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Abstract

Solar energy is an abundant and non-polluting source of energy. Nevertheless, the instal-
lation of solar cells for energy production is still dependent on subsidies in most parts
of the world. One way of reducing the costs of solar cells is to decrease their thickness.
This will reduce material consumption and, at the same time, unlock the possibility of
using cheaper lower quality solar cell material. However, a thinner solar cell will have
a higher optical loss due to insufficient absorption of long wavelength light. Therefore,
light-trapping must be improved in order to make thin solar cells economically viable.

In this thesis I investigate the potential for light-trapping in thin silicon solar cells
by the use of various photonic crystal back-side structures. The first structure I study
consists of a periodic array of cylinders in a configuration with a layer of silicon oxide
separating the periodic structure from the rear metal reflector. This configuration reduces
unwanted parasitic absorption in the reflector and the thickness of the oxide layer provides
a new degree of freedom for improving light trapping from the structure. I use a large-
period and a small-period approximation to analyze the cylinder structure and to identify
criteria that contributes to successful light-trapping.

I explore the light-trapping potential of various periodic structures including dimples,
inverted pyramids, and cones. The structures are compared in an optical model using a
20 pm thick Si slab. I find that the light trapping potential differs between the struc-
tures, that the unit cell dimensions for the given structure is more important for light
trapping than the type of structure, and that the optimum lattice period does not differ
significantly between the different structures.

The light-trapping effect of the structures is investigated as a function of incidence
angle. The structures provide good light trapping also under angles of incidence up to 60
degrees. The behavior under oblique incidence angles can to a large degree be predicted
by considering the number of escaping diffraction orders which may easily be found from
the grating equation.

In addition to the well-known structures mentioned above I also introduce novel light-
trapping structures. I use these structures to investigate what level of light trapping that
may be achieved by freely selecting the unit cell geometry. The best light trapping is
achieved for structures with low symmetry in their unit cells. The light confinement of
one such structure even exceeds the Lambertian light trapping for normal incident light.
Lambertian light trapping assumes total randomization of light inside the absorbing ma-
terial. From geometric optics considerations such a structure will provide the maximum
achievable light trapping within a dielectric slab. The Lambertian limit is independent
of incidence angle and is therefore valid for isotropic illumination.

To experimentally study light trapping from periodic structures, and moreover to com-
pare with our numerical simulations, we had periodic cylinder arrays fabricated by pho-



tolithography. The samples were divided into small blocks of cylinder arrays where lattice
geometries and lattice periods varied between the blocks. The measured reflectances from
the different blocks are in qualitative agreement with the numerical simulations. A quan-
titative comparison, on the other hand, is difficult due to the small size of the structured
areas.

I have also been a part of a team at IFE investigating fabrication methods which may
be better suited than photolithography for low-cost fabrication of photonic crystals for
solar cells. These methods comprise nanoimprint lithography on very thin Si substrates
and self-assembled structures using nanospheres. The work focused mainly on control
and understanding of the fabrication methods. My contributions to this work were
in transfer of the nanoimprinted structures from the resist to the substrate and the
subsequent analysis, and in discussions and optical measurements of the self-assembled
structures.
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1. Introduction

1.1. Solar cells outlook

The world is screaming for energy. Today there are almost 1.5 billion people in the world
that do not have access to electricity [1]. Enormous amounts of energy will be needed to
meet the UN goal of reducing poverty for billions of people around the world. On top of
this the world population is expected to increase from today’s seven billion inhabitants
to more than nine billion inhabitants within 2050 [2]. With this as a background it seems
obvious that the energy demand will continue to rise in the decades to come. In fact,
world energy consumption is predicted an increase by 50 % in the period 2008-2035,
mainly driven by the growth in developing countries [3].

The great paradox is the fact that the expected increase in energy consumption must
be accompanied by a significant reduction in CO4 emissions to meet the two-degree target
predicated by the international community [4]. This is a tremendous task, considering
the fact that fossil fuels are expected to cover most of the increasing demand in the
coming years. The reduced esteem for the largest COs free energy source today, nuclear
power, after the earthquake in Japan in 2011 does not make the situation any easier. The
debate over how the two-degree target can be met has been a source of dispute between
developing and industrialized countries and has even contributed to the formation of new
power alliances [5].

Solar energy is one of the most promising candidates to replace fossil fuels. Solar energy
is pollution free, and also the most abundant energy source available, with an energy flux
at the earth’s surface of several thousand times the worldwide power consumption. Solar
power can be utilized in a number of ways where the most important technologies today
are direct heating using solar collectors, electricity production from heat generated with
concentrated solar power, and direct conversion of solar energy to electricity using solar
cells. Solar cells, also known as photovoltaic (PV) cells, will be the focus of this thesis.
A number of different PV technologies exist with the largest being solar cells made of
silicon wafers, with a market share of 85 % in 2010, and thin-film solar cells which made
up the remaining 15 % in 2010.

The PV industry is experiencing an unprecedented growth, with yearly growth rates
of 45 % for the last 15 years [7]. Figure 1.1.1 shows the yearly installed capacity in
MW,!. New technologies and economies of scale are continuously reducing the cost of
solar cells at approximately 20 % for each doubling of cumulative installed capacity [7].
This learning rate is significantly higher than what is found for other energy technologies.

W, (watt-peak) denotes the solar modules output at standard test conditions with a solar irradiance
of 1000 W /m?.
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Figure 1.1.1.: Installed PV capacity from 1995 to 2010 [6].

Despite high growth rates and lower prices, PV is still dependent on subsidies in most
major markets of the world. This makes the industry vulnerable to changes in government
policies, and subsidies cannot be a solution in the longer run. The short term goal of the
PV-sector is therefore to reach grid-parity, i.e. to become cheaper than the peak prices
of grid electricity.

Spot prices for solar modules at the time of writing (August 2011) range from 0.85-1.39
€/W, (1.17-1.92 $/W,,) [8]. To reach sustainable prices of 1 $/W,, has for a long time
been an aim for the PV industry as one expects this to allow entrance to large markets
without the need for subsidies. Due to a remarkable drop in prices since 2009 this goal
seems to be within range earlier than expected. A long term goal is to reach a total
system price of 1 $/W,,, which would probably require a module cost close to 0.5 §/W,,.
At this cost PV is expected to be compatible in most of the world energy markets.

To reach these ambitious cost targets production costs need to be reduced and conver-
sion efficiency must be improved. The conversion efficiency is particularly important as
it also affects the balance of system costs. A higher efficiency means that fewer modules
must be installed to reach a given output capacity, thus reducing the labor costs and
hardware related costs like installation racks and wiring. The advantage of high effi-
ciency is directly reflected in the spot prices where the high price range corresponds to
high-efficiency crystalline silicon (Si) modules, while the lowest prices correspond to the
less efficient thin-film and particularly a-Si thin film modules.

An important road for improving the economics of wafer based Si solar cells is to re-
duce their thickness. This has two main motivations. Firstly, a thinner wafer means
less demand for expensive high-purity Si material, and secondly, it is advantageous with
respect to efficiency. In a thinner solar cell the exited charge carriers will have to travel
a shorter distance, and consequently, recombination losses are reduced. The same mech-
anism also allows the use of lower quality material without reducing the efficiency. This
may sound too good to be true, but there is one important catch. The increase in optical
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losses for the thin solar cell must be kept small, or the cost reduction will be offset by a
reduction in solar cell efficiency.

1.2. Light trapping in solar cells

Optical losses may be divided in reflection from the front surface, preventing light from
entering the solar cell, and poor absorption of infrared light. Silicon (Si) has many
advantages as a solar cell material, but the optical properties are not among them. Near
infrared light is difficult to absorb in Si due to long absorption length. The light which
is not absorbed is either lost by escaping through the front side or it is absorbed in
non-photo active materials in the solar cell such as the rear reflector. The main focus
has traditionally been to reduce the front-surface reflectance because the solar cells have
been sufficiently thick to absorb most of the light. However, as solar cells are made
increasingly thinner, the optical losses due to poor light absorption becomes more and
more important.

Light trapping aims at improving light absorption by designing the solar cell in such a
way that the path length of light inside the photo active material is as long as possible.
In wafer-based Si solar cells today this is achieved by texturing the surface with a random
pattern of pyramids with a typical structure size that are several times the size of the
wavelength of light. These structures are mainly applied to get light into the solar cell,
but they also serve the purpose of scattering and thereby increasing the path length and
thus absorption of light within the cells. These structures have proven to be very efficient
and are used when possible. Unfortunately, this type of texture is not applicable to for
instance multicrystalline solar cells, which has a larger market share than monocrystalline
solar cells. Also, due to their size, these structures remove a large part of the material
and may not be applicable to very thin cells. Additionally, new fabrication techniques
for fabrication of very thin Si wafers that involve cleaving produces wafers with crystal
orientation which does not allow the conventional texturing methods. Therefore, new
light trapping methods are being investigated.

Thin-film solar cells need a different type of texture as their thickness typically is in
the order of a micron. These cells commonly use a textured glass substrate for anti-
reflection and light trapping. The feature sizes of the textured glass are a few hundred
nanometers, i.e. much smaller than the textures on wafer-based solar cells. In thin-film
solar cells the light trapping ability is typically given more attention than for the much
thicker wafer-based solar cells. Nevertheless, the light trapping in thin-film solar cells
still have more to gain by improving the textures and new texture types are therefore
being investigated.

1.2.1. Light trapping with photonic crystals

Periodic structures with lattice periods similar to the wavelength of light are known
as photonic crystals [9]. Light interaction with such structures may yield phenomenon
such as diffraction and optical band gaps which are caused by the wave nature of light.
Utilizing these phenomenons may provide light trapping effects that are not achievable
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with conventional textures. An important property of these structures is the fact that
their response may be tailored to fit the part of the solar spectrum of interest simply
by tuning the size of the lattice period. The size of these structures, which are typically
comparable to the wavelength of light, makes them compatible also with thin solar cells.

Any type of process used to make solar cells must have the potential of high throughput
and low cost. Consequently, if photonic crystals are to be used in solar cells, a fabrication
method is required that can make such structures on a large area at an affordable price.
The semiconductor industry mainly uses photolithography to make this type of small,
well-defined structures. This is considered to be too expensive for large scale production
of solar cells. However, other promising fabrication methods exist such as nanoimprint
lithography, or hot embossing, and interference lithography. Yet another interesting
method is structures made by self-assembly. One such example, which T will discuss in
more detail later in the thesis, is the use of self-assembled colloidal templates to fabricate
2D or 3D photonic crystals.

1.3. What is our contribution?

In this thesis I investigate photonic crystal structures for light trapping in solar cells. By
utilizing the diffraction properties of the photonic crystal surface, light may be coupled
into diffraction orders that will increase the path length of light inside the absorbing
material. I focus my attention on photonic crystals applied to the back side of solar cells.
Here the spectrum of wavelengths that reach the photonic crystal is much narrower than
the full solar spectrum incident at the front side. The inherent wavelength dependent
optical properties of periodic structures make them particularly suited when targeting a
narrow wavelength range.

The first structure we investigate is a bi-periodic array of cylinders. Numerical sim-
ulation of such a two-level, or binary, structure requires less computational power than
more complex structures, and additionally, the structure may be fabricated using stan-
dard photolithography processes. We analyze the light-trapping properties of the cylinder
structure using a metamaterial approximation in the limiting case of small lattice periods
and by using a phase difference condition for the limiting case of large lattice periods.
We use these models to improve our understanding of the mechanisms of light trapping
and to predict favorable dimensions for cylinder height, cylinder fill factor, and also the
thickness of the back-side oxide layer. The oxide layer mainly serves to reduce unwanted
absorption of light in the rear metal reflector. This is a problem in solar cells today, and
will become an even greater problem for thin solar cells with a periodically structured
metallic mirror. In rigorous numerical simulation of the structure we focus on reducing
this parasitic absorption at the same time as we achieve a high light-trapping efficiency.

From the cylinder array we move on to investigate periodic structures with other unit
cell geometries such as an inverted pyramid, dimple, and cone structure. In addition we
introduce two novel structures which exhibit a lower symmetry in their unit cell geometry.
We investigate the light-trapping potential of all these structures and show that the
structures with the lowest symmetry have the highest light-trapping potential. The light
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trapping from the best low-symmetry structure even exceeds that of Lambertian light
trapping at normal incidence. Lambertian light trapping assumes total randomization
of light inside the absorbing material. Lambertian light trapping is known to give the
highest achievable light trapping under isotropic illumination for any structure in the
geometrical optics description of light. The performance of our low symmetry structure
fall below the Lambertian limit at higher angles of incidence.

We also compare light trapping from periodic structures with that of a front-side
and a double-sided random pyramidal texture, textures which are commonly used in
monocrystalline solar cells today. As expected, a front side textured with pyramids
provides a much lower front-side reflection than the configurations with planar front
sides and rear-side periodic structures. The disadvantage of a higher front-side reflection
of planar surfaces is significantly reduced for multilayer anti-reflection coatings (ARCs)
and for encapsulated solar cells. Yet the best double-sided pyramidal texture did slightly
exceed the best periodic structure, even with a double layer ARC covering the planar
front side of the periodic structure. The fact that pyramidal structures may yield this
level of light trapping will probably limit the use of periodic structures to solar cells where
this type of texturing is not possible, such as multicrystalline Si, crystalline Si with other
crystal orientations than the standard [100] orientation, and very thin solar cells where
the pyramids, with their typical size of several microns, may not be applicable.

To compare with our simulation results we had small area samples produced by state-
of-the-art photolithography at IMEC in Belgium. We thinned the samples by mechanical
lapping to a thickness of approximately 20 pm so that their optical properties could be
characterized at the desired wavelength range. The measured reflectance agreed qual-
itatively with what we had found from simulations. The reflectance was substantially
reduced compared to a planar reference and the samples with the optimal grating di-
mensions and lattice structure also exhibited the lowest reflectance. The small size of
the samples limited the accuracy of the optical measurements, and a quantitative com-
parison with the simulation results was difficult. In addition to the lithography, we also
investigated possible methods for large scale fabrication such as nanoimprint lithography
and self-assembled structures. Most of the experimental work here was performed by
colleagues and collaborators. My contribution consisted in pattern transfer and analysis
of the nanoimprinted pattern and supervision and measurements for the self-assembled
structures.

1.4. Structure of the thesis

This thesis is written as a collection of papers where the purpose of the text is to link the
papers together and to put the work into a broader context. The content of the papers
will not be explicitly repeated, but a short summary of all papers is given in section 1.5.
The papers themselves are attached at the end of the thesis in chronological order.

The main section of this thesis is divided into eight chapters including the introduc-
tion. The content of chapters II-IV contains supporting information for understanding
and motivation for the papers. The principles of, and motivation for, light trapping in
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solar cells are explained in chapter II, succeeded by an overview of existing literature on
periodic light-trapping structures. Chapter III deals with the optical theory describing
light propagation in periodic structures. Here I also introduce the theory behind the
simulation tools that we have employed. Chapter IV is closely linked to Chapter III
and provides a more detailed overview of the actual modeling tools and methodology.
I discuss the strength and weaknesses of the individual methods, why we have chosen
them, and the validity of the results that accompany the method.

Chapter V deals with the experimental part of the thesis. Here the characterization and
processing tools are described followed by a summary of the results that were obtained.
This part of the thesis is not described in any of the papers, except for the part concerning
self-assembled structures.

In chapter VI I discuss the main results from our papers and their relevance for the
field of PV today. Here I also discuss the potential for large scale fabrication.

The last two chapters of the main section, chapter VII and chapter VIII contain con-
clusion and suggestions for further work.

The appendix contains mathematical details from the calculation of effective medium
in the cylinder array.

1.5. Summary of papers

Here T will give a short summary of each of the papers and proceedings that are a part
of this thesis. The papers and proceedings, from now on referred to as the papers, are
attached in their entirety in chronological order at the end of the thesis. With the ex-
ception of Paper VI, where I am co-author, I have written and performed most of the
work in all papers, with input from discussions with my supervisors. My contribution
to Paper VI, which discusses experimental methods for synthesizing self-organized pho-
tonic crystals, relies mostly in discussions and input regarding how the photonic crystals
should be designed to achieve attractive light-trapping properties.

Paper | J. Gjessing, E.S. Marstein, A. Sudbg, "Modeling of light trapping in thin
silicon solar cells with back side dielectric diffraction grating”, presented at the 24th EU
PVSEC, Hamburg, Germany, 21-25 Sept., pp. 2604-2607, 2009.

In this paper we investigate a light trapping stack consisting of a bi-periodic cylinder
structure separated from an Al reflector with a planar layer of silicon oxide. We study
the effect of the thickness of the oxide layer on Si absorption and we show the influence
of cell thickness on the maximum achievable light-trapping. We find for a 20 pm thick
cell a potential improvement in total sunlight absorption of 15 % compared to a planar
reference cell with similar anti-reflection coating and a rear Al reflector. This work was
presented as a poster at the conference.

Paper Il J. Gjessing, E.S. Marstein, A. Sudbg, “2D back-side diffraction grating for
improved light trapping in thin silicon solar cells”, Optics Express, Vol. 18, Issue 6, pp.
5481-5495 (2010).
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In this paper we go further in the analysis of the cylinder array. We analyze the
influence of grating thickness and oxide thickness on light trapping and explain the
results using an effective medium approach for small lattice periods and a multilayer slab
structure for large periods. The effect of lattice period and cylinder fill factor is calculated
using rigorous numerical simulations and optimal grating dimensions are found. The
effect of the oxide thickness on Si absorption and Al parasitic absorption is calculated,
revealing an oscillating behavior for the Si absorption, but not in the Al absorption.
Finally we study the behavior of the optimized grating structure under oblique incidence
for both s and p-polarization.

Paper Il J. Gjessing, A. Sudbg, E.S. Marstein, “2D blazed grating for light trapping
in thin silicon solar cells”, oral presentation at the Optics for Solar Energy (SOLAR),
Tucson Arizona, USA, 7-9. June 2010.

In this paper we present one of our low-symmetry structures which we here called the
2D blazed structure (later named the rose structure). This structure showed significant
improvement in light trapping compared to the cylinder structure we had described in
earlier works. We showed that the light trapping from the 2D blazed structure corre-
sponded to the light trapping in an eight times thicker planar Si wafer with an equivalent
anti-reflection coating and rear metal reflector. The work was given as an oral presenta-
tion at the conference.

Paper IV J. Gjessing, A. S. Sudbg, and E. S. Marstein, “A novel broad-band back-side
reflector for thin silicon solar cells”, EOS Annual Meeting, 26-28. Oct., Paris, France
(2010).

In this paper we present the initial results for the zigzag structure which shows light
trapping exceeding Lambertian light confinement at normal incidence. We compare light
trapping in the case of both an Al and Ag reflector. This work was given as an oral
presentation at the EOSAM conference and a follow-up paper was published in J. Europ.
Opt. Soc. Rap. Public. with a more comprehensive analysis of the structure.

Paper V.  J. Gjessing, A. S. Sudbg, E. S. Marstein, "A novel back-side light-trapping
structure for thin silicon solar cells”, J. Europ. Opt. Soc. Rap. Public. 11020 Vol. 6
(2011).

In this paper we analyze the zigzag structure in Paper IV in more detail. We explain
the successful light trapping by the low symmetry of the structure and show that the
lack of symmetry may be seen from its diffraction orders. Moreover, we analyze the light
trapping at oblique incidence for both s and p-polarization at four different azimuth
angles which corresponds to the different symmetry directions of the Brillouin zone.

Paper VI  E. Haugan, H. Granlund, J. Gjessing, E. S. Marstein, “Colloidal crystals as
templates for light harvesting structures in solar cells”, presented at E-MRS Strasbourg,
symposium R, 2011.
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This paper addresses fabrication of 2D and 3D photonic crystals by self-organization
of polystyrene and silica beads. The 2D photonic crystals were made by spin coating a
colloidal solution onto a substrate while the 3D crystals were synthesized by evaporation
of a colloidal solution. The 2D crystals were used as a mask for subsequent silicon
nitride or Ag deposition. The nitride served as an etch mask while the Ag was used as a
catalyst for etching vertical walls. The 3D crystals were infiltrated with titania and the
polystyrene beads were removed by calcination. The 3D crystal exhibited reflection peaks
that were blue shifted by the calcination step. My part in this paper was in discussions, in
identifying suitable structure types, and in analysis of the measured reflectance spectra.

Paper VII J. Gjessing, A. S. Sudbg, E. S. Marstein, “Comparison of periodic light-
trapping structures in thin crystalline silicon solar cells”, J. Appl. Phys. Vol. 110,
033104 (2011).

In this paper we compare the light-trapping properties of bi-periodic structures consist-
ing of cylinders, cones, dimples, and inverted pyramids together with three more complex
structures with planes sloping in different directions. We compare the diffraction pattern
of all structures and their calculated increase in optical thickness. The best structures
are shown to be the ones with lowest symmetry, while the light-trapping behavior of the
rest of the structures is quite insensitive to the shape of the unit cell. The structures
are also compared at oblique angles of incidence, and their behavior is in part explained
from the 2D grating equation which determines the number of propagating modes in Si
and in the ambient at a given lattice period and incidence angle.

Paper VIII  J. Gjessing, A. S. Sudbg, E. S. Marstein, “Comparison of light trapping in
diffractive and random pyramidal structures”, presented at the 26th EU PVSEC, Ham-
burg, Germany, 5-9 Sept., section 3AV.5.3, 2011.

In this paper we investigate by ray tracing light absorption in random pyramidal
structures with different rear side reflector configurations. The rear side consists of a
metal reflector made of either Al or Ag which may or may not be separated from the
Si by a thin layer of silicon oxide. We compare light trapping from random pyramidal
structures with light trapping from periodic structures in a 20 pm thick Si cell. We find
that the best configuration of a double-sided random pyramidal structure exceed the best
periodic structure. The difference is, however, only 0.3 mA /ecm? and is due to the lower
front surface reflectance of the pyramidal structure.



2. Solar cells and light trapping

In this chapter I will discuss light trapping in greater detail and give an updated summary
of existing literature on periodic light trapping structures. First I will give a quick
introduction to the operating principles of a solar cell.

2.1. The operating principle of a solar cell

A solar cell converts the energy of the solar irradiation directly to electricity using the
photovoltaic effect. A sketch of a typical silicon solar cell is shown in Figure 2.1.1. An
incident photon with sufficient energy may transfer enough energy to a bound electron so
that it breaks free from the silicon lattice. The exited electron will leave an open position
in the Si lattice, a hole, which may also move around in the lattice. The excitation
process is known as creation of an electron-hole pair. The electron-hole pair will typically
recombine within a time frame of microseconds to milliseconds, depending on material
quality, unless the electrons and holes are extracted as current within this time. To
aid this process the electron-hole pair is separated by a so called pn-junction which is
usually situated close to the front side of the solar cell. The pn-junction is created
by the controlled addition of small amounts of impurities, called doping, of boron and
phosphorous. The boron doped part creates an excess of free holes and is called the p-
type region, while the phosphorous doping creates an excess of free electrons and is called
the n-type region. When incident photons create new electron-hole pairs, the electrons
will diffuse toward the n-region while the holes will diffuse toward the p-region. This
creates a voltage between the contacts at the front and the rear side of the solar cell
which can be used for electric power production, as illustrated in Figure 2.1.1.

The solar spectrum contains a continuum of photon energies with a typical energy
distribution as shown in Figure 2.1.2. Photons with an energy below the band gap energy,
E,, of the solar cell material, corresponding to longer wavelengths, does not have enough
energy to excite electron-hole pairs. The absorbing material is actually transparent to
these sub-band gap photons and their energy is not utilized. Photons with energy above
the band gap, E,;, > FE,, may excite electron-hole pairs. However, any excess energy
above the band gap, E,, — E,, will be lost as heat in the solar cell. Consequently, the
energetic photons with short wavelengths are not fully utilized since only a given amount
of the energy may be utilized. This is called thermalization loss. Figure 2.1.2 illustrates
what part of the solar spectrum that may actually be utilized by a silicon solar cell.

