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Abstract

Advanced texturization is a promising approach to increase the performance of thin-film solar
cells. Currently, light trapping schemes implemented in state-of-the-art devices utilize ran-
domly textured interfaces to increase their optical performance. Periodic gratings, however,
have the potential to outperform their random counterparts and are thus of great interest for
PV applications. In this work, an analysis of the optical performance of different advanced
grating concepts applied to thin-film solar cells is presented. Different types of absorber ma-
terials were taken into account: amorphous and micro-crystalline silicon, crystalline silicon
and Copper-Indium-Gallium-diSelenide chalcopyrite semiconductors.

In the first part of this work, the materials employed in thin-film silicon- and CIGS-based
devices were characterized. The appropriate equipment and fitting models were used, in order
to obtain reliable optical properties. This characterization phase involved samples of absorber
and supporting layer materials, which were provided by partners of the Photovoltaic Materi-
als and Devices group. The outcome of this characterization was compared with the results
obtained by the sample manufacturers, to ensure the reliability of the properties extracted.

After the characterization, the analysis of the optical performance of different advanced tex-
turizations was carried out, by means of optical simulations. The first part consisted of a
study of one-dimensional asymmetric periodic gratings, applied to amorphous silicon, micro-
crystalline silicon, and CIGS standard thin-film cells. The optical properties of materials used
in the simulations were obtained from the previous characterization phase. Results showed
a better performance of asymmetric gratings with respect to symmetric ones, and for each
cell type the optimal grating geometrical dimensions were found. In addition to the grating
optimization, an analysis of the structure optical performances using different materials was
done. This second investigation showed that the utilization of more transparent materials
further improves the cell optical behaviour. In this way, it was possible to determine the per-
formance limit (in terms of generated photocurrent density) achievable by the three different
cell types with 1-D periodic textures.

The last step of this work involved the study of the optical performance of crystalline silicon
thin-film cells based on elongated nano-structures (nanowires). First, the analysis of light
propagation inside the solar cell showed a resonant behaviour induced by the presence of
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nanowires. This resonances result in an absorptance increase (with respect to equivalent flat
devices), particularly in the near infra-red region of the spectrum. Following the analysis of
light propagation behaviour, the effect of the nanowire geometrical dimensions was investi-
gated. The impact of the elongated nano-structure height and diameter was observed, and
the optimal configuration of the cell was determined. Finally, the performance of the cell un-
der different light illumination conditions was analysed. Results showed that nanowire-based
silicon solar cells can achieve constant high absoptance values in a wide range of light angles
of incidence, property that can allowe them to achieve better performance in a wide range of
illumination conditions.
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“Look up at the stars and not down at your feet. Try to make sense of what you
see, and wonder about what makes the universe exist. Be curious”

— Stephen Hawking






Chapter 1

Introduction

1-1 Background and motivation

During the last few years, the attention towards sustainability has constantly increased. The
current fossil-fuel based economy has proven to be no longer sustainable, due to economical,
political, and environmental concerns. The global demand of energy has more than doubled
during the last 40 years (Figure 1-1), and the predictions show an expected increase of 50%
with respect to the current situation [1]. This further raise in global consumption can be
mostly attributed to developing countries, with countries like China and India and the Middle
East region playing a major role among them [2].The constantly growing energy demand
cannot be satisfied by currently-used non renewable energy sources, mainly fossil fuels (i.e.
coal, oil, natural gas etc.), which at the present utilization rate will encounter a (relatively)
quick depletion. Furthermore, the resources of oil and gas are concentrated in a small number
of countries, which can result in instability of the energy prices (in addition to the probable
price increase caused by the resources depletion); this instability could pose a threat to the
worldwide energy supply security [3].

In addition to the aforementioned economical and political concerns [4], during the last few
years the debate over the environmental consequences of the current fossil-fuel based economy
has attracted more and more attention, mainly due to the observed global warming effects.
According to the Intergovernmental Panel on Climate Change (IPCC), science now shows
with a 95% certainty that human activity is the main driver in the global warming observed
since the mid-20"" century [5]. The reason for these unprecedented changes to the climate
can be ascribed to the increased concentration of greenhouse gasses (GHG) in the atmosphere
during the last two centuries, since a strong correlation with the change in atmospheric and
oceanic temperatures was found [5]; the greatest part of the anthropogenic GHG emissions is
the result of burning fossil fuels in order to produce energy. Climate change requires urgent
and drastic actions to be taken, in order to avoid serious consequences on a global scale.

It is therefore clear that a transition from a fossil-fuel based economy to a more sustainable
one has become necessary. A great contribution to this transformation can be given by a large-
scale implementation of renewable energies. Despite the rising awareness of the consequences
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Figure 1-1: World total primary energy supply from 1971 to 2011 by fuel (in Mtoe) [6].

and concerns of fossil-fuel wide utilization and depletion, their employment has grown over the
last decades (Figure 1-1), and so did the global investments related to them [7]. Renewable
energy has also undergone a huge increase during the last years [8], but its contribution to
the total energy production remains much too small with respect to fossil fuels (Figure 1-2).
The result is that the doubling of global energy production witnessed during the last 40 years
has caused a corresponding doubling of global GHG emissions, intensifying in this way the
magnitude of global warming [6, 9]. Thus, although the growth of renewable energy in the last
years has been evident, and in spite of the continuously growing investments in the renewable
sector [7], a further increase of the utilization and the diffusion of renewables is necessary in
order to mitigate the effects of climate change and reduce the depletion rate of fossil fuels,
which will remain the main source of energy for the next decades [1, 7].

Among all types of renewable resources, solar energy has the greatest development potential,
since it is the biggest energy source available on Earth [10]. In particular photovoltaics (PV),
which is the direct conversion of solar irradiation into electricity, offers a great number of
advantages: not only it is a technology that produces clean energy from an “inexhaustible
and mostly import-independent resource” [11], but its capability to operate as a stand-alone
system makes it the ideal solution, if combined with appropriate energy storage methods [12],
for the electrification of rural areas which are not connected to the electricity grid.

In spite of the advantages, electricity production from solar energy was never able to econom-
ically compete with traditional technologies (coal and natural gas power plants, hydroelec-
tricity generation etc.), mainly due to high production costs of solar panels; thus, the great
growth of the PV sector witnessed during the last decade has been mainly driven by govern-
ments policies and feed-in tariffs [8, 11]. Only in recent years PV has reached the so-called
grid parity without the aid of subsidies, in a wide variety of locations [13]; this happened
mainly due to the huge drop in the production costs, which greatly reduced the retail price
of panels (from an average cost in 2006 of 4.5 $/Wp to less than 1 $/Wp in 2011) [14]. To
achieve a full competitiveness of PV energy worldwide (especially in those location where sun
irradiation is lower) and to further reduce the price of electricity generated by PV modules,
research is required to improve their conversion efficiency and reduce the material utilization,
reducing in this way part of the production costs.

R. Vismara Master of Science Thesis
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1-2 History of photovoltaics

Since the photovoltaic effect was discovered, by the French physicist E. Becquerel in 1839
[15], the evolutio the PV sector witnessed has been great. From the first solar cell, built by C.
Fritts in 1891 and made of selenium coated with gold, the technology gradually evolved until,
in 1941, the first silicon (Si) solar cell was built by R. Ohl [16]. Since then, Si has become
the most used material for the production of photovoltaic cells [17].

The current PV production consists of many different technologies, from wafer-based silicon
to various thin-film approaches. The range of current and possible future technologies has
been grouped (Figure 1-3) in 3 different generations [18]. The so called 1% generation PV
consists of single-junction solar cells based on silicon wafers, including single-crystal (c-Si)
and multi-crystalline silicon (mc-Si). 1%¢ generation silicon PV greatly benefited from the
possibility to use the same materials, the processing know-how and the manufacturing tools
from the integrated circuit industry, and that allowed a rapid move to large-scale production
[17]. The main drawbacks of these 1G technologies are the high amount of energy required
for their production and the limited achievable efficiency of the cells, due to the single-
junction approach [19]. Other disadvantages of 15! generation PV, with respect to the other
generations, are the higher material and production costs, but the drop they experienced in
recent years [14] reduced this price gap between different generations.

1-2-1 2"? generation PV

Currently, PV market is dominated by 1G technologies [14], which have already reached a price
level that makes them economically competitive with non-renewable electricity production, as
discussed in Section 1-1. However, since the great cost reduction that allowed photovoltaics
to achieve grid parity only occurred very recently, alternative technologies for the production
of solar cells have been extensively researched already for many years, in order to reduce
production costs and to increase the conversion efficiency, hence making them even more
economically appealing than 1% generation PV. These new (alternative) technologies can be
divided in two main categories, depending on their structural characteristics and evelopment
phase: 2"¢ generation (2G) and 3"¢ generation (3G) technologies.
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Figure 1-3: Efficiency and cost projections of first- (1), second- (I), and third-generation (llI)
PV technologies [20].

2" generation technologies consist of single-junction devices that aim to reduce the material
utilization, while maintaining the efficiencies of 15! generation PV [17]. While the absorber
layers of wafer-based silicon solar cells consists of several hundreds of um of material, these
2G solar cells are made of very thin layers deposited on (relatively) inexpensive substrates,
like glass, polymer, or metal [17, 21]. As a consequence, a lot less semiconductor material
is required to build a cell of the same area, thus production costs can be greatly reduced.
On the other hand, such thin absorber layers require the implementation of light-trapping
techniques, in order to absorb a sufficient amount of light and thus achieve (relatively) high
conversion efficiencies (see Chapter 2).

The primary types of thin-film (TF) single-junction solar cells that have been commercially
developed are: amorphous (a-Si) and micro-crystalline silicon (uc-Si), cadmium-telluride
(CdTe), Copper-Indium-Selenide (CIS) and Copper-Indium-Gallium-diSelenide (CIGS) so-
lar cells [17, 21].

Thin-film silicon Presently, a-Si and uc-Si cells are, alongside CdTe PV, the most developed
and widely known thin-film solar cells [21]. The relatively inexpensive deposition techniques
available, combined with the much lower material utilization, makes these type of cells con-
siderably cheaper than their wafer-based counterpart (in terms of specific costs per unit area)
[20]. On the other hand, efficiencies are still much lower when compared with 15 generation
PV: where current world record conversion efficiencies for wafer-based silicon solar cells are
well above 20%, in the case of TF silicon cells these records are 10.1% and 10.8%, for a-Si and
pc-Si respectively [22]. The main disadvantage of this type of solar cells is that they suffer
from a significant reduction in power output during they lifetime as the sun degrades their
performance [21], making thus their stabilized efficiency of such devices significantly lower
than their corresponding initial efficiencies [23].
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CdTe Cadmium-telluride thin-film solar cells can achieve higher efficiencies then amorphous
and micro-crystalline silicon devices, with a current record of 19.6% [22]. The combination
of good performance with low production costs makes CdTe the most economical thin-film
currently available. The main drawbacks of this technology are related to the absorber ma-
terials: availability of tellurium can become a problem, while cadmium has issues concerning
its toxicity that may limit its use [21].

CIS and CIGS These types of cells, whose absorber layer is made by a combination of copper,
indium, selenium, and eventually gallium, offer the highest conversion efficiencies of all thin-
film PV technologies, reaching values as high as 20.8%. The main goals for this technology
is now to increase the performance of commercial modules, which is still significantly lower
(record efficiency of 15.7%), and to increase the production capacity and reducing its cost
[21, 22].

1-2-2  3"¢ generation PV

374 generation PV technologies have the goal of increasing the conversion efficiency of previous-
generation concepts, while maintaining the same production costs; in this way, it is possible
to reduce the final cost of electricity generated [17]. However, it should be noted that most
of these technologies are yet to enter the commercial phase, while only a few are beginning
to be commercialized [14]. There are numerous 3G technologies currently researched and de-
veloped worldwide: from organic solar to dye-sensitized solar cells (DSSC), to multi-junction
structures, for both terrestrial and space applications.

Multi-junction approach

This approach consists of using multiple energy levels to absorb different portions of the solar
spectrum, reducing in this way the sections which cannot be absorbed by single-junction
cells. In order to achieve this, sub-cells made by different materials are stacked on top of
each other, from the one with the lowest energy band-gap (bottom cell) to the one with the
highest band-gap (on top cell) [20], in this way the top cell can absorb most of the blue
spectrum, while the bottom cell operates in the long-wavelength part of the spectrum (see
Chapter 2 for further explanation about band-gap energy and related loss mechanisms). The
highest quality devices are made by using single-crystal I1I-V semiconductors (e.g. Gallium-
Arsenide, Indium-Phosphide etc.); these cells are usually very expensive to manufacture, due
to the non-abundance of such materials and to the high-quality deposition required. For this
reason, solar cells made with III-V materials are generally used only in space applications,
and usually strong light-concentrators (beyond 500 suns) are implemented, to reduce the cell
area and further increase the efficiency [20, 21]. Multi-junction devices can also be realized
with silicon thin-film sub-cells, which have the advantage to be much cheaper to manufacture,
at the cost of a reduced efficiency. Light-concentration is also possible in this case (although
only low- and medium-concentration, up to 100 suns, to avoid overheating), although it is
less beneficial in terrestrial applications [20, 21]. Current record efficiencies are over 44%
(concentrator) and 38% (non-concentrator) for III-V multi-junction cells (Figure 1-4), and
13.4% for triple-junction silicon cells [22].
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Figure 1-4: Plot of highest confirmed conversion efficiencies for research cells, from 1976 to the
present, for a range of photovoltaic technologies [24].

Other approaches

Other 37 generation technologies have encountered less success, but are still attracting in-
terest due to their potential.

