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ABSTRACT

Thin film solar cells offer a potential reduction in fabrication and material costs compared
to conventional solar cell geometries, together with the possibility of flexible devices.
Nevertheless, the reduced absorber thickness, usually below 1 µm, implies a decrease
in the absorption of light and, therefore, a reduction of the efficiency. We address this
absorption loss by studying the coupling of light incident on the solar cells into the optical
waveguide modes supported by the absorber layer. In previous works this coupling was
only shown either at specific wavelengths or in a very broad spectral range, with periodic
and random arrays of nanoparticles, respectively. In contrast, in this thesis we focus on
optimized arrays of nanoparticles and textures, zebra patterns, that allow for the excitation
of waveguide modes in the desired range of wavelengths.

We fabricate periodic, random and optimized arrays of cylindrical nanoparticles with
substrate conformal imprint lithography, while the zebra patterns are fabricated by means
of two different techniques: focus ion beam (FIB) and electron-beam lithography. All
structures are constituted of Si patterns on top of a Si substrate. We measure the power
spectral density (PSD) of all patterns with a home-built Fourier microscope, which allows
us to recover the angular distribution of the light scattered by the structures. The results
show that the optimized array of nanoparticles and zebra pattern exhibit a distribution
of the intensity of the diffracted light in the desired range of momenta, k | |, which can
be tailored to match with the wavevectors of the waveguide modes. In particular, the
zebra pattern shows a high concentration of diffracted light within the selected range of
momenta, thus being more desirable for photovoltaic applications.

As a next step, we demonstrate the coupling of light into waveguide modes in thin film
solar cells by periodic and optimized structures. First, we consider a CuInxGa1−xSe2
(CIGSe) solar cell with a periodic pattern of SiO2 nanoparticles on an indium tin oxide
(ITO) substrate. We find that the measured external quantum efficiency (EQE) exhibits
an overall improvement and, in particular, we can distinguish peaks at the wavelengths in
which the momentum provided by the grating matches with the wavevectors of the modes.
Secondly, we evaluate absorption enhancement of ultrathin Cu2ZnSnS4 (CZTS) solar
cells containing the optimized zebra patterns, fabricated of SiO2 on top of a molybdenum
substrate, by performing finite-difference time-domain (FDTD) simulations. The results
show an increase in absorption over broad ranges of wavelengths, leading to a predicted
6 % rise of the short current density with respect to the unpatterned cell.

Finally, we investigate the optical properties of CZTS solar cells through cathodolumines-
cence (CL) spectroscopy. We observe that our sample, which consists of a CZTS layer
with a thin film of CdS on top, does not exhibit significant variations in the luminescence
spectra over different regions, with separations up to a few millimetres. Main intensity
peaks are observed at 520 and 920 nm, corresponding to emission from CdS and CZTS,
respectively. An additional peak at 760 nm is observed, which is attributed to CdS or the
CdS/CZTS interface.

Overall, this thesis provides insight into the scattering of light from nanostructured inter-
faces, which can lead to further light trapping enhancement in thin film solar cells.
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C h a p t e r 1

INTRODUCTION

1.1 Ultrathin solar cells
Solar cells have achieved a remarkable development in the last years, with record efficien-
cies up to 27.6 % for conventional single junction silicon cells [1] and decreasing price
per generated watt [2, 3]. However, new challenges arise for photovoltaics (PV) to be
able to fully compete with conventional energy sources, such as a further reduction of the
cost per module, in addition to other features such as its integration into buildings and the
landscape, among others. Thin film PV can address this reduction in cost by allowing a
substantial decrease in the amount of material used and fabrication expense, since it allows
a decrease in absorber thickness from the conventional 100-200 µm for Si solar cells to a
few hundred nanometre for thin film PV materials. This reduction in thickness yields new
opportunities in PV, such as the fabrication of flexible devices that can be combined with
electronics, buildings or other objects. However, the use of thinner layers also implies a
decrease in absorption of light and therefore research is needed to address this problem by
cost-efficient light trapping strategies.

Light incident on a solar cell travels through the absorbing film, where part of it will be
absorbed and the rest will be transmitted and, thus, lost, unless the cell contains an effective
light management mechanism. We can characterize the loss in absorption due to a reduc-
tion in thickness by calculating the absorption length of a material, δp, which describes
the distance that light needs to travel inside a material for its intensity to decrease by 1/e
(δp = λ/4πκ(λ), where λ is the free space wavelength and κ is the imaginary part of the
refractive index). Figure 1.1 shows the absorption length as a function of the wavelength
for Si, GaAs, which holds the current record efficiency for single junction cells [1], and two
thin film materials, Cu2ZnSnS4 (CZTS) and CuInxGa1−xSe2 (CIGSe). From the figure
we can already see that Si is not well suitable for thin film photovoltaics due to its small
absorption length, thus research needs to be focused on alternative materials. Moreover,
even if the absorption length is already low for GaAs, CIGSe and CZTS, reduction of
thickness below 1 µm still demands for light trapping solutions.

1.2 Light coupling into waveguide modes
An approach to improve the absorption of light inside thin film (or ultrathin) solar cells
is to study light coupling into waveguide modes. Most photovoltaic materials have a
high refractive index and, thus, support waveguide modes, in which light can propagate
in the longitudinal direction of the film. Hence, nanostructured patterns can be used to
redirect light into these modes by adding an in-plane momentum k | | to the incident light
that matches with the wavevectors of the guided modes. In conventional thick solar cells,
the absorber supports a large amount of modes, thus nanopatterns are used to redirect
light towards angles higher than the critical angle. Nevertheless, when the thickness of the
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Figure 1.1: Absorption length of Si, GaAs, CZTS and CIGSe as a function of the wavelength.
Optical data for Si and GaAs has been extracted from ref. [4], while the one from CZTS and
CIGSe have been obtained from ellipsometry measurements [5] and are discussed in appendix B.

absorber is reduced down to a few hundreds of nm, only a set of discrete waveguide modes
are suppported and, therefore, further optimization is needed to match the momentum
given by the nanopatterns with these modes.

Figure 1.2: Power spectral density (PSD) maps of different patterns of nanostructures,
obtained from ref. [6]. (a-c) Real space maps of periodic (a), random (b) and optimized (c)
arrays of nanocylinders, together with an optimized texture (d). The scale bar indicates 500 nm
in all cases. (e-h) Corresponding 2D PSD spectra of the previous patterns. Here the scale bar
indicates 13 rad µm−1 and the horizontal and vertical axes correspond to kx and ky . The periodic
pattern shows strong peaks at specific momenta, which is not optimum if we want broadband light
trapping, while the random pattern provides a range of momenta that is too broad compared to the
available modes. As an alternative, the optimized array of nanocylinders and the texture allow to
tune the distribution of the peaks within a certain range of k | |.
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A way of analysing the momentum provided by a pattern of nanostructures is through
the 2D spatial Fourier transform, or power spectral density (PSD), of the pattern. The
Fourier, or k-space, map gives information about the momentum provided to the light that
is diffracted by a given pattern of nanostructures, and thus it is a useful tool to evaluate
the potential coupling to waveguide modes. A common pattern used in photovoltaics is
a periodic grating of nanostructures, such as nanocylinders, as shown in figure 1.2 (a).
In this case, light is diffracted following the grating equation, and therefore the provided
in-plane momentum can only take a set of discrete values of k | |, as can be seen from the
Fourier transform of the pattern (fig. 1.2, b). Notice that here the horizontal and vertical
axes correspond to kx and ky respectively, with k | | =

√
k2

x + k2
y . The exact positions in

k-space of the peaks of PSD are determined by the periodicity of the grating and corre-
spond to the different diffraction orders. This momenta provided by the grating already
allows for an enhancement in the absorption of solar cells due to coupling to waveguide
modes, as shown in several works [7–9]. However, the k | | given by a grating can only
match the wavevectors of the waveguide modes at very specific wavelengths, according to
the dispersion relation of the layer in consideration. In contrast to this, random patterns
of nanostructures can scatter light to any direction due to the lack of periodicity. An
example of a random pattern of nanocylinders is shown in figure 1.2 (b), together with its
corresponding Fourier transform (f). In this case, all values of k | | can be achieved up to
a maximum, related to the minimum spacing between the nanocylinders. Nevertheless,
the range of k | | given by these patterns is too broad compared to the range of wavevectors
available to couple to, as will be described further on.

Van Lare et al.[6] demonstrated a method for optimizing a pattern of nanocylinders via
a Monte Carlo algorithm in order to maximize its corresponding PSD within a certain
range of k | |. The particular value of this range depends on the dispersion relation of the
film. The real and Fourier space of this optimized pattern is shown in figure 1.2 (c and
i, respectively). We can observe that even if the real space looks random, the peaks in
the k-space are concentrated inside a ring within a certain range of k | | . As a further
optimization, it was also shown that a texture as the one shown in figure 1.2 (d) instead
of a pattern of nanocylinders allowed for a better enhancement of the PSD in the desired
range of momenta. In this case (fig. 1.2, h) the PSD is highly concentrated inside the ring
in k-space, and becomes practically zero outside of this area. From here on we will refer
to this optimized texture as a zebra pattern.

1.3 Outline of the thesis
This thesis aims to evaluate experimentally the scattering of light by the patterns proposed
by van Lare et al. and to study their performance when integrated in particular solar
cells. In Chapter 2, we discuss the Fourier microscopy setup that was built to study the
diffraction of light by nanopatterns. Subsequently, inChapter 3we present the fabrication
of the patterns and the measurements of their PSD in the Fourier microscope. Chapter 4
then evaluates the approach of light coupling into waveguide modes through two different
examples: a CIGSe solar cell, for which absorption enhancement with a periodic nanopat-
terning has already been tested, and a CZTS cell, for which simulations have been done
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to prove the effectiveness of the zebra patterns. Finally, we also investigate the optical
properties of current CZTS solar cells by studying the material, provided by Jeana Hao’s
group from University of New South Wales (UNSW Sydney), with cathodoluminescence
spectroscopy. This method allows us to evaluate the luminescent properties of the ma-
terials and possible band gap variations with respect to the expected ones over different
positions and depths.
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C h a p t e r 2

FOURIER MICROSCOPY

In order to experimentally verify the behaviour of the optimized patterns we need a setup
that can measure the direction of the scattered light or, equivalently, the Fourier transform
of the structures. This was done by means of a home-built Fourier microscope, which is
described in this chapter.

2.1 Introduction to Fourier microscopy
Fourier microscopy allows to recover the direction in which light is radiated from an
object. The simplest Fourier system is a lens: when an object placed at the front focal
distance of a lens is illuminated, the 2D-transform of the emitted field is reproduced at
the back focal plane (BFP). In other words, each direction of the emitted light that can
be captured by the lens corresponds to a single point in the back focal plane. In order to
retain the largest possible angles we can use an objective instead of a lens.

k||

k

k||

BFP

k||

BFP

Sample

θ

ky

kx

Optical
axisa) b)

α

Objective

k

Figure 2.1: Schematic of the relation between the emitted light and the back focal plane of
the objective. (a) For each different angle θ of the emitted light the parallel component of the
wavevector, k | |, corresponds to a point at the BFP of the objective. Therefore, the BFP can be
identified as a circle in the k-space, with its radius given by the numerical aperture (NA) of the
objective. (b) Geometry of the BFP, with each point being determined by a radius k | | =

√
k2
x + k2

y

and angle α = tan (ky/kx).

Figure 2.1 (a) depicts the relation between the emitted light and the BFP of the objective.
The coordinates at the BFP correspond to the parallel momentum, k | |, of the light, which
can be described as:

k | | = k0nm sin θ (2.1)

where nm is the refractive index of the propagating medium, k0 is the wavenumber in
free space, related to the free space wavelength λ0 by k0 = 2π/λ0, and θ is the angle of
the outgoing light with respect to the optical axis. Therefore, the BFP is a circle in the
k-space, as shown in fig. 2.1, with its radius determined by the maximum angle that can
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be captured by the objective, i.e., its numerical aperture (NA), defined as:

NA = nm sin θ (2.2)

Due to the geometry of the objective the BFP is contained inside it, thus we need additional
optical components to reproduce it.