The maximum conversion efficiency that can be achieved with a solar cell have been
found by Shockley and Queisser [10] to be around 30 % for a solar cell with an ideal band
gap energy under one sun illumination. The efficiency limit for Si solar cells is slightly
below 30 % because Si has band gap energy lower than the ideal band gap energy and due
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Figure 2.1.1.: A schematic picture of a typical silicon solar cell. Incident light creates
an electron-hole pair named e- and h+, respectively. The electron diffuses
towards the n-type region and to the front contacts while the hole diffuses
towards the rear contact. The voltage between the two terminals may be
used to drive a current through an external load.

to fundamental limitations in Si with inherent auger recombination. The best Si solar
cell to date is a lab cell known as the PERL (passivated emitter, rear locally-diffused) cell
with an efficiency of 24.7 % [11]. The highest efficiency for a multicrystalline cell is 20.4
% [12]. For solar modules, where multiple solar cells are connected and encapsulated,
the efficiency record is 21.4 % for a commercial monocrystalline module and 17.8 % for
a commercial multicrystalline module [12]. Typical efficiencies of standard commercial
products are several percentage points below these records.

The Shockley-Queisser limit is a fundamental limitation for all solar cells composed of
a single band gap material. Various concepts have been explored to exceed the Shockley-
Queisser limit [14] and such concepts have been given the attractive name of third gen-
eration solar cells. The only successful third generation concept so far is the tandem cell
which was discovered in the seventies. The tandem cell makes use of multiple solar cells
with different band gaps stacked on top of each other. Due to the high cost of tandem
cells they are usually operated under highly concentrated sunlight. They are therefore
mounted on a double axis solar tracker and commonly need active cooling. Tandem
cells have yielded efficiencies of up to 43.5 % [12] under high concentration. Despite
continuously improved efficiency records for tandem cells lately, they still have an in-
significant market share. Nevertheless, they are regarded to have a promising future and
they remain an active area of research.
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Figure 2.1.2.: The figure shows the AM1 1.5 solar spectrum together with the part the
solar spectrum that may ideally be utilized by a silicon solar cell [13]. Long
wavelength light does not have sufficient energy to excite an electron-hole
pair and for short-wavelength light only a given amount of energy may be
utilized.

2.1.1. Solar spectrum, short circuit current, and efficiency

The ultimate performance indicator of a solar cell is its efficiency, n. However, 1 does not
reveal the specific strengths and weaknesses of the solar cell. The following parameters
are therefore usually supplied in addition to the efficiency in a characterization of a solar
cell:

e J,.: short-circuit current density is the maximum current per unit area supplied
by a solar cell with the terminals short circuited. Typical values for wafer-based
silicon solar cells are 30-40 mA /cm?. A high J,. indicates good light absorption
and low recombination.

e V,.: open-circuit voltage is the maximum voltage over the terminals when no cur-
rent is going through the external circuit. Typical V. values of a silicon solar cell
are 600-700 mV. Low recombination, low series resistance, and high shunt resis-
tance are among the factors that contribute to a high V.. In addition, V. scales
with the logarithm of Jg..

e ff: fill factor is the ratio of the current times voltage when the solar cell is working
at its maximum power output to the product of Jg times V,.. A high ff indi-
cates low series resistance and high shunt resistance and is a prerequisite for high
efficiency solar cells.

The efficiency, 7, is the product of these factors, as shown in Eq. 2.1.1:
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n= Jscvocff (2'1'1)

Standardized testing conditions require that the above values are measured with a
power flux of 1000 W/m? and the AM 1.5 solar spectrum [15], which is shown in Figure
2.1.2.

Jse can be calculated from Eq. 2.1.2:

T =g /O e )B() A(N)dA (212)

Here ¢ is the elementary charge, ®(\) is the spectral photon flux from the AM1.5
spectrum, 7.()\) is the collection efficiency, i.e. the probability that a generated electron-
hole pair reaches its respective contacts, and A(\) is the spectral absorptance, i.e. the
fraction of absorbed photons in the Si to the photons incident at the front side of the solar
cell at a given wavelength. Note that Eq. 2.1.2 does not contain a term for reflection
loss because this is already included in the definition of the spectral absorptance.

Because the optical properties are of primary interest in this thesis, I have set 7. equal
to unity for all wavelengths. This reveals the maximum potential Jg. without making any
assumptions about the electronic properties of the solar cell. The maximum potential Jg.
therefore corresponds to the photo-generated current density J,,. This is in line with the
literature which commonly uses Jy. or Jp, for benchmarking of light-trapping structures.

The integration of Eq. 2.1.2 comprise all photon wavelengths, but in reality the integral
is performed from 300 nm to around 1200 nm. The absorption above 1200 is negligible
while the irradiance is too low below 300 nm to make a significant contribution to Jg..
The potential Jp, for a 400 pm thick Si slab is 44.7 mA /cm? assuming zero front-side
reflectance and perfect Lambertian light trapping, which will be explained in more detail
in section 2.2.1. For a 20 pm thick slab the potential J, is 41.3 mA/ch. For comparison
the J, of a 24.7 % efficient PERL cell with a thickness of 400 pm has been measured to
42.2 mA /em? [11].

In reality, several loss mechanisms will contribute to reduce Jg. below Jy,,. Some of the
most important ones are shadowing, free carrier absorption (FCA), and recombination
as illustrated in Figure 2.1.3:

e Shadowing is caused by the front contacts that cover about 7-8 % of the solar cell
surface of a typical wafer based Si solar cell. The loss due to shadowing may be
reduced e.g. by using buried contacts, metal wrap through, or back-side contacted
cells [16].

e FCA is the absorption of light by an already excited electron or hole. The energy
of this absorption process will be dissipated as heat in the solar cell. FCA is
dependent on the number of excited electrons and holes which again is determined
by the doping levels and therefore varies with cell configuration. FCA is wavelength
dependent and may be calculated with simple empirical formulas for moderately
doped Si [17] or from first principles for heavily doped Si [18].

12



2. Solar cells and light trapping

Figure 2.1.3.: The figure illustrates shadowing, free carrier absorption (FCA), and recom-
bination, all mechanisms inherent in a real solar cell that will reduce the
Jse below its maximum potential. Energy lost in FCA or recombination is
transformed to heat in the solar cell. Bulk recombination may either be
in the form of a photon emitted through radiative recombination or in the
form of heat through auger or Shockley-Read-Hall (SRH) recombination.
Surface recombination is of the SRH-type.

e Recombination within the solar cell, or at the front-side or back-side surface inhibits
the electron-hole pairs from reaching their respective contacts. This results in a
collection efficiency, 7., below unity. In a thin solar cell the electron-hole pairs will
have a short distance to their respective contacts and the bulk recombination loss
will be lower than in a thicker solar cell. However, back-side passivation is much
more important in thin solar cells because the light will be absorbed closer to the
back side.

2.2. Light trapping

Solar cells are made continuously thinner to reduce material consumption and thereby
lower the cost of PV. Silicon solar cells today have a thickness of around 160-200 pm.
At least another 100 pm of Si material is lost in the process of sawing the wafers out of
a block, so called kerf loss. A reduction of thickness may actually also be advantageous
with regards to efficiency. Thin solar cells have the advantage of a lower demand on
material quality. On the other hand, they also have a more severe demand on surface
passivation. Maximum theoretical efficiency is achieved at 80 pm for a solar cell with
Lambertian light trapping and zero surface passivation, but conversion efficiencies well
above 20 % is still possible down to a thickness of 1 pm [19].

Reducing wafer thickness and kerf loss from sawing is an ongoing research area and
the PV industry’s road map has a target wafer thickness of 100 pm by 2020 [20]. On the
other hand several alternative routes have been suggested to fabricate very thin layers of
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Figure 2.2.1.: Absorption coefficient « and penetration length 1/« for silicon with data
from [28].

Si. These includes deposition by CVD and LPCVD [21], porous silicon cleaving [22, 23],
exfoliation of thin Si films from thicker wafers [24], and cleaving by ion implantation,
also known as the proton knife [25, 26, 27]. These techniques have been demonstrated
to produce Si thicknesses down to and below 20 pm, and at the same time they do not
have the kerf loss associated with the sawing process.

Light trapping is essential to realize the potential of thin Si cells with a high efficiency.
The need for light trapping is easily understood by considering the absorption coefficient,
a, of silicon (Si) shown in Figure 2.2.1. Since Si is an indirect band-gap semiconduc-
tor, the absorption of a photon near the band edge requires a simultaneous creation or
annihilation of one or several phonons. This requirement reduces the probability of an
absorption event and makes Si a poor absorber compared to the direct band-gap ab-
sorbers commonly used for thin-film solar cells. The absorption of light near the band
edge is very low and at 1.1 pm the penetration depth, 1/« is several millimeters, a factor
10 above the typical cell thickness used today.

The relation between the absorption coefficient, «, and the imaginary part of the
refractive index, k, also known as the extinction coefficient, is shown in Eq. 2.2.1:

_ 4k
D)

The light intensity, I, decays exponentially with propagation length, ¢, in a linear
absorbing material. This is known as the Beer-Lambert law:

o (2.2.1)
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(a)

Figure 2.2.2.: Transmission of light through a silicon slab as a function of wavelength
and silicon thickness. The color bar indicates the percentage of light that
is transmitted through a given thickness.

I(z) = Ipe ®WM® (2.2.2)

Here I is the intensity at = 0. The surface plot in Figure 2.2.2 shows transmission,
i.e. I/, of light through Si as a function of wavelength, A, and Si, z, thickness according
to Eq. 2.2.2. The color bar indicates the percentage of light that reaches a certain
thickness at a given wavelength. The Si slab functions as a spectral filter so that the
wavelength spectrum at the rear side will be significantly reduced compared to the front
side. A back-side light-trapping structure will therefore only need to be designed for the
wavelengths that are transmitted through the Si slab.

A planar Si slab is a poor light absorber. The planar Si surface will reflect more than
30 % of the incident light, which comes in addition to poor absorption in the infrared
part of the spectrum. Textures and anti-reflection coatings (ARCs) are usually applied
to the Si slab to increase absorption. The textures and the ARC will reduce front-side
reflectance. In addition, the textures scatter light and increase the path length inside
the Si and thereby improve light absorption.

An unfortunate side effect of texturization is the resulting increase in surface area
which leads to an increase in surface recombination. The surface area of the commonly
used pyramid texture is about 1.7 times larger than for a planar surface and a similar
increase in surface recombination could be expected. However, the presence of a surface
texture exposes various crystal planes and sharp edges. This makes surface passivation
more difficult and the increase in surface recombination from a textured surface is usually
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higher than just the increase in surface area [29]. A reduction of the solar cell thickness
will result in a higher generation rate of electron-hole pairs close to the back side. Con-
sequently, the passivation of the back side will become more important the thinner the
solar cell. A light-trapping configuration designed for a thin solar cell should therefore
incorporate a proper surface passivation.

Most solar cells are expected to last for at least 25 years in the field and to achieve
this they are encapsulated in a solar module with a protective glass on the front side.
The glass is usually optically coupled to the solar cell with a lamination material with a
refractive index similar to that of glass, e.g. the polymer material ethylene-vinyl acetate
(EVA). The transition in refractive index from Si, ng;, to glass, ngqss, is less than that
from Si to air and the ARC must be optimized for the new interface. The ARC in a
solar module should ideally have a refractive index ngre = \/Mglasssi [14], and an optical
thickness of a quarter of the target wavelength. Reflection from the solar cell surface will
in general be lower when the solar cell is encapsulated than for an unencapsulated solar
cell due to the reduced step in refractive index. However, the interface between air and
glass has a reflection of about 4 % which comes in addition to the light reflected from
the solar cell surface. The combined reflection from a solar module is therefore usually

higher than for an unencapsulated solar cell unless the glass is textured or coated with
an ARC.

2.2.1. Lambertian light trapping

Surfaces that randomize light are known to be well suited for light trapping [30, 31]. In
fact, Yablonovitch |32| showed that an ideal Lambertian surface will provide the best
light trapping possible in a slab type geometry using geometrical optics considerations.
A Lambertian surface has the property of looking equally bright at all view angles, i.e.
it has a constant radiance, independent of the position of the illumination source.

A Lambertian light trapping scheme has been shown to yield a path length of 4n?W
inside a slab of thickness W and refractive index n in the limit of weak absorption, i.e.
for aW << 1. For Si this translates to a path length enhancement of about 50 times
the actual thickness of the solar cell. Due to the isotropic response of the Lambertian
surface this path length enhancement is independent of incidence angle and therefore also
holds for isotropic illumination. It should be noted that light-trapping may in theory
even exceed the Lambertian limit for other types of structures by limiting the angle of
incidence [32|. The Lambertian limit is commonly referred to as the Yablonovitch limit,
4n? limit, or ergodic limit.

The excellent light trapping displayed by a Lambertian surface in a Si slab is attributed
to the narrow escape cone of Si. Only light which is not totally internally reflected may
escape from the Si to air. This is demonstrated in Figure 2.2.3 for a rear side Lambertian
reflector and a planar front side. The escape cone has a half angle, 6., which can be
determined from the critical angle of internal reflection given by Snell’s law of refraction:

n;sin(0;) = nesin(6,) (2.2.3)

Here 6; is the angle between the incident light and the surface normal while 6, is the
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Figure 2.2.3.: Light incident on a textured rear surface after a total internal reflection at
the front surface. Only light scattered within a narrow escape cone may
leave the Si when reaching the front side. The half angle of the escape cone
is about 16 degrees for Si.

corresponding angle of the outgoing light. The refractive index where the light propagates
is denoted n; for incident light and n, for outgoing light. For reflected light n; = n, and
0; = 0,. From Eq. 2.2.3 one can find that Si, with n = 3.6, will have a critical angle of
internal reflection from Si to air of 6, = sin~1(1/3.6) ~ 16 degrees. An integration over
the escape cone reveals that a Lambertian surface will scatter only a fraction of 1/n?
into the escape cone. This implies that only a small part of the light will escape through
the front surface for each reflection. In fact, the escape probability is the same also for
a textured surface as it is related to difference in phase space inside and outside the
material [32]. A series expansion using this escape probability results in a path length
enhancement close to 4n?.

Even though materials with properties close to that of ideal Lambertian surfaces are
used as reflection standards in most optical characterization labs, such a reflector has not
yet been demonstrated in Si, although several attempts have been made [33, 34|. Some of
the challenges in making such a randomizing structure are the wide spectral range that
must be covered and that the available thickness of the Lambertian layer is often limited
in a solar cell. An inviting option would be to place a standard Lambertian reflector
on the rear side of the solar cell. Unfortunately, as long as the reflector is not optically
coupled to the Si material such a scheme would result in a focusing of the Lambertian
distribution upon entering the solar cell, as follows from Eq. 2.2.3. It has been shown
that even a slight focusing of the Lambertian distribution will result in light trapping
significantly below the Lambertian limit [35].
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(a) (b)

Figure 2.2.4.: Scanning electron microscope image of the surface texture of a monocrys-
talline Si wafer after KOH etching at IFE (left). The surface consists of a
random pattern of pyramids with well-defined facet angles. The texture of
multicrystalline Si after isotropic etching consists of a random dimple-like
structure (right) [37].

2.2.2. Conventional light-trapping structures

Light trapping in wafer-based Si solar cells today is achieved by front of double-sided
texturing of the wafer. The type of texture usually depends on whether the Si material
is monocrystalline or multicrystalline.

The texturing of a monocrystalline Si wafer is performed with an anisotropic alkaline
etch, typically KOH [36]. Since the {111} planes etch much slower than the rest of
the atomic planes, the result is a random pattern of pyramids where the {111} planes
constitute the pyramid walls. Figure 2.2.4 (left) shows a scanning electron microscope
(SEM) image of such a pattern of random pyramids. The angle of the pyramid facets
are well defined with an angle of 54.7 degrees, determined by the crystal structure of Si.
It must be emphasized that such structures are only possible for [100] oriented wafers.
Technologies based on cleaving, which may provide very thin Si wafers [25], do not result
in [100] oriented wafers and consequently a different type of texture is necessary for such
wafers.

The typical size of the pyramids resulting from the alkaline etching is in the range of
1-10 pm, depending on etching time and concentration. The pyramid structure is well
suited for reducing front-side reflectance because the light reflected at the first bounce
will always get a second chance of entry as it hits the pyramid wall on the opposite side,
as shown in Figure 2.2.5. Actually, inverted pyramids provide even lower reflectance
because a larger fraction of the light will also experience triple bounces [38, 39]. The
world record cell, PERL, used inverted pyramids on the front side to keep reflection losses
at a minimum [11]. Inverted pyramids are, however, expensive to make as they currently
are made using photolithography.

Multicrystalline Si has randomly oriented grains and an alkaline etch will therefore
create pyramids with a random orientation. Several pyramid orientations will not yield
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Figure 2.2.5.: Light incident on a pyramidal structure will have at least two chances of
transmission into the Si. In combination with an anti-reflection coating
this structure may yield a very low front-side reflection.

the double bouncing shown in Figure 2.2.5 and reflection from these areas will be close
to the reflection from a planar surface [40]. Additionally, the different grains will have
uneven etch rates resulting in steps between the grains that may complicate further
processing. Isotropic acidic etching is therefore more commonly used for texturing of
multicrystalline Si. Isotropic etching results in a lower reflection than alkaline etching
of a multicrystalline wafer [37], but still significantly higher than for a monocrystalline
wafer textured with pyramids. The isotropic etching makes use of the saw damage from
the wafering process as a seed for the etching.

Texturization is primarily performed to reduce the front-side reflectance of the Si
wafers, and secondary to increase light trapping by scattering the light into oblique
paths. The light-trapping properties, however, could be even better. Therefore, sev-
eral authors have investigated more advanced geometric light-trapping structures. These
structures include bi-pyramids, perpendicular slats, patch pattern [41], and various types
of prisms [42, 43]. Common for these structures are that they may exhibit better light
confinement than the random pyramids, but naturally, fabrication is more complex.

Thin-film solar cells are made by depositing the active solar cell material on to a
substrate or superstrate. Thin-film solar cells are usually made from direct band-gap
materials which imply that their absorption is much better than for crystalline Si. The
electronic quality of such films is usually much lower than for crystalline Si, and conse-
quently, a thin layer is necessary to avoid high recombination losses. The thickness of
a thin-film solar cell may range from less than 500 nm to several microns depending on
the material. Due to the small thickness of these solar cells, light trapping is important
in several types of thin-film solar cells despite their direct band gap.

Texturing of thin-film solar cells is most often performed by texturing the superstrate or
substrate prior to deposition. One commonly used procedure is to deposit a transparent
conducting oxide (TCO) on the front glass and to create a sub-micron random surface
texture in the TCO [44, 45]. A challenge for such small structures is that they need to
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Figure 2.2.6.: Light diffracted by a periodic structure increases the path length inside the
absorbing solar cell material. Total internal reflection at the front surface
will further increase the path length.

have a low front-surface reflection for all wavelengths and at the same time scatter long
wavelengths effectively to improve the light trapping.

2.2.3. Periodic light-trapping structures

Periodic structures with lattice periods comparable to the wavelength of light do not obey
the laws of geometrical optics. Such periodic structures, also known as photonic crystals,
are described using the wave nature of light which yields many interesting properties
that are not encountered in geometrical optics. The photonic crystal may have one, two
or three dimensional periodicity and serve different purposes in a solar cell. One type of
application is the use of a periodic structure along the surface of a solar cell, as shown
in Figure 2.2.6. The surface structure will diffract light and the angles of the diffracted
light may be tuned by adjusting the lattice period. This improves light absorption by
increasing the path length of light inside the absorbing material. The gratings may be
periodic in either one dimension (uniperiodic or 1D) or two dimensions (bi-periodic or
2D). Such periodic structures are often referred to as gratings or diffractive structures.

The use of periodic structures to improve light trapping in solar cells was suggested
already in 1983 by Sheng et al. [46]. They showed a potential gain in light trapping
from a periodic structure compared to both a planar surface and a randomizing surface.
Heine et al. [47] later showed through numerical simulations that the use of a blazed
grating, shown in Figure 2.2.7 (bottom left), could improve the light-trapping efficiency
compared to a symmetric binary grating, shown in Figure 2.2.6. They attributed the
improved light trapping to a reduction in out-coupling of light due to the asymmetry
of the blazed grating. Out-coupling is the process where propagating modes inside a
material couples to propagating modes in the ambient.

Periodic structures that aim to diffract light and increase the path length inside an
absorbing material may be applied to the back side [46, 47, 48, 49, 50, 51, 52, 53, 54,
55, 56], to the front side [47, 57, 58, 59, 60|, and to both sides [61, 62, 63, 51, 64, 65],
as illustrated in Figure 2.2.7. In fact, some designs even feature periodic structures all
the way through the absorbing material [66, 60]. The advantage of a front-side structure
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(a)

Figure 2.2.7.: Different approaches to placement of light trapping structures. The peri-
odic structures may be applied to the front side (top left), both sides (top
right), rear side (bottom left), and they may even penetrate all the way
through the absorbing material (bottom right). The back side structure is
here shown using a blazed grating.

is that both anti-reflective properties and light trapping may be achieved with the same
structure. Back-side structures on the other hand need only to be optimized for light
trapping and not for anti-reflection, and more importantly, back-side structures may be
optimized for a more narrow spectral range. The width of the spectral range is determined
by the thickness and spectral absorption of the solar cell which acts as a short wavelength
filter (see Figure 2.2.2). A 20 pm thick Si slab will absorb most of the light below 800
nm before it reaches the back side. Therefore, the back-side periodic structure needs
only to be optimized for the wavelength range from 800-1100 nm, which corresponds to
a bandwidth AX/X of about 30 % .

A particular challenge for periodic back-side structures is the induction of parasitic
absorption in the rear-side metal contact, which also serves as a reflector. In conventional
low-cost industrial solar cells today, the back-side contact is produced by screen printing
aluminum (Al) on the back side of the Si. The absorption of such a Si-Al boundary
may be several tens of percent even for a planer boundary. Periodic structures in the
rear metal reflector may induce surface plasmons in the metal leading to a significant
increase in parasitic metal absorption [67]. Parasitic absorption is also a problem if silver
is used as a reflector material [68], even though silver has a much higher reflectance than
Al. To avoid parasitic absorption all together, diffraction gratings have been combined
with dielectric reflectors in the form of Bragg stacks [48, 51, 50]. Yet another approach,
which we apply in this work, is to separate the grating from the metallic rear reflector
by a dielectric layer with a low refractive index. This layer needs to be sufficiently thick,
typically more than 100 nm, so that evanescent waves from the grating do not couple to
the metal. By choosing the thickness of this layer properly, it may act together with the
grating to enhance coupling of light to obliquely propagating modes inside the absorbing
material as we discuss in Paper II.
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Combined front-side and back-side gratings are commonly found in thin-film solar cells
where the absorbing material is deposited onto a patterned substrate [61, 64, 69]. Due
to the small thickness of the thin-film solar cells the pattern will also be visible on the
surface of the deposited materials. The quality of the grating, however, will be reduced
with the number and thicknesses of the deposited layers [64]. The use of front-side and
back-side structures with different lattice period and lattice geometry gives additional
degrees of freedom [51], although at the cost of increased complexity.

Studies of periodic structures include both 1D [46, 47, 51, 65, 52, 70] and 2D [48,
50, 60, 59, 71] periodic structures. 1D gratings have the advantage that they are less
complex and therefore potentially easier to fabricate. 2D gratings, on the other hand,
have the advantage of targeting both s and p-polarized light, in contrast to 1D gratings
which usually have a higher efficiency for one polarization. Moreover, 2D gratings allow
coupling to more diffraction orders which have recently been shown to result in a higher
theoretical potential for light trapping [72, 59]. This was already suggested by Sheng et
al. [46] in 1983.

The theoretical potential for light trapping in periodic structure is an important dis-
cussion. Earlier work has suggested that light trapping with periodic structures may
exceed the Lambertian limit for a limited spectral region [46, 73]. However, as the solar
spectrum is a broad-banded source, it is unclear whether periodic structures have the
potential of exceeding the Lambertian limit over a wider wavelength range. It has been
shown that an improvement over that of the Lambertian limit may be obtained for very
thin cells, i.e. tens of nanometers, over the whole solar spectrum [74]. However, due
to the small thickness, the overall absorption in such a slab is still very low. Ref. [72]
discussed the case of a periodic structure by considering only the power inherent in each
diffraction order, neglecting other resonances within the slab. They found that for a
periodic structure the path length could be increased beyond that of the Lambertian
limit, but only for a narrow angle of incidence and wavelength range. They concluded
that the Lambertian limit was still valid for isotropically incident light. Ref. [59], on
the other hand, found that the Lambertian limit no longer holds for absorbing materials
with a thickness comparable to the wavelength of light, or for periodic structures with
lattice period comparable to the wavelength of light and a thickness of a few microns.
They showed in numerical examples that the Lambertian limit could be exceeded, but
with a significant angular dependency.