Dye-sensitized solar cells This type of PV cells are based on semiconductor structures
formed between a photo-sensitized anode and an electrolyte. In a typical DSSC, the semicon-
ductor nanocrystals harvest the sunlight (photons), and the dye molecule is responsible for
the charge separation. These cells are attractive because they use relatively cheap materials
and they are simple to manufacture, on the other hand, their performance degrades over time
(with exposure to UV light) and they may encounter problems at very low temperatures.
Current record efficiencies are relatively low [21].

Organic solar cells These cells are composed of organic or polymer materials. They have the
advantage of being inexpensive, but they suffer from low conversion efficiency and instability
over time. Despite this, the very low manufacturing costs may allow this type of PV cells to
compete with other established technologies in the near future [21, 25].

Novel and emerging concepts In addition to the aforementioned 3G technologies, several
other concepts are under development. Among them, the ones attracting more attention
are: quantum dots, quantum wells, multiple carrier excitation, up/down conversion and hot
carrier cells. Some of these types of solar cells have been already realized on lab-scale, other
are still in an early R&D phase, but attention towards them is constantly growing [20, 21].
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1-3 Scope & outline of the thesis

The aim of this project can be summarized by the following scientific question:

How does advance texturization of thin-film solar cells influence their optical behaviour and
how can such textures be optimized in order to achieve the best possible optical performance?

In the process of answering this question, the following sub-question will be also addressed:

1. How can materials for PV applications be properly characterized?

2. Which are the optimal parameters of 1-D asymmetric gratings for different thin-film
technologies?

3. How do material properties affect the optical performance of thin-film silicon solar cells?

4. How do elongated nano-structures affect light propagation inside thin-film silicon solar
cells?

These four sub-questions represent the logical order in which the work of this project was
carried out: the first step consisted of material characterization, a necessary step to obtain
reliable input parameters for the following steps. The rest of the work consisted of optical sim-
ulations: first the optimal geometrical properties of 1-D gratings for different TF technologies
were found; then the influence of different materials on the optical performance of thin-film
silicon cells was studied, identifying which of these materials perform better; finally, the effect
of elongated nano-structures on light propagation and optical performance for silicon PV cells
was researched, eventually determining the optimal design of such advanced structures.

This final report is structured at follows: after the introduction (Chapter 1), in Chapter 2 the
concept of light management is introduced, with an overview of the most important techniques
adopted in state-of-the-art solar cells; particular attention is given to those techniques that
are analysed in this thesis project, such as textured interfaces and nanowires, presenting
in this way the theoretical background of this thesis. In Chapter 3 the equipment used in
the optical characterization phase of the project is described, with brief explanations of the
working principle of each machine and of the models employed for fitting the experimental
data; the results of the material characterization carried out are also presented, providing in
this way the answer to sub-question 1. Chapter 4 contains general aspects of 3-D modelling
of solar cells and a short description of the software used for the simulations. This provides
the background for the following Chapter 5 and Chapter 6, where the results of simulations
are summarized, for 1-D gratings and N'Ws respectively; the analysis of these results give the
answer to sub-questions 2, 3, and 4, satisfying the scientific purpose of this work. Finally,
Chapter 7 contains the conclusions and an outlook on future work related to the topic of this
thesis.
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Chapter 2

Light Management in thin-film solar
cells

In this chapter the concept of light management is introduced and explained, with the goal to
provide a theoretical background to the work of this report. First, the meaning of the term
light management is clarified and its importance for thin-film solar cells is explained (Section
2-1). Then, an overview the main loss mechanisms of solar cells and the corresponding light
management techniques adopted is presented (Section 2-2). In Section 2-3 and Section 2-4
the analysis is focused on those techniques that were investigated during the course of this
project: periodic gratings (which are here compared to alternative random textured) and
elongated nano-structures.

2-1 Introduction

Light management is the term commonly used to designate all those techniques applied during
the realization of solar cells in order to optimize their optical performance. In particular, the
aim of light management is the effective use of the energy contained in the solar spectrum,
to maximize the absorption inside the active layer(s) of a PV cell and at the same time
minimize the (optical) losses. Light management is particularly important for thin-film (TF)
solar cells, since their very thin absorber layers suffer from low absorptivity (due to the very
low thickness), especially at wavelengths close to and beyond their material band gap. To
understand this, it is useful to look into the absorption mechanisms of light (or electromagnetic
waves in general) inside a material.

Light absorption inside thin layers

The intensity of light propagating inside a certain material or medium depends on their optical
properties; this behaviour is described by Lambert-Beer’s law:
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Figure 2-1: Absoprtion coefficients («, primary vertical axis) and corresponding penetration
depths (4, secondary vertical axis) as function of energy (i.e. wavelength), for a-Si:H, pc-Si:H
and c-Si [26], with corresponding band gap energies (note that c-Si and uc-Si have the same
bangap of 1.11 V)

I(z,\) = Ip(\) - e @)= (2-1)

where I(z,\) represents the intensity of the electromagnetic wave inside the material (as
function of the wavelength A and the path length z), Iy is the initial intensity (at z = 0,
at the surface of the material) and «()\) the absorption coefficient of the material, which
strongly depends on the wavelength of light (see Figure 2-1). From Eq. (2-1) it is clear that
the intensity of an electromagnetic wave propagating inside a material decays exponentially
as the travelled distance increase, and this decay gets quicker as the absorption coefficient
becomes bigger. A greater intensity decay (« large) implies strong absorption inside the
material, while a lower one (« small) allow a bigger portion of light to be transmitted at the
back side of the layer (if the thickness z is sufficiently small).

The (wavelength-depending) absorption coefficient «()) is a property of a material, which
can be easily calculated knowing the value of its (complex) refractive index! 7(\):

4
a(N) = RO [m ] (2-2)
An equivalent way of approaching this problem consists of considering another quantity,
specifically the penetration depth (6,())), instead of the absorption coefficient. The penetra-
tion depth measures how deep can a electromagnetic radiation penetrate inside a material,

The complex refractive index is expressed by the formula:
(A) = n(A) + ix(A)
where n()) is the quantity commonly referred to as refractive index, while k() is the extinction coefficient.
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and it is defined as the depth at which intensity of the radiation inside the material falls to
1/e (approximately 37%) of its original value. Lambert-Beer’s law can thus be re-written as
follows:

I(z,\) = Io(\) -e % (2-3)

It is indeed possible to see that when z = J,, the ratio between light intensity to its initial
value is 1/e . From this follows:

5,(\) = a(&) (24)

0p is thus inversely proportional to «. This second approach shows clearly how material
properties affect the absorption mechanism: if light can penetrate deep inside the material (4,
large) absorption is weak (slow intensity decay), while a small penetration depth implies strong
light absorption (quick decay of the intensity). In general, 6, is small at short wavelengths
(blue light), and gradually increases till it reaches the material band gap; from this point on,
the increase becomes steeper (« reduces quickly), meaning that absorption gets very weak
(Figure 2-1).

State-of-the-art thin-film PV cells have absorber layers with very small thicknesses, varying
from hundreds of nanometers (amorphous silicon) to a few micrometers (micro-crystalline
silicon, CIGS) [27]; on the other hand, at wavelengths around and beyond the band gap,
dp is much larger (hundreds of micrometers, see Figure 2-1). Hence, TF solar cells are not
sufficiently thick to absorb light in the longer-wavelength region of the spectrum, unless special
light management techniques are implemented.

2-2 Light management techniques

In order to optimize the utilization of the energy contained in the solar spectrum (which from
now on will be indicated with AM1.5,see Figure 2-2), the main goal of light management
is to reduce the optical losses hindering the cell performance.These loss mechanisms can be
divided in three main categories:

e Spectral mismatch

e Front reflectance

e Parasitic absorption in supporting layers?

In the following, each of the losses will be discussed and the light management techniques
adopted to reduce them will be presented.

2All the layers of a PV cell that do not contribute to the energy conversion are considered supporting
layers. Examples are the glass substrate, front and back transparent conducting oxide (TCO) layers and metal
contacts/reflectors.

Master of Science Thesis R. Vismara



12 Light Management in thin-film solar cells

2.00_""I""l""I""l""I""l""l""l""_
AM1.5 Spectral power density - P(A) ]
175 | ]
1.50 | ]
1.25 [ ]
1.00 | ]

075 [ ]

P(A) [W/m2 nm]

0.50 | .

0.25 m ]
0.00 L ; s :

250 500 750 1000 1250 1500 1750 2000 2250 2500

Wavelength [nm]

Figure 2-2: AM1.5 spectral irradiance [28].

2-2-1 Spectral mismatch

The term spectral mismatch refers to the mismatch of the photon energy distribution in the
solar spectrum and the band gap of the semiconductor material used as absorber layer inside
the solar cell. The mismatch results in two intrinsic (unavoidable) losses that reduce strongly
the global conversion efficiency of the PV cell. The first one is the non-absorption of photons
with energy lower than the absorber material band gap (Ep, < Ey). These photons cannot
excite electrons from the valence to the conduction band (i.e. they are not absorbed) and
thus they do not contribute to the energy conversion process [29]. The second loss is the
thermalization. This process regards the absorption of photons which have a higher energy
content than the absorber band gap. The extra energy these photons carry cannot be used to
further excite electrons and is thus released as heat inside the material [30]. In Figure 2-3a an
example of the mismatch between the spectral power density P(\) and a-Si:H semiconductor
between 300 nm and 1200 nm is shown, in this range, almost 13% of the energy is lost for
thermalization (E,, > Ejp,), while more than 44% is lost due to non-absorption (Ey, < Ep,).

The standard approach used to reduce the impact of this losses and improve the solar spectrum
utilization are multi-junction structures (also known as tandem structures).

Multi-junction structures

Multi-junction structures have been developed already for many years, mainly for cells based
on ITI-V materials for space satellites as well as for thin-film cells based on silicon absorbers
[17, 20]; current conversion efficiency world record (considering all technologies, without light
concentrators) is hold by a 5 junction cell based on gallium-arsenide (GaAs) and indium-
phosphide (InP) absorbers, while double- and triple-junction cells based on amorphous and
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Figure 2-3: Spectral mismatch between spectral power density and an a-Si:H cell (a) and a
triple-junction a-Si:H/a-SiGe:H/nc-Si:H (b) [31].

nano-crystalline silicon have already achieved better performance than corresponding single-
junction technologies [22, 24].

Multi-junction structures consist of two [32, 33] or more [34, 35, 36] individual cells stacked on
top of each other. The sub-cells have absorber materials with different band gaps, going from
the largest (top cell) to the smallest (bottom cell); in this way every cell absorbs a specific
part of the spectrum: short-wavelength region (blue light) for the top cell, long-wavelength
part of the spectrum (red and near infra-red light) for the bottom cell. It is immediately clear
that, by sub-dividing the single absorption region of single junction PV cells into multiple
regions, the mismatch between the AMI1.5 spectral power density and the band gap of the
absorber(s) greatly reduces. In Figure 2-3b an example of the mismatch between the spectral
power density and a triple-junction cell made of a-Si:H/a-SiGe:H /nc-Si:H is reported, showing
how the total losses induced with respect to the single-junction case are reduced (despite an
increase of thermalization losses is observed).

While in the case of single-junctions light management is oriented on increasing the value of
the short-circuit current density Jg., when dealing with multi-junctions the focus is put on
tuning both Jg. and V. (the open-circuit voltage). In fact for single-junction solar cells, once
chosen the absorber material, ideally fixing the V. [37], light managements aims to increase
the absorption (i.e. the Jg.) as much as possible. In multi-junction structures instead, since
the sub-cells are connected in series, the single open-circuit voltages add up, while the short-
circuit current density must be equally distributed between the junctions, to achieve current
matching [31]. Current matching between the sub-cells is very important, since the Js. of
the entire multi-junction cell is limited by the smallest current of its sub-cells (since hey are
series-connected).

To achieve optimal current matching the primary approach is tuning the thicknesses of each
sub-cell (in particular top cells), in order to make each of them absorbing the right amount of
light to generate the same J,.. The material choice is also very important, not only to achieve
the highest possible V., but also to make each sub-cell absorb only a certain portion of the
solar spectrum. For example, if a material with a too low band gap energy were chosen for the
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top cell, it would generate a higher current density, but bottom cells would absorb less light
and thus generate lower currents, reducing in this way the performance of the multi-junction.

An advanced approach to improve current matching and increase the efficiency of multi-
junction solar cell is the implementation of intermediate reflectors [31]. Such layers act as
optical filters, allowing part of the light (e.g. long wavelengths) to go through to bottom cells
and reflecting back to top cell(s) the remaining part of light (short wavelengths). In this way it
is possible to keep the thickness of top layers as thin as possible, reducing in this way their light
induced degradation. These intermediate reflectors should have low refractive index and low
absorption at long wavelengths, in order to allow them to go through to bottom layers; ZnO
is a material which fist these requirements and its application as intermediate reflector inside
tandem cells has been investigated [38]. Intermediate reflectors based on periodic structures
are also under development; distributed Bragg reflectors are notable examples [39, 40].

Other advanced and novel approaches are under investigation for reducing the spectral mis-
match between the solar spectral power density and absorber material band-gap(s): among
them notable examples are spectrum splitting on laterally dislocated cells [41, 42], up- and
down-converters [43, 44, 45] and absorbers with quantum dot super-lattices [31, 46, 47].

2-2-2  Front (primary) reflectance

The primary reflectance, originated by the refractive index mismatch between incident medium
(air) and irradiated device, can be reduced by using two different techniques: anti-reflective
coating (ARC) and textured front surfaces.