2.2 Experimental setup
A schematic of our home-built setup for Fourier imaging is shown in figure 2.2. The setup
is built to measure only in reflection, meaning that the objective is used both to send light
on the sample and to capture the scattered light. Therefore, we can divide the setup into
two main parts: the illumination of the sample and the collection of the scattered light
and subsequent formation of the real and Fourier images. In addition to this, since we use
immersion oil to achieve a high NA, it is preferable to have the sample placed horizontally
on a moving stage. Hence, we need a simple periscope before the objective to change the
optical axis from horizontal to vertical.

2.2.1 Illumination of the sample
In our setup we have two illumination sources. The first one is an LED, which is mainly
used as a help for focusing on the sample when starting an experiment. The main source
in our experiments is a supercontinuum laser (ExtremeK, Fianium), which provides nearly
unpolarized collimated white light in the spectral range 350-1750 nm. After this, we can
use a filter (LLTF contrast, Fianium) to select the desired wavelength. The wavelength
used for the experiments was 405 nm, which allows us to obtain a range of momentum
k that is large enough, as shown in eq. 2.1, and at the same time this wavelength is still
inside the operating range of most optical components. In addition to the measurements
at 405 nm, we also performed them at 490 nm to test the performance of the microscope
at different wavelengths. The results at this wavelength are shown in appendix A.1.

Since our setup works in reflection, the light from the source goes through a high-NA 100x
objective (Nikon, WD=0.13 mm, NA=1.4 oil immersion). However, instead of using the
objective to focus the light on the sample, as usually done, we want to have a collimated
beamwith normal incidence on the sample. This can be achieved by placing a lens between
the laser and the objective. The distance between the lens and the BFP of the objective
needs to be exactly the focal length of the latter, fF , which in our case was 30 cm. In this
way, the collimated beam coming from the laser is focused on the centre of the BFP of
the objective, which corresponds to an angle of zero degrees with respect to the objective
axis. The spot size on the sample is around 20 µm, which can be measured by using a
mirror as a sample.

2.2.2 Real and Fourier space imaging
We have two imaging modes: real and Fourier space. The change between both can be
done by flipping in or out the corresponding optical components (in green in fig. 2.2).
The real space mode works as in conventional microscopes: the light is collected by the
objective to form an image. Since our objective is infinity corrected, we need a tube lens
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Figure 2.2: Schematic of the Fourier microscopy setup. The microscope can be used for real
and Fourier space imaging. The components in green are only needed for Fourier-space imaging.
In this case, the beam from the laser is focused with a lens ( fF =30 cm) on the back focal plane
(BFP) of the objective . The light is incident on the sample with normal incidence and the scattered
light is collected by the objective. The BFP can be imaged through a Fourier lens ( fF =30 cm).
The BFP is first reproduced using a telescope ( ftel = 10 cm) to block the centre (corresponding
to low momentum k) and after that is reproduced again with a tube lens ( fT=20 cm) on a CMOS
sensor. For real space imaging, only this last lens is needed.

( fT = 20 cm) to focus the light on a CMOS sensor (DCC1645C, Thorlabs), which allows
us to obtain the image. The distance between the objective and the tube lens is arbitrary,
while the distance between the latter and the CMOS sensor is fT .

The Fourier space mode demands for an extra lens located at a distance equal to its focal
length, fF =30 cm, with respect to the BFP of the objective. This would be enough to
image the BFP on the CMOS. However, when imaging the Fourier plane, the intensity on
the centre, corresponding to low spatial frequencies, is very high. This is due to the strong
0-order diffraction and reflections from the objective produced when focusing the laser
beam on the BFP. In order to avoid saturation of the CMOS sensor, we filtered the centre
by reproducing the Fourier plane through a telescope, with ftel = 10 cm, and physically
blocking the centre. The block consisted of a 250 nm-thick spot of chromium, with a
diameter of 200 µm, sputter coated on a 170 µm-thick glass slide.
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2.3 Characterization of the microscope
Three main characterization and calibration experiments have been developed in order to
test the functioning of the microscope and include any necessary corrections.

2.3.1 Numerical aperture
The first experiment is to characterize the experimental NA of our Fourier microscope,
which should be around 1.4 as given by the manufacturer, and to obtain a relation between
the size of the image on the CMOS sensor (in pixels) and the corresponding k | |. We per-
formed a test with a fluorescent dye (absorbing at wavelength λabs ' 405 nm and emitting
at λem ' 650 nm) on a glass slide. The main idea is that light emitted by the dye with
k | | < k0 can easily escape to the air below the sample, while the rest of the light with k | |
up to NA k0 will be captured by the objective. Details about this experiment are explained
in appendix A.2.

NA k0

k0

a) b)

Figure 2.3: Emission of a fluorescent dye. (a) The Fourier image depicts the intensity of the
light emitted by the dye as a function of the position on the CMOS sensor. The highest intensity
circle corresponds to the BFP, while the circle with lower intensity matches the escape cone of
light emitted by the dye. (b) Cross-section corresponding to the black line in (a). The two dotted
lines indicate the main changes in intensity, matching the position in pixels of the circles in (a).

Figure 2.3(a) shows the k-space image obtained with our Fourier microscope. The hor-
izontal and vertical axes correspond to the x and y pixels of the CMOS sensor, while
the colour indicates the number of counts, equivalent to the intensity of light incident
on the sensor. The back focal plane can be identified in any Fourier image as a circle
with high intensity compared to its outside. Hence, only the features contained inside the
BFP hold information regarding the k-space, while the outside corresponds to background
light, coming mainly from other sources of light in the room and noise from the CMOS
sensor. In the example of the dye, the BFP can be easily identified as the area with the
highest intensity, and we know that the radius corresponds to the maximum k | | achievable,
k | | max = NA k0. Therefore, from this we can obtain the relation between k | | and the pixels
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on the CMOS. To better quantify it, figure 2.3(b) shows a cross-section corresponding to
the line in black in fig. 2.3(a). In the figure we can see a sharp decay of the intensity at
around x = 470 px, indicating the size of the BFP.

In this particular example of the dye we can see that in the BFP there is a second circle
with a lower intensity, corresponding to the escape cone of the light, with k | | < k0. This
transition can be observed in fig. 2.3(b), between x = 314 px and x = 356 px. We can
take an average of these two positions and obtain the ratio between the radius of the BFP
and the one from the escape cone, which corresponds to the NA:

NA =
NA k0

k0
'

470 px
336 px

' 1.4 (2.3)

Hence, the experimental NA matches with the one given by the manufacturer. Moreover,
now we can obtain the value of k | | represented by each pixel, kpx:

kpx =
NA k0

470 px
= 0.047 rad µm−1 px−1 (2.4)

Notice that this value will depend on the wavelength of the source. Here we have used
λ = 405 nm.

2.3.2 Distribution of k | |
Another important characterization of our Fourier microscope is the distribution of k | | in
the Fourier images. We expect k | | to be linearly distributed on the BFP of the objective,
thus our images should present the same arrangement. In order to test it, we used a
4 µm-pitch grating of Cr nanowires on top of inverted Si pyramids, provided by Mark W.
Knight. Figure 2.4 (a) shows an SEM image of this grating, together with its Fourier
image in fig. 2.4 (b). Despite the complexity of this sample, the main features that we
observe in the Fourier image are the diffraction orders of the Cr grating, with k | | given by:

k | | =
2π
Λ

√
m2 + n2 = 1.57

√
m2 + n2 [rad/µm] (2.5)

where Λ is the pitch (4 µm) and m, n = 0,±1,±2... refer to the different orders. This be-
comes particularly noticeable in the horizontal and vertical axes. Fig. 2.4 (c) and (d) show
the cross-sections in these directions, in which we can observe that the distance between
consecutive orders is held constant and equal to approximately ∆k =1.49 rad µm−1. This
value is very close to the one expected for this grating (eq. 2.5), with the small discrepancy
probably coming from errors in the exact determination of the positions of the peaks and
of kpx .

As a final remark, we should notice that in the Fourier image the zero and lowest orders
are blocked with the central block, as explained in section 2.2. This is done in order to
avoid saturation of the image and will be a common feature in all of the Fourier images
presented in this thesis.
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Figure 2.4: Fourier imaging of a periodic grating. (a) SEM image of a grating of Cr nanowires
on top of inverted Si pyramids (made byMarkW.Knight), with its corresponding Fourier image (b).
The grating behaviour is mainly exhibited in the indicated horizontal and vertical lines, in which
each dot represent a diffraction order. Plots (c) and (d) show the cross-sections corresponding
to these lines. The average spacing between the orders (maxima in the plots) is 2π/Λ, with the
periodicity Λ being 4 µm.

2.3.3 Intensity correction function
Finally, we need to characterize the intensity that we obtain in the Fourier images. Ideally
we would expect that the value of intensity at each k | | in our images matches the amount of
light scattered by the sample with that momentum. However, in the experiments we need
to take into account other factors that might affect this relation, such as angular dependence
of the transmission of the objective, inhomogeneous illumination and vignetting, among
others. Hence, we need to obtain a correction function that accounts for any of these
effects by calibrating our a setup with a sample that has a well-known distribution of the
scattered intensity. Since in our experiments light arrives on the sample with only one
angle (normal incidence), we need a sample that scatters light in all directions. We chose a
commercial reflectance standard (Spectralon, Labsphere) that has a lambertian behaviour,
i.e., the scattered intensity at each angle is given by:

ILamb(θ) = I0 cos θ (2.6)
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where θ is the angle with respect to normal to the sample, and I0 is the intensity scattered
at θ = 0°. This lambertian scattering is usually optimized for large fields of views, of
the order of millimetres, since the particles that compose the material have sizes of the
order of 100 µm. In contrast to this, the spot size of the light on the sample is around
20 µm in our setup. In order to overcome this limitation, we took 50 measurements at
different positions and averaged them, thus in this way we expect to retrieve the lambertian
behaviour. In addition to this, since we are looking at the k-space, which has a non-linear
distribution with respect to the angle θ, we need to convert eq. 2.6 into k | | coordinates,
which can be done by dividing by cos θ [10]. Therefore, we would expect the intensity to
be a constant:

ILamb(k | |) = I0 (2.7)

Hence, the correction function will be:

C(k | |) =
ILamb, CMOS(k | |)

ILamb(k | |)
=

ILamb, CMOS(k | |)
I0

(2.8)

where ILamb, CMOS is the intensity recorded by the CMOS at each k | |. In our case we do
not have access to I0 because we have the central block, but since we are only interested
in the relative intensity among different k | | we do not need to quantify it.

Figure 2.5: Correction function of the intensity as a function of k | |. (a) Fourier image of
a Lambertian scatterer, obtained by averaging over 50 different positions on the sample. This
image corresponds to the intensity correction function. (b) Plot of the intensity integrated over the
polar angle. We cannot retrieve the intensity scattered at low momenta due to the presence of the
central block. For intermediate k | | the correction is more or less constant and decreases rapidly for
momentum larger than ∼19 rad µm−1 due to the apodization function of the objective.

The correction function C(k | |) obtained using eq. 2.8 is shown in figure 2.5 (a), in which
the colour scale represents the normalized intensity (in arbitrary units). Moreover, we can
integrate the image over the polar angle (indicated in fig. 2.1, b) to obtain the average value
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as a function of the radius, in this case corresponding to k | |, as plotted in fig. 2.5 (b). We
cannot obtain the intensity at low k | | due to the presence of the central block, but becomes
high for the first accessible values of k | |. From here on, the correction function decreases
slowly with increasing k | | up to ∼19 rad µm−1, from where it decreases very rapidly, due
to the apodization function of the objective and the entire setup [10, 11]. Finally, the
correction function drops to zero as it approaches to kmax = NA k0. Taking this correction
function into account, the intensity in the Fourier image for any sample will be corrected
such that:

Ireal(k | |) =
ICMOS(k | |)

C(k | |)
(2.9)

where we call Ireal(k | |) to the actual intensity that we would expect to be scattered by the
sample.
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C h a p t e r 3

FABRICATION AND MEASUREMENT OF OPTIMIZED
NANOPATTERNS

In this chapter we measure the power spectral density of the light trapping patterns
designed by Claire van Lare in ref. [6]. This includes the fabrication of periodic, random
and optimized arrays of nanopillars and of the optimized textures. In all cases, the Fourier
transform of the fabricated structures can be performed and compared to the actual results
from the Fourier microscopy measurements.