Recent numerical results have shown periodic structures exceeding Lambertian light
trapping at near normal incidence ([59, 60] and Paper V). The key for these structures
has been the use of low symmetry structures with a lattice period slightly lower than the
target wavelength. This lattice period allows several discrete modes inside the Si-slab
without any escaping modes except for the zero order. The low symmetry of the grating
allows coupling also to non-symmetric modes [75] and reduces the probability of out
coupling.

Experimental results for light trapping using periodic structures are also reported in
the literature. Both thin-film Si solar cells [61, 64, 49, 76, 77| and thin film organic solar
cells [69, 78| have been fabricated with periodic structures. Direct comparison between
experimental results and simulation results has been shown for a 2 pm thick crystalline
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Si solar cell [52]. The experimental results were lower than expected, but followed the
trends of the numerical results [52|. The same observation was also reported elsewhere
[79] for a proof-of-concept structure. Recently a periodic plasmon structure has been
shown to exceed the light trapping of an Asahi U-type structure [76], which is the thin-
film industry standard. Another group arrived at a similar result with a periodical dimple
structure with a hexagonal pattern made by anodic oxidation [49, 71].

Periodic light-trapping structures have also been shown to improve light trapping when
applied to the back side of a wafer based Si solar cell [55, 56]. The periodic structure
provided a slight improved in light trapping when applied to the back side of solar
cell with a random pyramid texture on the front side. A periodic structure with light
trapping exceeding the Lambertian limit over an extended wavelength range has not been
experimentally demonstrated yet.

2.2.3.1. Fabrication

New light-trapping structures provide new challenges and possibilities with respect to
fabrication. Most light-trapping structures today are made with a large-area wet-etch
approach requiring no spatial alignment. The record PERL cell [80] was made using
inverted pyramids on the front side defined with photolithography. Photolithography,
however, is regarded to be too expensive to be used in solar cell production. Concentrator
solar cells and solar cells for space applications, where cost per area is less critical, might
be an exception.

No methods are in use today to make periodically patterned solar cells for commercial
purposes. However, several potential fabrication methods exist and are being investigated
for this purpose. Some of these include nanoimprint lithography (NIL) or hot embossing
[57, 64, 81, 69] and interference (holographic) lithography [57, 82, 61]. The same technol-
ogy used for patterning Blu-ray discs has also been investigated as a means of creating
periodically textured structures [64]. Self-assembled structures are another interesting
approach to fabrication. Self-assembly describes structures that are fabricated without
the need for controlling the individual structural components. Examples of such fabrica-
tion methods are the use of monodispersive spheres as a mask for etching or deposition as
in Refs. [83, 55] and Paper VI, and anodic etching resulting in a self-assembled dimple
pattern [49].

If new light-trapping structures are to become commercially acceptable, the improve-
ment in efficiency must outweigh a potential increase in cost. The solar cell process step
accounts for about 1/3 of the total cost of a solar module, which again accounts for a bit
more than half the cost of a fully installed solar energy system. Increased costs of the
solar cell processing step may therefore be acceptable as long as it results in an increase
in efficiency or a reduced cost of the other processing steps.
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This chapter deals with the optical theory describing light propagation in a material with
a periodic variation in permittivity. I also describe the fundamental theory behind the
simulation tools and models that I have used in my thesis.

3.1. Photonic crystals

Photonic crystals are materials that exhibit a periodic variation in the permittivity with a
lattice period in the same order of magnitude as the wavelength of light. The material can
be periodic in one, two, or three dimensions. Such structures may exhibit photonic band
gaps, i.e. directions where light in a given frequency interval is not allowed to propagate.
The most familiar one dimensional photonic crystal is the Bragg-stack. Alternating layers
of high and low refractive index materials, where each layer has an optical thickness of
a quarter of a wavelength, creates a photonic band gap. A larger contrast in refractive
index leads to a wider band gap. This is commonly used to make dielectric mirrors
with a reflection coefficient close to unity. A photonic crystal which is periodic in three
dimensions may exhibit a band gap in all directions for a certain frequency interval. This
is known as a full photonic band gap [84].

The concept of photonic crystals was introduced in 1987 independently by Yablonovitch
and by John [9, 85] although photonic crystals in the form of Bragg mirrors have been
known for the last century. The field of photonic crystals has since seen numerous
applications which include resonators, waveguides, highly dispersive materials, nonlinear
effects, controlling spontaneous emission, and negative index materials [84].

From the Maxwell equations for a linear isotropic loss-less nonmagnetic material the
governing equation of photonic crystals may be derived by decoupling the Maxwell equa-
tions into the electric field, E, and the magnetic field, H [84]:

v x < L v« H(r)) - (E)ZH(r) (3.1.1)

€ (r) c

Here c is the speed of light in free space, w is the angular frequency of light, r is the
position, and €,(r) is the position dependent relative permittivity. The electric field, E,
can be found from H through their coupling in the Maxwell equations. Eq. 3.1.1 is
a Hermittian eigenvalue problem, implying that the eigenmodes of this equation forms
a complete basis of solutions. An important property of Eq. 3.1.1 is that it is scale
invariant. In other words, the eigenmodes and eigenfrequencies, and thereby also any
band gap, may be tuned by changing the periodicity of ¢,.

It can be shown that [84] solutions to Eq. 3.1.1 may be written as Bloch states, Hy:
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Hy (r) = eXTuy(r) (3.1.2)

The Bloch wave, uy, is periodic, i.e. uk(r) = ug(r + R) where R is the fundamental
lattice vector. Since there are no points of special significance in the infinitely repeating
lattice of the photonic crystal, the electromagnetic field must also be periodic. Eq. 3.1.2
may be interpreted as a plane wave modulated by a periodic function with a period equal
to that of the permittivity, €.(r). For a given Bloch vector, k, there is a complete basis
of Bloch states, each state with its own frequency. The complete basis describes the field
inside one unit cell of the photonic crystal.

Eq. 3.1.1 may be solved by inserting the Bloch states and a Fourier expansion of
1/e, into Eq. 3.1.1, and applying the appropriate boundary conditions. The procedure
is explained in more detail in [84]. This may be used to calculate the band diagram,
i.e. the dispersion relation, of the photonic crystal. The band diagrams reveal many of
the interesting properties of the photonic crystal. Furthermore, the electromagnetic field
patterns inside the photonic crystal may also be calculated in this way. I will return to
some commonly used computation methods later in this chapter.

The equations that are used for calculating the optical properties of a photonic crys-
tal usually rely on the assumption of infinite spatial extension of the photonic crystal.
Defects, such as a surface, will break the periodicity of the crystal and may induce new
modes close to the defect. Such modes will be spatially confined to the defect and decay
exponentially when moving away from the defect. These modes are known as evanescent
modes. In most cases the results obtained for idealized crystals may be used to predict
the properties also for finite photonic crystals.

3.2. The grating equation

It is well known that monochromatic light incident on a material with a periodic mod-
ulation in refractive index will be diffracted into a finite number of directions, called
diffraction orders. The directions of the diffracted orders are independent of the geome-
try of the modulation and depend only on the ratio of the lattice period to the wavelength
of light. This property is commonly used in spectroscopy to separate light into its spec-
tral components. Diffraction from a 1D diffraction grating is illustrated in Figure 3.2.1.

The directions of the diffraction orders are determined by the allowed momentum
changes for the incident light, which again are determined by the reciprocal lattice vector.
Consider a plane wave with wave vector k; incident on a diffraction grating with lattice
period A. The incident wave vector, with a polar angle 6; and azimuth angle ¢;, as
defined in Figure 3.2.2, can be written in the following way:

i 2 n;

k;, = 3 {sin(8;)cos(¢i)x + sin(6;)sin(¢;)y + cos(6;)z} (3.2.1)

Here ) is the free-space wavelength, n; is the refractive index of the incident medium,
and X, y, and z are orthogonal unit vectors in the Cartesian coordinate system.
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(a)

Figure 3.2.1.: Diffraction from a 1D periodic structure. Incident light is diffracted into a
finite number of well defined directions depending on the ratio of the lattice
period to the wavelength. The zero diffraction order (m = 0) corresponds
to specular reflection.

According to Bloch’s theorem, interaction with the grating will allow the wave vector
to change by an integer value, m, of the reciprocal lattice vector 27 /A, in the direction of
periodicity. Here I limit the discussion to the case of a bi-periodic grating with orthogonal
lattice periods. A discussion of a bi-periodic grating with non-orthogonal periodicity may
be found in [86]. The outgoing wave vector, ko, may be diffracted in either the x or the
y direction according to the following equation:

k, — 277)\710 {(Z’Sm(oi)cos(qﬁi) + ::jéc) X+ (%sin(@i)sm(@) + :ZZ?’(:) y+ 003(00)2}
(3.2.2)
The subscripts 7 and o denotes incidence and outgoing respectively, and m, and m, are
integers denoting the diffraction order in the z and y direction. For reflection gratings
n; = N, so the factor Z—Z, from Snell’s law of refraction, can be ignored for reflection
gratings and for transmission gratings if the incident medium has the same refractive
index as the outgoing medium. If the size of the x and y components of k, exceeds
|ko|, the corresponding diffraction order will be a non-propagating evanescent wave. The
following inequality therefore determines the allowed number of propagating diffraction
orders:

(mSin(ei)cos(¢i) + ma >2 + <ni3in(9i)3m(¢i) + iyt )2 <1 (3:2.3)

o N\, o oy
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(a)

Figure 3.2.2.: The figure illustrates the angles involved in diffraction from a bi-periodic
grating. The grating allows a change in momentum for the incident wave
vector equal to a multiple of the reciprocal lattice vector. The fact that
the magnitude of the wave vector must be constant, i.e. the energy is
conserved, limits the number of allowed diffraction orders. The constant
magnitude of the wave vector is illustrated in the figure as a sphere where
the radius corresponds to the magnitude of the wave vectors.
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The z component of k, is determined from k2 + k; + k2 = k2. Inserting k, into this
expression and rearranging the terms gives the following expression for the polar angle
of the outgoing wave, 6,:

, n; . ma 2 n; . , myA 2
sin*(6,) = <n:szn(t9i)cos(qbi) + noj\x> + (n:sm(ﬂi)sm(qbi) + noiy) (3.2.4)

The azimuth angle ¢, of the outgoing wave can be found by taking the tangent of the
y and x component of k,. The sign of the z and y component determines the quadrant
in which ¢, is found.

>

(o) sin(0;)sin(¢;) + ;:;x (3.2.5)
an\@oe) = B
nrsin(0;)cos(¢i) + 1%

<

8 |>

For a uniperiodic reflection grating with periodicity in the x direction and incidence in
the plane of periodicity, also called the classical mount, Equation 3.2.4 simplifies to the
well-known grating equation for uniperiodic gratings:

Mg
Ny

The reciprocal grating shown in Figure 3.2.3 is a useful visualization of the allowed
diffraction orders of a bi-periodic grating. Each point in the reciprocal lattice represents
a diffraction order. The zero order is at the center of the coordinate system. The
propagating diffraction orders must satisfy the inequality of Eq. 3.2.3. This is illustrated
in Figure 3.2.3 with a black circle for propagation in Si (n = 3.6) and with a red circle
for propagation in air. In this example I have chosen the lattice period A = A, = Ay to
be slightly smaller than the wavelength in air. Consequently, normal incident light will
only support zero order diffraction in air, illustrated in the top left of Figure 3.2.3 with
a red circle that contains only one diffraction order. The black circle that illustrates Si

sin(6,) = sin(6;) + (3.2.6)

supports several diffraction orders.

Increasing the incidence angle 6; along the x axis moves the center of the circles a
distance k;; = k;sin(6;) (assuming incidence from air). As a result, the set of propagat-
ing diffraction orders changes as depicted in Figure 3.2.3 (top right). In this case two
diffraction orders may propagate in air, the zero order and the (-1,0) order. Figure 3.2.3
(bottom) shows that for incidence along the ¢ = 45° plane up to four diffraction orders
(zero order plus three higher orders) are allowed in air.

3.3. Rigorously coupled wave analysis (RCWA)

Diffraction angles for light incident on a periodic structure may be calculated by Eq.
3.2.4, but the power distributed into each of the diffracted waves, i.e. the diffraction
efficiency, must be found by other means. Several scalar approaches exist for calculating
diffraction efficiency and field distributions from a grating [87], yet their range of validity
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(c)

Figure 3.2.3.: The circle of diffraction is a useful visualization of the allowed diffraction
orders from a bi-periodic grating. The figure shows the reciprocal lattice
for the case where A, = A,. Each point in the reciprocal lattice represents
a diffraction order with the zero order in the center. The gray area encir-
cled by the black line shows propagating diffraction orders in Si (n = 3.6)
while the red circle shows propagating diffraction orders in air. The ex-
ample in this figure illustrates the case where the incident wavevector k;
is slightly smaller than the reciprocal lattice vector, 27/A, so that only
the zero diffraction order may propagate in air at normal incidence. Each
figure represents a different incidence angle. The figures represents nor-
mal incidence (top left), incidence along the = direction (top right), and
incidence along the ¢ = 45° plane (bottom). The dashed circle shows the
diffraction orders at normal incidence.
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(a)

Figure 3.3.1.: To solve a diffraction problem using rigorously coupled wave analysis the
structure is divided into strata so that each stratum is homogeneous in the
z direction. The figure shows the computational regions for a 1D periodic
diffraction problem.

are limited to the case of small diffraction angles. If the lattice period of the structure is
comparable to the wavelength of light then the Maxwell equations in vectorial form need
to be solved.

Rigorously coupled wave analysis (RCWA or RCW) is a well-known method to calcu-
late the diffraction efficiencies from a periodic structure [88, 89, 90, 87]. RCWA is also
known as the Fourier modal method (FMM) [90]. The method of RCWA in its basic
form aims at solving the equations of light propagation from a homogeneous superstrate
through a periodic medium to a homogeneous substrate as illustrated in Figure 3.3.1.
RCWA requires that region IT in Figure 3.3.1 is homogeneous in the z-direction. To calcu-
late arbitrary periodic structures where the periodic structure itself is not homogeneous
in the z direction, the structure may be divided into several strata where each stratum
is homogeneous in the z direction, as shown in Figure 3.3.2. The materials are assumed
to be linear, homogeneous, isotropic, and nonmagnetic. This is a good assumption for
most dielectrics under solar illumination.

Here I will briefly explain the procedure commonly used in RCWA for the case of
a 1D periodic structure with incidence in the plane of periodicity, as shown in Figure
3.3.1. The procedure may be generalized to the case of a bi-periodic structure, but the
formalism for a 1D periodic structure is more transparent. The procedure shown below
builds on Ref. [91] and is explained in further detail there. A more thorough discussion
may also be found elsewhere [87].

The TE and TM polarization need to be separated because different boundary con-
ditions are applied for the two polarizations and it is easier to solve the propagation
problem for the transverse polarization. The equations may then be solved for the trans-
verse field alone and the other field components may be found from the coupling of the

30



3. Theory

Figure 3.3.2.: An arbitrary shape may be computed with rigorously coupled wave analysis
by constructing the unit cell out of several strata where each stratum is
homogeneous in the z direction.

E and H field in the Maxwell equations. Here I use TE polarization as a case. The
procedure for the TM polarization is similar except for the form of the wave equation
and a different set of boundary conditions.

The equation that we need to solve is the wave equation, also known as the Helmholtz
equation, which is derived directly from the Maxwell equations. The wave equation may
take several forms, one of which is shown in Eq. 3.1.1. For the situation depicted in
Figure 3.3.1 with incidence in the plane of periodicity and TE polarized light, the wave
equation becomes:

2 2

<;;2 + C;;) E.(y,2) + ke (y,2)Ex(y, 2) = 0 (3.3.1)

Here E, is the only nonzero electric field component, k is the wavevector, and e, is

the relative permittivity. The relative permittivity, ¢,, is periodic in the y direction so

that e.(y + A, 2) = €-(y, z). The Bloch-Floquet theorem [84] states that the electric field

in such a structure will be a pseudo periodic wave known as a Bloch wave. Since it is a
periodic function in the y direction we expand the F, field in a Fourier series:

E.(y,z) = Z B (2)eap'(@otmGy (3.3.2)

m=—0Q

Here ag = k;sin(6;) is the incoming wave vector in the y direction and G = 27 /A, is
the reciprocal lattice vector.

In region I and III of Figure 3.3.1 the permittivity is a constant and the wave equation
simplifies to the homogeneous Helmholtz equation. Inserting Eq. 3.3.2 into Eq. 3.3.1
gives the following expression:

m=o0 2
Z (522 + ke, — (o + mG)2> B (2)eap'(@0tm@y — (3.3.3)

m=—0oQ

For Eq. 3.3.3 to be satisfied each term in the sum must equal zero, i.e.:
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dz?

To simplify this equation we define:

(‘12 ke — (a0 + mG)2> Eun(2) =0 (3.3.4)

am = g + mG (3.3.5)

Ym =V k%€, — a2, (3.3.6)
Eq. 3.3.4 is easy to solve and yields the following expression for E,,(2):

En(2) = Amexp(ivmz) + Bmexp(—iymz) (3.3.7)

Here A,, and B, are unknown coefficients. Inserting Eq. 3.3.7 into Eq. 3.3.2 gives
the general solution for the electric field in region I and region III:

m=0o0 m=0o0

E(y.2) = Y. Ameaplilamy +ym2)] + 3 Bueaplilamy —ym2)]  (3.38)

m=—o0 m=—0oQ

Eq. 3.3.8 can be interpreted as a sum of outgoing (+7,,) and incoming (—~,,) plane
waves. From Eq. 3.3.6 we see that +,, will become imaginary if o, > k%e.. Con-
sequently, these waves will have exponentially decaying or increasing amplitude when
moving away from the grating. The waves with exponentially decaying amplitudes are
called evanescent waves. The fields where the amplitudes diverge are discarded since
they are clearly nonphysical. For region I this results in the following solution for the
electric field EL(y, z):

m=0o0
El(y,2) = Y Amezpli(omy + ym2)] + Boexpli(aoy — 702)] (3.3.9)
m=—o00

This is called the Rayleigh expansion [92]. Eq. 3.3.9 shows an incoming field with
amplitude By and a sum of outgoing propagating and evanescent waves. Even though
the evanescent waves will have zero amplitude at large distances from the grating, they
may still carry energy over shorter distances. A similar approach is applied in region III.
Here the Rayleigh expansion consists of only outgoing (transmitted) plane and evanescent
waves.

In region II the permittivity is a periodic function of y and Eq. 3.3.1 do not simplify
to the homogeneous Helmholtz equation. However, since the permittivity is periodic,
it may be expanded into a Fourier series. The Fourier expanded permittivity, €., and
the FE, field is then inserted into Eq. 3.3.1. The coefficients of the following second
order differential equation are solved as a matrix eigenvalue problem. This is the most
computational intensive part of the RCWA method.

The final step of the RCWA procedure is to match the field solutions in region I,
IT and IIT at the boundaries by requiring continuity of the tangential F field, i.e. F,.
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The diffraction efficiencies of the reflected and transmitted diffraction orders may now be
extracted from the amplitudes of the Rayleigh expansion in regions I and III respectively.

RCWA is rigorous in the way that the accuracy of the solution improves with increasing
number of terms of the Fourier expansion. However, a numerical implementation of
RCWA requires the Fourier expansion above to be limited to a finite number of terms.
This is commonly achieved by truncating the Fourier expansion after a certain number
of terms, Mmmq;. The computational time for RCWA scales with m3, . for a uniperiodic
grating. For a bi-periodic grating, where the number of diffraction orders scales as m2,,,,
the computational time scales as m% .. Consequently, there is always a compromise
between computational time and the required accuracy. It is not sufficient to perform
the calculation only with the propagating diffraction orders as evanescent waves may
also carry energy over shorter distances. The exponential nature of the evanescent waves
may also induce numerical instability in RCWA due to round-off errors when using thick
layers.

For TM polarization the E field diverges with decreasing distance to the 90 degree
edges, i.e. at —W/2 and W/2 in Figure 3.3.1 [93]. This divergence is intrinsic to the
model due to the perfect 90 degree edges, and it is not a numerical artifact. Consequently,
the field will converge more slowly for TM polarization than for TE polarization. The
use of 90 degree corners is an inherent problem of RCWA when using for instance stair
case approximation since all objects are made out of rectangular blocks. The problem is
particularly challenging for deep metallic gratings.

I used RCWA to calculate photo absorption, diffraction efficiencies, and field distribu-
tions for bi-periodic dielectric gratings. I will go more into detail about this in Section
4.3.

3.4. Finite difference time domain (FDTD)

Finite difference time domain (FDTD) [94] is a numerical method where the Maxwell
equations are solved by discretizing time and space. The spatial discretization utilizes
a Yee lattice where the FF and H field are stored at intermediate positions to reduce
the memory consumption. The E and H field are then solved in discrete time intervals
within the Yee lattice using the Maxwell equations in partial differential form. The time
resolution is usually directly related to the spatial resolution. FDTD does not require
the structure to be periodic, but periodic, or Bloch wave, boundary conditions may be
applied for simulations of waves in periodic media.

The source in an FDTD simulation is an electromagnetic pulse with a given frequency
and duration. The FDTD software computes the E and H field at every time step until
the magnitude of a chosen field component at a given detector position reaches a certain
threshold value. A short pulse length in the temporal domain will result in a broadening
of the frequency spectrum, i.e. one pulse consists of an extended range of frequencies
centered on a mean frequency. The response at the detectors may be Fourier transformed
to get spectrally resolved reflection and transmission. In other words, the response at all
frequencies may be computed in only one run.
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I used FDTD to calculate reflection and transmission from pure dielectric grating
structures. I return to this in Section 4.4.

3.5. Ray tracing

Ray tracing is a geometrical optics approximation for absorption, reflection and transmis-
sion, where the wave nature of light is ignored and rays travel in straight paths between
interfaces. At interfaces the rays may be chosen to be partially reflected or transmitted
according to the Fresnel equations, but it is also possible to incorporate other effects
such as for instance any type of scattering. Interference effects are ignored in such an
approximation, but most ray tracing software still allow thin-film interference effects by
applying this as surface properties to interfaces.

In this thesis I have used ray tracing to calculate reflectance and absorptance of Si
textured with random pyramids (see Section 4.5). Since the dimensions of the pyramids
are much larger than the wavelength of the sunlight, ray tracing may be applied for such
simulations. Several authors have commented on the accuracy of this approximation
[92, 40, 95, 96].
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methodology

In Chapter 3 I introduced the theory behind the simulation tools that we have applied
in this thesis. This chapter will focus on the simulation tools, how they have been
employed, and important limitations and approximations. Computations have been per-
formed either on an ordinary desktop computer or on a dedicated server. The more
heavy numerical simulations have been performed on the Titan Cluster at the University
of Oslo [97].

First I will go through the methodology that we employed to analyze bi-periodic cylin-
der arrays using a low-frequency and high-frequency approximation. To obtain good
light trapping with a periodic structure it is important to have efficient coupling to
higher diffraction orders. This is equivalent to reducing the specular, or zero order,
reflection. Specular reflection may be reduced, and even totally extinguished, if it expe-
riences destructive interference from the grating layer. Below we apply this idea to both
the low-frequency and the high-frequency approximation and find which conditions that
satisfy the criteria of low zero order reflection.

4.1. Low-frequency approximation

The effective medium model is a good approximation for light propagation in a periodic
medium where the lattice period is much smaller than the wavelength of light, as shown
in Figure 4.1.1 (left). In this model the periodic structure behaves like a homogeneous
material with an effective relative permittivity €,,. The permittivity € will in general be
a tensor, and the electric displacement field in the direction 4, D;, is the sum over the
contributions from each electric field component:

D; = YpeinEx (4.1.1)

We can always find three linearly independent low-frequency solutions for the electric
field, and for cylinders in a square lattice, we may choose them to be polarized mainly
in either one of the three directions x, y, and z. We define the average polarization of a
field component in a unit cell, uc, as follows:

< B >= / E(r)dV (4.1.2)
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Figure 4.1.1.: The low-frequency, or small-period approximation (left), and the high-
frequency, or large-period approximation (right). In the small-period ap-
proximation the grating layer can be compared to a homogeneous layer
with an effective refractive index. In this case extinction of specular reflec-
tion is achieved when light reflected from the top of this layer interferes
destructively with the light reflected from the layer below. In the large-
period approximation extinction of zero order reflection is achieved when
light reflected from the tops and valleys of the grating structure interfere
destructively.