Anti-reflective coatings

An anti-reflective coating consists of one or more layers applied between the absorber and
the incident media. Two different concepts are applied: refractive index (step-wise) grading,
with the application of the so-called Rayleigh film and thickness tuning to achieve destructive
interference.

The Rayleigh film is an anti-reflective coating, which is applied to a wide range of technologies,
including solar PV cells. The basic concept of a Rayleigh film is interposing between 2 layers
a third with a value of the refractive index (nagrc) in between the values of the other two
layers (ng, n1); in this way primary reflection can be reduced. Any value of ng < narc < ni
reduces the total reflection, but an optimal value can be found at it corresponds to the
geometric average between the indexes of the two neighbouring media [48].

nf’flgc = /nony (2-5)

In Figure 2-4 the effect of the ARC refractive index on an air-glass interface is shown. For
this specific materials, nfﬁgc is:

nFhe = v/Mairlglass = V1.5 = 1.22 (2-6)

The second parameter of anti-reflective coating which can be tuned is their thickness.The
optimal thickness of an ARC layer is:
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Figure 2-4: Value of the reflectance R for an air-glass interface (14 = 1, ngiass =~ 1.5), with
and without an ARC. The optimal value found is: n°P* = 1.22, which corresponds to a reflectance
Rnin = 2.03%, almost half of the reflectance without ARC (4%).

A A
lopt 0
ARC 4

= 2-7

4narc 27)
where A is the wavelength of light inside the ARC material and )y the wavelength in vacuum.
Eq. (2-7) can be found by analysing light interference in a thin layer (Fabry-Perot interfer-
ence), and the optimal ARC thickness results in destructive interference between reflectance
at first and second interfaces (e.g. air/ARC and ARC/absorber).

The technique of anti-reflective coating is clearly only indicative, since the optimal refractive
index (Eq. (2-6)) may not correspond to any existing material and , depending on the chosen
material, a controlled thickness can be difficult to achieve. Moreover, it must be noted that
the thickness optimization is done at a particular wavelength, hence its anti-reflective (AR)
effect is limited to a narrow region of the spectrum. To widen such effect, the fabrication of
a multi-layer ARC could be a possibility.

Currently, ARC layers position depends on the building technology adopted. For example, in
case of pin the ARC layer is usually magnesium-fluoride deposited onto the glass superstrate
(namgr, = 1.38) [49], or titanium-oxide (nr;0, = 3) placed between the front TCO and the
p-layer [31, 50]. In the case of an nip structure, the various materials used as front TCO (e.g.
AZO, ITO) have a refractive index close to the optimal value [51] and their thickness can be
tuned to meet both conductance and AR requirements [31].

Textured front surface

The utilization of nano-textures in thin-film silicon PV cells is also very appealing. In fact,
the presence of an appropriate front texturization assures a broad wavelength anti-reflection
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Figure 2-5: Reflectance R of two thin-film silicon solar cell, one with flat interfaces, the other
with textured interfaces (1-D diffraction gratings), both with an a-Si:H absorber with a thickness
of 290 nm.

effect, since at the interface where the texture is located the refractive index smoothly varies
between incident and irradiated media (opposed to the step-wise variation when employing
multiple ARC). Texturization is usually applied at the air/device interface, but it is also
possible at internal interfaces, promoting a refractive index grading between different layers
and thus reducing intermediate reflection [31]. In Figure 2-5 the difference in reflectance
between a flat and a textured thin-film amorphous silicon cell is represented, showing the
gain achieved with the textured surface.

Front texturization triggers also the scattering of light, but this aspect will be discussed in
Section 2-3.

2-2-3 Parasitic absorption in supporting layers

Light which is absorbed by supporting layers in principle does not contribute to the enegry
conversion process, thus it is considered an optical loss. Recently, a lot of effort has been put
into developing transparent conductive oxides (TCO) with low absorption coefficient in the
wavelength region of interest (300 — 1200 nm for Si absorbers) [52, 53]. A growing attention is
also given to the development of wide band gap doped semiconductors, such as hydrogenated
amorphous/micro-crystalline silicon oxide (a-SiO:H/uc-SiO:H), and to finding alternatives to
metallic back reflectors, to avoid parasitic plasmonic absorption on the textured metal surface
[31].

2-3 Scattering of light at textured interfaces

Scattering is the phenomenon in which a light ray is deflected from its path due to an im-
pact with a small object. More specifically, textured interfaces with features of micro- and
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Figure 2-6: Refraction of light when n; > n; (a) and value of reflectance R as function of the
incident angle ¥;, highlighting the limit value of the critical angle ¥+ (b).

nanometers scale can scatter light, splitting incident perpendicular light rays into multiple
rays with directions different from the normal.

Through light scattering it is possible to achieve light trapping, which is the mechanism for
which photons are led into the absorber layer and, once there, they are trapped inside it until
they are absorbed. In fact, if light is scattered into sufficiently large angles, the phenomenon
of total internal reflection can take place. This can be easily seen when considering Snell’s
law of refraction:

n; sin¥; = n; sin Y (2-8)

where n; and n; are the refractive indexes of the incident and transmitting media, as shown in
Figure 2-6a, v; is the incident angle and 9, is the transmitted angle. From Eq. (2-8) follows:

sindy = ™ in Y, (2-9)
Uz
Considering Eq. (2-9), it is obvious that n; > n;, = ¥ > ¥;. But if the quantity % sin 1J; on
the right side of Eq. (2-9) becomes greater than 1, than the angle ¥; becomes imaginary, i.e.
all light is reflected back into the incident media. This phenomenon is called total internal
reflection and the angle:

Yerit = arcsin i (2-10)
n;
is the critical angle® (see Figure 2-6b).

In the case of thin-film silicon solar cells, after scattered light is reflected by the back reflector it
reaches the silicon/TCO interface, with ng; > nrco; hence, if light is scattered at sufficiently
large angles, it can be trapped inside the silicon layer, increasing its chances of being absorbed.

3Note that ¥; = Ferit = V¢ = g
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Even in the case where the scattering angles are not large enough to achieve total internal
reflection, light travels a longer distance inside the absorber layer than in a cell with flat
interfaces (no scattering), i.e. the optical thickness of the textured interface is larger than the
physical thickness.

To summarize, by introducing textured interfaces inside thin-film solar cells is possible to
prolong the effective path length of photons inside the absorber layers, eventually achieving
total internal reflection between back and front contacts. Currently, state-of-the-art thin-film
silicon solar cells light is scattered at rough interfaces introduced by substrate carriers coated
with a randomly surface-textured TCO [31]. However, in recent year the approach of periodic
gratings has emerged as a valid alternative. In the following paragraph, the advantages and
drawbacks of both possibilities will be examined.

2-3-1 Random textures and periodic gratings

State-of-the-art thin-film silicon solar cells currently employ random textures, which have
shown to have outstanding light-trapping capabilities and are relatively easy to manufacture
[54]. Over the last years though, the question whether random or periodic periodic nano-
structures can lead to better light trapping in solar cells has been hotly debated and remains
controversial [55, 56, 57].

The main difference between random textures and periodic gratings lays in the way they
scatter incident light. Randomly textured surfaces scatter light into a continuous distribution
of angles, allowing the coupling of light to all guided modes but also to the continuum of
radiation modes [54]. For a random structure which fully randomizes the incoming light,
theory predicts a maximum absorption enhancement of 4n? (where n is the refractive index of
the absorber material); this is the famous Yablonovitch limit [58]. On the other hand, periodic
gratings scatter light into a discrete set of angles, exciting in this way a finite number of guided
modes inside the absorber; the more modes are excited, the higher the absorption becomes.
By avoiding the undesirable coupling of light to the continuum of radiation modes, periodic
gratings can exceed the Yablonovitch absorption limit, although only in limited portions of
the spectrum) [54, 59, 60, 61, 62].

Despite the potential advantage, periodically textured thin-film solar cells have yet to outper-
form their randomly textured counterparts, mainly because the optimization of the optical
performance of periodic gratings (which privileges high aspect-ratio structures) leads to a
decrease in the electrical performance, and a trade-off must be found. Recent studies have
shown that, by appropriately tuning the grating parameters, periodic structures can per-
form at the same efficiency levels as their random counterparts. However, further efficiency
improvements may only be achieved by designing scalable morphologies which improve the
optical performance via higher aspect ratios but avoid an increase of electrical losses [54].

The work of this thesis and the results presented in Chapter 5, rather than discussing the ben-
efits and drawback of periodic textures over random interfaces, will focus on the optimization
of 1-D periodic gratings for different thin-film solar cells, analyzing their optical behaviour
and absorption enhancement over non textured devices.
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Figure 2-7: scanning electro microscope (SEM) image of a nanowire silicon solar cell.

2-4 Elongated nano-structures for PV applications

Elongated nano-structures, also indicated with the term nanowires (NWs), are promising for
the development of advanced light trapping schemes in photovoltaic cells. The term elongated
nano-structures indicates features of nanometers/micrometers scale which are characterized
by very high aspect ratios (i.e. their height is much larger than their cross-section dimension)
and that are ideally disposed in a periodic array. There are mainly two types of solar cells
based on NWs that can be realized, depending on the type of junction employed: radial
junctions or axial junctions. A radial junctions is made of layers deposited on top and around
nanowires, which can be metallic, made of TCO or other absorber materials. In this way,
the junction is not perpendicular to light illumination as in the case of traditional thin-film
cells, but it is radially distributed around the nanowire itself, as in Figure 2-8. On the other
hand, in an axial junction the doped and absorber layers are deposited on top of each other to
form the nanowires, which are subsequently coated. When comparing these two approaches,
the main advantage of the radial junction emerges: the orthogonalization of light travel path
with respect to the direction of the charge carrier collection (Figure 2-8a) [63, 64, 65]. The
other important benefits of NWs (common to both types of junction) are light scattering from
an individual NW to its neighbours, individual reflections between single NWs (Figure 2-8b)
and the anti-reflective (AR) effect generated by the particularly high aspect ratio of such
elongated nano-structures [63].

Depending on the type of absorber material and junction, several types of NW-based cells can
be realized: of those, silicon (Si) radial-junction NWs are the most extensively investigated
[64, 65, 66, 67, 68] and reviewed [69, 70], due to the advantages offered by the radial junction
configuration (with respect to axial junctions) and to the vast knowledge in Si processing.
Other types of structures have been also researched; among them, the most notable are
gallium-arsenide radial junctions [71, 72, 73] and zinc-oxide nanorods [74, 75]. In spite of
having less advantages than their radial counterparts, axial junctions have also been studied,
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20 Light Management in thin-film solar cells

(a) (b)

Figure 2-8: Cross-sections of a radial-junction nanowire silicon cell, highlighting the orthogonal-
ization of light and carrier path (a) and multiple reflections between NWs (b).

mostly for structures based on silicon [76, 77]and on III-V absorber materials [78]. III-V
materials have the advantage of a longer diffusion length, thus they are more suitable for the
axial junction configuration.

In spite of all the research that has been carried out so far, current nanowire-based solar cells
developed have shown performance far below equivalent textured thin-film PV cells. The main
problem encountered is the inhomogeneous depositions of layers on top of nanowires, which
results in a huge reduction of the electrical performance (in terms of V. and fill-factor F'F').
Moreover, very small simulation work to optimize the elongated nano-structures, with the
exception of the work of Demésy and John [79]. The work and results presented in Chapter
6 are thus of great interest to comprehend how nanowires influence the propagation of light
and the performance of thin-film silicon solar cells.
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Chapter 3

Optical characterization of materials
for PV applications

This chapter provides an overview of the laboratory equipment utilized and the methods
employed in order to optically characterize materials for photovoltaic applications (Section
3-1 and Section 3-2); these optical properties extracted are then presented in Section 3-3 and
will later be used as input parameters for the simulations in Chapter 5 and Chapter 6.

3-1 Reflectance-Transmittance measurements

Reflectance-transmittance (R-T) measurements were carried out by means of spectrophotom-
etry. This technique allows the measurement of reflectance and transmittance of a sample,
with respect to the wavelength of incident light. In a typical spectrophotometer, a source
of light impinges on diffraction gratings, which are able to select specific wavelengths of
light. Through a series of mirrors the light beam is directed towards the sample. The light
transmitted or reflected by the sample is then captured by a detector. Information from
the detector is then compared (wavelength by wavelength) to reference transmittance and
reflectance spectra, obtaining thus the results in relative terms (i.e. in percentage) [31].

The equipment used to carry out R-T measurements is the Lambda950 by Perkin Elmer (see
Figure 3-1). This spectrophotometer is equipped with two light sources, a deuterium arc
lamp for ultraviolet light (wavelengths below 320 nm) and a tungsten-halogen lamp, which
can cover a wavelength spectrum between up to 3300 nm. Two different accessories can
be used with this spectrophotometer: the Integrating Sphere (IS) and the Automated Re-
flectance/Transmittance Analyzer (ARTA). Both accessories contain two different detectors:
a photomultiplier for the ultraviolet (UV) and visible regions of the spectrum and a PbS
detector that for the near infrared (NIR) range. The switching between the two detectors
takes place at 860.60 nm, which is the weakest operating region for both detectors [80].
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e —————

IS

Figure 3-1: The Lambda 950 spectrophotometer by Perkin Elmer, with mounted IS (left) or
ARTA (right) accessories [31].