3.1 Arrays of nanopillars
We first focus on the three different arrays of nanopillars shown in fig. 1.2. The material
chosen to fabricate these samples was Si, due to its high reflectivity, meaning that we will
receive more signal in the Fourier microscope measurements, and ease of nanofabrication.
Given that the diffraction of light is determined by the geometry of the sample rather than
the material, we expect that the results observed in Si can be equally applied to other
materials.

3.1.1 Fabrication
The arrays of nanopillars were fabricated using substrate conformal imprint lithography
(SCIL) [12], in which a PDMS stamp containing the desired pattern is used to transfer it
on a layer of silica sol-gel, which has been previously spin-coated on the Si wafer (1000
rpm for 30 s). This results in an array of sol-gel nanoparticles on top of the wafer with a
thin residual layer of sol-gel in between them, which can be removed with a breakthrough
etch. The remaining sol-gel nanoparticles can be used as a mask in the successive reactive
ion etching (RIE) process, which allows for the directional etch of Si to obtain vertical
structures with the desired height. Finally, the residual sol-gel can be removed with a 1%
hydrofluoric acid (HF) solution. Figure 3.1 (a) shows a schematic of the fabrication steps
and the parameters for the plasma etching are shown in table 3.1. In this particular case,
we used a SCIL stamp containing a set of 2.5 x 2.5 cm2 fields of periodic, random and
optimized arrays, all of them with approximately the same density of nanopillars. The
random and optimized fields were designed by stitching together many of the 4 µm-sized
arrays shown in fig. 1.2 (a-c).

Figure 3.1 (b) shows a scanning electron microscope (SEM) image of a cross section of the
final nanopillars, which was made using a focused ion beam (FIB) with prior deposition
of a layer of Pt to increase the contrast. From the cross section we can see that the height
of the pillars is around 165 nm, as we already expected according to the etching time used.
Moreover, the walls are not completely straight but tilted, thus forming a structure close
to a truncated cone, with the top diameter of 125 nm and bottom one of 205 nm. This is a
common effect in nanofabrication and could be improved by optimizing the spin-coating
andRIE processes, butwe do not expect it to have significant consequences for our purpose.
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Parameters Breakthrough etch Si etch

Gases Ar: 25 sccm
CHF3: 25 sccm

HBr: 48 sccm
O2: 2 sccm

Pressure 15 mTorr 7 mTorr
HF: Forward power 67 W 30 W
ICP: Forward power 0 W 750 W
Temperature 20 °C 50 °C
Etch rate ∼ 15 nm/min ∼ 155 nm/min

Table 3.1: Parameters of plasma etching (RIE) for breakthrough etch (sol-gel etch) and Si
etch.

Si wafer

Sol-gel
PDMS
stamp

I. II.

III. IV.

V. VI.

a) b)

Figure 3.1: Fabrication of array of Si nanopillars by SCIL. (a) Schematic of the main steps in
the nanofabrication procedure: a thin film (∼ 70 nm) of silica sol-gel is spin-coated on a Si wafer
(I) and a PDMS stamp is used to transfer a given pattern to this sol-gel film (II-III). After this, a
breakthrough etch (RIE, Ar+CHF3) is performed to remove the residual layer of sol-gel between
the pillars (IV), and finally the thick sol-gel forming the pillars is used as a mask to etch the Si (RIE,
HBr+O2) (V). The remaining sol-gel is removed with an HF dip (VI). (b) SEM image of a cross
section a Si nanopillar made with FIB. The scale bar indicates 50 nm. The height is approximately
165 nm and the top and bottom diameter are 205 nm and 125 nm, respectively. The grains on top
of the pillar correspond to the deposited Pt.

An overview of the three types of arrays can be seen in fig. 3.2, with SEM images under
an angle of 52°. The periodic array (a) clearly shows an ordered distribution of particles,
with a pitch of around 400 nm. In contrast, both the random and optimized arrays (b and
c, respectively) show a disordered distribution, without any observable periodic feature.
In addition to this, we can observe that there are several small nanoparticles close to the
main ones, which is probably due to defects present in the PDMS stamp. However, we do
not expect these imperfections to have a significant effect in the PSD measurements.
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Figure 3.2: SEM images of different arrays of nanoparticles fabricated with SCIL. (a)
Periodic, (b) random and (c) optimized arrays of nanoparticles, seen under an angle of 52°. The
scale bar indicates 400 nm. In addition to the main nanoparticles, there are some smaller ones,
which are defects from the fabrication.

3.1.2 Discrete 2D Fourier transforms
As a first approach to evaluate the power spectral density of the fabricated arrays, we can
perform the two-dimensional discrete Fourier transform of the SEM images by using a fast
Fourier transform algorithm [13]. We used top-view images with a total size of around
20 µm, which is close to the field of view of our Fourier microscope, as discussed in section
2.2.1. The images and their corresponding 2D discrete Fourier transforms are shown in
fig. 3.3 (a-c and d-f, respectively). The intensity in the maps has been normalized and
the dashed white circle indicates the range of k that can be collected with our Fourier
microscope. The zero-frequency component, which has a very high intensity indicating
the average brightness of the image, has been removed for better visualization. In the
experiments, this component would correspond to the light reflected by the arrays and
depends on the reflectivity of the material and height of the structures [14].

The Fourier transform of an array of particles is composed of two main contributions:
the shape of the particles, usually referred to as structure or form factor [15], and their
distribution [16]. In our case, the form factor of a circular scatterer is an Airy pattern, with
the Airy disk corresponding to a brighter circular region, as indicated by the arrow in fig.
3.3 (e), with size determined by the diameter of the particles. The main effect, however,
comes from the distribution of the particles in each array. In the periodic structure (3.3, d),
we can observe intensity peaks placed at the position k | |=15.6 rad µm−1, corresponding to
the first diffraction order of a grating as described in eq. 2.5, with periodicity Λ=400 nm.
Here the intensity of the peaks is very high compared to the form factor, which is not
visible in the map. In contrast, the Fourier transform of the random array shows a more
distributed intensity over the entire Airy disk. In particular, there is a higher concentration
in the range of momentum 11-23 rad µm−1, probably due to the fact that the array is not
completely random but there is an average spacing among particles, ranging from 270 to
570 nm. Finally, the optimized array shows a similar Fourier pattern, but with the intensity
distributed in a smaller range of momenta (14-20 rad µm−1), as expected according to the
optimization procedure.
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Figure 3.3: SEM images of the arrays of nanoparticles seen from the top and their cor-
responding discrete 2D Fourier transform and Fourier microscopy images. (a-c) Top view
SEM images of the periodic, random and optimized arrays, respectively. The scale bar indicates
2 µm. (d-f) 2D discrete Fourier transforms of the SEM images. The white dashed line defines
the maximum range of k | | that can be obtained with our Fourier microscope, and the array in (e)
indicates the Airy disk due to the circular shape of the particles. The Fourier transform of the
periodic array (d) matches with the one from a periodic grating, with periodicity Λ=400 nm. The
random array (e) shows a broad distribution of intensity, with a higher concentration at the k | |
corresponding to the average distances between particles, while the optimized array (f) exhibits
high intensity in a narrower range of momenta. The corresponding diffraction patterns obtained
with the Fourier microscope (g-i) show similar trends.

3.1.3 Measurements with Fourier microscope
The power spectral density of the nanoparticle arrays was measured using the Fourier mi-
croscope described in chapter 2. The intensity of the incident light was kept constant for
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all the measurements, such that we can compare the scattered intensity between different
samples. The obtained PSD maps are shown in figure 3.3 (g-i), in which the intensity
is normalized with respect to the maximum for each image, and the dashed white circle
indicates again the maximum k | | achievable with the setup. For the periodic array (fig. 3.3,
g), the Fourier image matches perfectly with the discrete 2D Fourier transform, with four
peaks corresponding to the first diffraction orders ([0,1], [0,-1], [1,0] and [-1,0]). More-
over, in this case we can also see some contribution from the [11] orders, which are at the
limits of the achievable values of k | |. In order to see clearly the intensity contribution at
each k | |, figure 3.4 shows the integration of the images over the polar angle (α as depicted
in fig. 2.1, b). For the periodic structure (blue curve) we can see again a high intensity
peak at the expected value of k | |.

If we now look at the Fourier image of the random array (fig. 3.3, h), we can observe that
the intensity of the diffracted light is distributed over the entire back focal plane, which
was already expected from the discrete 2D Fourier transform due to the form factor, as
discussed in 3.1.2. Nevertheless, this distribution is not homogeneous but the intensity
becomes slightly higher for increasing k | |, which can also be observed in the plot of the
integrated intensity (fig. 3.4, green line) and matches with the behaviour seen in the
discrete 2D Fourier transform. Similarly, the Fourier image of the optimized array (3.3, i)
also shows light distributed over the entire BFP. However, in this case we can distinguish
more clearly a ring in the range of k | | from 15 to 21 rad µm−1, corresponding to the limits of
the BFP. This effect can be identified more clearly in the integrated intensity plot, red line
in fig. 3.4, where the intensity follows a trend similar to the one for the random array up to
15 rad µm−1, but the slope becomes more pronounced at larger k | |. Given the agreement
between the experimental results and the 2D Fourier transform, we can use the latter to
predict how light will be scattered for momenta larger than the maximum achievable with
our setup.

3.2 Zebra patterns
The optimized array of nanoparticles already shows a higher concentration of scattered
light in the desired range of k. Nevertheless, we can go further by considering now the
optimized texture or zebra pattern, as shown in fig. 1.2 (d), which is tailored to distribute
the diffracted light in a narrow range of momenta.

3.2.1 Fabrication
Two different techniques were used for the fabrication of the structures: focused ion beam
and electron beam lithography. In both cases we used Si as a substrate. Following the
same approach as before, the design of the pattern was made by stitching together several
fields, with each unit cell corresponding to the texture shown in 1.2 (d). Even though the
original field has a total size of 2 µm, we can scale it to tune the range of k | | such that it
fits with the range that we can collect with our Fourier microscope. Therefore, we chose
to have unit cells of 4x4 µm2, in addition to an extra sample with size 6.5x6.5 µm2 to test
the scalability in k-space.
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Figure 3.4: Plot of the number of counts registered on the CMOS sensor integrated over the
polar angle as a function of k | |. The periodic array (blue) shows a clear peak at 15.6 rad µm−1,
corresponding to the first order of the diffraction pattern. The random and optimized patterns
(green and red, respectively) exhibit a similar trend for momenta up to 15 rad µm−1, with a slight
increase in the intensity. For larger k | |, the optimized array shows a higher slope in intensity
compared to the random one, in agreement with the expected the concentration of light in this
range.

3.2.1.1 Patterning with FIB

The first attempt to fabricate the zebra pattern was performed by milling a Si substrate
with focused gallium ions (Ga+) (FEI Helios Nanolab 600), which allows to reproduce a
given pattern on the substrate. Figure 3.5 shows SEM images of two samples fabricated
with this method. The first field (a) is composed of 6.5x6.5 µm2-size unit cells and has a
total field size of 20x20 µm2, while the second one (b) has 4x4 µm2 and 60x60 µm2 unit
cell and total size, respectively. The parameters used in the fabrication of both are given
in table 3.2. We can observe that the zebra pattern is better reproduced in the first field (a),
which shows relatively high transitions between the high and low parts of the structure.
This is probably due to the fact that the unit cell is larger and, thus, the feature sizes are
big (∼ 200-300 nm) compared to the achievable resolution. Moreover, when patterning
small fields (20x20 µm2) the required magnification in the SEM is larger, which improves
the resolution of the final pattern. Instead, the second field (b) exhibits less steep walls,
with smoother height transitions. In both cases the height of the structures was less than
90 nm, which was measured by making cross sections with the FIB.

Patterning with FIB allowed us to have a first approach in the fabrication of the optimized
textures. However, nanofabrication with this method has several challenges, such as the
limited field size that can be patterned due to the large time required (∼ 3.5 h for the
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Parameters Field 1 Field 2
Size unit cell 6.5x6.5 µm2 4x4 µm2

Size total field 20x20 µm2 60x60 µm2

Current 27 pA 27 pA
Voltage 30 kV 30 kV
Dwell time 1 µs 1 µs
Magnification 10000x 3500x

Table 3.2: Parameters for fabrication of zebra patterns on silicon with focused ion beam.