Here the subscript ¢ denotes the original orientation of the F field, i.e. in the z, y,
or z direction. In the low-frequency approximation < F; > is independent of where we
center the unit cell.

Now the effective relative permittivity along the axes i, €, ;, may be defined as follows:

fuc GT(T)EZ‘(I‘)C[V
€m,i =
’ < E; >

(4.1.3)

In Eq. 4.1.3 the relative permittivity, €., is weighted against the electric field with
the desired orientation. We now choose the coordinate system so that the z direction is
along the axis of the cylinders, while the x and the y axes are along the directions of
periodicity. For a field oriented in the z direction, i.e. TM polarization, the E, and E,
components will be zero everywhere. For a field originally oriented in the x direction,
on the other hand, the E, field will not be zero throughout the unit cell. However, the
average of Fy over one unit cell will add up to zero, and for a square array of cylinders
with isotropic materials, the average of the product €,(r)E,(r) will also add up to zero.
In this case the effective medium tensor will be given as follows:

ere O 0
€m — 0 €TE 0 (4.1.4)
0 0 erpm

Here erp and erp; denotes the effective relative permittivity for TE and for TM po-
larized light, respectively. The effective medium is anisotropic even though the materials
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in the cylinder array have isotropic permittivities. The anisotropy originates from the
anisotropic distribution of dielectric material within the unit cell of the photonic crystal.
We can easily remove the equivalence between the two possible TE polarizations, for
example by having a rectangular unit cell instead of a square unit cell. This would result
in different effective permittivities for the two TE polarizations. In the TM case the
electric field points along the cylinder axes and have equal strength in the cylinders and
the matrix surrounding the cylinders due to the continuity of the tangential electric field.
Consequently, erps may be calculated simply as the weighted sum of the permittivities
of the two materials €; and €2, where the geometric fraction of each material, f; and fs,
constitutes the weights:

erm = €1f1 + €2f2 (4.1.5)

For light normally incident on the plane of cylinders the electric field orientation will
be normal to the cylinder axis, corresponding to TE polarization. In this case the elec-
tric field tends to concentrate in the dielectric with the highest refractive index. We
calculated the field distribution for TE polarization in a cylinder structure in the elec-
trostatic case using a series expansion of the electric potential in cylindrical coordinates.
The coefficients for the series expansion are found by employing the Maxwell boundary
conditions at the cylinder interface and imposing periodic boundary conditions at the
unit cell interface. This procedure is described in further detail in Appendix A.

In the small-period approximation the grating layer will, together with the oxide layer
on the back side, behave like a homogeneous thin-film stack. Specular reflection from
this stack can be minimized when reflection from the top of the effective medium layer
interferes destructively with reflection from the layers below, as shown in Figure 4.1.1
(left). Specular reflection will of course only be suppressed if higher diffraction orders
may propagate in the Si superstrate. This implies that the lattice period needs to be
at least A > \/ng; to allow propagating orders in the Si. We showed in Paper II that
the small-period approximation may be used to predict the light-trapping behavior of
the grating even for this case where the lattice period is large enough to allow diffraction
orders.

4.2. High-frequency approximation

The effective medium approximation is no longer valid when the lattice period is much
larger than the wavelength of light. In this case reflection may instead be assumed to
occur independently from the tops and the valleys of the cylinder structure, as shown in
Figure 4.1.1 (right). Specular reflection can in this case be reduced if the light reflected
from the tops and the valleys has a phase difference of 7, i.e. a destructive interference.
In a simple metallic grating, a complete extinction of specular reflection is obtained if
the thickness of the grating, t,, fulfills the following equation:

A

tg:%

(1+2m) (4.2.1)
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Here X is the wavelength of light in vacuum, n is the refractive index of the grating
material, and m is zero or any positive integer. The cylinder structure we investigated is
more complex as it exhibits a pure dielectric grating on top of a planar layer of oxide and
with a metallic rear reflector, as shown in Figure 4.1.1 (right). In this case interference
effects may occur within the various layers and the equation for extinction of zero order
reflection is not as straight forward. To find the oxide and grating thickness that provides
extinction of specular reflection we used the transfer matrix method [98]. We compared
the phase difference between the light reflected from the tops of the grating and the light
reflected from the valleys. Specular reflection was suppressed for the combinations of
grating thickness and oxide thickness that provided a phase difference of .

In a grating structure where the lattice period is close to the wavelength of light,
higher diffraction orders may also contribute to interference within the layers, and the
approximations above are no longer valid. To find exact locations and values for zero
order extinction for such lattice periods, full vectorial computations are necessary. Below,
two different methods for such computations are presented. However, we found in Paper
IT that for lattice periods between the two extremes the grating behavior resembles both
the approximations.

4.3. GD-Calc

Computation of the optical properties of structures with feature size similar to the wave-
length of light requires the use of rigorous modeling tools. Rigorously coupled wave
analysis (RCWA) (see section 3.3) is particularly well suited for periodic structures, and
a RCWA-based software package called GD-Calc [99] has therefore been the main mod-
eling tool in this thesis. GD-Calc is a commercial software package which is integrated
in Matlab [100].

GD-Calc computes the transmitted, reflected, and diffracted plane waves from 1D or
2D periodic structures. GD-Calc computes the diffraction efficiencies simultaneously
for any input polarization. A summation of the power density in all diffraction orders
provides the reflection, R, and similarly the transmission, T, of the structure. Absorption
is calculated as A = 1 — R — T. The field distribution inside the structure may be
calculated with a supplementary full field package. GD-Calc uses RCWA together with
the S-matrix formalism [89] to couple together multiple homogeneous or periodic strata.
The S-matrix algorithm reduces numerical instabilities which may arise in computations
of deep gratings or thick layers [87].

The unit cell geometry in GD-Calc is made out of rectangular bricks arranged in the
hierarchy of strata which are divided into lateral stripes and subdivided into blocks,
as shown in 4.3.1. Consequently, oblique geometries in GD-Calc must be constructed
from several discrete strata, a method known as the stair-case approximation. A similar
approach is used to make non-rectangular shapes in the xy plane, e.g. a cylinder.

The number of bricks used to approximate the unit cell may affect the accuracy of
the simulations. The resolution that is needed in the z direction may differ from the
resolution needed in the xy plane. A thorough discussion on this topic may be found
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Figure 4.3.1.: Arbitrary periodic structures may be created by dividing the unit cell into
lateral strata and in-plane stripes and blocks. The figures shown here
represent a pattern of pyramids [103].

elsewhere [86, 101]. We have used a number of strata in the z direction so that the
optical thickness of each stratum was less than 1/30 of the wavelength of light inside the
material, as suggested in Ref. [102]. Consequently, the number of strata Ny is chosen
so that Ny > 30nsty/A, where t, is the grating thickness and ng the refractive index of
Si.

The parameter with the most profound influence on the accuracy of the simulations
is the Fourier-series truncation limit, m,,4,. This parameter determines the number of
terms in the Fourier expansion of the field (see Eq. 3.3.2), and consequently what level
of detail that can be resolved in the electric and magnetic fields. As the periodicity in
the x and y direction was identical in most simulations, we used the same truncation
parameter for both directions of periodicity. The selection of orders could be performed
using the quadratic truncation where all orders satisfying [m.,| < Munqez and [my| < Minaa
are included in the computation. Alternatively, the diagonal truncation could be used
where only the orders satisfying |m.| + |my| < Mmae are included. These truncation
limits are illustrated in Figure 4.3.2.

The number of diffraction orders, myy, resulting from the quadratic truncation is
given by myr = (2Mmae + 1)?, as can be seen from Figure 4.3.2. The computational
time proportional to m},, and consequently, for a 2D grating it is proportional to m¢, ..
The quadratic truncation yields about twice the number of discrete Fourier orders as
the diagonal truncation, resulting in an eight fold increase in computational time. Both
truncation types converge towards the same result, but the triangular truncation may in
some cases yield a faster convergence. I have used both truncations in my simulations.

The number of diffraction orders needed in the simulation depends on the particular
structure. If the wavelength is small compared to the lattice period, a larger number of
propagating diffraction orders will exist and a higher truncation limit will be needed. A
rule of thumb is to use a truncation limit, m,,,, that is twice as large as the highest
propagating order [102]. I typically used a truncation limit of 6-10 for my simulations. For
more complex systems the number of diffraction orders should be increased. In structures
where the field is expected to change rapidly, as for instance around the corners of metal
gratings, a high truncation limit is required to resolve the rapid field changes. The
divergent behavior of the electric field in TM polarization close to these edges also poses
a challenge with convergence [93].
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(a)

Figure 4.3.2.: Two different ways of truncating the Fourier expansion called the quadratic
and the triangular truncation. The number of points inside the squares
determines the number of Fourier orders that are used in the computation.
Here we use a truncation limit m,,q; = 3 for illustration purposes. Most
simulations were performed with a truncation limit between 6 and 10.
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For the zigzag and roof-mosaic structure from Paper VII the computational unit cell
was chosen to be twice the size of the primitive unit cell because it was easier to implement
in GD-Calc. In this case half of the diffraction orders will hold zero power and the
computational time will increase eightfold compared to simulation of the primitive unit
cell. The GD-Calc software allowed us to discard the zero-power half of the diffraction
orders in the simulations so that we could obtain the same resolution with the same
computational time as one would expect for the primitive unit cell.

4.3.1. Full field calculations

A full-field extension of the ordinary GD-Calc software made it possible to extract the
Fourier coefficients at the interface between each stratum. The spatial distribution of
the electric and magnetic field inside the structure may then be obtained by a Fourier
transform. The resolution in the z direction is determined by the number of strata, while
the resolution in the zy plane is determined by the sampling of the Fourier transform.
The full field data allowed the extraction of absorption within a given stratum of the
structure. We used this to separate parasitic absorption in the metal from absorption
within the photo active Si material. The absorptance in stratum i was calculated as the
change in power flux over the given stratum, i.e. the change in Poynting vector, S, in the
z direction, AS? - z. Since the Fourier orders are orthogonal, the Poynting vector could
be calculated by summing up the contribution from each Fourier order independently:

M

M
Sl ; s
St = 3 E E e ; x conj(hlyj)z (4.3.1)
I=—M j=—M

Here € and h' is the electric and magnetic field at the interface of stratum ¢ in Fourier
space, i.e. as a function of spatial frequency. The summation indexes [ and j represents
summation over the diffraction orders m;, and m, while M represents the truncation
limit 1m,4,. The summation in Eq. 4.3.1 represents the quadratic truncation (see Figure
4.3.2). The summation will be somewhat different for the triangular truncation as fewer
terms are needed to cover all combinations of m, and m,,.

In some structures parasitic and photo-active absorption may occur within the same
stratum. For example will a grating consisting of Al and Si have absorption in both
materials, whereas only the Si absorption will contribute to generation of electron-hole
pairs. To extract the photo active absorption we first need to calculate the spatial
distribution of the electromagnetic fields. The absorption within an infinitesimal volume
may then be calculated either as the rate of change of the Poynting vector in the same
volume, i.e. the divergence of the Poynting vector V- S, or directly from the electric field
distribution, F(z,y, z), as:

w€”
-

Here A(x,y, 2) is the spatial absorption profile,e” is the imaginary part of the relative
permittivity, and w is the angular frequency of light.

A(z,y,z) = |E(z,y, 2)|? (4.3.2)
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(a)

Figure 4.3.3.: Absorption in a uniperiodic grating consisting of Si and air calculated as
the divergence of the Poynting vector with a truncation limit of m,q, = 10
(top left) and myue. = 100 (top right). The field intensity |E|? calculated

with a truncation limit of my,., = 10 (bottom left) and my,e, = 100
(bottom right).
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Figure 4.3.3 compares maps of V-S and the field intensity | E(z, y, 2)|? calculated using
truncation limits of Mmye, = 10 and Mmynqe = 100. We see a large change when going
from a truncation limit of 10 to 100 in the figures displaying V - S, while a similar change
is not observed for the field intensity maps. We believe the oscillations in the V- S maps
are due to the use of the divergence operator on a field which has oscillations resulting
from the Fourier expansion. This problem is not encountered when using Eq. 4.3.2.

4.3.2. Optical constants and wavelength sampling

The optical properties of a material are determined by its complex refractive index n(\) =
n(\) —ik(\) which in the case of an isotropic material is a scalar value. The imaginary
part of the refractive index is directly related to the absorption of the material through
Eq. 2.2.1, while the real part n is related to the optical density of the material. The
complex refractive index is related to the complex relative permittivity as i = /€.

In RCWA the computations at each wavelength are independent from each other and
tabulated data for the optical constants are easy to implement. We have used wavelength
dependent optical data for Al and Ag [105], but for silicon oxide and silicon nitride we used
a constant refractive index of 1.5 and 1.95 respectively. This was a choice of convenience
as a number of different types of silicon oxides and silicon nitrides exist. The assumption
neglects the UV-absorption of a real silicon nitride layer, but the influence is negligible
in the wavelength range where light trapping is important.

Throughout this work I have mostly used the Si data denoted Si_jaw in Figure 4.3.4
(top). These data are determined by ellipsometry [28] and have been used in literature
on light trapping in solar cells [48]. Figure 4.3.4 (top) also shows another set of optical
data denoted Si_green. These data are determined by transmission measurements [104]
while the absorption coefficient close to the band gap is determined from the response of
a high-quality solar cell. In Figure 4.3.4 I compare the calculated absorptance for these
two sets of optical data with the measured absorptance (actually the measured quantity
is the transflectance which is a simultaneous measurement of R and T') for the case of a
50 pm thick double-sided polished Si wafer.

Figure 4.3.4 indicates that the optical data from Ref. [104] corresponds better with our
measurements than the optical data that we used in our simulations. I did simulations
for both sets of optical data and found that a planar 20 pm thick wafer with an Al mirror
will have a J,, = 31.9 mA /cm? using Si_ green compared to 30.7 mA /cm? using Si_jaw.
For the optimized cylinder structure in Paper II, the use of Si_ green yields J,;, = 36.1
mA /cm? compared to 35.6 mA/cm? using Si_jaw. The difference between Si_green
and Si_jaw for Lambertian light trapping is only 0.15 mA/cm?. Good light trapping
corresponds to a long path length inside the absorbing material. Due to the exponential
nature of the absorption (recall the Beer-Lambert law Eq. 2.2.2) the deviation between
the two set of optical data is reduced with improved light trapping. Even though the
choice of optical data affects the absolute value of the calculated Jp, to a certain degree,
the relative comparison of different structures is not affected as long as one is consistent
in the use of one set of optical data.

To perform the calculations of photogenerated current density requires a fine wave-
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(b)

Figure 4.3.4.: The top figure shows the real and imaginary part of refractive index of Si
from two different sources [104, 28]. The real part of the refractive index
is in good agreement, and the two curves are difficult to separate. The
imaginary part is plotted using an logarithmic scale, and a discrepancy
between the curves can be seen. The figure below shows a comparison
between measured and calculated absorptance of a 50 pm thick double-
sided polished Si wafer. Calculations are performed using the two sets of
optical data from the figure above.
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Figure 4.3.5.: Calculated photogenerated current for a cylinder structure on the rear side
of a 20 pm thick Si slab as a function of the number of wavelengths used
in the computations.

length sampling to be able to spectrally resolve the fringes resulting from interference in
the 20 pm thick Si slab. Since wavelengths below 700 nm is absorbed before they reach
the back side I only needed to perform the computations for wavelengths from 700 nm
to the band gap at about 1100 nm. Figure 4.3.5 shows the variation in the calculated
Jpn as a function of the number of wavelengths used in this interval. I typically used a
wavelength sampling of 1000 wavelengths for computations of J,.

4.4. Meep

In addition to GD-Calc I have used the freely available software package Meep [106]
to perform full vectorial electromagnetic field computations on bi-periodic structures.
Meep, which is a freeware developed at Massachusetts Institute for Technology (MIT),
is based on finite difference time domain (FDTD) (see section 3.4). In an early phase
of the work Meep was used to investigate the possibility of making a broad-band mirror
from a cylinder array. Later I used Meep as a comparison to check the validity of the
results from GD-Calc for non-absorbing materials. I found a good agreement between
results from Meep and GD-Calc for a cylinder structure and for a cone structure using
the stair-case approximation with a ten-step stair case, as shown in Figure 4.4.1. The
cone structure in Figure 4.4.1 (top left) consisted of cones pointing into the Si (n = 3.6)
and filled with silicon oxide (n = 1.5), with light incident from a Si superstrate and
transmitted to a silicon oxide substrate. The cones had a lattice period of 1 pm, a base
radius of 500 nm, and a thickness of 550 nm. The cylinder structure in Figure 4.4.1 (top
right) consists of silicon oxide cylinders in a Si matrix with a lattice period of 700 nm,
a fill factor of 0.6 and a cylinder height of 230 nm. The cylinder structure in Figure
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4.4.1 (bottom) shows an example of a broad banded reflection properties achieved with
an oxide layer placed between the Si superstrate and the grating layer.

The advantage of Meep over that of GD-Calc is that structures in Meep are not nec-
essarily constructed from rectangular bricks, a property which makes the stair-case ap-
proximation redundant. Additionally, with Meep all wavelengths are calculated in one
run. The implementation of wavelength dependent refractive indices, on the other hand,
is less convenient with Meep and FDTD in general. The optical constants must be fitted
to a semi analytical formula and tabulated data cannot be used directly for computations
where several wavelengths are computed in the same run. Meep does not offer the pos-
sibility of using a variable mesh size. Consequently, thick layers are not very convenient
to model because the area with the highest requirement on resolution will determine the
resolution for the whole computational area. Oblique incident angles were also easier
to implement with GD-Calc. Perhaps the most important advantages of GD-Calc over
Meep for our purpose was the fact that diffraction efficiencies were obtained without the
need for post processing, and the fact that the speed of RCWA was superior to that
of Meep for the computations we performed since many calculations were of the system
response at a single frequency.

4.5. Tracepro

Ray-tracing on pyramidal surfaces has been extensively studied in the past [107, 95, 42,
108] for both regular and random upright pyramids. We used ray-tracing to compare
the results from GD-calc on periodic back-side structures with the best light-trapping
structures in use today, i.e. random upright pyramids. In Paper VIII we investigate
the light trapping of both front-side and double-sided random pyramids with different
rear reflector material and compare this with the light trapping that may be achieved
by rear-side periodic structures with the same Si thickness. The commercial software
Tracepro |109] was used for ray tracing.
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Figure 4.4.1.: Comparison of calculations performed with finite difference time domain

(using Meep) and rigorously coupled wave analysis (using GD-Calc) using
non-absorbing materials. The top left figure shows reflection and trans-
mission from a grating layer consisting of cones with a lattice period of
1 pm, base radius of 500 nm, and a thickness of 550 nm made using a
ten-step stair case. The top right figure shows reflection and transmission
from a cylinder structure with a period of 0.7 pm. The bottom figure
shows a broad banded reflection behavior of a cylinder grating in arbitrary
wavelength units.
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This chapter is divided into three parts: The first part introduces processing equip-
ment, the second introduces characterization equipment while the third part focuses on
the fabrication of photonic crystals. The last part shows three different approaches to
fabrication: photolithography for proof-of-concept, nanoimprint lithography, and finally
self-assembly in the form of nanosphere lithography.

5.1. Processing tools

5.1.1. Lithography
Photolithography (PL)

Photolithography, or optical lithography, is a method where a thin film of photosensitive
material, a photoresist, is exposed by light through a photo mask with a predefined
pattern. The illuminated region may be opened for subsequent processing steps by
removing the exposed photoresist. Photolithography is a well-suited tool to mass-produce
reproducible, small structures with dimensions down to and even below 100 nm. This
tool is one of the foundations of the modern semiconductor industry.

The photo mask is commonly fabricated using e-beam lithography, which is an ex-
pensive and low-throughput tool. Once the photo mask is made, it may be reused a
large number of times. The photoresist is spin-coated on the surface of a substrate and
exposed to light through the photo mask. Figure 5.1.1 shows a simplified version of the
process flow for patterning a substrate using photolithography. The structure may be
transferred to the substrate by various methods, for instance through plasma etching (see
section 5.1.2) such as reactive ion etching (RIE). More information about the physics and
chemistry of photolithography is found in standard textbooks on semiconductor process-
ing [110]. A review of state-of-the art photolithography methods and resolution limits is
given in Ref. [111].

The silicon photonics platform ePIXfab [112] offers multi-project wafer (MPW) shuttle
runs where members may send in designs which are fabricated at either IMEC in Belgium
or LETT in France. In such a MPW run several participants share the cost of a photo
mask which is patterned by e-beam lithography. The mask is divided into small parts
with typical block size below 1 cm?. The block is replicated to cover a full 200 mm
wafer. We used a MPW run at IMEC to make a prototype of a light-trapping structure
consisting of an array of cylindrical holes etched into Si. The photolithography machine
at IMEC is a ASML PAS5500/1100 stepper, which uses a laser source with a wavelength
of 193 nm, provides critical dimensions down to around 100 nm.
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Figure 5.1.1.: Simplified process flow for patterning of a substrate using photolithography
(PL), nanoimprint lithography (NIL), and nanosphere lithography (NSL).
PL and NIL require a photo mask and a working stamp, respectively. These
are usually fabricated using e-beam lithography.
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Nanoimprint lithography (NIL)

Nanoimprint lithography is a method for fabrication of nano scale structures by imprint-
ing. A thin layer of imprint resist is spin coated onto a sample and the sample is pressed
together with a mold. The imprint resist is cured using heat, UV-light or both, so that
the resist maintains the structure of the mold after it is removed. The process flow of
sample patterning using NIL is shown in Figure 5.1.1. NIL was invented by Stephen
Chou in the mid-nineties [113].

Analogue to optical lithography, NIL also requires the initial production of a master
template. The master stamp used in NIL is commonly made by e-beam lithography.
The master stamp may then be copied into several working stamps each of which may
be used several thousand times. An advantage of NIL compared to optical lithography
is that it is not limited by diffraction and is therefore capable of producing very small
structures.

Nanosphere lithography (NSL)

In nanosphere lithography a layer of monodispersive spheres is used as a mask for etching
or deposition [83]. The monodispersive spheres will under certain conditions self-assemble
in a hexagonal, close-packed periodic pattern. One method for monolayer fabrication is
to spin coat a droplet of the colloidal solution on to a sample using appropriate sphere
concentration and spinning speed [114]. Multilayer structures may also be fabricated,
for instance by pulling a sample slowly out of a colloidal solution so that the spheres
have time to deposit in a crystal lattice. An example of the process flow for patterning
a substrate using nanosphere lithography is shown in Figure 5.1.1.

An advantage of nanosphere lithography is that a predefined template is not required
since the spheres organize by self-assembly. The method may be applied to full size wafers
and is therefore an interesting alternative for the low-cost high-throughput fabrication
needed in the PV industry. One important challenge with this fabrication method is to
get the required long range crystal quality. The colloids have a tendency to form several
islands of small domains free of defects. The size of these domains is typical measure of
the crystal quality.

5.1.2. Plasma etching

Plasma etching is a dry etching method that is commonly used to transfer a structure from
a photoresist to the underlying substrate. The different regimes of plasma etching span
from ion milling to pure chemical etching. Ion milling is a pure physical process where ions
in the plasma knock out atoms in the substrate material. In the other part of the spectrum
is the chemical plasma etching where radicals in the plasma react with the substrate
material without any ion bombardment. Reactive ion etching (RIE) is somewhere in
between these two extremes and uses the damage from the ion bombardment to enhance
the chemical reactions at the surface. Different forms of plasma etches can be used to
obtain various degrees of selectivity and directionality. A physical process like ion milling
will in general be highly directional, with straight walls and little undercutting, while a
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chemical process will provide a better selectivity. More information about plasma etches
can be found in standard semiconductor textbooks [110].