The integrating sphere has a diameter of 150 mm and is internally coated with a highly
reflective material with a Lambertian behavior!. When light enters through the sample
positioned at the transmittance port (see Figure 3-2a), due to multiple internal reflections
total (diffuse + specular) transmittance 7(A) can be measured. In order to measure the
diffuse transmittance Tp(A), it is possible to remove a cap located at the reflectance port,
opening in this way a hole through which the specular component of transmitted light can
leave the sphere. With these measurements, the haze of transmitted light Hy(\) can be easily

determined through the following equation:

Hy(\) = (3-1)

In a similar way to the transmittance measurements, by positioning the sample at the re-
flectance port of the IS the total reflectance Ry (\) can be measured as well as its diffuse part
Rp(A), once another cap is removed in order to allow the specular component of the reflected
light to exit the sphere. In a similar way to Hrp, also the haze of reflected light Hr(\) can be
calculated by dividing Rp by Rr. Knowing both total transmittance and reflectance, it is also
possible to calculate the absorptance of a film (A¢,, = 1 — Ry — T7), in the hypothesis that
the substrate carrier on which the layer is deposited does not absorb light in the inspected
wavelength range [31].

The ARTA accessory (Figure 3-2b) has a diameter of 180 nm and can be used for two different
types of measurements. The first one is the angular intensity distribution (AID) measure-
ment, in which the sample is kept at a fixed angle, while the detector(s) can rotate around
it to measure the intensity of transmitted light at different angles. In this way it is possible
to determine the intensity of light scattered as function of the scattering angle, which is the

LA surface which scatters light ideally in all directions is called Lambertian; such surface obeys Lambert’s
cosine law: I = k- cos(1}), where I is the intensity of light, k is a proportionality factor and 9 is the scattering
angle.
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Figure 3-2: Sketch of the IS (a) and ARTA (b) accessories for the Perkin Elmer Lambda 950
spectrophotometer [31].

AID. These measurements are usually done at one specific wavelength, which must be selected
before the beginning of the measurements series. The second type of measurement is the ex-
traction of the n and k values of a material. For this type of measurement, reflectance or
transmittance are measured for 17 different positions of sample and detector (see Table 3-1),
for both s- and p-polarized light; the total number of measurements for sample is thus 34.
For every position, light wavelength is swept between 250 nm and 1500 nm, with steps of 5
nm. The result obtained are then used for the fitting procedure, carried out by the SCOUT
software. With this software, the user can create a model that represents the real sample
measured with ARTA, which is usually a layer of material deposited on a previously charac-
terized substrate. SCOUT will then iteratively adjust various properties of the layer, among
them thickness, band gap energy and roughness, until the model curves fit the corresponding
measured ones. When the fit is satisfying (i.e. when the RMS error of the fitted curve is
sufficiently small), the fitting process stops and the material is properly characterized, and
the value of the complex refractive index 7 as well as the other aforementioned properties
(band gap, thickness etc.) can be exported.

3-2 Spectroscopic ellipsometry

Ellipsometry is an optical technique for investigating the dielectric properties (complex re-
fractive index or dielectric function) of thin films. Ellipsometry can be used to characterize
composition, roughness, thickness (depth), and other material properties. It is very sensitive
to the change in the optical response of incident radiation that interacts with the material
being investigated. The term spectroscopic refers to the broad-band light source employed,
as opposed to single-wavelength ellipsometry where the light source used is monochromatic.

The parameter measured by the ellipsometer is the change in polarization as the incident
radiation interacts with the measured sample. In the most common configuration, light
illuminating from an incident angle larger than 0 (perpendicular illumination) is reflected by
the sample and the specular component of reflected light is collected by a detector positioned
symmetrically to the light source. The polarization change can be quantified by the amplitude
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24 Optical characterization of materials for PV applications

Table 3-1: Position of sample and detector for n, k extraction with the ARTA accessory.

Position Sample angle [deg] Detector angle [deg]

1 -60 240
2 -45 270
3 -30 300
4 -15 330
) 15 30
6 30 60
7 45 90
8 60 120
9 -60 180
10 -45 180
11 -30 180
12 -15 180
13 0 180
14 15 180
15 30 180
16 45 180
17 60 180

ratio, ¥, and the phase difference, A, between incident and reflected light. ¥ and A are related
by Eq. (3-2):

tan (0) - '® = p= L (3-2)

Ts

where p is defined as the ratio of the reflectivity for p-polarized light (r)) to the reflectivity
for s-polarized light (r5). The term tan (V) represents the magnitude of the reflectivity ratio
and A its phase [81]. Because the reflected signal depends on the thickness as well as the
material properties, ellipsometry can be a universal tool [82] for contact free determination
of thickness and optical constants of films of all kind.

The equipment that was used for spectroscopic ellipsometry characterization is the ESM-
300 spectroscopic ellipsometer by J.A. Woolam Co. (see Figure 3-3). It consists of a light
source, which emits a beam of broad-band light towards the sample holder, where the sample
is positioned. The robotic arm holding the light source can rotate to change the angle of
incidence of light on the material. On the other side of the machine a symmetric arm holds
the detectors. The two arms move together in order to to allow the detectors to collect the
specular component the light reflected by the sample. There are two detectors present, one
for UV and visible light and the other for NIR light. In order to operate the ellipsometer, the
CompleteEASE software is required.

The procedure to follow in order to extract the sample properties is the following: first, after
calibration, a sample is measured at different angles of incidence. Then, the CompleteEASE
software can extract the values of ¥ and A as function of the wavelength A for the angles of
incidence measured. After that, the user creates a model that mimics the real structure of
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Figure 3-3: The J.A. Woolam Co. ESM-300 spectroscopic ellipsometer.

the device. This is the most delicate part, since depending on the material to characterize
different models with different oscillator functions must be used. After a model is chosen, the
software starts the fitting procedure, where different parameters of the oscillator functions
as well as other parameters of the measured layer, such as thickness and surface roughness,
are iteratively adjusted until the modelled functions fit the measured curves. Finally, if the
fitting is considered sufficiently accurate, the optical properties of the material as well as the
thickness of the layer and the roughness of the surface can be obtained. In particular, the
optical property that can be extracted is the complex dielectric function €. Knowing the
relation between & and the complex refractive index n:

=g +iey = (n+ir)? (3-3)

It is possible to determine the values of the real part of the refractive index n and the extinction
coefficient «:

Ver+ei+ e (3.4

2

Vel +ed—er (3.5)

2
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Table 3-2: Samples provided by Forschungszentrum Jillich GmbH (FZJ). (* For n- and p-doped
layers two samples were provided, to allow to allow a more precise characterization.)

Sample Nominal thickness [nm] Measured thickness [nm]
Asahi-U TCO [not given)] 721

ZnO:Al TCO [not given] 1017

p-doped a-Si:C:H 15/85* 13.7/80.2
n-doped a-Si:H 20/100* 20.3/95
intrinsic a-Si:H 290 258

p-doped pc-Si:H 30/83* 24.4/72.2
n-doped pc-Si:H 32/98* 36.2/96.1
intrinsic pc-Si:H 435 453

3-3 Material characterization results

Two set of samples were characterized in this project: the first, provided by the Forschungszen-
trum Jiilich GmbH (FZJ) [83], consisted of materials that were later used in the modelling of
amorphous and micro-crystalline silicon thin-film solar cells: hydrogenated-silicon absorber
layers, silicon doped layers and TCO layers (see Table 3-2). The second set of samples, pro-
vided by Commissariat & I’Energie Atomique (CEA) [84], consisted of the materials used in
the modelling of the CIGS PV cell: molybdenum (Mo) reflector, CIGS absorber, CdS and
TCO layers (Table 3-3).

Table 3-3: Samples provided by Commissariat & I'Energie Atomique (CEA).

Sample Nominal thickness [nm] Measured thickness [nm)]

CIGS 660 671
CdS 50 45

ZnO:Al 400 443
ZnOi 50 49.9
Mo 500 500

3-3-1 Extraction of reflectance and transmittance profiles

For all the samples, spectrophotometry measurements were carried out, using the IS accessory
as described in Section 3-1. The results of this measurements consist of reflectance and
transmittance profiles (in percentage terms) over the measured spectrum (300-1500 nm). For
textured samples, both the total and diffused transmittance were measured, to allow the
calculation of the haze parameter Hy(\) with Eq. (3-1). In the case of samples made by FZJ,
a comparison between the obtained R, T curves and the corresponding data provided by the
manufacturer was done. In Figure 3-4 the curves obtained for one FZJ and one CEA sample
are shown.
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Figure 3-4: Reflectance R, transmittance T' and absorptance A (A =1— R —T) of an a-Si:H
sample provided by FZJ(a) and an intrinsic ZnO sample provided by CEA (b)

3-3-2 Determination of n, x data

Regarding the extraction of the n, x data, a choice had to be made on whether to employ
the spectrophotometer equipped with the ARTA accessory or use spectroscopic ellipsometry.
Previous works [85, 86] showed that ARTA is preferable for measuring the n,x values of
transparent conducting oxides, especially when the samples measured are not flat (as was
the case for the Asahi-U and the etched ZnO:Al samples provided by FZJ). Additionally, the
work by Sap et al. [86] proved that the presence of a surface roughness does not prevent the
correct determination of complex refractive index values, if such roughness is appropriately
included in the fitting model used. For this reason, TCO samples were characterized through
spectrophotometry (with ARTA), while all the properties of the remaining samples were
determined by spectroscopic ellipsometry.

Extraction of n, x values of transparent conductive oxide layers

In total 4 TCOs were characterized: 2 of them were provided by FZJ (one Asahi-U sample and
one ZnO:Al sample, see Table 3-2) and 2 by CEA (another ZnO:Al sample and an intrinsic
ZnO layer, see Table 3-3). The models used for the fitting process in the SCOUT software
where previously developed inside the Photovoltaic Materials and Devices (PVMD) group at
Delft University of Technology. For all samples the fitting results were sufficiently accurate
(final standard deviation below 0.005, which is the same iteration stopping criteria used by
Sap et al. in [86]), and the results found good correspondence with values present in literature
[86]. The results of the characterization of the four TCOs is presented in Figure 3-5.

Extraction of n, x values with spectroscopic ellipsometry
Spectroscopic ellipsometry (SE) was used to characterize all the remaining materials (see
Table 3-2 and Table 3-3). The CompleteEASE software used for the fitting process contains

already built-in models for multiple different materials, which were used in this project when
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Figure 3-5: n, x profiles of Asahi-U (a), ZnO:Al from FZJ (b), ZnO:Al from CEA (c) and intrinsic

ZnO (d)

deemed sufficiently accurate.

For the silicon samples, different models developed by the

PVMD group were used, since they gave better results than corresponding built-in models.

Particular attention must be put in the characterization of doped layers, presented in Fig-
ure 3-6. In fact, these layers show relatively high levels of absorption at wavelengths beyond
the material band gap (around 730 nm for a-Si:H and 1100 nm for pc-Si:H), due to the
well-known phenomenon of free-carrier absorption [87]. Hence, if the model is not correctly
defined, the fitting process will give incorrect results. For this reason, specific models for
doped silicon layers were used for the characterization of n- and p-type doped materials. In
Figure 3-7 the extracted n, k values for intrinsic a-Si:H are presented, showing the quick decay
in absorption (k) at the material band gap.
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Chapter 4

Solar cell 3-D optical modelling

In this chapter a description of the modelling approach used to carry out the simulation work
of this thesis is presented, alongside a brief description of the software employed and the
procedure followed.

4-1 The Finite Element Method

The Finite Element Method (FEM) is a numerical technique to find approximate solutions of
Maxwell equations. When using FEM, the volume of the simulated structure is meshed (i.e.
discretised) with tetrahedrons and the components of the electromagnetic field are calculated
at their vertices (nodes) [31]. In this method, the Faraday and Ampere-Maxwell laws are
combined to obtain Helmoltz vector equation [88] in terms of the electric field E (Eq. (4-1))
or the magnetic field H:

1
V x —V x E — kie,E = ikoZyJ (4-1)

Hr

where J is the electric current density (in A/m?), &, and u, are, respectively, the relative
permittivity and magnetic permeability of the medium, ko = 27 f,/1ogg is the wavenumber
in vacuum and Zy = \/up/eo = 377  is the impedance of free space. Applying different
methods, it is possible to combine Eq. (4-1) and its dual equation on the magnetic field into
the matricial form A -x = b. The vector x contains the unknown (spacial) components of
the electromagnetic field, while the vector b is determined by the boundary conditions and
forced excitation (and is thus known). The matrix A is square, sparse and symmetric, and its
elements indicate the material properties at the nodes. Such system of equations can be solved
by the application of iterative or direct techniques. Direct solving methods are used only for
small size problems, since they are computationally very demanding. Hence, typically iterative
method-based procedures are used, thanks to their efficient handling of sparse linear systems.
FEM can achieve a very accurate modelling of inhomogeneous materials and complex non-
conformal geometries, thanks to its flexible meshing capability. These features make FEM the
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Figure 4-1: Example of a solar cell model, with different layers indicated by different colours.

preferable choice to solve electromagnetic problems over complicated structures, such as the
ones created for this project, provided a sufficient amount of random access memory (RAM)
is available to create the mesh [31].

4-2 The High Frequency Structure Simulator software

The High Frequency Structure Simulator (HFSS) was the FEM software used in this work.
Its algorithm can find solutions for 3-D electromagnetic problems also at optical frequencies.
The procedure followed to create and solve the models was:

—_

. Design of the model

2. Definition of boundary conditions and frequency sweep

w

. Solving the electromagnetic problem

W

. Exporting solutions

In the following, each of the aforementioned steps will be briefly described.