60x60 µm2 field) and the resolution dependence on the magnification. In addition to this,
we should take into account the implantation of Ga+ ions on the substrate and redeposition
of the milled material on the structure, which will alter the final result. Hence, we chose
electron beam (e-beam) lithography as a next step in the fabrication of the optimized
textures.

Figure 3.5: SEM images of the two zebra patterns fabricated with focused ion beam. (a) Field
with a unit cell of 6.5x6.5 µm2 and total size 20x20 µm2. (b) Field with 4x4 µm2 and 60x60 µm2

unit cell and total sizes, respectively. The scale bar equals 5 µm in both images.

3.2.1.2 E-beam lithography

Figure 3.6 (a) shows a schematic of the main steps for the fabrication of the zebra pattern
using e-beam lithography. In the process, a monolayer primer (HMDS) and photoresist
(AR-P 6200/2) are first spin-coated on a clean Si wafer (4000 rpm for 40 and 45 s, re-
spectively). Subsequently, the pattern is written by e-beam lithography (Voyager) using
an electron beam energy of 50 keV, 0.4 nA beam current, 20 nm step size and a dose of
100 µC/cm2. In this case, the patterns consisted of a 200x200 µm2 field composed of
4x4 µm-size unit cells stitched together in a periodic fashion. Next, the sample is devel-
oped and cleaned with a series of chemical compounds (pentyl acetate, o-xylene, methyl
isobutyl ketone (MIBK):isopropyl alcohol (IPA) (9:1) and IPA). Plasma etching is needed
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Figure 3.6: Fabrication of the zebra pattern with e-beam lithography. (a) Schematic of the
main steps in the nanofabrication process: a thin layer of photoresist is spin-coated on a Si wafer
(I) and patterned with e-beam lithography (II). Subsequently, the exposed resist is developed (III)
and plasma etching is used to etch the Si (IV). Finally, the remaining resist is removed (V). (b)
Cross section of the fabricated structure, showing a height of approximately 200 nm. The scale bar
indicates 100 nm and the grains on top of the structure correspond to the deposited Pt.

Parameters Oxide etch Si etch

Gases Cl2: 50 sccm
HBr: 48 sccm
O2: 2 sccm

Pressure 7 mTorr 7 mTorr
HF: Forward power 30 W 30 W
ICP: Forward power 750 W 750 W
Temperature 60 °C 60 °C
Etching time 11 s 80 s

Table 3.3: Parameters of plasma etching (RIE) for native oxide and Si etch.

to first remove the native and then etch the Si to obtain the desired height, with the details
shown in table 3.3. Finally, the remaining photoresist is removedwith base piranha. Figure
3.6 (b) shows a cross section of the structure, from which we can obtain that the height
of the features is around 200 nm, which is much higher than the structures obtained with
FIB. The SEM images of the complete structure are shown in fig. 3.7, from the top (a) and
from an angle of 52° (b). We can observe that now the sides of the structures are sharp,
with clear transitions between the low and high regions (dark and bright respectively in
fig. 3.7 a).

3.2.2 Discrete 2D Fourier transforms
We can now perform again discrete 2D Fourier transforms of the SEM images of the
fabricated patterns. Figure 3.8 shows the top view of the two samples fabricated with FIB
(a, b) and the one done using e-beam lithography (c), together with their corresponding
Fourier transforms (d-f). We will refer to these fields as 1, 2 and 3, respectively. The
Fourier maps exhibit in the three cases a ring with high intensity compared to the rest of
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Figure 3.7: SEM images of the zebra pattern fabricated with e-beam lithography. (a) Top
view and (b) perspective from an angle of 52°. In both cases the scale bar indicates 1 µm. In the
top view, the dark areas correspond to the etched Si, while the bright areas have a height of 200 nm.

the map, which matches with the expected distribution from the theoretical zebra pattern,
as depicted in fig. 1.2 (d). In particular, field 1, with 6.5x6.5 µm2 unit cell-size, exhibits a
higher intensity in the range of 7-11 µm rad−1, while the other two show a ring comprising
the range of 12-17 µm rad−1. This is in accordance with the expected scalability of the
Fourier transform as a function of the size of the pattern. Moreover, we should notice that
this scalability also affects the width of the ring: large patterns allow for concentration of
light in a narrower range of k | |. In addition to this, when comparing the maps of fields
2 and 3, which have the same unit cell but different fabrication method (e and f), we can
observe significant differences. Field 2 (e) shows a concentration of diffracted light within
the mentioned range of k | |, but the intensity exhibits a non uniform distribution inside this
range, being higher over one of the diagonals. This effect can already be seen in the initial
design by van Lare (1.2, d), but becomes less noticeable in the Fourier transform of field
3. The latter shows an almost equivalent distribution in all directions. Furthermore, it
exhibits less intensity at low k | | compared to the sample fabricated with FIB, while the
scattering at large momenta is higher than in fields 1 and 2.

Lastly, we should notice that the shapes in the Fourier maps that we describe are always
composed by discrete intensity peaks instead of a continuum. This effect is due to the fact
that our samples are constituted by a periodic arrangement of small fields, and therefore
we can observe the diffraction pattern of this periodic arrangement. In particular, the
peaks have an average spacing of ∼1 µm rad−1 in field 1, which would correspond to an
average periodicity in real space of Λ = 2π/1 µm rad−1=6.3 µm that matches closely with
the 6.5 µm of the unit cell.
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Figure 3.8: SEM images of the fabricated zebra patterns seen from the top and their
corresponding discrete 2D Fourier transform and Fourier microscopy images. (a-c) Top view
SEM images of the fields fabricated with FIB (a, b) and e-beam lithography (c). The first field
is composed by a unit cell of 6.5x6.5 µm2, while the other two have 4x4 µm2-size unit cells. The
scale bars indicate 4 µm. (d-f) 2D discrete Fourier transforms of the SEM images. The white
dashed line indicates the maximum range of k | | that can be obtained with our Fourier microscope.
All of the fields show a concentration of intensity within a certain ring in the k-space, in the
range 7-11 µm rad−1 for field 1 (d) and 12-17 µm rad−1 for fields 2 and 3. The corresponding
diffraction patterns obtained with the Fourier microscope (g-i) agree very well with the discrete
Fourier transforms.

3.2.3 Measurements
Finally, we can test the distribution of the light scattered by the fabricated samples using
the Fourier microscope. Figure 3.8 (g-i) shows the resulting diffraction patterns, where the
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white dashed circle indicates again the maximum k | | that can be captured. Additionally,
in fig. 3.9 we also plot the number of counts on the CMOS sensor, which is integrated
over the polar angle, as a function of k | |. In general we can observe that the measurements
agree very well with the previous discrete Fourier transforms, reproducing perfectly the
scales in k-space and the distribution of the intensity, in addition to the periodic diffraction
effects coming from the unit-cell repetition. Therefore, this proofs that the zebra pattern
has a clear scattering pattern corresponding to a ring in a range of k | |, which can be tuned
with the field size.

If we look closely at the different fields, we can observe that field 1 shows a high and nar-
row intensity peak at k | | around 8.7 µm rad−1, as shown in fig. 3.9 (blue line). In the same
fashion, field 2 (green line) shows a high intensity in the expected range (12-17 µm rad−1),
even though lower than the rest of the fields, and the Fourier image (fig. 3.8, h) exhibits
again a non uniform distribution of the intensity over the ring in k | |, with higher intensity
over one of the diagonals. The latter is in agreement with the 2D Fourier transform of the
same field and suggests that comes from the fabrication of this pattern. Interestingly, in this
case the intensity at low k | | is lower than the one expected according to the discrete Fourier
transform. Lastly, the intensity distribution of field 3 (fig. 3.9, red line) corresponds to
the same range of k | |, but in this case is higher than for field 2. Moreover, we should
notice that this field in general has a higher intensity offset compared to the two previous
ones. This could be due to the fact that the structure is higher than the samples fabri-
cated with FIB, and therefore the scattering strength might vary with different heights [14].

3.3 Discussion and outlook
In this chapter we have shown that we can tune the direction, and therefore momentum,
of the diffracted light by changing the shape and distribution of arrays of nanoparticles or
textures, such as the zebra pattern. So far, we have not addressed the diffraction efficiency,
i.e., the ratio between light diffracted into the desired direction and total incoming light
[17]. If we consider the limit case in which the height of the nanopattern is zero, there is
only reflection and, therefore, only the zero diffraction order is present, while increasing
the height leads to the exhibition of higher diffraction orders. Hence, we expect that
the height of our nanopatterns will have a significant role in determining the diffraction
efficiency. In a similar fashion, until now we have only considered patterns constituted
by the same material, Si in our samples, but we could also think of fabricating structures
of a given material on top of a different one, as we will consider in the next chapter. In
this case, the optical constants and, therefore, reflectivity of each material are different,
meaning that we add an extra parameter to tune the diffraction efficiency.

Apart from the diffraction efficiency of the nanopatterns, it is also important to consider
the spatial coherence of light. In our approach, the scattering of light into the desired range
of k | | is possible thanks to the constructive and desctructive interferences of light scattered
at different positions on the nanopattern. Therefore, this redirection will only take place if
the incident light has a coherence length of at least the size of the diffraction pattern, i. e.,
the phase of the light at different points of the sample needs to be correlated for a distance
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Figure 3.9: Plot of averaged number of counts on the CMOS sensor as a function of k | | for
the three fabricated patterns. Field 1 (blue), corresponding to a unit cell of 6.5x6.5 µm2, shows
a clear peak at 8.7 µm rad−1, while fields 2 and 3 (green and red, respectively), with unit cell of
4x4 µm2, show an intensity distribution in the range 12-17 µm rad−1. The field fabricated with
e-beam lithography exhibits in general a higher intensity, probably due to the larger height of the
structures in comparison to the samples fabricated with FIB.

equal or larger than the size of the patterns [18]. Otherwise, light at different positions will
be scattered independently and no diffraction pattern will be formed. Divitt and Novotny
recently showed that the coherence length of sunlight can vary from around 80λ, where λ is
the wavelength, for direct light down to 7λ for highly diffuse sunlight [19]. Consequently,
when optimizing or scaling the nanopatterns that we have shown we should always take
into account that the size of a unit cell should be equal or smaller than this coherence length.
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C h a p t e r 4

APPLICATIONS IN SOLAR CELLS

Once we have shown the distribution of light in the k-space by the different nanopatterns,
we can study and optimize their effect when applied to solar cells. In this chapter, we
first show the coupling of light into waveguide modes through a CIGSe solar cell with a
patterned periodic array, which leads to an absorption enhancement in the final fabricated
cell. As a further step, we use FDTD simulations to evaluate the effect in the total absorp-
tion of a CZTS solar cell.

4.1 Periodic arrays for light trapping in CIGSe solar cells
CuIn1−xGaxSe2 (CIGSe) solar cells are promising candidates to compete with Si pho-
tovoltaics thanks to their increasing development in the last years, achieving a record
efficiency of 22.7 % [20]. However, in order to further reduce the fabrication cost and
usage of material, we can still decrease the absorber thickness, which is currently 2.5-
3 µm for the world record [21], while tackling the consequent loss in absorption. It has
been shown that adding dielectric nanoparticles at the rear of 400-500 nm-thick CIGSe
layers improves the overall absorption of the solar cell [5, 8]. In particular, an efficiency
enhancement from 6.8 % for the flat cell to 10 % for the nanopatterned one was measured.

a) b)

AZO (240 nm)

ZnO (130 nm)
CdS (50 nm)

CIGSe (390 nm)

ITO (200 nm)

Glass

SiO2

Figure 4.1: Absorption enhancement in CIGSe solar cells with a periodic array of dielectric
nanoparticles. (a) Schematic of a unit cell of the modelled solar cell geometry. (b) Modelled
absorption in the CIGSe layer for a 390 nm-thick flat cell and a patterned cell with the 452 nm thick-
ness and nanoparticle pitch of 513 (corresponding to the experimental one), 530 and 550 nm. The
absorption for a 452 nm-thick flat cell is also shown to compare with the Fabry-Pérot resonances.
Fig. (a) and the data from (b) have been extracted from ref. [5].