We used plasma etching to transfer patterns made with NIL to the underlying Si
substrate. This is explained in greater detail below in section 5.3.2. An Alcatel AMS
200 I-Speeder machine was used for plasma etching. The etching was performed by an
experienced operator at Sintef in Oslo.

5.1.3. Plasma enhanced chemical vapor deposition (PECVD)

Plasma enhanced chemical vapor deposition (PECVD) is commonly used in the PV
industry to deposit anti-reflection coatings and surface passivation layers. The PECVD
unit uses a strong electric field to ionize gases and create a plasma. The ionized species
react on the surfaces in the PECVD chamber to create an amorphous thin-film layer. The
advantage of the PECVD process over ordinary chemical vapor deposition (CVD) is that
it allows fast deposition and homogeneity at low temperatures. The interested reader
can find more information regarding PECVD in standard textbooks on semiconductor
processing technology [110]. We used an Oxford instruments plasmalab system 133 to
deposit silicon nitride anti-reflection coatings and silicon oxide coatings.

5.1.4. Thermal evaporator

To make the rear metal reflector I used a thermal evaporator [110] to deposit a thin
layer of silver (Ag) on a glass microscope slide. Ag with purity above 99.9 %, purchased
from K. A. Rasmussen, was deposited using an Balzers BAE 250 coating system at the
University of Oslo. An Ag layer with a thickness of 130 nm was deposited on several
glass slides and the thickness was confirmed using a profileometer of type Alpha-Step
200. This thickness is sufficient to avoid any light transmission through the Ag layer.
The reflectance of the Ag layer was measured to be above 98 % for wavelengths between
700 nm and 1100 nm. The photonic crystal samples were attached to the microscope
slide with the patterned side facing the metal reflector.

5.1.5. Lapping and polishing

The samples with photonic crystals that we received from IMEC had a thickness of about
300 pm, but their light trapping properties were designed for light trapping in a 20 pm
thick Si slab. To reduce the sample thickness we used mechanical lapping. The sam-
ples were attached to microscope slides, with the photonic crystal facing the microscope
slide. We used either an epoxy (Huntsman Araldite 2020 A/B) or the thermoplastic wax
crystalbond™ to attach the samples to the microscope slides.

The first samples were prepared by Lars Kirksaether at IFE. He used a Struers Discoplan-
TS machine to grind the samples down to a thickness slightly above 20 pm. He then
performed lapping by hand on a rotating steel plate with SiC and water, first using grit
800 and then grit 1200. Finally he did a polishing step with a polishing cloth using a
diamond spray with 1 pm particles. The samples were cleaned in water and liquid soap.
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I processed the rest of the samples using an Allied MultiPrep™ System at the University
of Oslo. The MultiPrep system used abrasive papers of various degrees of coarseness with
SiC particle size ranging from 15 pm down to 0.5 pm. Most of the material was removed
using the courser abrasive paper. The thickness was controlled using a contact precision
gauge. The lapping was performed with gradually finer abrasive papers so that the
deeper lines of the last paper were completely removed before moving on to the next
paper. Finally, the sample was polished using a 0.05 pm silica colloidal solution with a
polishing cloth.

We experienced that the Si surface after lapping exhibited a reflectance several percent
above that of a standard commercially polished Si wafer. The reason for this effect is
not clear, but we believe it might be attributed to the remains of SiC particles from
the lapping process. An ultrasonic cleaning process had no detectable effect on the
reflectance, but a few tens of seconds in a CP5 etch (10:2:5, HNO3:HF:CH3COOH)
reduced the reflectance so that it was closer to the reflectance of ordinary polished Si.
I discovered that by increasing the time of the polishing step with the silica colloidal
solution to more than 10 minutes, the measured reflectance was close to that of a standard
polished Si wafer.

5.2. Characterization tools

5.2.1. Integrating sphere

An integrating sphere is an excellent tool for measuring total hemispherical reflection
and transmission. An integrating sphere is coated on the inside with a highly reflec-
tive material with near Lambertian reflection properties. Light entering the sphere will
therefore be isotropically distributed after only a few reflections inside the sphere. A
certain fraction of the light will reach the photo detector on the wall of the sphere. Con-
sequently, reflection, or transmission, is measured as the fraction between the detector
signal when the sample is illuminated, S, and the detector signal when a known refer-
ence is illuminated, S,. The reflectance of the sample, Rs, may be calculated from Eq.
5.2.1.

Ry()) = Ry(\) (5.2.1)

Here R, is the reflectance of the reference. Figure 5.2.1 shows a picture of an integrating
sphere and a schematic drawing illustrating a reflectance measurement. Measurements
are performed in comparison mode. This means that the reference measurement is per-
formed with the reference in port A, which is illuminated, and the sample in port B. The
sample measurement is performed with the sample in port A and the reference in port
B. By keeping both the sample and the reference on the sphere wall at the same time,
the sphere throughput remains constant and systematic measurement errors are reduced
[115].

The measurement system consists of a 6 inch integrating sphere from Labsphere. The
incident wavelength is controlled with a Digikrom DK240 monochromator from CVI
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(a) (b)

Figure 5.2.1.: The figure shows a picture of an integrating sphere and a schematic cross
section viewed from above. Measurements are performed in comparison
mode where the sample and a reflectance reference is present in their re-
spective sphere ports at the same time. A reference measurement is per-
formed with the reference in port A and the sample in port B, while they
are switched for the sample measurement. The photo detector is located
at the north or south pole of the sphere.
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Laser Corporation and a 30 W QTH light source. A chopper, preamplifier and a lock-in
amplifier is used to improve the signal to noise ratio in the measurements.

I used this measurement setup to measure the reflectance of the Si samples after
lapping and polishing, and to measure the reflectance of evaporated Ag. An integrating
sphere with a center mount that allowed simultaneous measurement of reflectance and
transmission was used to measure absorption in a 50 pm thick double-sided polished Si
wafer. This measurement was performed to check the validity of our optical data (see
section 4.3.2).

5.2.2. Ellipsometer

An ellipsometer is an excellent tool for characterizing thin-film properties such as thick-
ness and refractive index [116]. The thin films or thin-film stacks are characterized by
comparing the reflected amplitude and phase for incident light of different polarization.
We have a variable angle spectroscopic Vase ellipsometer from J.A. Wollam in our lab.

My use of the ellipsometer was mainly to measure reflectance. Reflectance could be
measured with a 200 pm diameter spot size by applying focusing probes. The small spot
size was necessary to be able to perform measurements on our square millimeter sized
photonic crystal samples. The xy stage of the ellipsometer also made alignment of the
sample with the incident light much easier.

As the ellipsometer is not constructed for reflectance measurements there were a few
challenges with this approach. Firstly, the minimum possible angle of incidence was 18
degrees. Secondly, measurements were slow and drift was a significant problem. The
peaks in the spectrum from 800-1100 nm due to the Xenon light source were particularly
prone to drift. Thirdly, realignment was required between the sample and reference
measurement. This was time consuming and it increased the possibility of alignment
errors. Finally, the ellipsometer only detects the specular reflectance so any scattered
light is not detected. These obstacles made a quantifiable comparison with the simulation
results difficult.

5.2.3. Semilab

I used a Semilab WT-2000 to do a reflectance mapping of the surface of our photonic
crystal samples after the thinning process (see section 5.1.5). The semilab uses lasers
to generate light with four distinct wavelengths; 406 nm, 853 nm, 952 nm, and 968 nm.
Both specular and diffuse reflection can be measured. The specular reflection is measured
at 0 degree incidence using a beam splitter to direct the reflected beam to a detector. The
diffuse reflection is collected by a parabola and reflected onto the diffuse-light detector.
Only light which is reflected with an angle to the surface normal below 60 degrees is
collected by the diffuse-light detector.

The semilab can make a spatial reflectance map of the sample by scanning the light
source and detector over the sample. The spatial resolution may be as low as 62.5 pm
per pixel. The absolute reflectance measured with the semilab does not correlate very
well with reflectance measured by more accurate tools such as the integrating sphere.
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The reflectance maps were therefore used mainly as a relative comparison of reflection
from different parts of a sample.

5.2.4. Microscopy
Scanning electron microscope (SEM)

A scanning electron microscope (SEM) images a sample surface by scanning the surface
with a beam of electrons and detecting secondary electrons. To allow a sufficient mean
free path length of the electrons the SEM is operated under vacuum. The resolution of
the instrument depends on the type of material and the operator, but can in principle
approach 1 nm. I used a SEM Hitachi S-480 to investigate the surfaces of our samples
after lapping and polishing, to inspect the cylinder arrays made at IMEC before and
after thin-film deposition, and to study samples after plasma etching.

Atomic force microscope (AFM)

An atomic force microscope (AFM) is used to measure surface structure on a nanometer
scale. The surface is measured by scanning a mechanical probe over the surface. The
probe may either be in direct contact with the surface, or it may only be brought close
enough so that the forces between the surface and the probe tip is recorded. Due to
the finite size of the probe tip vertical walls will appear to be gradually sloping in an
AFM image. We used an AFM PicoStation from Surface Imaging System to measure
the depth of the cylinder structures made at IMEC.

5.3. Photonic crystal fabrication

5.3.1. Fabrication by photolithography

To experimentally study light trapping from photonic crystals and at the same time to
verify our numerical simulations we had samples manufactured by photolithography in
a multi-project wafer (MPW) run [112] at IMEC. From the MPW run we received an 8
inch Si wafer diced into almost 200 samples.

We had to our disposal an active block area of 2.4 mm by 6 mm. To investigate the
effect of the lattice period and lattice structure we divided the main block into eight sub
blocks of 1 mm by 1.4 mm. The block division is shown in Figure 5.3.1. Four sub blocks
was made with a square lattice of cylindrical holes and four with a hexagonal lattice
of cylindrical holes. Each sub block had a different lattice period and hole diameter.
Additionally, IMEC fabricated different sets of samples with different exposure times,
resulting in different diameters, or fill factors, in the fabricated structures. As a result
we received samples with diameters both smaller and larger than the ones shown in
Figure 5.3.1.

Figure 5.3.2 shows a scanning electron microscope (SEM) image and an atomic force
microscope (AFM) image of different sub blocks from one of the samples. The definition
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(a)

Figure 5.3.1.: The figure shows the block layout of the samples fabricated by photolithog-
raphy at IMEC. The lattice period A and hole diameter d are shown for
each sub-block.

of the cylinders in the array is very good. AFM pictures and SEM cross-sections (not
shown) confirm that the depth of the cylinders is close to the target depth of 220 nm.

Sample processing

The samples we received from IMEC had a thickness of about 300 pm, while we had
investigated the light-trapping properties of the structures in a 20 pm thick Si slab.
Moreover, edge effects from laterally propagating light is much more pronounced in a
sub block of 1 mm by 1.4 mm with a thickness of 300 pm than for a thickness of only 20
pm. We therefore decided to thin the samples down to a target thickness of 20 pm.

The process flow for thinning is illustrated in Figure 5.3.3. First a 130 nm thick Ag
layer was deposited on a glass microscope slide using thermal evaporation. The patterned
Si sample was then attached to the substrate with epoxy with the patterned side facing
the Ag. Finally, the Si sample was mechanically lapped to a thickness of about 20 pm
and subsequently polished.

The Ag layer plays the role of rear reflector while the oxide layer from the simulations
is replaced by the transparent adhesive. In some cases we covered the cylinder array
with a 200 nm thick layer of silicon oxide, deposited with PECVD, before we applied
the adhesive. Since the refractive index of the adhesive layer is similar to that of silicon
oxide, the optical effect of the oxide layer was similar to increasing the thickness of the
adhesive layer by 200 nm. However, this effect was negligible since we had a very poor
control of the adhesive layer thickness which could reach a thickness of several microns.

The intention of the oxide layer was to have control of the thickness of the low per-
mittivity dielectric, and to subsequently evaporate Ag or Al on top of the oxide layer.
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(a) (b)

Figure 5.3.2.: Scanning electron microscope image (left) of a hexagonal pattern of cylin-
ders. An atomic force microscope (AFM) image of a cylinder array with a
square lattice is shown to the right. The cylinder walls in the AFM picture
are smeared out due to the finite thickness of the AFM-scanning probe. In
reality, the walls are near vertical.

(a)

Figure 5.3.3.: Process flow for preparation of thin samples with back-side light-trapping
structures. The patterned Si samples are attached to an Ag coated micro-
scope slide by a thin layer of adhesive. The Si is mechanical lapped and
subsequently polished.
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However, the 200 nm thick oxide layer exhibited a similar periodic structure as patterned
Si substrate, and a subsequent deposition of Ag would result in a textured Ag layer which
is known to have significantly higher absorption than a planar Ag layer [117]. Because
we could not distinguish between absorption occurring in the Si and in Ag in our opti-
cal measurements we wanted to keep the Ag absorption as low as possible. Therefore,
we chose to put the Ag layer on the planar glass slab. As a consequence, we lost the
possibility of controlling the separation distance between the grating and the reflector.

Optical characterization

We characterized the light-trapping properties of the samples from IMEC by measuring
the amount of reflected near infrared light, i.e. 700-1150 nm. Figure 5.3.4 shows re-
flectance measured with an ellipsometer (see section 5.2.2) and a spatial reflectance map
performed at a single wavelength using the semilab (see section 5.2.3).

The eight sub blocks from Figure 5.3.1 are easily distinguished in the reflectance map
in Figure 5.3.4. Because the sample is face down, the sub blocks is mirrored around the
horizontal axis compared to Figure 5.3.1 and the top left sub block is Kv1, with a square
lattice, while the bottom left sub block is Trl, with a hexagonal lattice. Oscillations with
alternating high and low reflectance is easily visible in the reflectance map. We believe
this is caused by interference in the Si sample resulting from a non-planar attachment of
the sample to the underlying substrate. With a broad banded source such an interference
pattern might not be visible, but with a coherent laser source, as is used in this case, the
interference pattern will be visible even for a Si thickness of around 20 pm. Interference
patterns were also observed for samples without a metal rear reflector. This indicates
that the major contribution to the oscillations originates from oscillations within the Si
slab and not in the adhesive.

Ellipsometer reflectance measurements were performed on four of the eight sub blocks,
named Kvl, Kv3, Trl and Tr3. The names and corresponding dimensions are found in
Figure 5.3.1. The square lattice Kvl has the lowest reflectance and therefore best light
trapping of the four sub blocks. Tr3 has the highest reflectance. This agrees well with
the semilab reflectance map at 968 nm. The same trend is also found from the simula-
tions, but here the reflectance values approach unity at 1150 nm as is expected when the
absorption coefficient of Si approaches zero. As explained in section 5.2.2, the uncertain-
ties in reflectance measurements from the ellipsometer are quite large, particularly since
only the specular part of the reflectance is measured. We do not know the reason for
the sudden shift in reflectance for sub block Tr3 at a wavelength above 1050 nm, but it
might be due to an error in the measurement because it occurs at the same wavelength
as the ellipsometer changes detector. To reduce the error, each measurement is repeated
three times and the values shown in Figure 5.3.4 is an average over these measurements.

The sample (named D02 kp5 rp2) is prepared as shown in Figure 5.3.3, with an
additional 200 nm layer of silicon oxide deposited by PECVD on the patterned Si surface
prior to application of adhesive. As mentioned in section 5.3.1, this layer is expected to
have a negligible effect on the optical measurements. The front surface was etched for
20 seconds in CP5 (5:1:2.5, HNO3:HF:CH3COOH) to remove any residual particles from
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(a)

Figure 5.3.4.: Reflectance from p-polarized light measured with an ellipsometer at an
incidence angle of 18 degrees. Kv1 and Kv3 are sub blocks with a quadratic
lattice while Tr1 and Tr3 are sub blocks with a triangular lattice. The inset
shows a reflectance map at normal incidence for a wavelength of 968 nm.
This wavelength is also marked in the ellipsometer data with a dashed
vertical line.
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Figure 5.3.5.: A two inch Si wafer with a thickness of 50 pm is imprinted with a pe-
riodic structure using nanoimprint lithography. The wafer broke during
demolding.

the lapping and polishing process. After etching the reflectance corresponded quite well
with that of standard polished Si.

5.3.2. Fabrication by nanoimprint lithography

A straight-forward method for implementing periodic light-trapping structures in thin Si
solar cells is to fabricate them directly on a thin wafer. In collaboration with Obducat
[118] we performed some preliminary tests of imprinting periodic patterns on thin Si
wafers. Obducat is a Swedish company which makes nanoimprint lithography (NIL)
machines for research and commercial customers. NIL is an interesting tool as it may
have the potential for large-scale high-throughput processing, which is crucial for the PV
industry. We supplied Obducat with 50 pm and 25 pm thick Si wafers purchased from
Universitywafers [119].

Obducat were successful in spin coating of the resist and imprinting the pattern in the
resist. They used an existing mold with a periodic structure with a lattice period of 450
nm. However, the wafers broke during demolding, i.e. when removing the stamps. A
picture of the broken wafer is shown in Figure 5.3.5. Obducat believe this may be avoided
by using sample holders adapted to such thin wafers, for instance a proper vacuum chuck.
The 25 pm wafers were also successfully imprinted, but the wafers broke into several more
pieces than the 50 pm wafers.

To transfer the pattern from the resist to the Si substrate a plasma etch was performed
with an Alcatel AMS 200 I-Speeder machine at Sintef in Oslo. As this was considered
an initial investigation we tried two opposite extremes of plasma etching, physical ion
milling and pure chemical etching. The result of the ion milling is shown in Figure 5.3.6
while the result of the chemical etching is shown in Figure 5.3.7. Both processes were
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(a) (b)

Figure 5.3.6.: Scanning electron microscope images of a Si wafer covered by a resist pat-
tern prepared by nanoimprint lithography, followed by a physical plasma
etch process with CyFg at 1500 W. Etch time on the left hand side is 20
seconds. This is too long and only small bumps with a depth of less than
50 nm remain of the structure. The etch time on the right hand side is 10
seconds. This results in well defined walls and a structure depth of about
110 nm.

performed with a long and a short etch time based on a best guess from operator of the
machine.

Our aim was to transfer the pattern from the resist to the Si wafer, while conserving the
well-defined structure with straight walls and a flat bottom. For this purpose the physical
process with a short etch time was the best process. The limitation of this process is
that it is difficult to achieve a greater depth than the thickness of the resist which in
this case was slightly above 100 nm. By using a more selective process with alternating
passivation and etching steps it should also be possible to achieve a greater structure
depth. Figure 5.3.7 shows that the chemical process provides more rounded dimple-like
structures. In Paper VII we show that such a structure may provide even better light
trapping than for instance a cylinder structure. Consequently, chemical etching might
therefore be a better alternative than physical etching for fabrication of light trapping
structures.

5.3.3. Fabrication by nanosphere lithography

Any fabrication methods where the periodic structures are created by self-assembly are
particularly interesting for solar cells due to the possibility low processing costs. One such
method is nanosphere lithography. A single layer of monodispersive spheres, arranged in
a hexagonal periodic pattern, are here used as a mask for subsequent processing. The
mask may be used to transfer the pattern to the underlying substrate or it may be used
as a deposition mask for creating a periodic structure.

The fabrication of the monolayers was performed by Einar Haugan [114], a master
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(a) (b)

Figure 5.3.7.: Scanning electron microscope images like in figure 5.3.6, with chemical
plasma etch using SFg. Etch time on the left hand side is 40 seconds,
resulting in a structure depth between 125-150 nm and rounded walls.
The etch time on the right hand side is 1 minute. This results in highly
rounded structures with a depth of around 100 nm.

student in our group. He fabricated the monolayer by spin coating a droplet of monodis-
persive polystyrene spheres in a water solution onto a Si wafer. The surface of the wafer
was pretreated to give it a hydrophilic surface so that the spin coated water based solu-
tion would stick to the surface. The focus was mainly on fabrication and process control.
With this method it was possible to pattern a 50 pm thick Si wafer with a periodic
structure. Figure 5.3.8 shows cylinders transferred to the substrate by this method using
Ag catalyzed etching [120].

Multilayer periodic structures, i.e. 3D photonic crystals, were fabricated by two master
students from our group, Einar Haugan [114] and Havard Granlund [121]. The samples
were placed in a solution of monodispersive spheres in water. When the water slowly
evaporated a colloidal close packed crystal was formed at the surface of the sample. A
dielectric was later deposited in the voids of the crystal and the polystyrene spheres were
removed by calcination. The resulting structure was an inversion of the original crystal
structure, known as an inverted opal structure. This structure may possess a complete
photonic bandgap if the dielectric constant is sufficiently large [84].

The work of the two master students resulted in Paper VI. My contribution to this
work consisted in discussions, particularly concerning structure type and dimensions
suitable for light trapping, in optical measurements, and in analysis of the results.

5.4. Summary and status

In this chapter I describe three different roads to fabrication of periodic light-trapping
structures; photolithography, nanoimprint lithography and nanosphere lithography.

I showed that periodic light-trapping textures fabricated by photolithography will im-
prove light-trapping compared to a planar surface. More importantly, the light trapping
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(a)

Figure 5.3.8.: Scanning electron microscope image of a periodic array of cylinders created
by silver catalyzed etching at IFE. Picture from Ref. [114].

is observed to vary considerably with grating dimensions, and the variations that we see
is also predicted by numerical simulations. Uncertainties must be reduced in the optical
measurements to be able to quantify the light trapping and to perform a quantitative
comparison with the numerical simulations. This may be achieved by increasing the sam-
ple size so that accurate reflection measurements may be performed using an integrating
sphere.

Together with Obducat we have investigated the possibility of using nanoimprint
lithography (NIL) to fabricate periodic structures on thin Si substrates with a thick-
ness of 25 pm and 50 pm. Obducat imprinted the structures successfully on the thin
wafers, but they broke during demolding. This problem may probably be avoided, at
least for 50 pm thick wafers, by using sample holders specially designed for thin wafers.
In the transfer of the structures to the Si wafer I had help from a skilled machine op-
erator at Sintef and with his initial guess we were able to transfer the pattern to the Si
substrate. With some additional optimization he expected that we would also be able to
achieve a greater structure depth.

Finally, we showed that periodic structures may be fabricated by a self-assembly
method using small monodispersive spheres. This work, performed by two master stu-
dents in our group, resulted in fabrication of both 2D and 3D periodic structures. The
quality of the crystals may be further improved and optical characterization remains for
the 2D periodic structure. An interesting continuation of this work would be to deposit
a high permittivity dielectric on a 2D periodic template of monodispersive spheres. This
may allow a configuration with a planar Si surface covered by a thin optically inactive
Si0; layer and with the periodic structure on top of the SiO, layer. Such a configuration
may provide a very low back-surface recombination velocity, which is crucial for thin
high-efficiency solar cells.

A challenge for all the above mentioned designs is how to avoid parasitic absorption
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in the back-side mirror. A thin oxide layer deposited on top of a periodic structure
will to a certain degree retain the periodic structure of the substrate and so will any
subsequently deposited metal films. This may lead to a high parasitic absorption. The
texture in the metal will be reduced if the thickness of the oxide layer is increased to
several hundred nanometers. This will smooth out the periodic structure at the cost of
increased fabrication time. Another option for reducing parasitic absorption is the use
of a dielectric Bragg stack on the back side [48, 51, 50|, but this will require deposition
of multiple thin films.

Optical characterization has so far been limited to measurement of the sample re-
flectance, and we have assumed that the light not reflected is absorbed in the Si. If the
metal back reflector is made of Al or if it is textured, this assumption may no longer
hold, and we need to separate Si absorption from parasitic metal absorption. Absorp-
tion in the metal film might be measured with a technique called photothermal deflection
spectroscopy (PDS) [122]. Another alternative is to fabricate a complete solar cell and to
extract Si absorption indirectly by measuring reflectance together with external quantum
efficiency (EQE) [123]. Fabrication of a complete solar cell, however, requires optimiza-
tion of several processing steps, in particular to control surface passivation and to make
good electrical contacts. Additionally, if we want to investigate the effect in a thin solar
cell, the handling challenge must also be resolved.
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In this chapter I discuss the results of our work and their relevance for future solar
cells. The chapter is divided into three parts. In the first part I discuss our results,
motivate the choices that have been made, and try to give some advice for the future
based on our experience. In the second part of this chapter I relate our results to existing
textures and discuss what implications front-side textures and encapsulation will have
on a solar cell with a periodic light-trapping structure. The final part of this chapter
concerns fabrication, and I discuss possible fabrication techniques and important factors
for synthesizing periodic structures on a large scale.