Model design

HFSS is equipped with a CAD interface that allows the user to easily design complex 3-D
geometries. For multi-layer structures, the user must create a geometry for each of the layers,
and then combine them to obtain the full structure (see Figure 4-1). The top layer must
have a flat surface, to allow the definition of the field excitation. After all the geometry of
the model is defined, the user must assign to each layer a material, which properties can be
imported from measurements. The materials must be defined by the real part of the dielectric
function 1 and by Tj,ss = €2/¢1, the ratio of the imaginary to the real part of the (complex)
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dielectric function €. Knowing the value of the (complex) refractive index 7 and its relation
with € (Eq. (3-3)), €1 and Tjyss can be determined as follows:

2 2
E1=N"—K
{ 2nk (4_2)

T = £ —
0ss B n2—p2

Definition of boundary conditions and frequency sweep

After all layers have a material assigned, the user must define boundary conditions. By setting
them up appropriately, large solar cell models can be reduced to small structures, reducing
in this way the simulated volume to the so-called unit cell [89]. The unit cell serves as the
problem domain for boundary conditions, extending the computational volume in directions
x, y and z (see Figure 4-2). The boundary conditions used in the simulations of this work
are: (i) the master-slave (M-S) boundary condition [90] acting on the surfaces parallel to te
xz- and yz-planes, (ii) the Floquet ports [91] acting of surfaces parallel to the zy-plane and
(iii) the Perfect E-Perfect H (PE-PH) symmetry conditions [92].

The M-S is a boundary condition applied to parallel surfaces in order to mimic the periodicity
along their normal direction [89]. The components of the electromagnetic field calculated at
the master surface are equalized to those at the slave surface. The components at the slave
surface can be phase shifted with respect to master components; the phase shift ® is defined
as follows:

dy—s

o = sinfcoso (4-3)

where dj;_g represents the distance between the two linked boundary surfaces, while 8 and ¢
are the polar angles representing the direction of the incident field. In the simulations of this
work, ® has been set in most cases to zero, in order to consider only perpendicular incidence
of light.

Floquet ports are adopted at the top horizontal surface of the unit cell, to represent efficient
absorbing boundary conditions. FPs simulate infinite media in which light can propagate
almost without reflection to the infinity. They have been preferred to alternatives such as
perfectly matched layers (PML) because of faster meshing time required and easier deter-
mination of front reflectance [89]. FPs could have been used also at the bottom horizontal
surface of the unit cell, to measure transmitted light, but the presence of sufficiently thick
metal back reflectors at the bottom of the simulated structures unnecessary. To prove it, after
every simulation an energy balance was set up, and every time the sum of reflectance R and
absorptance in each layer of the structure ) A; was equal to 1, proving that no light was in
fact transmitted at the back of the simulated structures.

PE-PH conditions allow the user to further reduce the dimensions of the unit cell in case
of symmetric structures. In fact, if the original unit cell consists of 1-D or 2-D symmetric
gratings, by applying these symmetry conditions the volume can be reduced, respectively, to
1/2 and 1/4 of the original, as shown in Figure 4-2(c) and (d). When applying symmetry
conditions to structures with one symmetry plane (e.g. 1-D symmetric gratings), a choice
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Figure 4-2: Unit cells of thin-film solar cells: flat (a), with 1-D gratings (b), with 1-D gratings
and symmetry conditions applied (c) and with 2-D gratings and symmetry conditions applied (d)
[89].

must be made on whether to use PE or PH conditions, depending oh which of the vertical
planes is the symmetry plane and on how p- and s- polarizations are defined.

Finally, after all boundary conditions have been appropriately imposed, the frequency sweep
has to be defined. The user can select the starting and finishing frequency as well as the step
size. For the simulations done in this work, a constant wavelength step size was preferable to
a constant frequency step size. In order to define and import the frequencies corresponding
to a uniform wavelength step size, a simple MatLab code was used, based on the formula that
relates the wavelength A and frequency f:

f= (44)

ki
A

where c is the speed of light in vacuum (c ~ 3.0 x 10% m/s).

Solving the electromagnetic problem

Once the design of the simulation is set up (structure, material properties, boundary condi-
tions etc.), FEM-based algorithms in HFSS operate through three phases: meshing, solving,
and sweeping. First, the volume of the designed structure is discretised in tetrahedrons. Then,
the linear system of equations A - x = b is iteratively solved; at each iterative step the num-
ber of tetrahedrons increases to better approximate the structure (mesh adaptation), until
convergence is achieved. Finally, the electromagnetic field is calculated for each wavelength
previously set up [31]. Parameters such as minimum and maximum number of iterations,
convergence tolerance etc. can be defined by the user.
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Exporting solutions

Once the algorithm found a solution at all the wavelengths set up, it is possible to extract the
solutions. The two parameters of interest for this work are the total reflectance R and the
absorptance in individual layers A;. The total reflectance, which is an output parameter of the
simulation, can be calculated in terms of S-parameters [89] as R = |S1;|%. The absorbptance
of the generic layer i can be calculated by integrating the square magnitude of the electric
field E over the volume of the film:

1
4i = Seolm(E)w / B2 AV (4-5)
Vi

where ¢ is the dielectric constant of vacuum, &; = 72 is the complex relative permittivity of
the i-th material (Im(&;) = €2 = 2n;k;) and w is the anglular frequency. As stated earlier,
the transmittance T was negligible, and thus the energy conservation law can be written as
follows:

R+) 4;=1 (4-6)
By convoluting the absorptance A; with the reference photon flux ®(\) of air mass 1.5 in the

considered wavelength range, the (implied) photocurrent density or integrated optical losses
generated in the i-th layer (Jp,—;) can be calculated as follows [89]:

Ton-i = = [ AR (4-7)

where ¢ is the elementary charge. For the absorber layer, this implied photocurrent density
Jpn, can be a first approximation (which does not take into account electrical loss mechanisms)
of the short-circuit current density Js. of the device.

Master of Science Thesis R. Vismara



36

Solar cell 3-D optical modelling

R. Vismara

Master of Science Thesis



Chapter 5

Optical modelling of 1-D asymmetric
periodic gratings for thin-film solar
cells

In this chapter, the results of the modelling of 1-D periodic gratings fro thin-film solar cells
are given. First the modelling of 1-D asymmetric periodic gratings for PV cells based on an
amorphous-silicon-based absorber is presented (Section 5-1). Then, results of simulations for
the micro-crystalline silicon thin-film cell are shown (Section 5-2). Finally, the modelling of
the CIGS solar cells is presented(Section 5-3). For all the three devices, first the modelled
structures are described, then the results are presented and discussed.

5-1 Amorphous silicon thin-film solar cells

A possible way to increase the optical performance of cells with periodic gratings is using
asymmetric features in place of the usually employed symmetric structures. For this reason the
effect of the asymmetry of gratings has been analysed in this project, for devices based on three
different absorber materials: hydrogenated amorphous silicon, micro-crystalline amorphous
silicon and CIGS.

Of the three absorber materials investigated, hydrogenated amorphous silicon (a-Si:H) has the
highest band gap energy (E4 ~ 1.7 eV, corresponding to Ay ~ 730 nm). Moreover, since the
amorphous structure of this material results in a very short minority carrier diffusion length,
cells based on a-Si:H must have very thin absorber layers to be able to efficiently collect the
generated charges. Hence,thick layers would be necessary to efficiently absorb light, especially
in the spectral region close to the material band gap, but from an electrical point of view
thin layers are preferable . Currently, state-of-the-art amorphous silicon PV cells have an
absorber layer thickness dups around 300 nm, which represent the balance between carrier
diffusion length and optical absorption [27].
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300 nm

¥R

) A

1000 nm

Figure 5-1: Sketch of the a-Si:H-based solar cell triangular grating cross-section, indicating
period (P = 1000 nm), height (h = 300 nm) and inclination angle c.

5-1-1 The model

The work done by Isabella et al. [89] showed that the optimal geometric dimensions of periodic
gratings for a-Si:H-based thin-film cells are a period P of 1000 nm and a height h of 300 nm.
It was thus decided to fix the values of these two parameters, as well as the shape of the
gratings (triangular), to focus the analysis only on the asymmetry of the structure. Starting
from the symmetric case, the inclination of the sides of the triangle with respect to its base
was gradually changed until one of them became vertical (forming an angle of 0° with the
normal to the base). In total, 4 different angles were considered (Figure 5-1): 59° (angle of
the symmetric isosceles triangle),40°, 21°, and 2° (vertical case!).

Table 5-1: Structure, materials and relative thicknesses of the a-Si:H solar cell model using
traditional materials.

Layer Material Thickness [nm)]
Superstrate Glass Incoherent
Front TCO Zn0O:Al 600
p-layer p-type a-Si:C:H 15
Absorber layer intrinsic a-Si:H 290/150
n-layer n-type a-Si:H 20

Back TCO GZOa 70

Back reflector  Ag 300

The model was built following the traditional structure of a pin cell. Starting from the top
of the cell there is the glass superstrate, then the front TCO, then the p-doped, the intrinsic
and the n-doped layers, then the back TCO, and finally the back metal reflector. For silicon
layers, the thickness used corresponds to the one of the samples provided by FZJ?: a 290 nm
thick absorber layer of intrinsic a-Si:H, a 15 nm thick p-doped a-Si:C:H layer and a n-doped
a-Si:H layer 20 nm thick. The remaining supporting layers thicknesses were determined by
considering the optimal values used in thin-film silicon cells [89]. A second set of simulations

'In order to enforce M-S boundary condition in the created model, it was not possible to build triangular
gratings with a vertical side. Hence, to analyse this case a sufficiently small angle (2°) was used.

2In the case of n- and p-doped layers, for which FZJ provided two samples with different thickness, the
smaller one was considered.
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Figure 5-2: 3-D rendering of the simulated unit cells with traditional materials (a) and with
optimized materials (b), with thicknesses indicated.

was done employing a thinner amorphous silicon layer (150 nm), since real PV cells equipped
with such ultra-thin absorber layers suffer less form light-induced degradation, allowing them
to perform at the same level (or even better) than thicker cells over their lifetime [93]. In
Table 5-1 the material used in the model and their thickness are summarized.

Finally, after the optimal angle of the grating structure was found, two final simulations
were ran (one for each absorber layer thickness, using the optimal grating angle previously
determined), substituting the front TCO and the doped layers materials used it the previous
simulations with better performing materials. In place of ZnO:Al, hydrogenated indium
oxide (IOH) was utilized as front TCO. IOH, thanks to its higher electron mobility, can be
made thinner than ZnO:Al, while guaranteeing the same electric performance [94]. This,
combined with its excellent near-infrared transparency, makes IOH the optimal choice as
front TCO for thin-film silicon solar cells. In the simulations, the 600 nm thick ZnO:Al was
replaced by a 100 nm thick IOH layer. The doped layers were also substituted: in place of
p-doped a-Si:C:H and n-doped a-Si:H, more transparent p- and n-doped nc-SiO,, layers were
used, both having a thickness of 20 nm. The difference between the materials used in the
traditional and in the optimized cells are presented in Table 5-2 and showed in Figure 5-2.

Table 5-2: Differences between a-Si:H cells with traditional and optimized materials.

Layer Traditional material (thickness) Optimized material (thickness)
Front TCO ZnO:Al (600 nm) IOH (100 nm)

p-layer p-type a-Si:C:H (15 nm) p-type nc-SiO, (20 nm)
n-layer n-type a-Si:H (20 nm) n-type nc-SiO, (20 nm)

All the models used master-slave boundary conditions on the vertical surfaces of the unit cell,
and a Floquet port at the top face. The analysis was conducted for wavelength between 300
nm and 1200 nm, with steps of 10 nm. Since the cell modelled presented a glass superstarte
that needs to be incoherent? the Floquet port excitation was applied directly of the surface of
the (thin) glass layer. The results exported, thus, nedded to be corrected, to include the front
reflectance at the air-glass interface. This method of correcting the results after the simulation

3The real device has a glass carrier with a thickness of mm, thus propagation of light inside it is incoherent
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Figure 5-3: Implied photocurrent density generated inside the intrinsic a-Si:H the absorber layer,
for flat reference cells, grating devices and structures with optimized materials, as function of the
grating inclination a.

was preferred to the alternative of including a very thick glass layer, since this would have
greatly increased the simulation time. This reflectance correction was implemented using a
MatLab code developed by the PVMD group (thanks to dr. O. Isabella and dr. S. Solnt-
sev). After the correction was done, for each layer of the structure the implied photocurrent
density.J,,—; was calculated and employed as the parameter to compare different structure
performances.

5-1-2 Results

The first simulations were ran on flat structures, to have a benchmark to evaluate the perfor-
mance of the textured devices. The thickness of the layers of this flat references are the same
utilized for the solar cells with gratings, in order for the comparison to be meaningful. The
results of these first simulations (expressed in terms of implied photocurrent of the absorber
layer, Jpn—aps) are 8.9 mA/em? for the thicker cell (dgps = 290 nm) and 7.1 mA/cem? for the
thinner one (dgps = 150 nm).

After the reference structures, two sets of simulations were carried out for the solar cells
with gratings, one for each of the two absorber layer thicknesses (290 nm and 150 nm).
In both cases the results show similar trends (Figure 5-3): asymmetric gratings perform
better than symmetric (o = 59°), and the highest Jy,,_qps values were achieved for a grating
inclination a of 21°; these values are, respectively, 13.9 mA/em? (dgps = 290 nm) and
12.0 mA/em? (dgys = 150 nm). The increase achieved with respect to the flat reference cells
are +5.0 mA/em? (+ 56.2 %) for the thicker absorber and +4.9 mA/cm? (+ 69.0 %) for
the thinner. Since the absolute increase is almost equal for both absorber layer thicknesses,
the thinner cell is the one that benefits more from presence of the grating (i.e. the relative
increase of the performance is higher).
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Figure 5-4: Simulated i-layer absorptance and optical losses for flat reference cell (a), symmetric
grating cell (b), optimized asymmetric grating cell (c) and optimized grating cell with optimal
materials (d). All cells have the same a-Si:H absorber layer thickness of 150 nm.