The absorption in the CIGSe layer can be modelled using finite-difference time-domain
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(FDTD) simulations [22]. The unit cell of the modelled geometry is shown in fig. 4.1 (a),
where the absorber has a thickness of 390 nm and the SiO2 nanoparticles, with bottom
and top diameter of 102 and 205 nm, respectively, and 210 nm height, are distributed in a
periodic array with pitch 513 nm. Figure 4.1 (b) shows the absorption spectrum for a flat
cell (dashed black) and a cell containing the periodic array of nanoparticles (blue). In both
cases the volume of the absorber is preserved, and thus the thickness is increased for the
cell containing the particles. We can observe that for wavelengths larger than 600 nm the
absorption of the nanopatterned cell increases with respect to the planar one. Moreover,
when changing the pitch from 513 to 530 (orange) and 550 nm (green) we observe that the
absorption spectrum changes, with two main peaks at 900 nm and 1050 nm that red shift
for increasing pitch, as indicated in the figure.

In order to further understand the origin of this enhancement, in this thesis we studied
the effect of coupling of the light scattered by the nanoparticle array to the waveguide
modes supported by the CIGSe layer. The optical data of the constituent materials in a
CIGSe solar cell are shown and discussed in appendix B.1.1. The high refractive index of
CIGSe allows it to support several optical waveguide modes. In particular, we can obtain
their dispersion relations, thus relating the wavelength of the light propagating inside the
material with the in-plane wavevector of the mode, kwaveguide, which is equivalent to the
parallel momentum k | | that we have been considering in the previous chapters. Fig. 4.2 (a)
shows the dispersion relations of the lowest-order transverse electric and magnetic modes
(TE and TM, respectively) supported by a planar structure such as the one shown in 4.1 (a)
but without the SiO2 nanoparticles. The relations were calculated by means of the transfer
matrix method [23] and do not account for the uncertainty in the value of k | | due to the
absorption of the material, which should have an effect mainly at short wavelengths where
the absorption coefficient is high. This uncertainty accounts for the fact that in an absorb-
ing mediumwe can excite a certain waveguide mode within a certain range of wavevectors,
with this range increasing for high absorption [24]. Higher orders can also be found but
the electric and magnetic fields are no longer entirely confined inside the absorber layer.
We can observe this confinement of the fields by plotting them as a function of the depth
in the structure. Fig. 4.2 shows the electric field profile of the electric modes, TE0 (red),
TE1 (blue) and TE2 (yellow) for a wavelength of 850 nm, together with the correspond-
ing refractive index at each layer for this wavelength (c). All of the fields are confined
inside the CIGSe layer, with only a small leakage into the adjacent layers for the TE2mode.

We can increase the path of the light inside the material, and thus the probability of being
absorbed, by exciting these modes by the incoming light. For this purpose, we need to
match the momentum of the light with the corresponding wavevectors of the modes. This
momentum can be provided by the periodic array of nanoparticles and follows the grating
equation presented in eq. 2.5, which depends on the pitch of the grating and the different
diffraction orders. In particular, the momentum provided by the [10] order of the 513 nm-
pitch array is 12.3 rad µm−1, which coincides with the TE1 and TE2 modes at wavelengths
around 1050 and 900 nm, as indicated in fig. 4.2 (a, blue dots). These wavelengths match
with the ones where we observed an enhancement in the absorption of CIGSe (fig. 4.1,
b), indicating a possible coupling between the scattered light and the waveguide modes.
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Figure 4.2: Fundamental waveguide modes of a planar CIGSe solar cell. (a) Dispersion
relations of the lowest-order transverse electric and magnetic modes (TE and TM, respectively)
for a planar structure as the one shown in 4.1 (a) without nanoparticle arrays. The momentum
provided by the periodic arrays of nanoparticles match with the wavevectors of the bounds at the
wavelengths where we see an enhancement in the absorption, thus suggesting possible coupling
to waveguide modes. (b) Electric field distributions at 850 nm of the TE0 (red), TE1 (blue) and
TE2 (yellow) as a function of the depth in the structure, together with the corresponding refractive
index at each layer (c). The fields are completely confined inside the CIGSe layer, except for a
small leakage into the adjacent layers for the TE2.

Moreover, the arrays with pitch 530 and 550 nm also match the wavevectors of the modes
at the wavelengths with absorption peaks, thus offering a further proof of this coupling.
Finally, we should consider that the TE0 also matches the [01] order of the array but only
at wavelengths above the band gap, thus absorption is not possible. Other orders, such
as the [11] and [22], could also be coupled to the wavevectors, but no effect is shown
in the absorption spectrum, probably due to their lower diffracting efficiency due to the
form factor (discussed in section 3.1.2 and ref. [16]). In addition to this, we should also
notice that even though we calculated the dispersion relations for a planar cell, we can
still observe a momentum matching between modes and scattered light, indicating that
the modes of the planar geometry are not significantly perturbed by the presence of the
nanoparticles.

4.2 Zebra patterns for light trapping in CZTS solar cells
Following the same idea as for the periodic arrays of nanoparticles, we can now use the
zebra patterns to enhance light trapping in thin film solar cells and study its coupling to
waveguide modes. Even though the approach can be applied to any photovoltaic material,
we evaluated its effectiveness by considering Cu2ZnSnS4 (CZTS) solar cells, which are
increasingly gaining interest due to their earth-abundant composition and band gap close to
the optimum one according to the Shockley-Queisser limit [25]. In particular, we focused
on the solar cells developed by the group of Dr. Xiaojing Hao, from the University of
New South Wales (UNSW Sydney), which currently holds the world record in efficiency
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(9.2 %) for thin film pure sulfide CZTS cells [20, 26]. The geometry of these solar cells
is shown in figure 4.3 (a), where the absorber has a thickness of around 800 nm and it is
fabricated on top of a molybdenum-coated glass substrate. On top of the CZTS layer thin
buffer layers, Zn0.35Cd0.65S and ZnO, are grown, together with a 200 nm-thick indium tin
oxide (ITO) film. The complete experimental details can be found in ref. [26]. The mea-
sured external quantum efficiency (EQE) for this device in shown in fig. 4.3 (b), where the
red and black lines refer to a device with Zn35Cd65S and CdS as buffer layer, respectively.
Even though the one with Zn0.35Cd0.65S showed a higher power conversion efficiency, the
performance at wavelengths larger than 600 nm decays more rapidly. In order to improve
the overall efficiency, we aim to optimize light trapping in this wavelength range.

Figure 4.3: EQEmeasurements forCZTS solar cellswith different buffer layers. (a)Geometry
of the CZTS solar cell that we will study, together with the measured EQE of the device (b) for two
different buffer layers. We will aim to improve light trapping for wavelengths larger than 600 nm,
where the EQE exhibits a poorer performance. The EQE plot was obtained from ref. [26].

4.2.1 Waveguide modes supported by a CZTS solar cell
The optical data for the constituents materials of the CZTS solar cells is shown and
discussed in the supplementary information (sec. B.1.2). CZTS has a high refractive
index compared to the rest of materials that constitute the cell, and therefore we know
that it can support a set of confined waveguide modes. Hence, we can calculate again the
dispersion relations via the transfer matrix method [23]. Given that we want to enhance
light trapping while reducing the amount of absorber, we consider now a thickness of
400 nm for the CZTS layer, as depicted in fig. 4.4 (b). The calculated waveguide modes
are shown in fig. 4.4 (a), where the blue and red lines represent transverse electric (TE)
and magnetic (TM) modes, respectively. In particular, we plot three pairs of TE and TM
modes (TE0/TM0, TE1/TM1 and TE2/TM2), with the lowest ones always corresponding
to the ones with higher values of wavevector, kwaveguide, as indicated on top of the figure.
The dashed lines indicate the limit wavevectors for bound modes inside each material and
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are calculated by:
kwaveguide(k0) = k0 nmaterial(k0) (4.1)

where nmaterial refers to the real part of the refractive index of the material. Hence, when
looking at a certain mode, the dashed lines on the right indicate in which layers it can
propagate. Hence, according to the plot, at λ=600 nm mode 0 can only propagate inside
the CZTS layer and, therefore, is complete confined. Instead, TE1 and TM1 can also
propagate inside both the CZTS and CdS, while TE2 and TM2 would not propagate any-
more inside the CZTS but would be absorbed by the Mo. Higher order modes have been
neglected since they do not propagate any more inside the CZTS layer.

TE
TM

012

ITO (200 nm)
ZnO (55 nm)
CdS (55 nm)
CZTS (400 nm)

Mo (700 nm)

Glass

Air

a)

b)

Figure 4.4: Dispersion relations of the fundamental modes in a CZTS solar cell. The blue
and red lines indicate transverse electric (TE) and magnetic (TM) modes, and the numbers on top
refer to the orders of the pairs of modes. The dashed lines indicate the limits for bound modes in
each material. Higher order modes have been neglected since they propagate mainly inside the
Mo layer. The range of kwaveguide that can be scattered by the zebra patterns is indicated in green,
corresponding to a pattern with total size 4x4 µm2, and magenta, for a 3x3 µm2-field.

To elucidate further the confinement of the modes inside the different layers, we plot the
electric field profiles as a function of the depth in the structure for the three main TEmodes
at λ=600 nm (fig. 4.5). We observe that in all cases the electric field is confined inside
the CZTS layer, with only a small leakage towards CdS and ZnO. We should notice that
the TE2 should not be confined inside the CZTS layer according to its dispersion relation,
but here we obtain that it is still mainly bound inside this layer. This is probably due to
the high absorption of CZTS at this wavelength, which implies that the excitation of a
waveguide mode is possible in a relatively broad range of momenta kwaveguide, as discussed
in the previous section. This effect should become negligible for increasing wavelengths,
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meaning that we can still rely on the results from the dispersion relations. Moreover, we
should always consider that this confinement will depend on the wavelength and therefore
the higher modes might not be bound in the CZTS layer any more for larger wavelengths.

ITO
ZnO
CdS

CZTS

Mo

Glass

Air

TE0 TE1 TE2
k||=27.6 + 4.1i k||=25.2 + 4.3i k||=21 + 4.4i

Figure 4.5: Electric field profiles of the fundamental transverse electric modes at λ=600 nm.
The electric fields are normalized and plotted as a function of the depth inside the structure.
The three modes are confined mostly inside the CZTS layer, which is desirable for light trapping
applications.

4.2.2 Light trapping with zebra patterns
Once we know the dispersion relations of the modes supported by the CZTS cells, we can
evaluate and optimize the effect of the zebra patterns for light trapping purposes. Follow-
ing the same idea as for the CIGSe, we want to add a scattering pattern at the rear of the
CZTS layer, on top of Mo, such that the light that is not absorbed after the first pass inside
the film will be scattered towards certain directions, i.e., wavevectors k | |, matching the
waveguide modes. Therefore, we want patterns to be made of a non-absorbing material
with a relatively low refractive index compared to CZTS. In particular, we chose silica
(SiO2), which can be easily included in the fabrication process by simply spin coating
sol-gel, as done in the SCIL process, or evaporating it on top of the Mo-coated glass
substrate and then etching to obtain the desired pattern. Figure 4.6 (b) depicts the geom-
etry of a simulated CZTS solar cell with a zebra pattern. Notice that when we add these
patterns, we still want to maintain the same amount of absorber volume and, therefore, we
will increase the thickness of CZTS accordingly, which in this case corresponds to 500 nm.

Taking into account the EQE (fig. 4.3, b) and absorption coefficient (appendix B.2,
b) spectra, we chose to optimize the light trapping for wavelengths larger than 700 nm.
Therefore, considering the dispersion relations in fig. 4.4, this means that the zebra pat-
tern should provide wavevectors smaller than 23 rad µm−1, approximately. We can match
these wavevectors with the ones scattered by the zebra patterns by considering the Fourier
microscopy measurements from chapter 3, and in particular fig. 3.9. Specifically, we
focus on the pattern fabricated with e-beam lithography, since it allows for large area
fabrication. The range of k | | in which a 4x4 µm2-size zebra pattern scatters is indicated in
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fig. 4.4 as a green area. The centre and width of this region correspond to the position
of the maximum and full width half maximum (FWHM) of the fitted main peak that we
obtained in the measurements (fig. 3.9, red line). Thus, we can see that this zebra pattern
matches the wavevectors of the fundamental modes confined inside the CZTS (TE0, TM0,
TE1 and TE1) at wavelengths larger than 900 nm. Therefore, it could be a good option to
improve light trapping at very large wavelengths, but we should take into account that the
absorption is also very small in this range, and therefore, the light trapping effects might
be negligible. In contrast, we could also think of a smaller field to embrace larger k | |. The
magenta area in fig. 4.4 shows the range covered by a 3 µm2-size zebra pattern. In this
case, the scattering is centred at around 19 rad µm−1, which would allow for momentum
matching with the bound modes between 650 and 900 nm. Moreover, we should notice
that in this case the FWHM, and therefore the range of k | |, is wider since it also scales
when resizing the entire pattern.