6.1. Discussion of results

One of the most important challenges for future Si solar cells is to find good solutions
for light trapping in thin Si wafers. The goal at the start of my thesis was to investigate
the use of photonic crystals to improve light-trapping in solar cells. Literature studies
indicated that periodic light-trapping structures might be a promising candidate for this
purpose. The wavelength dependent nature of photonic crystals led us to investigate
photonic crystals at the rear side of the solar cell where the spectral width of the solar
spectrum is significantly narrower than at the front side due to the absorption of short
wavelength light in the Si slab. We focused our attention on bi-periodic, or 2D periodic,
structures instead of 1D periodic structures. Solar irradiance is unpolarized and 1D
structures have a tendency to be most effective for only one polarization. Moreover, 1D
structures were more frequently investigated in the literature even though 2D gratings
had been suggested to hold a higher potential for light trapping [46].

I started with the investigation of a cylinder structure because fabrication of such a
structure is an established process, and because a binary structure is simpler to analyze
and requires less computational power than non-binary structures. In Paper II we
analyze the cylinder structure in the case where the lattice period is either large or small
compared to the wavelength of light. For small lattice periods one may apply the effective
medium theory to predict grating dimensions for optimal light trapping, while for large
lattice periods one may use the interference between tops and valleys of the cylinders
to do the same. We used these models improve our understanding of the mechanisms
of light trapping and to narrow the degrees of freedom in the search for optimal grating
dimensions.

Unwanted absorption in the rear metal reflector was reported in the literature as a
particular problem for periodic structures [67]. We aimed at reducing the parasitic ab-
sorption by separating the periodic structure from the rear reflector by a low permittivity
dielectric. One of our first ideas was to make a combined broad mirror and light coupler
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with by using an array of cylinders with a planar layer of silicon oxide on each side of
the cylinder structure. We found that such a structure could provide a surprisingly high
reflectance of more than 95 % over a wavelength range corresponding to a bandwidth of
30 % (see Figure 4.4.1, bottom). We did not report these results, however, because we
quickly discovered that the dimensions that provided broad band reflectance also resulted
in poor light coupling. In fact, the structure functioned mostly as a specular reflector. In
Paper I and Paper II we show that the use of an oxide layer to separate the periodic
structure from metal reflector significantly reduces parasitic metal absorption. Moreover,
the thickness of the oxide layer provides another degree of freedom which may be used
to increase the light trapping from the periodic structure.

The shape of the unit cell is likely to influence the light-trapping properties of a periodic
structure. We studied the light-trapping potential for periodic structures with unit cells
consisting of inverted pyramids, cones, and dimples. The choice of a periodic dimple
structure was inspired by recent reports of self-assembled fabrication of such a structure
[71]. These structures, which are all non-binary, or oblique, separated themselves from
the binary cylinder structure in the fact that they exhibited broader areas of low zero
order reflection. This corresponds well with several recent papers which report that
oblique shapes are better for light coupling due to a smoother transition in refractive
index [124, 59, 60].

In Paper VII we show that several different types of oblique structures are indeed
capable of providing light trapping that exceeds the light trapping from a periodic cylin-
der structure. We also found that the optimal lattice period did not vary appreciable
between the structures. This is interesting since the optimal lattice periods reported in
the literature varies considerably. We achieved best light trapping for lattice periods that
allowed many propagating diffraction orders inside the Si slab and only the zero order in
the ambient. This is in good agreement with a design criterion recently described by Yu
et al. [59].

The symmetry of the unit cell in a periodic structure has been reported to influence
light trapping. A 1D blazed grating has been shown to improve light trapping over a
symmetric binary grating [47], an effect that was attributed to reduced out-coupling. We
extended this principle to a 2D periodic structure and constructed two novel structures
without any mirror symmetry. The structures called zigzag (Paper IV and Paper V)
and rose (Paper III) have unit cells consisting of planes sloping in two and four different
directions. In Figure 6.1.1 we see that the light-trapping potential of these structures
is superior to the rest of the structures that we investigated. In fact, in Paper V we
show that the light-trapping potential of the zigzag structure with an Ag reflector slightly
exceeds the Lambertian light-trapping limit at normal incidence when comparing both
structures using the same ARC. The Lambertian limit holds for isotropic incident light,
and may in principle be exceeded for a narrower set of incidence angles [32] . As expected,
the light trapping from the zigzag structure was indeed reduced below the Lambertian
limit at non-normal incidence.

Our results show that a one may achieve good light trapping with a wide variety of
periodic structures as long as the grating dimensions are chosen correctly. Although a
wide set of grating dimensions will result in good light trapping efficiency, a wide set
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(a)

Figure 6.1.1.: Effective Si thickness of the various structures that we investigated applied
to a 20 um thick slab of Si. All structures have Al reflectors. Also shown
is the effective thickness of a slab with an ideal Lambertian reflector and a
front side equivalent to the rest of the structures, i.e. planar, with a single
layer anti-reflection coating. The figure is published in Paper VII.

of grating dimensions will also result in poor light trapping efficiency. The best light
trapping is obtained from periodic structures where the unit cells have low symmetry.
Even though we have focused our investigation on a slab thickness of 20 pm, considerably
thicker than the commonly used thickness of thin-film solar cells, the findings are still
relevant also for thinner solar cells. The optimal grating dimensions will probably be
different, but the methodology applied is equally relevant also for thin-film cells.

6.2. Comparison with conventional textures and implications
of front side textures and encapsulation

Light absorption in a planar wafer is commonly reported in solar cell literature as a metric
for evaluation of new light-trapping structures. This is a very simple and easily imple-
mented standard both in simulations and for experimental work. However, this is not a
very realistic standard because any texture will usually improve light trapping compared
to a planar cell. In the opposite side of the scale is the Lambertian light-trapping limit
which gives an upper limit on light trapping. Most light-trapping structures perform
somewhere between these two extremes. The most interesting comparison is therefore
the comparison with existing light trapping structures.

The common choice of texture for monocrystalline solar cells is random pyramids.
These textures are typically found on wafers with a thickness of 150-200 ym and for that
reason they are not easily compared with periodic light-trapping structures on much
thinner substrates. To be able to compare these different types of structures we used
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ray-tracing to investigate what level of light trapping that could be expected from front-
side and double-sided pyramids if they were applied to a 20 pm thick wafer. In Paper
VIII we show that the periodic light-trapping structures, particularly the low-symmetry
zigzag structure, exhibit good light trapping at longer wavelengths compared to the
pyramids. However, the pyramids provide very low front-side reflection compared to the
planar front side used for the periodic back-side structures. The disadvantage of such a
planar surface may be reduced with the use of multilayer ARCs and in encapsulated solar
cells. Nevertheless, the best pyramidal structure did in fact exceed the zigzag structure
with a double-layer anti-reflection coating, despite the fact that the zigzag structure had
slightly better light confinement for longer wavelengths. In fact, a double sided random
pyramidal structure with an ideal mirror will trap light as well as a Lambertian structure
at normal incidence. It should be noted however that we have considered the effective Si
thickness in these calculations. This approximation ignores the fact that some Si material
will be lost in the process of etching the pyramids.

The possibility for high-quality light trapping with a structure that is as simple to
fabricate as the random pyramids will probably limit the use of periodic structures to
situations where random pyramidal textures are not applicable. The random pyramidal
texture is applicable to monocrystalline wafers grown with a (100) orientation. However,
promising ways of making thin solar cells, involving cleaving of Si [25], yields a crystal
orientation that does not allow the conventional pyramidal texture. Moreover, the size
of the pyramids may also prevent their use when the Si wafers get very thin. Fabrication
of periodic structures is of course also difficult and possible fabrication methods will be
addressed in the next section.

All solar cells will eventually end up in a solar module encapsulated with glass and a
lamination polymer, typically EVA, which has a refractive index close to that of glass.
This will change both the front-side reflectance and the critical angle of internal reflection
in Si. Firstly, encapsulation will reduce the contrast in refractive index and therefore
reduce reflection from the Si surface. This is particularly important if the cell suffers
from a high front side reflection. Consequently, encapsulation will reduce reflection more
for a planar surface than for a textured surface. Secondly, the presence of the encapsulant
will change the critical angle of total internal reflection in Si from about 16 degrees up
to about 24 degrees, which will more than double the size of the escape cone. However,
light escaping the Si wafer with an angle between 16-24 degrees will still experience total
internal reflection at the glass-air interface at the front-side of the solar module. Thus,
the light trapping of the solar module should in principle not be affected. Real glass,
however, will have non-zero absorption and several reflections within the glass layer will
lead to additional optical losses.

What I have not addressed so far is the interaction between a periodically textured back
side and a textured front side, which could be either a periodic texture or a conventional
texture like the random pyramids. The configuration consisting of a periodic front and
rear side is relevant for thin-film solar cells where the solar cell material is deposited on
top of a textured substrate. The structure of the substrate will in this case be transferred
to the subsequently deposited films [64]. This results in identical periodicity on the front
and the rear side of the cell. Thus, this will not affect the number of allowed diffraction
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orders, and should therefore not change the light trapping potential of the structure [59].
Such a structure could, however, make it easier to couple the light into the cell since both
the front and the rear side will act as light couplers. Moreover, the textured front side
would also provide a lower front side reflectance than a planar surface.

The configuration with a conventional pyramidal structure on the front side and a
periodic structure on the rear side is a difficult modeling problem because the large
front-side structures and the small back-side structures require different modeling tools
[125]. It is reasonable to assume that the addition of a light-trapping structure to a solar
cell will give a smaller contribution to light trapping if one of the surfaces is textured
already. Experimental results have shown that a back-side periodic texture improves light
trapping in a 250 pm thick cell with a front side textured with pyramids [56], however,
the effect was found to be quite small.

In this thesis we have investigated a photonic crystal applied to the rear side of a
solar cell. If we instead were to place the periodic structure on the front side of the
cell one might achieve both low front-side reflection and light trapping with the same
structure [58, 60]. Since the number of propagating orders in Si is independent of which
side the grating is placed, a front-side grating could in principle have as good light
trapping as a back-side grating [59]. A front-side grating would of course need to provide
low reflection over the whole solar spectrum as well as good light trapping for long
wavelengths. Nevertheless, this is achievable with oblique structures and such structures
have been shown to hold great potential for light trapping [60].

6.3. Potential for fabrication

Any solar cell process needs to be able to fulfill the requirement of low cost and high
throughput. Large scale fabrication of nano-structured surfaces is indeed a big challenge
which so far has not been resolved. Photolithography, which is popular in the semi-
conductor industry, is considered to be too expensive for PV due to the requirement
of a significantly lower cost per area. The fabrication methods that have been sug-
gested to have the potential for large scale production of solar cells include nanoimprint
lithography [81, 64] or hot embossing and interference (holographic) lithography[82, 61].
Other interesting possibilities include various types of self-assembled structures. One
such fabrication method is the use of nanospheres to make 2D [83, 120, 55, 56| and 3D
crystals[126, 127]. Another method is the use of anodic etching to produce a periodic
dimple pattern [49, 71].

We have looked into both nanoimprint lithography and self-assembled structures (see
Paper VI) in this thesis. Both methods seem to be achievable also on thinner substrates.
The advantage of nanoimprint lithography is the high accuracy that may be achieved
and also the fact that a form of nanoimprint lithography is already in use in mass pro-
duction. Blu-ray discs are made with sub-micron structures using a type of NIL, and
this technique has also been investigated to pattern the substrates of thin-film solar cells
[64]. Fabrication by self-assembly, on the other hand, has the advantage that it requires
no expensive master stamps of photo masks. Moreover, nanosphere lithography does not
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put any great amount of stress on the wafer, which is important to avoid breakage of
thin wafers. A limiting factor for nanosphere lithography is the quality of the periodic
structure. Fabrication involving a nanosphere mask and deposition of a high permittivity
dielectric seems to me to be a promising approach. This is demonstrated in Ref. [55]
where the Si surface is first given a thermal oxide before silicon carbide is deposited on
top of a mono layer of nanospheres. Such a fabrication method yields a planar rear side
Si surface and could in principle result in a very good surface passivation.

In this work we have studied periodic structures consisting of Si and silicon oxide.
These materials were chosen as they are likely candidates for fabrication and because
they have a large contrast in refractive index. To fabricate such a structure one could
pattern a resist, or deposit a layer of nanospheres, and transfer the pattern to Si by
plasma or wet etching techniques. Another alternative would be to deposit Si on top of
a patterned substrate. This method is typically encountered in thin-film photovoltaics
and allows the use of cheap substrates that can be easily printed [69]. Unfortunately,
deposited Si usually result in low crystalline quality.

A periodically structured metal reflector will induce large parasitic losses in the metal
[56], and a planar rear reflector would be preferable. However, the implementation of
a planar reflector on the back side of a periodic texture is not straight-forward. One
approach could be to use a metal foil with a low permittivity dielectric that could be
bonded by some means to a patterned Si wafer. If processing does not allow a planar
metal reflector, the parasitic absorption will also be reduced by moving the metal reflector
away from the grating using a separation layer of low refractive index. At the same time,
the texture size is also expected to be reduced with increasing thickness of the separation
layer. Yet another possibility to reduce parasitic absorption is to use a Bragg reflector
[48, 51].

In Paper VII we show that low symmetry in periodic structures is favorable for light
trapping. The complexity of the non-symmetric structures we propose, however, makes
them difficult to fabricate. Luckily, there are simpler ways to break the symmetry than
the structures that we have suggested. One such structure could be an off-centered pyra-
midal shape as proposed in [60]. Dry etching or sputtering at an angle to a nanosphere
mask is an example of how such asymmetric structures could be achieved. Another in-
teresting method of breaking symmetries is the use of many very fine binary structures
within a single unit cell [59]. Variation in the pattern density would result in variation
in the effective refractive index and arbitrary patterns could be achieved. However, this
approach requires very small pattern definition.

Compared to the rest of the semiconductor industry, solar cell fabrication is more
robust with respect to small defects and imperfections. If a small part of a surface
texture is missing this will only reduce the light trapping in this particular area and not
destroy the whole solar cell. This makes solar cells versatile when it comes to choice of
fabrication technology. The accuracy that is actually needed in fabrication of periodic
structures is not explored in this thesis. Results from Paper II show that a broad range
of grating dimensions will provide good light trapping. This indicates that there should
be a certain tolerance for fabrication inaccuracies.
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7. Conclusion

In this thesis I have investigated potential for light trapping by the use of bi-periodic
back-side photonic crystal structures. The aim has been to understand the mechanisms
of light trapping in this type of photonic crystals, to identify structures that can provide
good light trapping, and to investigate their light-trapping potential and possibility for
fabrication.

The first structure we investigated was a cylinder array together with a planar oxide
layer and a metal reflector. With this structure we found that we could predict which
grating and oxide layer thicknesses that favored light trapping by using simplified models
for the case of small and large lattice periods. For large lattice periods we used the phase
difference between the light reflected from the cylinders and the from the area surrounding
the cylinders, while for small lattice periods we found that the effective medium model
was well suited to predict the light trapping properties. For lattice periods in between
these two extremes, the light-trapping behavior was influenced by both models.

In addition to the cylinder structure we investigated various other types of structures
such as dimples, cones, and inverted pyramids, and we found that the optimal lattice
period did not vary appreciably between the structures. The general trend was that the
best light trapping was achieved when the lattice periods were slightly smaller than the
wavelength of light in air. This allows several diffraction orders to propagate in Si and
only the zero order to propagate in air. In fact, this analysis also explained the behavior
of the various structures under oblique angles of incidence. Incidence angles that allowed
more diffraction orders to propagate in the ambient generally showed a reduction in
light-trapping efficiency.

A class of structures that stood out from the rest was the structures that exhibited a
lower symmetry in their unit cell. These structures, which we named the rose and the
zigzag structure, consisted of planes sloping in two or four different directions. Although
their optimal lattice period were similar to the rest of the structures, their light-trapping
efficiency was considerably better. The diffraction pattern from these structures displayed
a lower symmetry then the rest of the structures and it is this property that we believe
reduces the rate of out-coupling and therefore leads to a longer dwell time for the light
within the cell. This explanation is in agreement with what we have found reported in
the literature.

We compared the light-trapping potential of the various structures in the same numer-
ical model, consisting of a 20 pm thick slab of Si. The photogenerated current density
Jpn of the different structures was calculated and their optical thickness was extracted
by comparing to the propagation distance required in Si to provide the same J,;. The
cylinder structure show an increase in optical thickness of about 9, the dimples, cones
and inverted pyramids range from optical thicknesses of 12 to 14, the rose structure has
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an optical thickness of 17, while the zigzag structure exhibits an optical thickness of
22. Replacing the Al absorber with an Ag absorber increases optical thickness of the
zigzag structure to between 28 and 29. As a comparison, an ideal randomizing Lamber-
tian reflector with the same front side yields an optical thickness below 27. Lambertian
light trapping has been shown to be the upper limit on light confinement under isotropic
illumination, and is commonly used as a benchmark when assessing the potential of
light-trapping structures.

To compare the light-trapping potential of photonic crystals with the light-trapping
potential of random pyramidal structures, we used ray tracing to calculate the Jp, of
different pyramidal structures. We found that a double-sided pyramidal structure with
an ideal non-absorbing reflector obtained the same light-trapping potential as a structure
with random pyramids at the front side and a Lambertian rear reflector. A double-
sided pyramidal structure with a rear surface covered by an Al or Ag reflector separated
from the bulk Si by a thin layer of oxide showed a potential Jp, slightly above the
best of the periodic structures which consisted of the zigzag structure with a similar
reflector and a double-layer anti-reflection coating. The success of the random pyramids
originates in much lower front-side reflectance than the periodic structures with their
planar front sides. This advantage is reduced for multilayer anti-reflection coatings and
for encapsulated solar cells. The high-quality light trapping exhibited by the random
pyramidal structures will most likely limit the use of photonic crystals to cases where
random pyramidal structures may not be applied, such as very thin solar cells and Si
substrates which have a different crystal orientation than [100].

I have described three different approaches to fabrication of periodic structures: pho-
tolithography, nanoimprint lithography, and nanosphere lithography. I found a qualita-
tive agreement between optical measurements on samples prepared by photolithography
and numerical simulations. A spatial reflectance mapping revealed large variations in
light-trapping properties from various cylinder structures where the only difference be-
tween the structures was different choices of grating dimensions.

The key to utilize periodic structures in commercial solar cells will be to fabricate these
structures at a low cost, something that might be possible using nanoimprint lithography
or self-agssembled structures. We investigated these methods on 50 pm thick Si wafers.
Nanoimprint was performed by a company that makes machines for nanoimprint lithog-
raphy. The wafer broke during the process due to the lack of a proper sample holder,
but the imprinting step was successful and pattern could be transferred to the Si sub-
strate on the broken pieces. The pattern was successfully transferred with a physical
plasma etch. Self-assembled colloidal structures were explored by two master students
in our group, who developed methods for fabrication of monolayer and multilayer pho-
tonic crystals. They used a monolayer as a deposition mask and were able to fabricate
a periodic structure of cylinders and inverted pyramids with a sub-micron lattice period
which was determined by the diameter of the colloids. With improved process control,
this method could allow fabrication of periodic structures on large areas on very thin Si
wafers with a thickness of less than 50 pm.
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8.

Further work

In the course of a PhD thesis a great number of ideas appear that one does not have
the time to investigate any further. The ideas that are pursued usually result in even
more questions and ideas, thus the number of loose ends tends to be growing with time.
Here T list some points for future work that I have not had the time to follow. The list
is prioritized after which points I believe deserves the most attention.

1.

Further investigation of fabrication of periodic structures: A suitable method for
fabrication of photonic crystals must be in place if such structures are to be realized
in commercial solar cells. A further investigation of methods for low-cost high-
throughput fabrication of photonic crystals is therefore needed. In particular I
would like to explore the possibility of fabrication of photonic crystals with a low
symmetry unit cell using some type of nano-imprint lithography and nanosphere
lithography.

Stmulation and fabrication of a thin solar cell with a decoupled rear side photonic
crystal: To achieve as low surface recombination as possible it is very tempting to
make a solar cell with a planar front and rear side. The light trapping properties
can be taken care of by a photonic crystal which is separated from the active solar
cell material with an optically thin dielectric layer. Fabrication of a complete solar
cell would also make it possible to measure the parasitic absorption in the rear
reflector and the back-side surface recombination velocity.

Ezxplore nonlinear effects in photonic crystals: The field strength is enhanced at
certain areas inside a photonic crystal. Is it possible to find a structure which
combines a large field enhancement with good light trapping? Such a field en-
hancement could be used to improve up-conversion efficiencies. This will require
numerical simulations, fabrication and characterization.

. Photonic crystals applied to the front side: Is it possible to find a periodic structure

that has good anti-reflection properties and low absorption for the whole solar
spectrum at the same time as it serves the purpose of light trapping for the longer
wavelengths?

Combining ray-trace and RCWA: The idea is to use RCWA to calculate the scat-
tering function of the grating and to implement a surface with equivalent scattering
properties in a ray-tracing program. This work was already started by Peters et al.
[125] for uniperiodic gratings. Is it a viable approach also for bi-periodic gratings
and can it be automated in a good way?
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8. Further work

6. Implications of imperfections in the photonic crystal: Since all real crystals will
have defects and small deviations from a perfect structure it is important to know
how this will affect the light-trapping properties. The sensitivity of the structures
to imperfections is a decisive factor when determining which fabrication methods
that may be applied. Imperfections could be explored numerically by the use of
super-cell methodology.

7. Effects of encapsulation and front-side texture: How will encapsulation and a front-
side texture affect the light-trapping properties of a periodic rear-side structure?
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A. Effective medium approximation

In this section I derive the equations used to calculate the effective relative permittivity
of a cylinder structure where the electric field is perpendicular to the cylinder axis, i.e.
TE polarization. For the case where the electric field points along the cylinder axis,
i.e. TM polarization, the effective medium can be calculated as a geometrical average
of the two materials as in Eq. 4.1.5. The calculation in this section applies electrostatic
equations and is therefore valid only in the low-frequency approximation, or equivalently
for lattice periods much smaller than the wavelength of light, i.e. A << A.

The electric potential V' in cylindrical coordinates may be expanded in a power series
as:

o0
VP(r,¢) = > [Abr" 4 Bhr~"|[Chcos(ng) + Dhsin(ng)] (A.0.1)

n=1
The superscript p is either 1 or 2, corresponding to the potential within the cylinder
with relative permittivity €; or in the material surrounding the cylinder with relative
permittivity es. AL, BE, Ch, and D} are unknown constants. The electric field EP is
given by the gradient of the electric potential which in cylindrical coordinates becomes:

over 19VP .,
EP— _VYVP = _" p_ 2" A02
\A% 5 " 99 (A.0.2)
Inserting Eq. A.0.1 into Eq. A.0.2 gives:
EP(r,¢) = Z[Aﬁnr"il + BE(—n)r " Y[CPcos(ng) + D sin(ng)|r
n=1
+ Z[A{’lr”_l + B2r " [(—=n)CPsin(ng) + nDEcos(ng)]¢ (A.0.3)
n=1

For an F field pointing in the x direction in the center of the cylinder, symmetry
requires that only the cos terms may be nonzero for the radial part of the field, and only
the sin terms may be nonzero for the azimuthal part. Additionally, for the field inside
the cylinders all B! needs to be zero to avoid a divergent field in the center as r — 0.
The field components may therefore be expressed as follows:
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A. Effective medium approximation

Figure A.0.1.: Boundary conditions for determining the effective permittivity of a cylin-
der array. Maxwell’s boundary conditions are applied at the interface
between the cylinder and the surrounding dielectric. Periodic boundary
conditions are applied at the edges of the unit cell.