Finally, the simulations with optimal layers (see Figure 5-2b) and optimized inclination o =
21° were carried out. For both absorber layer thicknesses, the adoption of better performing
supporting layers resulted in an increase in Jpp_qps of +4.7 mA/ em? with respect to the
structure with optimized grating and standard materials, corresponding to a performance
increment of + 33.8 % and + 39.2 %, for the thicker and thinner absorbers respectively.

In Figure 5-4 the simulated i-layer absorptance and the optical losses are shown, for the flat
reference, symmetric gratings, optimized asymmetric gratings, and optimal materials, all with
daps = 150 nm. From these plots, the following conclusions can be drawn:

e From the flat reference (Figure 5-4a) to the symmetric grating structure (Figure 5-4b),
the reflectance losses reduces considerably, proving the benefit (in terms of primary
reflectance reduction) of having textured interfaces and explaining the major increase
of Jph—abs achieved.

e Adopting asymmetric gratings (Figure 5-4c¢) further reduces the reflectance losses, re-
sulting thus in an increased absorption inside the intrinsic (absorber) layer. The reasons
for this ulterior reflectance reduction are not yet clear; a possible explanation is that
the different geometric configuration generates more multiple reflections between the
grating features, giving light more chances of being absorbed inside the device.

e The utilization of optimal materials (Figure 5-4d) have the main benefit of greatly
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reducing the parasitic absorption losses inside supporting layers. The increased trans-
parency of these layers results also in an increase of the reflectance, but this drawback
is more than compensated by the reduction of the supporting layer losses, resulting in
a significant increase of Jp,_qps With respect to the standard material case.

In conclusion, the simulations carried out for solar cell devices based on an a-Si:H absorber
material showed that asymmetric gratings can outperform equivalent symmetric structures,
and that the optimization of the materials used for supporting layers results in a further
increase of the performance. In Table 5-3 all the results of this section are summarized.

Table 5-3: Simulated Jpp,—qps achieved for all simulations with a-Si:H absorbers.

Structure Jph—abs [MA/em?]  Increase [mA/em?]  Relative increase

290 nm absorber

Flat 8.9 - -
Symmetric (o = 59°) 12.7 + 38 +42.7 %
Asymmetric (o = 40°) 13.6 + 4.7 + 528 %
Asymmetric (o = 21°) 13.9 +5 + 56.2 %
Asymmetric (a = 2°) 13.7 + 4.8 + 53.9 %
Opt. materials (o = 21°) 18.6 + 9.7 + 109.0 %
150 nm absorber

Flat 7.1 - -
Symmetric (o = 59°) 10.9 + 3.8 + 535 %
Asymmetric (o = 40°) 11.7 + 4.6 + 64.8 %
Asymmetric (a = 21°) 12.0 + 4.9 + 69.0 %
Asymmetric (o = 2°) 11.9 + 4.8 + 67.6 %
Opt. materials (o = 21°) 16.7 + 9.6 + 153.2 %

5-2 Micro-crystalline silicon thin-film solar cells

Micro-crystalline silicon is a material of great interest as absorber layer for thin-film solar cells.
Compared to amorphous silicon, it shows lower absorption in the visible part of the spectrum
(see Figure 2-1)and thus it requires a larger thickness to effectively absorb energy from the
solar spectrum. However, its low deposition rate impose small values of the thickness in order
to maintain competitive production costs [27]. As a result, state-of-the art uc-Si:H thin-film
PV cells have absorber layer thicknesses of only a few micrometers. On the other hand,
pc-Si:H has a lower band gap than a-Si:H and can thus can better absorb light in the near
infrared (NIR) region. The combination of thicker absorber layers and better NIR absorption
allow micro-crystalline silicon thin-film cells to achieve higher values of photocurrent density
with respect to a-Si:H devices.

5-2-1 The model

Similarly to what done for the simulations of the a-Si:H structures, the analysis was focused
only on the asymmetry of the gratings. Hence, once again the values of the grating period P
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Figure 5-5: Sketch of the pc-Si:H and CIGS solar cell triangular grating cross-sections, indicating
period (P = 2000 nm), height (h = 900 nm) and inclination angle «.

and of the grating height h were fixed, this time to 2000 nm and 900 nm respectively (see
Figure 5-5). These values were imposed by the Central Glass and Ceramic Research Institute
of India, partner of the Delft University of Technology that will realize the substrates for the
thin-film cells presented in this chapter. The sweep of the grating inclination was once more
done from the symmetric case to the vertical, in four steps: a = 48° (symmetric), a = 33°,
a =18° and o = 3° (limit vertical case).

Table 5-4: Structure, materials and relative thicknesses of the uc-Si:H solar cell model using
traditional materials.

Layer Material Thickness [nm]
Superstrate Glass Incoherent
Front TCO ZnO:Al 600
p-layer p-type pc-Si:H 30
Absorber layer intrinsic pc-Si:H 1600,/1000
n-layer n-type pc-Si:H 32

Back TCO GZOa 70

Back reflector Ag 300

Once again the structure of a pin cell was used, and with the exception of doped and absorber
layers, the thicknesses and materials used were the same employed for the modelling of a-Si:H
cells (see Table 5-4). The thickness of doped layers were determined by the samples provided
by FZJ: a 30 nm thick p-doped uc-Si:H layer and a n-doped u-Si:H layer 32 nm thick. Two
different absorber layer thicknesses were used: for the first set of simulations, the intrinsic
pc.Si:H layer was 1600 nm thick, which is the thickness of state-of-the-art devices [27]. In the
second set of simulations the absorber layer thickness was 1000 nm, a thickness not sufficient
to efficiently absorb photons in the NIR region (unless advanced light management schemes,
such as periodic gratings, are implemented) but that would greatly reduce the production
costs for this type of cells.

After the optimal inclination « of the gratings was found, simulations with optimized materials
were once again carried out. The new materials introduced are the same utilized for the
amorphous silicon structure: IOH in place of ZnO:Al as front TCO, p- and n-type silicon-
oxide as doped layers instead of p- and n-doped pc-Si:H films. In Table 5-5 the different
materials used for the optimized cell are listed.
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Figure 5-6: 3-D rendering of the unit cells used for the simulation of pc-Si:H-based devices with
traditional materials (a) and with optimized materials (b), with thicknesses indicated.

Table 5-5: Differences between uc-Si:H cells with traditional and optimized materials.

Layer Traditional material (thickness) Optimized material (thickness)
Front TCO ZnO:Al (600 nm) IOH (100 nm)

p-layer p-type pc-Si:H (30 nm) p-type nc-SiO, (20 nm)
n-layer n-type pc-Si:H (32 nm) n-type nc-SiO, (20 nm)

Similarly to the previous simulations for a-Si:H cells, all the models used master-slave bound-
ary conditions on the vertical surfaces of the unit cell, a Floquet port at the top face, and a
sweep of wavelengths from 300 nm to 1200 nm with 10 nm steps. After the front reflectance
correction was once again done, for each layer of the structure the implied photocurrent
densityJ,,—; was calculated and employed as the parameter to compare different structure
performances.

5-2-2 Results

To have a comparison benchmark, the first simulations were ran on flat cells that have the
same layer thicknesses of the corresponding textured devices. The implied photocurrent
densities of the absorber layers (Jpn—qps) Obtained are 15.3 mA/ em? (dgps = 1600 nm) and
13.4 mA/em? (dgps = 1000 nm).

After the reference structures, two sets of simulations were carried out for the solar cells with
gratings, one for each of the two absorber layer thicknesses (1600 nm and 1000 nm). Results
show the same behaviour (Figure 5-7) observed in a-Si:H structures: asymmetric gratings
perform better than symmetric, and the highest J,,_q5s values were achieved for a grating
inclination o of 18°. The values found are, respectively, 25.4 mA/em? (dgps = 1600 nm) and
23.1 mA/em? (dgps = 1000 nm). The increase achieved with respect to the flat reference
cells are +10.1 mA/em? (+ 66.0 %) for the thicker absorber and +9.7 mA/em? (+ 72.4 %)
for the thinner. Omnce more the absolute increase is almost equal for both absorber layer
thicknesses, thus the thinner cell is the one that benefits more from presence of the grating
(i.e. the relative increase of its performance is higher).
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Figure 5-7: Implied photocurrent density generated inside the intrinsic uc.Si:H absorber layer,
for flat reference cells, grating devices and structures with optimized materials, as function of the
grating inclination a.

Finally, the simulations with optimal layers (see Figure 5-6b) and optimized inclination
a = 18° were carried out. The adoption of better performing supporting layers resulted
in an increase in Jyp_qps of +4.8 mA/em? for the thicker absorber layer (+ 18.9 %) and
+5.7mA/em? for the thinner one (+24.7 %), with respect to the structure with optimized
asymmetric gratings but standard materials.

From the plots presented in Figure 5-8 (absorptance and losses for flat, symmetric, asymmetric
and optimized cells), the following conclusions can be drawn:

e From the flat reference (Figure 5-8a) to the symmetric grating structure (Figure 5-8b),
reflectance at all wavelengths reduces, allowing the textured cell to perform better than
the flat one. In particular, the puc-Si absorber layer can greatly benefit from the reduced
reflectance in the NIR region of the spectrum, explaining the greater absolute increase
in implied photocurrent generated with respect to the case of a-Si:H, that has a very
low absorption in the long-wavelength region (see Table 5-3 and Table 5-6).

e Adopting asymmetric gratings (Figure 5-8c) further reduces the reflectance losses (again
similarly to the a-Si:H case), resulting thus in an increased absorption inside the intrinsic
pe-Si layer.

e The utilization of optimal materials (Figure 5-8d) reduces the parasitic absorption losses
inside supporting layers. Once again the front reflectance increases, due to the higher
transparency of the optimal materials, but this drawback is more than compensated
by the reduction of the supporting layer losses and the resulting Jy,;_qps is significantly
increased.

In conclusion, also the simulation carried out for pc-Si:H based solar cells showed that asym-
metric gratings can perform better than symmetric ones, and the optimal angles found in
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Figure 5-8: Simulated i-layer absorptance and optical losses for flat reference cell (a), symmetric
grating cell (b), optimized asymmetric grating cell (c) and optimized grating cell with optimal
materials (d). All cells have the same uc-Si:H absorber layer thickness of 1000 nm.

the two cases are very similar (21 © for a-Si:H and 18 ° for uc-Si:H). The adoption of more
performing materials resulted once more in a great improvement of the absorber layer optical
performance, with the thinner absorber taking the greatest advantage from this optimization
(in both absolute and relative terms). In Table 5-6 the results of the simulations conducted
on micro-crystalline silicon devices are summarized.

5-3 CIGS thin-film solar cells

Copper-Indium-Gallium-diSelenide (CIGS) solar cells are among the most promising thin-film
PV technologies, particularly because they can achieve high conversion efficiency (around 20
% on laboratory scale [22]) even with small absorber thickness (few pm).

The structure of a conventional CIGS solar cells is the following [27]: over a glass substrate
(usually soda-lime glass) a layer of molybdenum is deposited, acting as back reflector and
metallic back contact. The CIGS absorber lies directly on top of of the Mo layer, without
the presence of a buffer (back) TCO layer as is the case for silicon thin-film devices. Over
the absorber are deposited a CdS buffer layer, an intrinsic ZnO film and a ZnO:Al TCO.
The main difference between this structure and the pin structure of the previously presented
thin-film silicon PV cells is the order of deposition of the layers: for CIGS cells the order is
from the bottom layer (Mo back contact) to the top one (front TCO), while for pin silicon
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Table 5-6: Simulated Jpp,—qps achieved for all simulations with pc-Si:H absorbers.

Structure Jph—aps [MmA/em?]  Increase [mA/cm?]  Relative increase

1600 nm absorber

Flat 15.3 - -
Symmetric (o = 48°) 23.6 + 8.3 +54.2 %
Asymmetric (a = 33°) 25.2 +9.9 + 64.7 %
Asymmetric (o = 18°) 25.4 + 10.1 + 66.0 %
Asymmetric (o = 3°) 24.2 + 438 + 53.9 %

Opt. materials (o = 18°) 30.2 + 14.9 + 974 %
1000 nm absorber

Flat 13.4 - -
Symmetric (o = 48°) 22.1 + 8.7 + 64.9 %
Asymmetric (o = 33°) 22.8 + 94 + 70.1 %
Asymmetric (o = 18°) 23.1 +9.7 + 724 %
Asymmetric (o = 3°) 22.7 + 9.3 +69.4 %
Opt. materials (o = 18°) 28.8 + 15.7 + 119.8 %

cells depositions goes from top (front TCO) to bottom (back Si contact).

State-of-the-art CIGS cells have absorber layers thicknesses between 1500 nm and 2500 nm.
While cells with CIGS thicknesses of 2.5 um and 1.5 um have similar performance, a further
decrease in the absorber thickness results in a quick decrease of the absorptance (i.e. lower
short-circuit current densities generated), and thus light management techniques become
necessary to maintain high conversion efficiencies values [27]. On the other hand, a decrease
of the CIGS thickness would have a great impact on the reduction of both material and
production costs of the device. Hence, the reduction of the absorber layer thickness combined
with the implementation of light management techniques is the direction to follow in order
to reduce the cost of this type of PV cell and to promote its diffusion on a large scale.

5-3-1 The model

Table 5-7: Structure, materials and relative thickness values of the CIGS solar cell model.