As a next step we can perform 3D FDTD simulations to model the absorption spectrum
of the CZTS layer from the discussed solar cell geometry. The models were developed
by considering the optical data shown in 4.6 (b) and in all simulations we used a mesh
size of 5 nm to guarantee full convergence. We obtained a complete spectrum from 400
to 1200 nm, with steps of ∆λ=20 nm. This was done by performing a set of simulations,
each of them with a plane wave with central wavelength λ and span 20 nm as a source,
with normal incidence on the cell. The fraction of light absorbed inside a given layer can
be extracted by obtaining the total flux in that film.

Figure 4.6 (b) shows the modelled absorption of CZTS (solid) and Mo (dashed) for four
different geometries: two planar ones, with 400 and 500 nm-thick absorbers (black and
grey), together with two zebra patterns with sizes 4x4 and 3x3 µm2 (green and magenta,
respectively). We first focus on the reference cell, which corresponds to the planar ge-
ometry with thickness 400 nm. It exhibits low absorption (∼40 %) for wavelengths in the
range 400 to 550 nm, probably due to the peak in absorption of CdS in this range (fig.
B.2). This hypothesis is supported by the fact that the absorption in Mo is zero, meaning
that almost no light reaches this layer. From 550 until around 650 nm the absorption in
CZTS seems reasonable, with an average of around 70-75 %, and Mo exhibits again zero
absorption. Therefore, the main losses in this region are probably due to the reflection and
absorption in the layers above CZTS. In contrast, at larger wavelengths the absorption in
CZTS decreases, while increasing in Mo, thus suggesting an inefficient absorption in this
range. In addition to this, we can observe Fabry-Pérot resonances in both the CZTS and
Mo layer, which rely on the interference of light reflected at the boundaries of perfectly
smooth layers. However, in real solar cells the layers can have rough surfaces, meaning
that the phase correlation between the incident light and the one scattered by the surface
might be lost, and therefore no interferences can take place.

When we add zebra patterns at the rear of the CZTS layer, we observe an enhancement in
the absorption for wavelengths longer than 650 nm. In particular, the 4x4 µm2-patterned
cell (green curve) exhibits better performance than the planar one in the spectral range
600-700 nm. This effect would not be expected from the dispersion relations (fig. 4.4,
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Figure 4.6: Absorption enhancement in CZTS solar cells with dielectric zebra patterns. (a)
FDTD simulations of the absorption in CZTS (solid line) and Mo (dashed line) for four different
cell geometries: planar with 400 nm and 500 nm-thick absorber (black and grey, respectively) and
cells containing zebra patterns with sizes 3x3 and 4x4 µm2 (green and magenta). In the latter, the
thickness of CZTS has been increased to 500 nm to maintain the total volume of absorber. The
patterned cells show an enhanced absorption with respect to the planar ones, specially at long
wavelengths. (b) Geometry of the solar cells used in the simulations.

a), since there are not confined modes inside the CZTS layer that overlap with scattering
of the zebra patterns. Nevertheless, this enhancement could come from the fact that the
zebra pattern not only redirects light in the desired wavevectors, but also reflects part of the
light, which corresponds to the zero-order component that has been blocked in the Fourier
microscopy measurements. Therefore, besides the coupling to the waveguide modes we
have to account for this doubled path length inside the CZTS layer. In addition to this,
we can also see absorption enhancements in the ranges from 800 to 900 nm and 1000 to
1200 nm, which match with the expected coupling to waveguide modes. We should also
notice that the absorption becomes smaller than for the reference cell in the range from 950
to 1000 nm, which could be due to a film interference effect originated from the reflection
of light due to the zero diffraction order.

If we now look at the 3x3 µm2-patterned cell (magenta curve), we observe that the ab-
sorption is again improved but in slightly different spectral ranges. The most significant
improvement can be seen in the entire range from 600 to 1050 nm, where the absorption
becomes higher than for the rest of the curves. This is in agreement with the presence of
waveguide modes in this entire range, together with the fact that the range of wavevector
affected by this zebra pattern is wider. Additionally, we can observe another broad peak
for wavelengths larger than 1100 nm, which is probably not due to coupling to waveguide
modes, since there are no modes matching the wavevectors of the zebra pattern in this
range, but an interference effect. Finally, since the simulations with zebra patterns are
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Jsc (EBG=1.5 eV) Jsc (EBG=1.03 eV)
Reference (t=400 nm) 17.24 mA/cm2 20.59 mA/cm2

Zebra (4x4 µm2) 17.41 mA/cm2 21.86 mA/cm2

Zebra (3x3 µm2) 17.96 mA/cm2 21.93 mA/cm2

Table 4.1: Calculated short current densities for the reference and patterned CZTS solar
cells. The current densities have been calculated considering two band gaps: 1.5 and 1.03 eV,
corresponding to the value found in the literature and the actual value up to which there is still
absorption. In both cases, the patterned cells show an enhanced Jsc compared to the reference
one, specially for the lowest band gap. The cell patterned with a 3x3 µm2 exhibits a higher current
density.

performed with absorber thickness of 500 nm in order to maintain the volume of absorber,
we also plot the absorption curve for a 500 nm-thick planar solar cell (grey). It is important
to consider this curve to guarantee that the effects that we are discussing do not come only
from Fabry-Pérot resonances of a layer with this thickness. Nevertheless, we can already
observe that the corresponding absorption curve does not follow the same trend as the
ones for the zebra patterns, thus supporting the fact that the enhancement are due to the
presence of these dielectric patterns.

In order to evaluate the effect of the zebra patterns in a more quantitative way, we can
also calculate the maximum short current density, Jsc that can be generated through the
following expression:

Jsc = q
∫ λBG

λ0

ISun(λ)A(λ)
hc/λ

(4.2)

where q is the electron charge, λ0 is the minimum wavelength of the spectrum, λBG refers
to the wavelength corresponding to the band gap of CZTS, ISun(λ) is the solar spectral
intensity, A(λ) is the fraction of absorbed light per each cell, h is Planck’s constant and
finally c corresponds to the speed of light in vacuum. The results for the reference cell
(400 nm − thick) and the two patterned ones are summarized in 4.1 (1st column), which
have been calculated for a band gap of 1.5 eV (λBG=826 nm) extracted from the litera-
ture [26, 27]. In this case, the cell patterned with the 3x3 µm2 zebra pattern exhibits an
enhancement of 4 % with respect to the reference one. Nevertheless, from fig. 4.6 (a)
we observe that a significant proportion of the light is absorbed at wavelengths larger
than 826 nm and, therefore, we should account for it when calculating Jsc. The results
considering a band gap of 1.03 eV (λBG=1200 nm) are shown in table 4.1 (2nd column).
Now, the patterned cells show a 6 % increase in Jsc with respect to the planar one, with the
highest value of current density corresponding to 21.93 mA/cm2 for the 3x3 µm2 zebra
pattern.

4.3 Discussion and outlook
In this chapter we have taken a step forward in the use of optimized patterns for light
trapping purposes by showing the enhancement in absorption of nanopatterned thin film
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solar cells. Both the experimental results from the periodically-patterned CIGSe cells
and the simulations for CZTS solar cells with zebra patterns exhibit the coupling of light
scattered by these patterns into the optical waveguide modes of the absorber layer. Further
optimization of the height of the structures should be performed in order to find optimum
light trapping, in which the diffraction is strong enough, as discussed in section 3.3, while
making sure that the waveguide modes are not significantly perturbed by the presence of
these scatterers.

Besides this further optimization, we can also take a more theoretical approach to study
the limit for light trapping in an absorbing thin film with optimized nanostructures. For
poorly-absorbing thick solar cells with a random texture we can use ray optics to predict
a maximum path length enhancement of 4n2, with n being the refractive index of the
material, as derived by Yablonovitch [28, 29]. In our case, in which the films are thin and
highly absorbing, we should consider the exact criteria that determine the excitation of
the modes. Apart from the wavevector matching, other factors, such as the overlap of the
scattered electric and magnetic fields with the ones from the waveguide modes, also play a
role in determining the coupling efficiency, and thus, the limit for light trapping [30]. This
coupling efficiency could be calculated with RETOP, a near-to-far-field transformation
(NFFT) open software that allows to obtain the far field of light scattered by a nanopattern
inside a layered structure [31]. However, the model does not account for absorbing media,
such as photovoltaic materials, and therefore can only be used as a first approach.
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C h a p t e r 5

CATHODOLUMINESCENCE SPECTROSCOPY ON CZTS

Finally, we devote the last chapter to consider a different approach towards the study of
thin film PV materials and, in particular, CZTS. Even though light trapping strategies
can improve the absorption of CZTS solar cells, their efficiencies are still far from their
Shockley-Queisser limits. We can address this issue by studying the material properties
through CL spectrosocopy. In particular, we will start a first approach to study the band
gap energy of the material, together with possible variations at different positions and
depths.

5.1 Introduction to CL spectroscopy
When an electron beam, with energy ranging from 1 to 30 keV, interacts with a material,
several processes can take place. The generation of secondary and backscattered electrons
(SE and BSE, respectively) are two examples of these mechanisms, which allows us to
obtain information about the surface of the samples. In addition to this, electromagnetic
radiation from a broad spectral range can also be generated. Several techniques rely on
the detection of this radiation, such as energy-dispersive X-ray spectroscopy (EDS), which
detects the emitted X-rays and allows for the chemical characterization of the sample, and
cathodoluminescence (CL), which studies the light emitted in the visible and near-infrared
spectral range, therefore allowing us to probe the band gap of semiconductors, among
others. A schematic of our CL setup (Delmic SPARC) is shown in fig. 5.1, which consists
of a modified SEM (QUANTA FEG 650) containing a parabolic mirror. Light emitted
by the sample is collected by the mirror, coupled with a lens into a fiber and sent to a
spectrometer (SpectraPro 2300i) [32, 33].

Lens
Spectrometer

Fiber

Sample

e- Parabolic mirror
SEM

Figure 5.1: Schematic of the cathodoluminescence spectroscopy setup. The setup is based
on a modified SEM with a parabolic mirror placed above the sample, which allows to collect the
emitted light. The latter is then coupled into a fiber and sent to a spectrometer, thus allowing us to
obtain the spectrum of the light emitted at each position on the sample.
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5.2 Energy-dependence of the penetration depth of e−
We want to analyse a CZTS layer, contained in a multilayer structure similar to the one
of the solar cell from the previous chapter. However, in this case we only have CdS on
top, therefore the electrons can penetrate towards the CZTS, as will be discussed. The
geometry of our sample is depicted in 5.2 (a), with indicative values for the thickness of
each layer that have been extracted from the cross section shown in 5.2 (b). In addition
to these layers, we could also expect to have a thin film of MoSx at the interface between
Mo and CZTS that is formed during the synthesis of the material [34]. Figure 5.2 (c)
shows an SEM top view image of the sample. In both SEM images we can observe that
the CZTS layer is inhomogeneous in height, with thickness ranging from 600 to 1 µm.
Moreover, there are some bright particles on the surface, which correspond to clusters of
CdS, according to EDX measurements.

Figure 5.2: Multilayer sample containing CZTS. (a) Geometry of the sample. The value of
thickness is indicative and has been determined from the cross section in (b). (b) SEM image of a
cross section performedwith FIB, fromwhichwe can see that the layer of CZTS is not homogeneous
in thickness. The scale indicates 500 nm. (c) Top view image of the sample, showing the CdS
layer. In this case the scale equals to 1 µm.

Given that we have a multilayer structure, it is important to consider the initial energy of
the electrons, which will determine the penetration depth into the sample. We can evalu-
ate the energy at which electrons will reach each point of the material by using Casino, a
Monte Carlo based software [35]. Figure 5.3 shows the trajectories of the electrons inside
the material, for incoming energy of 5, 10 and 30 keV (a, b and c, respectively). Each
dot in the figure represents a collision of an electron with the material and the energy
after this interaction is represented through the colour scale, relative to the initial energy.
We observe that when the electron beam has an initial energy of 5 keV, electrons mainly
probe the CdS layer and reach the CZTS with low energy, thus we expect to receive light
mostly from CdS. Instead, at 10 keV, electrons reach the CZTSwith relatively high energy,
therefore we are probing both CdS and CZTS. Finally, at 30 keV the entire sample up to
Mo is reached with relatively high energy electrons.