Z AL Clnr1cos(ng)

E;, = ZA%C%(—n)r"flsin(nd))
nst (A.0.4)
E? = z:(A?LC'fLm”“1 — B2C?%nr~"" ) cos(ne)

n=1
&S

By = (ARChnr™ !+ BCinr ) (=sin(ng))
n=1

Maxwell’s equations require that ¢ E} = eaE? and E(}) = E(% at the boundary of the
cylinder, i.e. for r = a where «a is the radius of the cylinder. This is illustrated in Figure
A.0.1. The unknown coefficients outside the cylinder, A2C? and B2C?, and inside the
cylinder, ALC!, may be related through the Maxwell boundary conditions. We now
introduce the new coefficient F,, = ALCla"~!n. With the new coefficient, and after
some algebra, the field components take the following form:
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A. Effective medium approximation

Z Fo(=)""tcos(ng)

S Fn<5>"*1<—sm<n¢>)
n! (A.0.5)

B = 3 R G = (O g eos(n)

2€9 a T €9+ €1

62—1-61 n—1 A 11,62 — €1 .
E¢ = ZF 2%, a) + (;) * )m](—ﬂ”(n@)

To determine the unknown coefficients F,, we need to impose periodic boundary con-
ditions to the z and y components of the electric field, E2 and E; Therefore, we need to
convert Eq. A.0.5 from cylindrical to Cartesian coordinates. After this transformation
the field components in the Cartesian coordinates becomes:

El = Z Fo( r )" cos(ng)cos(p) + sin(ng)sin(p)]

Q

E; = Z Fo(=)" Yeos(ng)sin(¢) — sin(ng)cos(¢)]

B ZF €2 + 61 a) n—1 _ %(%)n—l—l]cos(ngb)cas(d)) (A.0.6)

r 62 €1 ,a

Jr[(*)"*1 + ()" sin(ne)sin(¢)}

62+61 r

5} = ZF Iy - 2 Sy eos(ng)sins)

r €) — €1 ,a

—[(*)”_1 + (=)"sin(ng)cos(¢)}

a €Et+€ T

Periodic boundary conditions require the field outside the cylinder, Eg and Eg, to be
identical for all points y,, at x = £A/2 and for all points z,, at y = +A/2. This is
illustrated in Figure A.0.1. Hence both field components may be matched at the x and
the y boundary. The point matching implies that EZQ’Jr = EZQ’_, where [ is either x or
y and the sign in the superscript denotes values the boundary +A/2 and may be either
along the x or y boundary of the unit cell. We write the n-th term in the series expansion
of Eq. A.0.6 as Ei;r The point matching at one point takes the following form:

B+ By + BN =Bl + By + By (A.0.7)

We gather all terms of Eq. A.0.7 on the left hand side and move the n = 1 term to
the right hand side. We repeat the point matching at m different points along the edges
of the unit cell. The resulting equations may then be written in one matrix equation:
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A. Effective medium approximation

az1 asi an1 Fy a1
a2 3 ai2

— R . (A.0.8)
aom . .. Apm F, aim

Here aym = Eif(lm) - Eil_(lm) is the n-th component of the series expansion from
Eq. A.0.6 at r = l,;,, where [,,, is the location of the m-th point that we match along
the edge of the unit cell. We can now determine the field up to an arbitrary constant
F,cr. By putting this point in the center of the cylinder we can see from Eq. A.0.6 that
Fy = Fy.; and the matrix equation may be solved. The number of terms in the series
expansion N determines the minimum number of points that needs to be matched. We
matched the field components E? and E; at both the x and y boundary at N points
each. Thus, since m > n in Eq. A.0.8, we end up with a system of linearly dependent
equations. This did not affect the calculated values of the effective relative permittivity.

In Figure A.0.2 we show a picture of the calculated relative permittivity of SiOg (e =
1.5%) cylinders in a Si (¢ = 3.6%) matrix as a function of cylinder fill factor, i.e. the
cylinder area to the area of the unit cell.
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A. Effective medium approximation

(a)

Figure A.0.2.: Calculated effective relative permittivity for a cylinder structure consisting
of SiOs cylinders in a Si matrix as a function of cylinder fill factor, i.e. the
cylinder area to the area of the unit cell. TM polarization represents the
case where the electric field points along the cylinders and are calculated
by Eq. 4.1.5. TE polarization represents the case of an electric field in the
cylinder plane and is calculated for the electrostatic case using the method
derived in this section.
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ABSTRACT: We have designed and investigated in numerical simulations a light-trapping structure in the form of a
bi-periodic back-side diffraction grating. In addition to the grating, the light-trapping structure also includes an oxide
(SI0,) layer that separates the grating from the back-side aluminium (Al) mirror. This light-trapping structure is
expected to give a potential short-circuit current density Jg of 35.0 mA/cm?® when put on the back side of a 20 um
thick Si solar cell with asingle layer anti-reflection coating (ARC), assuming that all electron-hole pairs are collected
at the contacts. Thisis an improvement of 15 % compared to a reference cell with the same thickness, a single layer
ARC and a planar back-side Al mirror. The improvement is almost exclusively confined to the wavelength range
from 800 nm to 1100 nm. We also investigate how the thickness of the Si substrate affects the light trapping

efficiency.

Keywords: Light trapping, Optical properties, Modelling

1 INTRODUCTION

An effective way of reducing the cost of wafer based
silicon (Si) solar cells is to make use of substantially
thinner Si substrates than the wafers normally used
today. This reduces both material consumption and the
demand on material quality. However, afurther reduction
of substrate thickness will increase optical losses, thus
reducing the solar cell efficiency. While state of the art
solar cells today have Si substrate thicknesses down to
around 160 pm, production of substrates with thickness
down to 20 um have recently been demonstrated [1]. The
manufacture of efficient solar cells from such thin
substrates requires the incorporation of a high
performance light-trapping scheme into the solar cell
structure.

To collect as much sunlight as possible within a thin Si-
based solar cell, two types of light trapping structures are
normally included. One is anti-reflective coatings (ARC).
The other is surface textures. In mono crystalline Si solar
cell technology, akaline etching is frequently used to
make inverted pyramids on the front side, while acidic
texturing is becoming more important within multi
crystaline Si solar cell technology. In both cases surface
structures with sizesin the order of 2-10 pum are made.

Such large structures can be impractical for thin solar
cells. Of higher importance is the fact that periodic
structures have the potential of achieving better results
than random structures when it comesto light trapping, at
least for a limited spectral range [2]. They may also be
made much smaller, thereby consuming less material
than what is achieved in the alkaline or acidic etches
used today. Finally, they can be compatible with surface
passivating layers.

The use of sub-micron back-side structures for light
trapping in solar cells has been addressed in earlier works
[3], but also in several recent works [4, 5, 6, 7]. Most of
these have focused on cells with a thickness below 5 um,
athough [4] also has a brief comparison of the effect of
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the use of light trapping structures on thicker cells. In the
present work we present the results from calculations of a
specific light trapping structure applied to a cell with a
thickness of 20pum.

2 MODEL AND MODELLING TOOLS

The light trapping structure investigated in this work is
shown in Figure 1. The structure consists of a dielectric
grating and an aluminium (Al) back reflector, separated
by a layer of low permittivity dielectric (e.g. an oxide
(Si0,)). The light reflected from the grating is distributed
into obliquely travelling modes that are totally internally
reflected within the substrate. The separating layer
reduces parasitic absorption in the metal, which is a
common problem for grating-metal boundaries[8, 9].

Figure 1: Solar cell model structure used in the
computations (not to scale).

In order to assess the light trapping efficiency of the
structure, simulations have been performed. The
simulations have been performed with the software
package Grating Diffraction Calculator (GD-Calc) [10].
GD-Calc usesrigorously coupled wave analysis (RCWA)
[11], where the Maxwell equations are solved in the
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Fourier space within each layer of a multilayer stack. The
solutions from each layer are then matched with the
solutions from the adjacent layers, imposing
electromagnetic  boundary conditions. RCWA is
especially convenient when there are large variations in
layer thicknesses in the stack. The power in each
diffraction order is also easily extracted with RCWA.
The software package Meep, which uses the method of
finite difference time domain (FDTD) [12, 13, 14], has
also been used to confirm the results from the RCWA
computations. Whereas the RCWA easily handles
dispersive and absorbing materials like the silicon and
metal in a solar cell, this is not so straightforward with
the FDTD method, so we have used a nonphysical
nonabsorbing and nondispersive model of the light-
trapping structure for the comparison. The simulated
spectral reflectance obtained with the two methods then
agrees very well, as shown in Figure 2.
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— GDC-transmittance

50
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40
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Figure 2: Comparison of reflection and transmission
through a bi-periodic grating. The grating is similar in
shape to the grating shown in Figure 1, but with a
different set of parameters than what we present in this
work.

The reference cell is similar to the cell shown in Figure 1,
except that the grating layer and the oxide layer are
removed, so that the Si is in direct contact with the planar
back-side Al-layer. The short-circuit current density (Js)
is used for quantitative comparison of the light-trapping
effect for different configurations assuming a collection
efficiency of 100 %. Js. is found by weighting the
spectral absorption against the AM 1.5 spectre [15] as
shown in Equation (1).

J_=q j A(L)®(A)dA o)

A(1) is the dimensionless spectral absorption factor
calculated by GD-calc. ®(4) is the spectral density of the
photon irradiance with dimension [s*m?nm™] from the
AM1.5 spectrum, normalized so that the irradiance
equals 1000 W/m?. q is the elementary charge. The
integration limits are 0 and oo, but ®(%) is negligible
below 300 nm and A(%) is negligible above 1100 nm.
Thus in practice, an integration interval from 300 nm to
1100 nm is used in the calculations.

Wavelength dependent optical data have been used for Si
[16] and for Al [17]. For simplicity, a constant refractive
index for SiOy (1.5) and SizN,4 (1.95) was used.
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3 RESULTS

In Figure 1, several parameters that may be tuned to
improve the light-trapping properties are indicated. The
parameters include the grating period A, grating
thickness tg, oxide thickness to, and the fill factor. The fill
factor is defined as the fraction of the oxide area to the
total area of the grating.

The diffraction angles were calculated from the grating
equation, where the grating period is a parameter. The
diffraction angles should at least be larger than ~16°,
which is the critical angle of total internal reflection from
a Si-air interface. For maximum path length enhancement
the diffraction angle should be close to 90°, i.e. parallel
to the grating. However, for diffraction angles above 60°
diffraction efficiencies has been shown to be poor [18].
The power fraction in each diffracted order is dependent
on all the parameters mentioned above. RCWA
simulations have been used to find the power fraction in
each diffraction order. We found that a A of 0.65 pm,
and a fill factor of 0.5 was favourable with respect to
light-trapping.

The grating thickness should be chosen in such a way so
that as much as possible of the incoming light is coupled
to higher diffraction orders. This can be achieved with a
grating thickness of A/(4ng), where ng; is the refractive
index of silicon. The light reflected from the peaks and
valleys of the grating will then be in opposite phase. For
a fill factor of 0.5 their magnitudes will also be equal and
cancellation of zero order reflection will occur, thus
minimizing specular (i.e. zero order) reflection.
Cancellation of zero order reflection could also be
achieved through any odd multiple of the ‘lambda-
quarter’ layer. We find that the diffraction efficiency is
higher for a grating thickness of 34/(4ng;), which gives a
grating thickness ty of 0.21 um.

Figure 3 shows the importance of the oxide layer that
separates the grating from the back side aluminium. We
have chosen a t,, of 0.22 pum, corresponding to the first
peak in Figure 3. A thicker layer would possibly give a
minor improvement, but a thinner layer is advantageous
from an industrial point of view.
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The single layer ARC was optimized for a wavelength of
around 600 nm.

Figure 4 shows the spectral contribution to the Js. for a
20 pm thick cell with light-trapping, compared to other
reference solar cell structures. The configuration with the
20 pm thick light-trapping cell performs significantly
better than the reference cell of the same thickness.
However, compared to the eight times thicker reference
cell of 160 pum, the performance of the 20 um thick light-
trapping cell is slightly lower at most wavelengths. The
topmost curve shows the theoretical potential given total
absorption of the AM 1.5 spectrum from 300 nm to 1100
nm. The results from Figure 4 are summarized in Table I.
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Figure 4: Simulation results for the spectral
contributions to the short-circuit current density Jg
for different configurations. Digital low-pass
filtering (a moving average) have been applied to
the simulated spectra of both the reference cells and
the light trapping cell to mask the rapid oscillations
in the spectra resulting from Fabry-Perot
interference in the Si slab.

Table I: Comparison of Js. for the different models
from Figure 4. Also shown is the single-layer ARC
configuration which corresponds to total absorption
in interval from 300 nm to 1100 nm, limited only by
the front side reflection of a single layer planar
ARC.

Joc [MA/CmM?] Percent
AML.5 spectrum 43.5 100 %
Single-layer ARC 39.8 91.5%
Reference 160 um 36.6 84.1%
Light-trapping 20 um 35.0 80.5 %
Reference 20 pm 30.4 69.9 %

Figure 5 shows the influence of the Si substrate thickness
on light harvesting both for a reference solar cell with
planar back side Al-mirror and for a cell with the back-
side light-trapping structure. It is clear that the
improvement in J,. when using the light-trapping
structure is more pronounced for thinner cells. Marked on
the right axis in Figure 5 is also the potential Jg. for the
AM1.5 spectre (from 300-1100 nm), the single layer
ARC limited, and the J;. for a 160 um reference cell.
These values are given in Table I.
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Figure5: The figure shows the effect of thickness on the
short-circuit current density Js.. Js. for the configurations
in Table I are also marked with arrows on the right axis.

Note the log scale on the x-axis.
4 DISCUSSION

We have observed that a bi-periodic back-side diffraction
grating will significantly increase J;. compared to a
planar reference cell of the same thickness. This
improvement is mainly due to the enhanced path length
inside the Si, provided by coupling of light to oblique
travelling totally internally reflected modes. Another
contributing factor to the improved light harvesting is the
reduction of parasitic absorption in the back-side Al
mirror. Compared to a Si-Al boundary, the SiO, layer
decreases the impedance matching to the Al, and
therefore also the parasitic absorption. In addition, the
separation of the grating and the Al back-side mirror
decreases the strength of the evanescent waves
originating in the grating that reaches the Al surface. The
fact that back side Al-mirror is planar helps to avoid
excitation of surface plasmons which is a common cause
of parasitic losses in metal gratings.

Figure 5 shows how the gain of adding a light-trapping
device on the back side of the cell increases with
decreasing thickness. However, Jg is dropping steadily
with decreased thickness both for the reference cell and
for the cell with light-trapping. Therefore, the high-
efficiency solar cell cannot be achieved with the
proposed configuration for thin-film cells of only a few
microns. It should be noted that a better ARC will
increase Js. further for all configurations.

For the light-trapping design shown in Figure 1 there is a
need for electrical contacts from the Si back side to the
Al. This can be achieved by replacing the SiO, with a
transparent dielectric material with low permittivity, such
as transparent conductive oxide materials. Contacting
could also be made through number of pattern defining
processes, including a so-called laser process [19]. For
an efficient Si solar cell, a major advantage of the
presented structure with a back side SiOy, layer is the
effective surface passivation supplied by this material.
SiO, is an excellent material for passivation of Si
especially when combined with a thin layer of a-Si:H.
This is an important feature for thin cells where more of
the absorption will take place close to the back side.



24th European Photovoltaic Solar Energy Conference, 21-25 September 2009, Hamburg, Germany

5 CONCLUSION

We have shown the potential of a 2D back-side
diffraction grating for light-trapping purposes. With a
planar single layer ARC this design holds a potential Jg.
of 35.0 mA/cm? for a 20 pm Si solar cell. This is an
improvement of 4.6 mA/cm® or a 15 % increase
compared to a reference cell with the same thickness,
ARC and back-side Al mirror. The increase in Js is both
due to enhanced path length inside the cell, and reduced
parasitic absorption in the back-side Al mirror. In this
work we also show the influence of Si thickness on the
light harvesting. As expected, the gain from light
trapping is most pronounced for the thinnest solar cells,
but the gain is quite significant for cells as thick as 20

pm.
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Abstract: Light-trapping techniques can be used to improve the efficiency
of thin silicon solar cells. We report on numerical investigation of a light
trapping design consisting of a 2D back-side diffraction grating in
combination with an aluminum mirror and a spacing layer of low
permittivity to minimize parasitic absorption in the auminum. The light-
trapping design was compared to a planar reference design with
antireflection coating and back-side aluminum mirror. Both normally and
obliquely incident light was investigated. For normal incidence, the light
trapping structure increases the short circuit current density with 17% from
30.4 mA/cm?® to 35.5 mA/cm? for a 20 um thick silicon solar cell. Our
design also increases the current density in thinner cells, and yields higher
current density than two recently published designs for cell thickness of 2
and 5 um, respectively. The increase in current may be attributed to two
factors; increased path length due to in-coupling of light, and decreased
parasitic absorption in the aluminum due to the spacing layer.
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1. Introduction

The cost per watt of solar cells needs to be reduced for solar electricity to become competitive
with energy produced from fossil fuels. Thinner cells can reduce both the amount of material
needed, and also demand on material quality, thereby reducing both production costs and
energy consumption. Thin film technologies aim at reducing cost through decreased material
consumption, but deposited thin film solar cells have inferior efficiency compared to the much
thicker wafer based crystalline silicon (Si) cells. Recent discoveries have showed that it is also
possible to make high quality crystalline Si substrates and solar cells with thickness down to
20 pm and below [1]. Although this approach holds much promise, one fundamental
challenge must be overcome. Si exhibits an indirect band gap, and at this thickness a
significant part of the light is lost due to insufficient absorption of the near infrared radiation.
Thus, the decrease in cost obtained by using very thin Si substrates is offset by a decrease in
efficiency. In order to avoid excessive optical losses, thin Si cells therefore need an efficient
light-trapping scheme.

For monocrystalline Si the most common method in the industry today is akaline
anisotropic wet etching, which results in a random structure of pyramids [2]. This works well
for [100] oriented wafers, but it is not as effective for the [111] orientation. This might pose a
problem for wafers made by the technology used in [1] where wafers are [111] oriented. For
multicrystalline Si, the use of isotropic acidic etches is more common. Especially the alkaline
etching of monocrystalline Si has proved successful for front side light trapping. Both
methods results in fairly large surface structures with sizes in the order of 2-10 pm. For
deposited thin film Si cells, glass materials with textured transparent oxide coatings, are
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popular substrates due to their potential for light trapping. These random structures have
dimensions below 1 um. Y ablonovitch [3] showed that an ideal patterning with random total
internal reflection, in the statistical limit would enhance absorption by 4n? where n is the
refractive index of the material (4n?~50 for Si). However, it is not known whether nor how
such ideal patterns can be fabricated.

Periodic structures have the potential of achieving better light trapping than random
structures over a limited spectral range [4,5]. Periodic structures for light trapping in solar
cells has been investigated earlier [5—7], and aso in a number of recent works [8-19]. One
type of such gratings is diffraction gratings made of metal. Such gratings are relative smple to
fabricate. However, a problem with metal gratings is that they genera suffer from strong
narrowband absorption lines [7,12]. To overcome this problem, pure dielectric designs
combining gratings and back reflectors made from Bragg stacks, have been proposed [13-17].
Zeng et al. [13] achieved good correspondence between the theoretical predictions and the
measured short circuit current for a 5 pum thick c-Si solar cell. Low-cost fabrication of
periodic structures has also been investigated. Haug et al. [20] made 2D structures on a low-
cost substrate using hot embossing, while Sai et al. [8,9] has demonstrated a self ordered
periodic structured back reflector with periods as small as 300 nm. With a period of 900 nm
these structures showed better light-trapping properties than the Asahi U-type glass. The
Asahi U-type glass is a state-of -the-art random texturing for thin-film solar cells. Most of the
literature on the subject focuses on thin cellsin the range of 0.5-5 um. The effect of back-side
light-trapping structures will in general be most prominent for such thin cells, due to low
baseline absorption. Thicker cells on the other hand, will have the advantage that the solar
spectrum that reaches the back side is more narrow-banded, which is an apparent advantage
for periodic structures.

In [21] we presented a 2D-periodic back-side grating structure that combined a purely
dielectric grating with a flat Al reflector, separated from the grating by a layer of SiO,. The
low refractive index of SIO, provides alarge index contrast which gives the diffraction grating
a spectrally broad response. Admittedly, air provides an even larger index contrast, but is
impractical. In addition to reducing parasitic absorption in the Al, the oxide layer provides
excellent surface passivation, a vital prerequisite for any highly efficient, thin, crystaline Si
solar cell. High quality back-side surface passivation is especialy important for thin cells
where carrier excitation to a greater extent will occur close to the back side. In this paper we
go into further details of the properties of the structure, and perform an optimization of the
vital parameters grating period, fill factor, grating thickness and oxide thickness. We have
also investigated how oblique incidence angle affects the light trapping properties. We focus
in thiswork on a Si thickness of 20 um, which is particularly relevant in the light of the recent
findings of Henley et al. [1].

2. Numerical methods

To accurately predict the response of the back-side diffraction grating, rigorous
electromagnetic modelling of the light is needed. Numerical modelling was performed with
Grating Diffraction Calculator (GD-Calc) [22], a software package that uses rigorousy
coupled wave analysis (RCWA) [23]. GD-Calc is a fully vectorial solver and solves the
Maxwell equations for a single frequency. The results from GD-Calc have been compared
with results obtained with the software package Meep [24]. Meep uses the method of finite
difference time domain (FDTD) [25,26] for solving the Maxwell equations numerically. Both
methods (RCWA and FDTD) showed almost identical results for non-absorbing materials.
However, with RCWA it is straightforward to analyze the strength of each diffraction order
separately. This is imperative when analyzing the grating efficiency. Finally, RCWA is also
better suited when the model structure contains layers with large differencesin thickness.
There are at least two limiting cases that can be accurately described by simple scalar
models for the propagation of light. These cases do not give us quantitative information about
the light trapping design, but we have found the fast calculations allowed by the scalar models
to be very useful in limiting the number of time-consuming RCWA simulations needed to do
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the design. The fast calculations have allowed us to limit the size of the four-dimensional
volume in parameter space that we had to map using RCWA simulations.

Figure 1 shows the structure that was modeled in GD-Calc. This structure has been
compared with a reference model with equal thickness (e.g. 20 um), single-layer AR coating,
and a planar back-side Al mirror. Wavelength-dependent refractive index data (real and
imaginary part) is used for absorbing materials (i.e. Si [27], Al and Ag [28]), while a
refractive index of 1.5 and 1.95 is used for SiO, and Si3N, respectively. The SizN, AR layer
was designed to give a minimum reflectance at a wavelength just above 600 nm, which
corresponds to a thickness of 78 nm.

Fig. 1. Optical solar cell model structure used in the computations (not to scale). A single layer
of SigN, is used as AR-coating. The reference structure is similar except that the SIO, and the
grating layer are removed, and the Si isin direct contact with a planar Al-mirror.

A quantitative measure is needed for comparison of the different design parameters. The
parameters as indicated in Fig. 1 are the grating period A, grating thickness ty, thickness of the
oxide layer to, and fill factor, here defined as the area covered by holes divided by the total
area. A suitable measure of the performance of the structure is the short circuit current density
(Js) excited by the AM 1.5 solar spectrum [29], which is cal culated as shown in Eq. (1):

J_ = qL‘ AR)D(A)dA (1)

Equation (1) provides a limit for the maximum Jg. that would be obtained if al the
generated electron hole pairs reach the contacts. Here, 1 is the wavelength in [nm], g the
elementary charge in [C], A(%) the absorbance which is a dimensionless wavel ength dependent
factor between zero and one, calculated by GD-calc and ®(4) is the spectral density of the
photon irradiance with dimension [s™mnm™] from the AM1.5 spectrum normalized so that
the irradiance equals 1000 W/m% The integration is performed from 0 to « but ®(1) is
negligible for A<300 nm while A(1) is negligible for 2>1100 nm due to the bandgap of Si.

Absorption in the Al-mirror may be substantial, but does not contribute to Jg.. This
parasitic absorption is therefore subtracted from the total absorption. The decoupling of
parasitic absorption from the absorption in the rest of the cell is calculated in a straightforward
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manner in GD-Calc. The absorption is calculated by taking the difference in Poynting vector
going into and out of the given plane.

Free carrier absorption (fca) [30] is not considered in this model. As long as the Si is
lightly doped, as is common in the bulk Si, fca will not make a big contribution for solar cell
applications.

3. Grating analysis
3.1 Grating eguation

The most important property of the grating is to increase the path length of light inside the Si
by coupling the light into higher diffraction orders. The angles of the diffracted orders are
given by the two-dimensional grating equation. We use the word grating in this article to
describe our bi-periodic pattern of cylinders as shown in Fig. 1. The direction of the incident
beam may be described by the polar angle 0, defined as the angle between the beam and the
normal to the plane, and the azimuth angle ¢, which determines the orientation in the plane.
The outgoing beam may be diffracted in either direction of periodicity and will be
characterized by two diffraction orders m, and m,. For each pair of diffraction orders (m,, m),
the corresponding beam angles 4, and ¢ for the diffracted beam are different.

