.7: Silicon filling fraction of Spinodal structure for different charge
dosages ranging from (100 — 180) uC/cm?. Column mode: MC60.

as shown in fig. C.7. From these two images, an upper limit for the error of the radial
profile is assumed, which amounts to £1 % for the second figure of merit (3.1) with
respect to the design, and +1.4 % for the third FOM with respect to the gate function,
as seen in the respective graph in fig. C.10.
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FIGURE C.8: Silicon filling fraction of optimized periodic structure for dif-
ferent charge dosages ranging from (100 — 180) uC/cm?. Column mode:
HMC40.

FIGURE C.9: Fourier-transformed SEM image of a honeycomb structure
(left) and from it the radially-averaged profile (right) extracted using a plu-
gin [101] for the Image] [100] software.
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FIGURE C.10: Estimation of the error for determining the structure factor
via the SEM method. The dual images produced according to the section
about filling fraction above are compared to the design values using the
figures of merit, where Cal. 0/1 correspond to the min/max values for the
threshold setting. The Spinodal pattern is chosen at a dose of 1.4, which
shows among the largest error in the filling fraction determination.
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