Taking the simulations into account, we can now look at the spectra of the light collected
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Figure 5.3: Penetration depth of electrons inside the sample. Simulations for initial electron
energies of (a) 5 keV, (b) 10 keV and (c) 30 keV. Each dot represents a collision of the electrons
with the material, and the colour scale determines the energy with respect to the initial one. The
simulations have been performed using a Monte Carlo-based software (Casino).

for different electron beam energies. Figure 5.4 shows the typical spectra obtained at 5, 10
and 30 keV (blue, green and red, respectively), with the vertical axis corresponding to the
normalized CL intensity. In order to cover the complete visible spectral range, we need
to perform two measurements, each of them with a different grating to disperse the light
on the detector. Therefore, the information is split into two plots, corresponding to short
(a) and large (b) wavelength range. If we first focus on the measurements at 5 keV (blue
curves), we can identify three main peaks over the entire visible spectrum. The first one, at
510 nm, matches with the band gap of CdS, expected to be around 504 nm (2.46 eV) [36].
The second and third peaks correspond to wavelengths of 760 and 910 nm, which do not
match directly with the band gap of CZTS, expected to be around 825 nm (1.5 eV) [26].
If we now analyse the spectra obtained for initial electron energy of 10 keV (green curve),
we see that the peak at 510 nm decreases. Given that we know that at this energies most
of our signal will come from the CZTS, this observation suggests that indeed the peak
corresponds to CdS. In addition to this, the peak at 760 nm becomes practically negligible,
thus meaning that it is probably related either to CdS or to the surface of CZTS. Instead,
the peak at 920 nm, which is now slightly shifted due to the fact that there is not another
peak nearby, becomes clearer, indicating that it might come from CZTS. This assumption
is supported by the spectrum at 30 keV (red curve), in which we can only appreciate the
peak at 920 nm. The spectrum in the short wavelength range did not exhibit any clear
feature but noise.

5.3 Large area integrated intensity map
We first performed a scan of a large area (a few micrometers), as shown in fig. 5.5, and
collected both the secondary electrons (a) and the total emitted light (b) at each position.
In this case we used a photomultiplier tube (Hamamatsu Photonics) enhanced in the near
infrarred instead of a spectrometer, thus we cannot distinguish among light emitted at
different wavelengths. We used an electron beam energy of 5 keV, meaning that we were
mainly probing CdS and the most superficial layer of CZTS. When analysing the CL
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Figure 5.4: CL spectra for different energies of the incoming electron beam. (a) Normalized
CL intensity as a function of the wavelength in the range from 300 to 800 nm, for electron beam
energies of 5 and 10 keV (blue and green). (b) Same plot but in a wavelength range from 500 to
1100 nm, now for electron beam energies of 5, 10 and 30 keV (red). The 5 keV exhibits a peak at
510 nm, matching with the band gap of CdS, in addition of two peaks at 760 and 910 nm. In the
spectra for larger energies, the first and second peak become practically negligible, while the third
one is now slight shifted towards 920 nm due to the absence of the rest of peaks. The presence of
this peak at high energies suggests that it comes from the CZTS layer.

intensity map, we should first notice that the emission is quite uniform over the entire
sample, as can be seen from the colour scale. Nevertheless, if we consider the relative
values among different positions, we can identify a relation between the emission of light
and the morphology of the surface. This can imply either that the emission is directly
related to variations in the sample, such as grain boundaries or difference in thickness, or
that the emission is the same but the collection efficiency depends on the morphology. In
addition to this, we can also observe that the CdS particles exhibit a higher CL emission
relative to the rest of the sample.

5.4 CL spectra at different positions
We can now perform further measurements to study in depth the peaks shown in the spectra
from fig. 5.4. We used an electron beam energy of 10 keV, since it allows to probe the
CZTS while still obtaining some information from either CdS or the most superficial part
of the CZTS layer. We performed six different measurements at several regions on our
sample, with separations among them ranging from 20 µm to 2 mm. In each measurement
the electron beam scans a certain area, with typical size 1 µm2, thus collecting both the
secondary electrons and the CL emission at each scanning step.

All of the regions that we measured exhibited similar spectral features, as discussed in
appendix C.1, therefore in the following we will focus on one of them, which can be
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Figure 5.5: Large integrated intensity map at 5 keV. (a) SEM image and (b) CL intensity map
of a 4x4 µm2 area of the sample. The colour scale of the collected CL intensity shows that the
emission is quite homogeneous over the entire region. However, there exist relative difference in
the amount of light emitted related to the morphology of the sample.

Figure 5.6: Top view SEM image of the region of the sample under study. The rectangle
indicates the exact area inwhich the scanning is performed, thus collection both secondary electrons
and CL emission.

considered as a typical example. Figure 5.6 shows the SEM image of the region that we
will discuss, where the rectangle indicates the exact area in which the scan was performed.
In particular, we extracted the CL spectrum at three characteristic locations on the sample:
on top of a CdS particle, on the CdS layer and on what appears to be a grain boundary. The
spectra of these positions, together with the corresponding SEM image can be seen in 5.7.
We can observe that the spectrum from the CdS particle (orange curve) is the only one
that exhibits peaks at 520 and 760 nm, in addition to the one at 920 nm, thus suggesting
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again that they come from this material and not CZTS. Furthermore, in the three cases
there is a strong peak around 920 nm. Notice that the peak from the CdS particle looks
slightly blue shifted, but it is only an effect of being close to another peak, as discussed in
C.2. The intensity of this peak is higher for the position at the grain boundary (purple),
which agrees with the idea that it comes from CZTS.

a) b)

Figure 5.7: CL spectra at characteristic locations of the sample. Normalized CL intensity for
short (a) and long (b) wavelengths obtained at the three positions indicated in the SEM image in (a),
corresponding to a CdS particle (orange), the CdS layer (green) and a grain boundary-like location,
where the layer of CZTS is probably thinner (c). The colour of each curve corresponds to the dots
on the image, thus indicating the exact positions that were excited by the electron beam. The peaks
at 520 and 760 nm are mostly present in the spectrum from the CdS particle, thus suggesting a
correlation with the presence of CdS. Instead, the peak at 920 nm is exhibited in all the spectra but
becomes more significant at the second and third positions, which agrees with the fact that it can
be related to CZTS.

During the data acquisition we can also obtain CL intensity maps at the desired wave-
lengths and bandwidth, which we can use as a further proof for the relation of the peaks
with the different materials. Figure 5.8 shows the maps at 520, 760 and 920 nm (b-c), with
a spectral bandwidth of 50 nm, together with the corresponding SEM image (a). Since
the maps at 760 and 920 nm are obtained from the same acquisition, we can compare the
intensity between both and therefore they have the same normalization factor. The maps
at 520 and 760 nm exhibit a similar behaviour, with the CdS being the most intense spot
compared to the rest of the region, agreeing again with the strong correlation of these
peaks with the presence CdS. In contrast, the map centred at 920 nm exhibits an almost
opposite behaviour, with most of the light coming from the grain boundary-like position.
Moreover, the intensity in this map is higher than for the 720 nm, therefore meaning that
the contribution of the latter is small.

Taking thesemeasurements into account, we can conclude that the peaks at 520 and 760 nm
are related to the presence of CdS. However, while the first one matches perfectly with the
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band gap of this material, the second one does not have a direct link. A possible origin of
this peak could be the presence of defect states in CdS, which have been shown to emit
light in a wavelength range close to 760 nm [32]. Additionally, we could also think that
this peak is related to the surface of the CZTS or even the interface between the latter and
CdS. Some studies suggest that the stannite phase of CZTS has a band gap energy close to
1.3 eV, in contrast to the usual kesterite with a band gap at 1.5 eV [25, 37, 38]. However,
this would not explain the correlation that we see with the CdS layer, unless there was a
relation between CdS and the presence of a particular phase of CZTS. Finally, we can also
conclude that the peak at 920 nm corresponds to CZTS, even though it does not match
with the expected band gap (∼825 nm). Previous works on photoluminescence (PL) have
reported a similar shift between the PL intensity peak and the actual band gap derived
from the absorption coefficent spectrum [39, 40]. These differences were suggested to be
due to band to impurity radiative recombination or inhomogeneities in the CZTS layer,
which in our case is less probably since we have measured several regions, all of them
with the same results (C.1)

a) b)

c) d)

Figure 5.8: CL intensity maps for different central wavelengths. (a) SEM image of the region,
together with the CL intensity map with central wavelength at 520, 720 and 960 nm (b, c and d,
respectively), all of them with a spectral bandwidth of 50 nm. Again, the maps at 520 and 760 nm
exhibit a similar intensity distribution, with the highest emission coming from the CdS particle.
Instead, the map at 920 nm shows a higher emission in the grain boundary-like area.
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Figure 5.9: CL intensity spectra for different energies of the incoming electron beam at low
temperatures. The three spectra, corresponding to electron beam energies of 5, 10 and 30 keV
(blue, green and red, respectively) exhibit a main peak around 970 nm, which is red shifted with
respect to the previous measurements at ambient temperature. Moreover, the peak at 760 nm is
almost negligible now and we can only appreciate a small tail towards 700 nm for the lowest beam
energy.

5.5 CL spectroscopy at low temperature
Finally, we also performed CL measurements at low temperatures, which can be achieved
by using a cryostage that cools the sample holder, and therefore the sample, thanks to a
flux of cold N2 vapour. The temperature of the sample should be around -190 °C, but
cannot be determined precisely since we can only measure the temperature of the holder.
The CL emission can be generally modelled as a Gaussian, as done in appendix C.2, with
the broadening being determined by the distribution of the available energy, due to the
coupling with phonon bath. Since the latter is strongly dependent on the temperature, we
expect to observe narrower emission peaks at low temperatures [41], which might allows
us to identify and characterize more easily the main peaks in the spectrum, together with
possible variations over position or depth. Figure 5.9 shows the CL intensity spectrum at
long wavelengths for the three beam energies discussed in section 5.2: 5, 10 and 30 keV.
The spectra at short wavelengths are not shown since they did not exhibit any clear feature.
We can observe that in this case the three spectra are very similar among them, with a
main peak at 975 nm. Only the curve from the lowest beam energy exhibits a small tail
towards shorter wavelengths, until around 700 nm, probably corresponding to the broad
peak around 720 nm observed in the previous measurements. This behaviour was seen in
all the measured samples, as shown in fig. C.2 from the appendix.

Taking into account these results, we can observe that decreasing the temperature of the
sample leads to two main differences with respect to the room temperature measurements.
The first one is a red shift of the main peak, which is now centred at 975 nm (1.27 eV),
in contrast to the previous 920 nm (1.35 eV). Since the band gap of a semiconductor is
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expected to increase with decreasing temperatures [42, 43], in contrast to what we observe,
this result supports the hypothesis that the origin of this CL peak is not directly related to
the band gap but accounts for other luminescent processes. Moreover, the same effect has
also been observed in previous works on photoluminescence [44], even though there is
still discussion regarding this temperature dependence [34]. The second effect observed is
that the intensity of the peak at 760 nm becomes very small compared to the one at 975 nm.
This could mean either that the source of this peak is less luminescent at low temperatures
or that the other peak at larger wavelength increases more compared to this one. Possible
hypotheses for this phenomenon could be that the emission of defect states of CdS that
might originate this peak decreases at low temperature or that changes in temperature
induce variations in the structural phase in CZTS, which is usually kesterite at room tem-
perature, and therefore changes in the emission spectra. In any case, further assessment
of these results needs to be done, which goes beyond the scope of this thesis, in order
to fully understand the different defect states and emissionmechanisms inside thismaterial.