Layer Material Thickness [nm]
Substrate Soda-lime glass Incoherent
Back contact ~ Molybdenum (Mo) 500
Absorber layer CIGS 2500/600
Buffer layer CdS 50

TCO buffer intrinsic ZnO 50
Front TCO ZnO:Al 500

For this analysis, once again the values of the grating period P and of the grating height
h were fixed to 2000 nm and 900 nm respectively (see Figure 5-5), values imposed by the
Central Glass and Ceramic Research Institute of India. The sweep of the grating inclination
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Figure 5-9: 3-D rendering of the unit cells used for the simulation of CIGS-based devices, with
values of the thickness indicated.

was once more done from the symmetric case to the vertical, in the same four steps adopted
for the pc-Si:H-cell analysis: o = 48° (symmetric), a = 33°, « = 18°, and o = 3° (limit
vertical case).

The thickness of each of the supporting layers (see Table 5-7) corresponds to values of state-
of-the-art real devices [27]. The two absorber layer considered were, respectively, 2500 nm
thick (standard device) and 600 nm thick (reduced production and material costs). No
simulations with more performing materials were carried out, since research has not yet
shown the possibility to use other materials than the ones currently employed for CIGS solar
cells. In Figure 5-9 the unit cell used for simulations is shown.

Similarly to the previous simulations for silicon thin-film cells, all the models used master-
slave boundary conditions on the vertical surfaces of the unit cell. On the other hand, the
CIGS models required the presence of a layer of air on top of the structure. Hence, the
reflectance correction of simualtion results was not necessary. The analysis was carried out
for wavelengths between 300 nm and 1500 nm, with 10 nm steps.

5-3-2 Results

Once again the first simulations were ran on flat cells that have the same layer thickness of
the corresponding textured devices. The implied photocurrent densities of the absorber layers
(Jph—abs) obtained are 30.7 mA/em? (dgps = 2500 nm) and 26.4 mA/cm? (dgps = 600 nm).

After the reference structures performance were evaluated, two sets of simulations were carried
out for the textured solar cells, one for each of the two absorber layer thicknesses (2500 nm
and 600 nm). Results (Figure 5-10) show that the adoption of gratings improves the implied
photocurrent density generated in the absorber layer (although not as strongly as in the case
of silicon cells), but the differences between different grating inclinations are very small. The
explanation for this behaviour, as well as other considerations on the performance of the
models, can be found by looking at the optical losses of the different structures (Figure 5-11):
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Figure 5-10: Implied photocurrent density generated inside the CIGS absorber layer, for flat
reference cells and grating devices, as function of the grating inclination «.

e Symmetric gratings (Figure 5-11b) already reduce the reflectance to very low values,
thus the benefits of reduced front reflectance of asymmetric gratings becomes less evi-
dent, although still present (see Figure 5-11c and Figure 5-11d).

e The CdS buffer layer is responsible for reduced absorption in the CIGS layer between
400 nm and 500 nm, causing the small "bump" in the absorption curve around 450 nm
(Figure 5-11b, Figure 5-11c and Figure 5-11d).

e The front ZnO:Al TCO is a great source of losses at all wavelengths, as was already
shown by the simulation on silicon-based cells (where IOH was performing significantly
better). At long wavelength though, it is evident that the Mo back reflector is defi-
nitely less performing than the corresponding silver reflector used in silicon structures,
becoming the main loss source in CIGS textured cells (Figure 5-11b, Figure 5-11c and
Figure 5-11d).

In conclusion, simulations carried out for CIGS-based PV cells showed that symmetric and
asymmetric gratings have very similar performance, since the presence of such periodic struc-
ture (symmetric or asymmetric) reduces almost completely the front reflectance of the device.
Moreover, the implied photocurrent densities generated in textured structures with thinner
absorber (600 nm) are very close to the corresponding values of flat state-of-the-art flat cells
(see Table 5-8), showing that maintaining a high optical performance while reducing the
absorber layer thickness is possible when employing periodic gratings.

5-4 Summary of results

The results of all simulations shows that periodic gratings can greatly enhance the optical
performance of thin-film solar cells by greatly reducing the primary reflectance of such devices,
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Figure 5-11: Simulated i-layer absorptance and optical losses for flat reference cell (a), symmetric
grating cell (b), and asymmetric grating cells with oz = 33° (c) and o = 18° (d). All cells have
the same CIGS absorber layer thickness of 600 nm.
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Table 5-8: Simulated Jpp,—qps achieved for all simulations with pc-Si:H absorbers.

Structure Jph—abs [MA/em?]  Increase [mA/cm?]  Relative increase

2500 nm absorber

Flat 30.7 - -
Symmetric (o = 48°) 35.0 + 4.3 + 14.0 %
Asymmetric (o = 33°) 35.2 + 4.5 + 14.7 %
Asymmetric (o = 18°) 34.9 + 4.2 + 13.7 %
Asymmetric (o = 3°) 34.7 + 4.0 + 13.0 %

600 nm absorber

Flat 26.4 - -
Symmetric (o = 48°) 29.5 + 3.1 +11.7 %
Asymmetric (o = 33°) 29.8 + 3.4 +12.9 %
Asymmetric (o = 18°) 29.8 + 34 + 129 %
Asymmetric (o = 3°) 29.4 + 3.0 + 114 %

as predicted by theory (see Chapter 2).

The adoption of asymmetric gratings in place of symmetric further reduces the reflectance
losses, allowing the absorber layers to generate a higher (implied) photocurrent density. This
result is more apparent in silicon-based solar cells, where reflectance losses are generally
higher, while for CIGS thin-film structures this effect is less evident (but still present).

Finally, for amorphous and micro/crystalline silicon thin-film cells, the adoption of more
transparent material resulted in a further increase of the cell performances. Material opti-
mization for CIGS cells could also enhanced their performance further, especially considering
the very high parasitic absorption losses inside supporting layers (in particular front TCO
and Mo back contact), but so far no results in that direction have been presented.
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Chapter 6

Optical modelling of c-Si solar cells
based on elongated nano-structures

In this chapter the results of the modelling of crystalline silicon solar cells based on elongated
nano-structures are presented. After the description of the model (Section 6-1), the influence
of elongated nano-structures (nanowires) on the propagation of light is analysed (Section 6-2),
by considering the effect they have on the electric-field inside the device. This analysis is done
to better understand how elongated nano-structures interact with the electromagnetic field
and how this interaction affects the performance of silicon solar cells. After this, the geometry
of nanowires (NWs) is studied (Section 6-3), with the goal of finding the optimal geometrical
configuration that provides the best performance. Finally, the effect of different illumination
conditions on the NW cell performance is presented (Section 6-4).

6-1 The radial hetero-junction c-Si nanowire solar cell model

Nanowires have the potential to become a very effective light management technique for
thin-film solar cells, since they can eliminate the dichotomy between optical and electrical
thickness by orthogonalizing the path of light and charge carriers (see Chapter 2). Despite this
potential, nanowire-based solar cells are still outperformed by PV cells that adopt traditional
light management schemes. For this reason, an optimization of nanowires must be done in
order tu fully exploit their potential.

For this work a crystalline silicon (c-Si) hetero-junction (HTJ) configuration was used. With
respect to traditional homo-junction, HTJ used an intrinsic a-Si:H layer to passivate the c-
Si surface and achieve better electrical performances [95]. These passivation layer must be
very thin (a few nm) otherwise it would significantly reduce the cell optical performance by
absorbing a large fraction of the incident light.

The structure of the bulk part of the cell corresponds to the nip structure of standard crys-
talline silicon devices; starting from the substrate: a silver back contact/reflector, a back
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TCO (gallium-doped zinc oxide GZOa) and the absorber layer, which consists of n-doped
¢-Si. The nanowires, which are also made of n-doped ¢-Si, were built directly on top of the
bulk ¢-Si absorber, forming with it a single volume (i.e. there is no interface between bulk c-Si
and NWs). The whole structure is then completed by: a passivating intrinsic a-Si:H layer,
p-doped nc-SiOx and a front TCO (hydrogenated indium oxide IOH). A list of the layers of
the structure with their corresponding (state-of-the-art) thickness employed in the model is
presented in Table 6-1.

Table 6-1: Structure, materials and relative thicknesses of the HTJ c-SI NW solar cell model.

Layer Material Thickness [nm]
Back contact Ag 300

Back TCO GZOa 100
Absorber (bulk) n-doped c-Si 2000
Absorber (NW)  n-doped c-Si hnw
Passivating layer intrinsic a-Si:H )
p-doped layer p-type nc-SiOx 5

Front TCO I0H 40

After the layers and their thickness had been decided, the disposition and shape of the
nanowires had to be determined. After a brief study, a hexagonal lattice disposition was
chosen in favour of a square lattice, since the former provides a better nanowire packing!,
and the cross-section of the nanowires was also chosen to be hexagonal, since it performed
better than the alternative circular or square shapes. The geometrical parameters of the NWs
are defined as follows (see Figure 6-1):

e The period P is the distance between the axis of two neighbouring nanowires?.
e The diameter of NWs was defined to be 2 times the apothem a of its hexagonal cross-
section.

e The duty cycle do was defined as the ration of the diameter 2a to the period P (d¢o =
2a/P).

e The height A of the nanowires is calculated for the internal c-Si nanowire, thus it does
not represent the total NW height after the deposition of coating supporting layers.

Simulations were run on a hexagonal unit cell (see Figure 6-2), with appropriately defined
master-slave (M-S) boundary conditions and Floquet port excitation. This initial model
volume was later reduced by applying PE-PH symmetry conditions (see Chapter 4); in this
way the computational time required for each simulation was reduced from the initial 15 hours
to around 4 hours. A comparison of the results obtained with the two different models (with
and without symmetry boundary conditions) showed that both provided the same results.

!Considering the same area, there are more nanowires in a hexagonal lattice than in a square or rectangular
lattice
2Given the hexagonal lattice distribution, every NW is surrounded by 6 NWs
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(b)

Figure 6-1: Top-view (a) and cross-section (b) sketches of the nanowire array, with period P
and nanowire diameter 2a and height A indicated.

The analysis was conducted on frequencies between 300 nm and 1200 nm, with 10 nm steps,
and the implied photocurrent generated inside the absorber layer (J,,—qps) Was once again
the quantity used to compare the performance of different structures.

Before presenting the results of simulations, it is useful to analyse how light propagates in
nanowire cells, by studying the behaviour of the electric field inside the modelled structures.

6-2 Propagation of light inside c-Si nanowire solar cells

The High Frequency Structure Simulator (HFSS) software can directly calculate the magni-
tude of the electric field (| F|) inside a simulated multi-layer structure; this parameter can be
used (in first approximation) to understand how light propagates inside the nanowire solar
cell.

For this analysis, a structure with P = 800 nm, h = 2000 nm and 2a = 200 nm was used
(Figure 6-2). This values correspond to the real geometrical parameters of a hetero-junction
c-Si NW cell realized by the PVMD group [96]. The magnitude of the electric field inside the
absorber layer was extracted from the simulation results and plotted to graphically understand
the light propagation behaviour. The absorptance profile of the c-Si layer was also calculated,
and together with the plots of |E| used to analyse the propagation of light inside the solar
cell.

In figure Figure 6-4 the absorptance of the nanowire cell is compared to the one of an equiv-
alent flat cell (both with same layer materials and thicknesses). Some considerations can be
made:

o At short wavelengths (300-600 nm), the absorptance inside the NW-based cell is lower
than in the flat device. The reason for this behaviour is simple: in the NW cell more
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Figure 6-2: 3-D rendering of the hexagonal unit cell model used as reference case for simulations.

material is used for coating layers, since they have to cover a larger area (bulk + NWs).
The increase usage of materials results in higher losses inside the supporting layers,
explaining thus the reduced cell performance.

e Fabry-Perot resonance peaks (Figure 6-3b), which were already present in the flat solar
cell, can still be observed in the NW cell (red arrows). Moreover, at long wavelengths
these peaks assume higher values than in the flat cell, suggesting that NWs act as
Fabry-Perot amplifiers. These peaks occur at the same wavelengths for both flat and
NW cells, since they have the same absorber layer thickness.

e Additional absorptance peaks can be observed for the NW cell (green arrows), clearly
caused by the presence of NWs, hence, the presence of NWs induces a wave-guiding
effect inside the absorber layer.

In Figure 6-4 the electric field magnitude inside the absorber is plotted, for different wave-
lengths that correspond to particular cases::

e At 800 nm the magnitude of the electric field (E) is low in both the bulk and the NW,
with only small medium intensity regions inside the nanowire. At this wavelength the
absorptance has a deep (Figure 6-3b).

e At 820 nm |E| is higher than in the previous case, particularly inside the NW. This

explains not only the presence of the FP peak in the absorptance profile, but also its
higher value with respect to the flat device.
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Figure 6-3: Absorptance profiles of a flat and a NW ¢-Si cells, between 300-600 nm (a) and
600-1200 nm. Fabry-Perot peaks are indicated with red arrows, while additional NW-induced
peaks are pointed out by green arrows.

e At 840 nm the magnitude of E inside the bulk is once again low, but there are high
intensity regions inside the nanowire. These regions are the reason for the presence of
the extra NW-induced peak in the absorptance profile.

e At 960 nm the magnitude of E inside the bulk is shows a lot of high intensity regions,
which are excited by the presence of the nanowires, At this wavelength a Fabry-Perot-
induced absorptance peak is present, but the excitation induced by the presence of the
NW explain its higher value with respect to the flat cell.

e At 1130 nm |E| is particularly high inside the nanowire, while in the bulk the intensity
is relatively low. At this wavelength, the absorptance profile shows a NW-induced peak
(not caused by Fabry-Perot resonance).