51

C h a p t e r 6

CONCLUSIONS AND OUTLOOK

In this thesis we have focused on improving the performance of ultrathin solar cells, with
a particular focus on Cu2ZnSnS4 (CZTS) and CuInxGa1−xSe2 (CIGSe), by adding dielec-
tric nanopatterns that allow for light coupling into the optical waveguide modes of the
absorber layer. In particular, we have fabricated arrays of nanoparticles with different dis-
tributions (periodic, random and optimized) with substrate conformal lithography (SCIL),
and optimized textures, referred to as zebra patterns, with focused ion beam (FIB) milling
and electron beam lithography (e-beam). Next, the power spectral density (PSD) of these
samples has been measured by means of a home-built Fourier microscope, with the results
showing that both the optimized array of nanoparticles and especially the zebra patterns
scatter light mainly within a designed range of momenta k | |. This range can be tailored to
match the wavevectors of the waveguide modes and, therefore, enabling the coupling of
light within a broad range of wavelengths.

We have also analysed the excitation of waveguide modes due to the presence of di-
electric nanopatterns through two different examples. The absorption enhancement in
periodically-patterned CIGSe solar cells has been analysis by calculating the dispersion
relations of the absorber layer and relating the peaks observed in the experimental results
to the coupling of light scattered by the grating into the modes. We have also analysed the
effect of zebra patterns in 400 nm-thick CZTS solar cells by means of FDTD simulations.
The results show that the overall absorption is increased with respect to the unpatterned
cell, especially at long wavelengths, leading to a predicted 6 % rise in the short current
density of the patterned cell.

In order to fully elucidate the excitation mechanisms and efficiency of light coupling to
waveguide modes further research is needed. A next step would be the optimization of
not only the shape of the nanopatterns, as we have done, but also the height and material
used for the patterns inside the solar cells. Furthermore, we should investigate the exact
criteria required for coupling to waveguide modes, since we know that other factors apart
from wavevector matching, such as the profile of the electric and magnetic fields, can play
an important role. This study could allow us to obtain a theoretical maximum for light
trapping in patterned thin film cells, analogue to the 4n2 light trapping limit for randomly
textured layers.

Finally, we have investigated the optical properties of CZTS by means of cathodolumines-
cence (CL) spectroscopy. As a first result, we have observed that the CL spectra do not
exhibit significant variations over different regions and depths on the sample. Specifically,
the spectra show threemain luminescent peaks at 520, 760 and 920 nm. Our study suggests
that the first peak is due to emission from the thin CdS layer on top of the CZTS, while
the origin of the second one still remains unclear, since it could be either from the CdS or
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the CdS/CZTS interface. Instead, the peak at 920 nm probably comes from CZTS, even
though it does not match with the band gap extracted from the literature, meaning that it
is probably due to the presence of other radiative channels. In any case, the results of CL
on this sample are still preliminary and further research needs to be assessed in order to
fully understand the different luminescent emission processes.
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Part of this thesis has been published in the following paper:

Yin, G., Knight, M., van Lare, M, Solà Garcia, M. M., Polman, A. & Schmid, M.
Optoelectronic Enhancement of Ultrathin CuIn1−xGxSe2 Solar Cells by Nanophotonic
Contacts. Advanced Optical Materials, 5(5), 1600637 (2016).

Particularly, the dispersion relations for the CIGSe solar cell geometry in the paper and the
electric field distributions of themodes have been calculated byM.Magdalena SolàGarcia.
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A p p e n d i x A

ADDITIONAL CHARACTERIZATION OF FOURIER MICROSCOPE

A.1 Measurements at 490 nm
The Fourier microscopy measurements and characterization were also performed for an
illumination with a wavelength 490 nm as a further test for the microscope. The correc-
tion function is shown in fig. A.1 and the measurements of the nanoparticle arrays and
zebra patterns can be seen in A.2 and A.3. Now the maximum k | | that we can collect is
17.9 rad µm−1. All the measurements exhibit the same trends as before. In particular, the
comparison between the random and optimized arrays (A.2, b-c) becomes clearer, since
for the optimized array we can observe a more defined ring at the limits of the BFP.

a) b)

Figure A.1: Correction function for illumination at λ=490 nm. (a) Fourier image and (b)
integrated intensity over the angle of the correction function that needs to be applied to all of the
measurements.
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Figure A.2: Fourier microscopy measurements of arrays of nanoparticles with illumination
at λ=490 nm. Fourier images of (a) periodic, (b) random and (c) optimized arrays of nanoparticles.
The illumination was now with a wavelength of 490 nm and therefore the maximum k | | that can
be collected is smaller than for the previous measurements at 405 nm. The results show the same
trends as for the previous measurements at λ=405 nm. The comparison between the random and
optimized arrays shows that the latter exhibits a clearer ring at the limits of k | |, as expected from
the discrete Fourier transforms.

Figure A.3: Fourier microscopy measurements of zebra patterns with illumination at
λ=490 nm. Fourier images of zebra patterns fabricated with FIB (a,b) and e-beam (c). The
fields have unit cells of 6.5x6.5 µm2 (a) and 4x4 µm2 (b, c). The illumination was now with a
wavelength of 490 nm. The results show the same trends as for the previous measurements at
λ=405 nm.
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A.2 Dye experiment to obtain NA
A schematic of the measurement performed with a fluorescent dye is shown in fig A.4. A
fluorescent dye (absorbing at wavelength λabs ' 405 nm and emitting at λem ' 650 nm) is
spin coated on a glass slide. In this case, the dye is facing downwards having air below,
while the glass faces the immersion oil. When light excites the fluorescent molecules, we
can consider that they will emit isotropically. Light emitted downwards at small angles
will be transmitted towards the air and, therefore, will not be captured by the objective.
However, light emitted at high angles will suffer total internal reflection and, since the
refractive index of the glass is very similar to the one for the oil, will be transmitted towards
both materials and be captured by the objective. Therefore, if we now recall the relation
between the momentum of light and its angle (eq. 2.1), we know that we will collect only
half of the light emitted with a momentum k | | < k0 nair = k0, since the other half escapes
to the air, and all the light emitted with k0 < k | | < kmax. Therefore, we expect to see an
increase in intensity between k | | = k0 and kmax = k | | = NAk0.

Air

Dye
Glass

Oil

Objective

Figure A.4: Schematic of the emission of a dye. We consider that light is emitted isotropically
in the dye. Therefore, light that is emitted downwards with k | | < k0 will be able to escape towards
the air. Instead, light with k0 < k | | < kmax will be totally reflected and captured by the objective.
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A p p e n d i x B

OPTICAL DATA

B.1 Optical data
B.1.1 CIGSe
Fig. B.1 shows the real (n) and imaginary (κ) part of the refractive index for each material
as function of the wavelength. The data, which was also used in the previous FDTD simu-
lations, was obtained from the ellipsometry measurements from ref. [5]. From the figure
we can see that the refractive index of CIGSe ranges from 2.8 to 3.1 in the entire visible
range, which is higher than the index for the rest of materials that constitute the solar cell.
In a similar fashion, the absorption coefficient (fig. B.1, b), with a peak at around 420 nm
and decreasing towards zero at 1200 nm, is higher than any other constituent material, and
only CdS has a non-zero absorption at small wavelengths.

a) b)

Figure B.1: Optical data of the constituents materials of a CIGSe solar cell. (a) Real and (b)
imaginary part of the refractive index, obtained from ellipsometrymeasurements [5]. The refractive
index, n, of CIGSe is higher than the one of the adjacent materials in the solar cell geometry for all
wavelengths, thus allowing the support of optical waveguide modes. The absorption coefficient, κ,
of CIGSe exhibits a peak at wavelength 420 nm and decreases slowly down to zero for λ=1200 nm.
The rest of the materials show an almost zero absorption in the visible range, with only CdS having
a significant absorption coefficient between 400 and 500 nm.

B.1.2 CZTS
Obtaining accurate data for the constituent materials of the CZTS cells is crucial for proper
light trapping studies. The data for glass, Mo, ZnO and ITO was obtained from ellipsom-
etry measurements. In contrast, fitting the ellipsometry data of CZTS was more difficult
and therefore we extracted it from the literature. This difficulty is due to the dependence of
the final data on sample fabrication, high surface roughness, inhomogeneous composition
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over the entire film and presence of secondary phases, among others [27, 45]. Hence,
we obtained the optical data from ref. [27], for a sample with similar geometry and
preparation method. In a similar fashion, we considered a buffer layer of CdS instead of
Zn0.35Cd0.65S and extracted the refractive index from ref. [4]. Our simulations are based
on this optical data, meaning that are convenient to study the general light trapping trends
but might deviate from the final behaviour of a real solar cell.

The refractive index of the constituent materials are plotted in fig. B.2, with (a) and (b)
being the real (n) and imaginary (κ) part, respectively. We can observe that the refractive
index (a) of CZTS ranges from 2.4 to 2.8 in the visible wavelength range and is higher than
for the rest of materials, except for a small range of wavelengths around 500 nm, where
CdS also exhibits a high index. Therefore, we expect the film of CZTS to support a certain
amount of waveguide modes, which is the basis for our approach for light trapping. In
addition to this, from the spectrum of the absorption coefficient plotted in (b) we can ob-
serve that the one from CZTS has a maximum at around 420 nm and decreases from there
on, reaching very small values from 850 nm on. However, it does not reach absolute zero
until a wavelength of 1200 nm. In contrast, molybdenum has a much higher absorption
coefficient, as expected because of its metal behaviour. In practical terms, this means that
a large fraction of the light that is transmitted after the CZTS layer will be absorbed byMo.

b)a)

Figure B.2: Optical data of the constituents materials of a CZTS solar cell. (a) Real and
(b) imaginary part of the refractive index. The data for glass, Mo, ZnO and ITO was obtained
from ellipsometry measurements, while the data for CZTS and CdS were extracted from ref. [27]
and [4], respectively. We consider a buffer layer of CdS instead of Zn0.35Cd0.65S due to its easier
accessible optical data.
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A p p e n d i x C

ADDITIONAL INFORMATION OF CL MEASUREMENTS

C.1 Comparison of different regions
Figure C.1 shows the spectra obtained at each of the six different regions that wemeasured,
at short (a) and large (b) wavelengths. The spectra are averaged over the entire area scanned
(around 1 µm2). The main peak at 920 nm is present in all of the samples, together with a
small peak at 520 nm. In the short-wavelength range (a), the sharp peaks are due to errors
in the detection and therefore are not related to the CL emission of the sample.

a) b)

Figure C.1: CL intensity spectra at different regions. Spectrum at short (a) and long (b)
wavelength. The CL intensity has been averaged over the entire region in each case. We can
identify the main spectral features in all cases, which are the peak at 920 nm and the small one at
520 nm.

Following the same procedure, fig. C.2 shows the averaged spectra from seven different
regions obtained from low temperature measurements. In this case the main peak is
located at around 975 nm and hardly varies in all the regions.

Gaussian 1 Gaussian 2
Spectrum a 1.34 eV 1.58 eV
Spectrum b 1.33 eV 1.53 eV
Spectrum c 1.33 eV 1.56 eV

Table C.1: Position of the peaks for the Gaussians used to fit the spectra from fig. C.3.
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Figure C.2: CL intensity spectra at different regions for low temperaturemeasurements. The
CL intensity has been averaged over the entire region, each of themwith a size around 0.5x0.5 µm2.
The spectra looks very similar in all cases, with a main peak at 975 nm.

b)a) c)

Figure C.3: Fitted curves for CL spectra at different positions for electron beam energy of
10 keV. Each plot corresponds to the spectra obtained when the electron beam is placed (a) on top
of a CdS particle, (b) on the CdS layer and (c) on the CdS layer with a grain boundary.

C.2 Fitting of the CL spectra
We can fit the CL spectra by considering that each emission process can be described by
a Gaussian as a function of energy, and therefore the final spectrum corresponds to the
sum of all of them. We have used three Gaussian functions, which would correspond to
the emission at wavelengths 520, 760 and 920 nm. Since these spectra are centred around
800 nm, the peak at 520 is practically negligible and thus its contribution is very weak.
The fitted curves, together with their sum are shown in C.3 and the position of the two
main peaks is summarized in C.1. The strongest peak, fitted with Gaussian 1, is exhibited
at 1.33-1.34 eV (932-925 nm), while the second one (Gaussian 2) deviates more among
the different spectra, from 1.53 to 1.58 eV (810-784 nm). As a final remark, we should
take into account that the efficiency of the spectrometer in dispersing the light is not equal
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for all the wavelengths [46], and therefore we have a small uncertainty in the determination
of the amount of intensity emitted at each wavelengths, which leads to small differences
between the fitted and experimental curves.