In conclusion, the analysis carried out on the propagation of light inside a NW ¢-Si solar
cells showed that the presence of nanowires contributes to increase the absorptance at longer
wavelengths in two different ways: first, they act as Fabry-Perot amplifiers, increasing the
values of the absortpance peaks which are already present in the flat cell. Second, at specific
wavelengths they induce a wave-guiding effect inside the NWs themselves, resulting in extra
absorptance peaks inside the absorber layer of the NW cell. In fact, at wavelengths at which
absorptance shows a peak not induced by Fabry-Perot resonances, the electric filed magnitude
is high only inside the nanowire. On the other hand, for wavelengths at which Fabry-Perot-
induced peaks are induced, |E| has high intensity in both bulk and NW.

6-3 Analysis of the geometrical parameters of nanowire solar cells

After understanding how light propagates inside a NW ¢-Si solar cell, two series of simulations
were carried out to determine the optical behaviour of the model for different NW geometrical
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Figure 6-4: Electric field magnitude inside the absorber layer, for different wavelengths.

parameters. In the first series, the influence of the nanowire height h on the absorptance
inside the c¢-Si layer was studied. In the second, the effect of the diameter (2a) of nanowires
was analysed. For both cases the value of the period P was kept constant at 800 nm.
The parameters used for the comparison between the different structure are the implied
photocurrent density inside the absorber (Jpn—qps), the reflectance losses (Jpn—refi), and the
losses inside supporting layers (Jpn—supp)-

Prior to the geometrical parameters sweep, an equivalent flat cell structure was modelled
and simulated, to have a reference case for the analysis; this reference cell has the same
layer materials and thicknesses of the corresponding NW cells (for the c-Si absorber layer the
flat-cell thickness corresponds to the bulk thickness of the NW device).

6-3-1 Effect of NW height on the optical performance

For this analysis, the value of P and 2a were kept constant (at 800 nm and 200 nm), to
isolate the effect of the NW height A on the cell performance. The height was swept between
1 pm and 5 pm, with steps of 1 um (see Table 6-2); an additional simulation with A = 0.5 um
was also carried out, while smaller values were not considered, since for relatively low aspect
ratios® (< 2:1) the nanowire array performs like a 2-D periodic symmetric grating, and thus

3The aspect ratio is defined as the ratio of a feature height to its horizontal length (in the case of NWs the
ratio of h to 2a). A high aspect ration means very tall and thin features, while a low aspect ratio corresponds
to (relatively) flatter structures.
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Table 6-2: Values of the height h used in the first simulation series and corresponding values
of the implied photocurrent density generated inside the absorber (Jpn—qbs) and total losses

(Jph—reft + Jph—supp)-

h lnm]  Jph—abs [mA/em?) Jph—refl + Jph—supp [mA/em?]

0 (flat) 18.0 28.2
0.5 23.2 23.0
1 22.3 23.9
2 22.0 24.2
3 22.8 23.4
4 22.1 24.0
5 23.2 23.0

its analysis would not be of interest for this work.

In Figure 6-5 the results of this first sweep are presented. From the analysis of the three con-
sidered parameters (Jpnh—abs, Jph—refi a0d Jph—supp), the following conclusions can be drawn:

e The reflectance of the flat cell (h = 0 nm) is greatly reduced by using short nanowires
(h = 0.5 um), and keeps decreasing when h becomes larger. This result is in accordance
with theoretical predictions, since tall features of a textured interface have a stronger
anti-reflective effect than short ones.

e On the other hand, taller nanowires employ more material than shorter ones, not only
for the absorber, but also for all the coating supporting layers (passivating intrinsic a-
Si:H, p-doped nc-SiOx and front TCO layers). Hence, the parasitic absorption in these
layers increases almost linearly with h.

e The sum of reflectance and parasitic absorption losses remains (almost) constant for all
NW heights, thus the implied photocurrent density generated inside the absorber layer
is approximately the same for all values of h (see Table 6-2).

Summarizing, the study of the impact of h on the cell performance shows that the anti-
reflective effect achieved by employing taller nanowires is compensated by an increase in
parasitic absorption losses; as a result, the NW height does not greatly affect the absorptance
inside the c-Si layer (i.e. from an optical point of view, the final performance of the cell does
not depend of the NW height).

6-3-2 Effect of NW height on the optical performance

For this second series of simulations, the value of P and h were kept constant (at 800 nm and
2 um), in order to analyse only the effect of the NW diameter 2a on the cell performance. 2a
was swept between 0 nm (flat cell) and 700 nm, with steps of 50 nm (see Table 6-3) The value
of 700 nm represent the limit for the nanowire diameter, since the corresponding diameter of
coated nanowires becomes equal to the period P (i.e. the NWs are in conact between each
other).
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Figure 6-5: Values of the implied photocurrent density J,;, (in mA/em?) of the absorber,
reflectance, losses inside supporting layers and total losses, as function of the NW height h.

In Figure 6-6 the results of the diameter sweep are presented. From the analysis of absorptance
(Jph—abs) and losses (Jpn—refr and Jpn—supp), the following conclusions can be drawn:

e The reflectance losses greatly reduce for values of 2a from 0 (flat cell) up to 150 nm.

A further increase in the NW diameter results in a slower reflectance decrease, until it
reaches a minimum at values of the diameter between 350 nm and 450 nm. For larger
diameters, the reflectance start to increase again. The optimal diameter values represent
the optimal trade-off that reduces the reflectance at the flat bulk surface (which reduces
when the NW diameter increases) and the reflectance at the top of the nanowire (which
increases for larger diameters).

e When comparing the flat reference to the cells with the thinnest NW diameter (50

nm), it is immediately evident that losses in supporting layers are much higher in the
nanowire cell. This can be explained by the fact that the presence on NWs considerably
increases the amount of material used, in particular for coating layers (which have to
cover a much larger area than in a flat cell). On the other hand, by augmenting the
diameter 2a further the amount of material used in supporting layers does not increase
greatly and parasitic absorption losses remain thus (almost) constant, even showing a
tendency to decrease for very large diameters.

e Since the supporting layers losses are approximately constant for all diameters, the

maximum absorption is achieved where the reflection has its minimum (2a = 450nm =
do = 56.25%).

In conclusion, while the nanowire height influences the loss mechanisms, but ultimately does
not affect the cell performance (in terms of Jp,, generated inside the absorber), the NW
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Table 6-3: Values of the diameter 2a, corresponding duty cycles (d¢) used in the second simu-
lation series and obtained results( absorptance Jpj—qbs and total losses Jp,—re i + Jph—supp)-

2a [nm] de (%] Jph—abs [mA/em?]  Total losses (Jph—reft + Jph—supp) [mA/em?)

0 (fat) 0 18.0 28.2
50 6.25 16.1 30.0
100 12.50 18.7 27.5
150 18.75 21.2 25.0
200 25.00 21.4 24.8
250 31.25 23.3 22.9
300 37.50 24.6 21.5
350 43.75 25.1 21.1
400 50.00 26.3 19.9
450 56.25 26.8 19.4
500 62.50 26.4 19.8
550 68.75 25.3 20.9
600 75.00 25.2 21.0
650 81.25 24.9 21.2
700 87.50 23.9 22.3

diameter can be optimized to achieve the best performance possible. It is important to note,
though, that the value found (450 nm) represents the optimum for a nanowire array with
period P = 800 nm; for a nanowire cell with an different array period, the optimal diameter
will assume a different value.

6-4 Nanowire solar cell performance under different illumination
conditions

Finally, an extra series of simulations was carried out, this time to analyse how the nanowire
cell performance is affected by different light angles of incidence. To simulate non-perpendicular
impinging light, a phase shift between related master and slave boundary surfaces was intro-
duced (see Chapter 4). The structure utilized has an array period of 800 nm and a diameter
of 200 nm; various nanowire heights between 0.5 pum and 5 um were employed, in order to
understand how the incident angle affect the cell performance for different values of h. For
the comparison, only the implied photocurrent density generated inside the absorber layer
was considered.

In total 6 simulations were ran, with light incident angles varying from 0° to 75° with steps
of 15°. Results are plotted in Figure 6-7 and show that - for all heights - Jp,;,_45s reduces only
for very large incident angles (> 60°), while in the range between 0 and 60° the performance
is constant. This particular behaviour is made possible by the particular structure on NW
solar cells: while in flat cells wider incident angles result in higer values of relfectance, in the
case of NW cells light reflected by the bulk can still be absorbed by the nanowires and thus
contirbute to the current generation.
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Figure 6-6: Values of the implied photocurrent density J,;, (in mA/em?) of the absorber,

reflectance, losses inside supporting layers and total losses, as function of the NW duty cicle d¢
and the diameter 2a.
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Figure 6-7: Values of the implied photocurrent density J,, inside the absorber layer, for different
heights between 0.5 and 5 pm, as function of the light angle of incidence.
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6-5 Wrap-up of NW cell simulation results

The simulation work carried out during this project provide a valuable framework to under-
stand the behaviour of elongated nano-structures applied to thin-film silicon solar cells. First,
the analysis of light propagation inside the cell showed how the nanowire can increase the
absorptance in the long-wavelength region of the spectrum (A > P) by acting as Fabry-Perot
resonators and exciting wave-guided modes inside the absorber. Then, it was shown that
nanowires with different height values have similar performance, while the diameter has a
much more evident effect and can thus be optimized. Finally, the study of the NW cells can
perform at a constant high level under different illumination conditions, since high values of
the implied photocurrent density inside the absorber layer were found for a wide range of
light angles of incidence.
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Chapter 7

Conclusions and outlook

The aim of this MSc thesis was to investigate the properties and behaviour of materials
and structure utilized in thin-film solar cells based on advanced texturization. In this type
of PV cells, novel light management techniques are implemented to improve their optical
performance and achieve a better optically thick / electrically thin trade-off.

After providing a general overview of different photovoltaic technologies and light manage-
ments techniques implemented in PV devices, materials commonly used in thin-film solar cells
were optically characterized, to extract reliable properties that could then be used as inputs
for the simulation work.

The modelling part of this thesis, which was carried out by means of 3-D optical simulations
based on the Finite Element Method, represents the core of this project and consisted of a
thorough analysis of different advanced structures that can be used to enhance the optical
performance of thin-film PV cells. This investigation was divided in 2 parts: (i) study and
optimization of various thin-film technologies based on 1-D periodic asymmetric triangular
gratings and (ii) evaluation of the optical behaviour of different elongated nano-structures
(also called nanowires) applied to crystalline silicon based hetero-junction thin-film solar
cells.

In the first part, the analysis was carried out for devices based on a-Si:H, uc-Si:H and CIGS
absorber materials. Results show that asymmetric gratings have a stronger anti-reflective
effect than symmetric textures, for all three absorber materials. This effect is more evident
for silicon-based solar cells, where reflectance losses are generally higher. In the case of
CIGS, the implementation of gratings (symmetric or asymmetric) already reduces the total
reflectance losses to very low values, and thus the performance difference between symmetric
and asymmetric structures is very small. The optimal value of the grating inclination « for
all three thin-film cell models was found: a = 21° for a-Si:H, o = 18° for puc-Si and o = 33°
for CIGS.

A material optimization was also carried out, only for the silicon cell models (since for CIGS
devices alternatives to the traditionally employed materials have not yet been found). By
utilizing more transparent doped layers, and a thinner and less absorbing TCO that can
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guarantee high electrical conductivity values, the optical performance of a-Si:H and muc-Si:H
textured solar cells was further increased, allowing very thin absorbers to achieve relatively
high values of generated implied photocurrent.

The second part of the project was focussed on the analysis of nanowires. First, an investiga-
tion on the light propagation mechanism inside nanowire solar cells based on c¢-Si absorbers
was carried out. The results of this study showed that nanowire can greatly increase the
c-Si layer absorptance at wavelengths longer than the array period, by acting as Fabry-Perot
amplifiers and by exciting wave-guided modes inside the absorber.

After the interaction between light and nanowires was understood, the analysis turned to the
optimization of the geometrical parameters of the elongated nano-structures. Maintaining
constant the nanowire shape, array distribution and distance (i.e. constant value of the array
period P), the effect of height and diameter was studied. Results show that the cell optical
performance remains constant for height values between 0.5 um and 5 um, since the decrease
in primary reflection achieved by taller nanowires is compensated by an increase in parasitic
absorption losses. On the other hand, the supporting layer losses are approximately the same
for nanowire diameter values between 50 nm and 700 nm. Hence, the implied photocurrent
density generated inside the absorber layer reached a maximum where the reflectance losses
were at a minimum; the optimal diameter was found to be 2a = 450 nm.

Finally, the investigation of the nanowire solar cell performance for different light angle of
incidence showed that this type of device can maintain a high performance level for a wide
range of incident angles (between 0 and 60°).

Regarding the analysis of gratings for thin-film devices, the following research topics could
be of interest to further enhance the optical performance:

e Analysis of 2-D symmetric and asymmetric pyramidal gratings.

e Study of modulated periodic textures (1-D and 2-D).

e Utilization of better performing materials (non-metallic back contacts for silicon cells,

alternative TCO and back reflector materials for CIGS devices, ...).

Further development is also necessary in the case of simulations of solar cells based on
nanowires:

e An analysis of the interaction between light and different types of nanowires is necessary
in order to completely understand how the presence of nanowires affect the optical
performance of a photovoltaic solar cell.

e A study of the effect of different geometrical parameters (array period, nanowire incli-
nation) or configurations (tapered and/or modulated nanowires) is desirable, in order
to achieve a full optimization of nanowire solar cells.
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