For a one-dimensiona (linear) grating and an angle of incidence in the plane of
periodicity, the grating equation takes the form of Eq. (2). The two-dimensiona grating
equation is a straight forward extension of the one dimensional equation.

N, sin(,,) = N sin(Hi)Jr% ()]

n is the refractive index, 0 the angle between the beam and the normal to the plane in the
direction of periodicity (classica mount), A the grating period, A the free-space wavelength,
and m the diffraction order. m is also the subscript of the angle 6, of the diffracted wave
corresponding to diffraction order m. The incident beam and material have the subscript i
while the outgoing material has the subscript o. In this case we have diffraction in Si, so that

n =n, ~36. From Snell’s low of refraction, the critical angle where total internal reflection

will occur at a Si-air boundary is 6, = sin(1/ng) ~16 degrees. Light from the Si incident at
the Si-air boundary at a larger angle will be totally internally reflected back into the Si.
Adding layers of other materials between the Si and air does not change the critical angle for
escape into the air.

From Eqg. (2) we see that at normal incidence (6; = 0) the angle of the diffracted beam is
given by sin(6,) = mi/(nA). For small periods (i.e. A<i/n) the equation has a real solution
only for the zeroth order (m=0), i.e. specular reflectance. If the period is larger than the
wavelength of light, the angle of the lower diffraction orders will become too small to
efficiently increase the path length, and the lowest diffraction order will aso lie in the escape
cone of Si (~16 degrees). Thislimits the optimal grating period to theinterval A e (4/ng,2).

Since the terrestrial solar spectrum contains a wide band of wavelengths we define a mean
wavelength A as shown in Eq. (3):

i [ (A1)~ A () ®(2)d2
f: (Aue (1) = Ay (A)@(A)d A

Anase iS the absorbance of light through a dlab of thickness L (i.e. [1-exp(—2a(A\)L]). The factor
2 in the exponential derives from assuming a perfect back-side reflector, which doubles the
path length of the light. Ay is the optimum absorbance given by the Yablonovitch limit [3]
for the same thickness, so that the factor 2 is replaced by 4ng® The light which is absorbed in
an optimal cell, but is not absorbed in the baseline cell, is of most relevance when optimizing
the periodic structure. Equation (3) gives a weighted distribution that goes to zero for both
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short and long wavelengths, and with a 4 of 0.98 pm for a 20 pm thick Si slab. For
simplicity, an ideal AR-layer with zero reflectance is assumed in this calculation.

3.2 Diffraction efficiency

The diffraction angles may be found from the grating equation, but the power distributed in
each diffraction order is a sensitive function of the grating thickness t,. A convenient measure
of the suitability of the grating for light trapping purposes is the power fraction diffracted into
higher orders, Dyo, Which is a dimensionless number between zero and one, defined in Eq. (4)
in the same way asin [10]:

m o M=o

Duo= 2. 2 Dum Do 4

m, =—o0 M, =—o0

In order to calculate Dy, a summation is done over &l diffraction orders (m,, m,). Thereafter,
the component in the zeroth order Dy, Which represents specular reflection, is subtracted.

3.3 Large-period approximation

To maximize Dy, the specular reflection power fraction Doy needs to be minimized. In the
limit of a A much larger than 4, thisis achieved by designing the grating thickness so that the
reflection from the peaks and valleys of the grating interfere destructively. In a pure metal
grating this is done by making the grooves 1/4 deep. In our design, however, the phase of the
reflected light is dependent not only on the grating thickness ty, but aso upon the oxide
thickness t.,, which is the distance from the grating to the back-side Al-mirror. However, the
principle of the A/4 grating may be extended to the case of a multilayer structure by
calculating the phase of the reflected wave from the peaks and valleys of the grating structure
independently. The two phases can be calculated for two uniform multilayer slab structures,
one representative for the peaks of the cylinders of Fig. 1, and the other representative of the
space between the cylinders. For each dab structure, we used the method of transfer matrix
[31] to calculate the phase of the reflected wave. This calculation is very much faster than an
RCWA simulation.

3.4 Small-period (el ectrostatic) approximation

For small periods the light does not interact with the grating peaks and valleys independently.
Instead, the EM-waves will behave as in a homogeneous material where the effective
refractive index ny is determined by the distribution of the light between the low and the high
dielectric. Thus, the phase of the light reflected from the grating structure behaves like the
phase of the light reflected form a homogenous dab structure where the grating layer is
replaced by a homogenous (so-called metamaterial) layer with an effective refractive index.
Note that the grating structure will diffract light into higher orders as long as the period A is
larger than A/ng. Nevertheless we have found that we can use the small-period approximation
to find the optimal grating thickness needed to minimize Doy also for A dightly larger than
AIng. The thickness of the layers should be chosen so that the light reflected from the effective
homogenous slab structure has a phase of = (or equivalently -x) relative to the top of the
cylinders, referring to Fig. 1. With this condition satisfied Dgy will be suppressed due to
destructive interference. Again, the calculation of the effective refractive index of the
metamaterialsis much faster than an RCWA simulation.

4. Simulation results
4.1 Diffraction orders and phase plot

Figure 2 compares Do calculated with GD-Calc (&) as a function of ty and t,,, with the phase
difference between grating peaks and valleys (b), as calculated for the large-period
approximation explained above. The free space wavelength is 1 um, while the period in the
calculations with GD-Calc is 2 pm so it is closer to the large period regime than the small
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period regime. The figure shows clear correlations between Dyo-maxima, and the parts of the
phase plot where the phase difference is close to = (or equivalently -xr). Increasing the period
in GD-Calc to 5 pm gives an excellent correlation for the entire range of tg, to, values shown
inFig. 2.

Grating thickness [pm]
Grating thickness [j,m]

a) Oxide thickness [lm] b) Qxide thickness [lm]

Fig. 2. Power fraction Do in higher-order diffracted beams (@), defined in Eq. (4) asafunction
of ty and to calculated with GD-calc using a period of 2 pm. (b) shows the phase difference
between grating peaks and valleys calculated independently for the peaks and valleys by the
transfer matrix method. A phase difference close to + = or -n indicates destructive interference
at normal incidence, resulting in a corresponding maximum Dyo.

Figure 3 shows the small period case where the Dy map (@) is calculated with a period of
0.3 um (free-space wavelength of 1 um), which is close to the minimum period that till
allows higher diffraction orders to propagate in the Si superstrate. The phase map in Fig. 3(b)
shows the reflected phase from a homogenous structure of layers where the grating layer is
replaced by a dab of material with an effective refractive index ngs of 3. We have written a
Matlab [34] program to calculate the zero-frequency effective refractive index of a periodic
pattern of paralel cylinders having the E-field perpendicular to the cylinder axes. We have
used the standard angular harmonic solutions for Laplace's equation in cylindrical coordinates
to set up a series expansion for the electric field, matched the electric field analytically at the
surface of the cylinder, and imposed periodic boundary conditions by point matching of the
electric field along the edges of a square unit cell. For this zero-frequency case we found a ngs
of 2.5 with a fill factor of 0.5. A genera trend in the dispersion relation of the periodic
structure is that the slope of the lowest band is reduced when the frequency increases. This
corresponds to an increase in effective refractive index owing to accumulation of light in the
dielectric with a high refractive index. Examples of such diagrams can be found in the book of
Joannopoulos et a[26]. The discrepancy between the calculated value and the fitted value in
Fig. 3(b) may be attributed to the fact that we are not comparing to a zero-frequency case. It is
interesting to note that the grating structure has meta-material like properties also above the
diffraction limit. For A between the two extreme cases, the Dyo map has features from both
the small period phase map in Fig. 3 and the large period phase map in Fig. 2.
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Fig. 3. (a) Do defined in Eq. (4) as a function of ty and to calculated with GD-calc using a
period of 0.3 um. Note that the magnitude of the higher order reflections is much lower than in
figure Fig. 2(a). Figure 3(b) shows the phase plot of a reflected wave from a one dimensional
stack of homogenous slabs where the grating layer have been substituted by a homogenous slab
with an effective refractive index ngs = 3. The calculation of phase is performed with the
transfer matrix method.

The phase maps in Fig. 2(b) and Fig. 3(b) indicate the ty and t,, parameter space where we
will expect to find Dyo-maxima. They also show us how the interactions between the layer
thicknesses influence the positions of the maxima. However, the phase maps do not indicate
the strength of the diffraction orders (as long as al phase maxima have the same phase e.g. £

n). In this case the analysis of the Do at the wavelength 4 defined in Eqg. (3) is a powerful
tool. It provides the diffraction efficiency, and it can be performed without taking the 20 um
Si dab into account. The GD-calc simulations are faster without the slab on top. The presence
of the dab with a thickness of many tens of wavelengths in the structure creates a need for a
very fine wavelength sampling in every spectrum calculated, to be able to resolve the Fabry-
Perot interference pattern from the 20-um-thick Si dlab. Correlation between the Dy,o-map and
absorption in the Si-dab is good, except that the Dyo-map seems to overestimate the light-
trapping at shorter periods (not shown). To incorporate the effect of total internal reflections
and secondary grating interactions simulations must be performed with the full model
structure of Fig. 1.

4.2 Parasitic absorption

Al is the common choice as a back reflector for wafer based solar cells in industry today,
mainly due to its low cost. However, Al reflectors suffer from a high absorption. Gratings
may further enhance this problem by providing a means for coupling light to the reflector. To
reduce parasitic absorption in the Al-mirror, we have placed a layer of SO, between the
grating and the Al mirror. Figure 4 shows the effect of t, on Jo. and parasitic Js. (i.e.
absorption current in the Al). We observe that the parasitic absorption in the Al, and therefore
also the electric field strength in the Al, is only slightly effected by the thickness of the
spacing layer for thicknesses above 0.2 pm. Jg. however continues to oscillate. This implies
that it must be the phase of the light reflected from the Al that generates these oscillations.
This is confirmed by seeing how the oscillations in Jy, match excellently with oscillations
expected from Fabry-Perot interference in the oxide spacing layer. The same effect can aso
be seeninFig. 2 and Fig. 3.
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Fig. 4. The figure shows Js on the left axis, and parasitic absorption on the right axis as a
function of thickness of the SIO, spacing layer to« between the grating and the Al mirror.

4.3 Short circuit current

Figure 5 displays a parameter scan over both A and fill factor for the full optical solar cell
structure. A grating thickness t; = 0.23 um and spacing layer thickness t,, = 0.2 um was
chosen on the basis of a Dyg—map similar to the ones shown in Fig. 2(a) and Fig. 3(a). We can
see that highest values of Jg. are obtained over a broad parameter range with periods from 0.7
pum up to 1 pm. One should be aware that in general, for each ty and to we get a different
version of Fig. 5, with different locations and values of the Jg, maxima. However, the highest
Js values seem to be in the period range from around 0.6 pm to 1 pm also for other t; and t
combinations (not shown). In addition, the trend that the ridges corresponding to high Jg
values moves towards higher period with increasing fill factor (most notable for small
periods), remains the same &l so for other ty and t,, combinations. For thinner substrates Eg. (3)

givesasmaller A , and the locations of the maximain Fig. 5 will shift towards shorter periods.
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Fig. 5. The figure shows Jg for different combinations of grating period A and fill factor for a
grating thickness ty = 0.23 pm and a spacing layer thickness to, = 0.2 um.

For A outside the interval A e (4/ng,A) described earlier, Js. drops significantly. For

smaller periods Js. drops because only the zeroth diffraction order remains and Doy = 0. For
periods larger than 1 um there are still higher orders that may be diffracted at large angles, so
the cut-off is not as sudden as the cut-off for small periods.

In Fig. 6 the spectral absorbance in the light-trapping structure from Fig. 1 is compared
with the spectral absorbance in a reference cell having equal thickness and AR-coating, but a
planar back side Al reflector. The figure shows a significant improvement in the wavelength
range from 0.8 to 1.1 um. At wavelengths below 0.7 um there is no discernable difference in
the absorption, and the front side reflectance is the limiting factor. Figure 6(a) shows the rapid
Fabry-Perot oscillations resulting from interference in the 20 um thick S dab. A time-
consuming dense wavelength sampling is required to resolve the oscillations. Analysis of the
Dy is therefore an efficient way to do a faster analysis of the structure. In Fig. 6(b) one can
see remnants of these oscillations, after they have been reduced with the help of a digital low-
pass filter (a moving average), for easier comparison of the curves.
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Fig. 6. The figure shows absorption as a function of wavelength for the light-trapping design
(solid line) and the reference (dotted line), compared to the limitation imposed by the front-side
reflectance from a single layer AR-coating on top of an infinite Si slab (dashed line). (a) shows
the simulated spectral response, and (b) shows a moving average of the same data. A A of 0.7
pm, fill factor of 0.6, t; of 0.23 pm and tox of 0.2 pm are used for the light trapping structure.

In Table 1 the absorbance in Fig. 6 is inserted in Eq. (1) to calculate the Jy.. We see that
the light-trapping structure with Al reflector holds the potential to improve Jg. by 5.1 mA/cm?,
or 17% relative, compared to a 20 pm thick reference cell.

Table 1. Comparison of Jg for different model structuresassuming all excited charge
carriersreach the contacts. The spectral response of the 20 um reference and the light-
trapping structurewith Al-reflector isshown in Fig. 6. The same parametersare used for
all light trapping three cells, varying only the back sidereflector. The AM 1.5 absor bance
isthe per centage of the photonsin the wavelength interval 300-1100 nm which are
absorbed in the Si.

Structure Js AM 1.5 absorbance
[mA/cm?]

Light trapping 20 um — ideal reflector 36.1 83.0%

Light trapping 20 pum — Ag reflector 35.9 82.5%

Light trapping 20 um — Al reflector 355 81.6%

Reference 20 um 304 69.9%

Reference 160 um 36.6 84.1%

The reflectance of Agisin genera significantly better than for Al. Table 1 show us that
we will gain 0.4 mA/cm? by replacing the Al reflector in Fig. 1 with Ag. Actualy, the
parasitic Jg is reduced by 0.7 mA/cm? for the Ag reflector (not shown), but only a bit more
than half of this is contributing to the Js.. For a perfect reflector the Js reaches 36.1 mA/cm?.
The light-trapping cell with Al reflector from Table 1 actually achieves the same Ji. asa 5
times thicker planar reference cell with the same AR coating and an Al reflector. This is
equivalent to an average absorption length of 180 um in silicon, or an increase in optical
thickness by a factor of 9. In other words, the number of photons absorbed in the light-
trapping cell with an Al reflector is the same as what would be absorbed in the first 180 um of
an infinitely thick Si-dab with the same AR-coating as the light-trapping cell. The light-
trapping structure with Ag reflector increases optical thickness by afactor of 11.

4.4 Comparison with literature

Comparison with different light-trapping concepts is not straight forward due to the
differences in cell design, thickness, surface structures, and material and cell materials. To
further complicate the picture, different authors use different parameters to describe the effect
of their light-trapping design. Quantitative comparison of back-side light-trapping structures
with AR-structures is unsuitable since the back-side structures address only the part of the
solar spectrum that reaches the back side, while AR-structures address the whole solar
spectrum. The predicted light-trapping effect in solar cells for periodic structures have been
confirmed experimentally by other authors for 1D gratings [13,18]. No such comparison has
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been found for 2D gratings. However, a 2D Al dimple pattern was recently compared to one
of the best random structures available, and showed good results [9].

Most of the relevant data from literature focus on thinner cells. For comparison purposes
we have modeled the light trapping response of our periodic structure on thinner cells.
However, a separate optimization of AR-coating or grating parameters for the given thickness
has not been performed. Therefore, a further improvement of light trapping could be expected
from our structure by performing the optimization for the given thickness.

Mutitu et al. [17] found a Js of 30.3 mA/cm? for a5 pm thick c-Si cell including both a
1D triangular shaped back-side grating with a dielectric Bragg reflector, and a front side
binary grating with a double layer AR-coating. A Js of 27.4 mA/cm? was obtained with no
front-side grating, and a binary grati ng together with the Bragg reflector on the back side. We
obtain an equivalent Js. (30.3 mA/cm?) with a planer front-side AR-coating and our back-side
structure. We observe that parasitic absorption in the Al-reflector has more than doubled at
this thickness compared to the 20 pum cell. The use of Ag back reflector would be more
advantageous at this thickness than for the 20 pm thick cell.

Bermel et al. [15] modeled a 2 um c-Si cell with a dielectric Bragg back-reflector in
combination with different types of periodic light scattering structures. Bermel used Henry’s
model [32] for radiative recombination as a loss mechanism, to get efficiency from Jg.
Bermel’s best result was obtained for a 2D triangular back-side cylinders pattern, and showed
an efficiency of 16.32% corresponding to a Js of 23.9 mA/cm? for alossless model like ours.
With our structure and the Al back reflector applied to a 2 um thick cell we obtain a Jg of
26.4 mA/cm?, or an improvement of 10% over Bermel’s structure.

4.5 Angular dependence

For non-tracking solar panels the angle of the incident light (i.e. the sun) varies with time.
Thus, it is of great interest to study the response of the light-trapping structure at different
incidence angles. The angle of incidence is in general specified by the polar angle 6 and the
azimuth angle ¢. We have studied the effect of 6 on the J while keeping ¢ fixed so that the
incidence plane is aong one of the directions of periodicity. Both s-polarization and p-
polarization are considered. For s-polarization the E-field is transverse to the normal of the
layer structure, while for p-polarization the E-field is in the plane of incidence. The solar
irradiance is unpolarized, thus the light incident at the solar cell contains equal amounts of s-
and p-polarization. In rea life, the solid angle captured by the module (as seen from the sun)
decreases with cos(d). Small angles of incidence will therefore be relatively more important
with respect to power generation than larger angles of incidence. In Fig. 7 a constant solid
angleis assumed, so that each angle represents a solar panel with a different area.

Figure 7 shows the angular dependence of Jg. for both the light-trapping structure and the
reference cell. Contrary to what one might assume, the average J. increases with incidence
angle for both cell structures. For the light-trapping cell J. is notably higher at angles around
10 - 20 degrees than at normal incidence, before it starts to drop steadily cell for higher 6. The
reference cell hasasmaller Jg. increase at small 6, but it lasts all the way to 55 degrees.
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Fig. 7. The figure shows the effect of incidence angle on J for the cell with light-trapping
structure and for the reference cell. Both p-polarization and s-polarization and their mean are
shown.

The increase in Jg. for the reference cell can be explained by the Brewster angle effect,
where front-side reflectance will be reduced towards zero for p-polarization. The light-
trapping cell will experience the same Brewster angle effect at the front surface. However, the
improvement in Jg; is more than what would be expected from this effect at small 6 while Js
issignificantly lower where the Brewster effect is at its strongest. An increase in Jg. at small 6
was also reported in [17] for a 1D line grating. We believe this increase might be attributed to
less out-coupling of light due to the reduced symmetry at oblique incidence. The problem of
out-coupling isdiscussed in [6].

Varying the incidence angle 6, in the grating equation (i.e. Eqg. (2)) will also change the
angles of the outgoing modes in the same plane. By inserting A4 from Eq. (3) into Eq. (2) we
find that at an incidence angle 6; = 23.5 degrees, the m = -1 mode (in the same plane) will no
longer be totaly internally reflected at the front surface. This gradual escape of diffraction
ordersis an effect which may explain parts of the reduction in Jg that we observe for the light-
trapping structure.

5. Discussion

Due to the recent advances in crystalline Si substrate manufacture described above, we have
chosen to focus our attention on Si cells with a thickness of 20 um. This is considerably
thinner than state of the art wafer-based cells today (around 160 um), but also well above the
common thin-film technologies with layer thickness of only a few microns. The relative gain
by adding a light trapping structure will of course be larger the thinner the cell, and most of
the earlier works focus on cells significantly thinner than 20 um. However, an advantage of
the semi-thin (e.g. 20 um) cells investigated in this work is that the spectrum of the light that
is transmitted to the back side is narrower than for thinner cells, due to significantly stronger
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absorption at shorter wavelengths. It is therefore possible to optimize the light trapping effect
for the narrow spectral range that reaches the back side of the 20 pum thick Si-slab. Periodic
structures are particularly well suited for this purpose, since they can easily be exploited to
make a narrowband trapping response.

In general, the parasitic absorption in a metal mirror is higher, the higher the index of
refraction is in the adjacent dielectric where the light propagates. The SiO,-Al boundary
reduces parasitic absorption of light in the metal compared to a Si-Al boundary. Another vital
effect of the SiO,-layer is to move the metal away from the grating, so that the evanescent
waves from the grating that reach the metal are weaker. Aswe saw in Table 1, Ag may help to
further reduce the parasitic absorption. However, the improvement of 1.1% by replacing the
Al mirror with Ag is not as large as one would expect by looking at the reflecting properties
of the two materials. The reason for this we believe to be that our structure is optimized both
for light scattering and for reduced absorption, thus maximizing Js.. We should point out that
we have just smulated the performance of an Ag mirror used with a grating structure
optimized for an Al mirror; we have not optimized the grating structure for an Ag mirror. The
advantages of using Al as a back reflector instead of Ag are not just the material costs, but
also that Al is directly compatible with the laser fired contact process [33], which is one
obvious way of making the electrical contact at the back side of the cell.

We have focused in this work on binary cylindrical geometries with oxide cylinders in
silicon as shown in Fig. 1. Binary structures have the advantage of requiring relatively short
computation times with RCWA compared to more complex geometries. In addition they may
be fabricated using conventional silicon micro-fabrication technology. The simplicity of such
a binary system is also favorable for analyzing the interactions between light and the grating
structure. Other geometries may possibly hold the potential for even more efficient light
trapping. For example, it has been shown that blazed gratings perform better than binary
gratings for a 1D structure when the grating structure was applied to both the front and the
back side[6,18].

We have investigated different cylinder configurations; triangular lattice instead of square,
and silicon cylinders instead of oxide cylinders. We found no significant difference in the
maximum Js. between the different configurations. We have found that a SiO, fill-factor
above 0.5 (i.e., oxide cylinders with radius above 0.4A or Si cylinder with radius below 0.4A)
is favorable for silicon cylinders as well as for oxide cylinders. On the other hand, Fig. 5
shows that there is a wide range of different periods and fill factor combinations that have the
potential of providing a high Js. This freedom in design with respect to period, fill factor and
material may be an advantage with respect to fabrication.

To further increase the light trapping a better AR-coating is needed. A double layer AR-
coating would add more than 1 mA/cm? to all the Jy-values of Table 1. Encapsulating the cell
would also help reduce the front side reflectance by making the change in refractive index
more gradual. To reduce the reflectance further, a front-side texturing of some sort is usually
applied. Configurations with a 1D front and back-side periodic grating have been shown to
increase light trapping compared to configurations with only a 1D back-side grating [11,17].
The effect of a randomly structured front side, however, is difficult to assess. Simulation of
random structures with the RCWA method are very slow, because they are typically done
with the help of very large unit cells that are many wavelengths on the side, but with adequate
resolution to resolve the periodic structures.

6. Conclusion

We have presented a light-trapping design for a solar cdl, incorporating a back-side bi-
periodic pattern of silica (SiO,) cylinders combined with a layer of SiO, to detach the grating
from the back-side Al mirror. The grating increases the coupling of light into the Si solar cell,
while the layer of SIO, reduces the parasitic absorption in the Al mirror and ensures a good
surface passivation. Simple design criteria for optimizing grating performance have been
presented. In particular the interaction between the EM-waves in the grating layer and oxide
layer has been investigated for two extreme cases (i.e. large periods and short periods),
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showing good agreement between fully vectorial EM-field simulation results and simple
scalar optical field models. The scalar models are very helpful in limiting the parameter space
for the numerical simulations. We have performed numerical simulations to quantify the light
trapping in terms of the short circuit current density. Our simulations show that for an
optimized 20 um thick Si solar cell, a short circuit current density of 35.5 mA/cm? would be
obtained if all the charge carriers are collected at the contacts. Thisis an increase of more than
17% compared to a reference cell with the same thickness and a planar back-side Al mirror.
Our design is also effective for thinner cells, and we see an improvement compared to two
recently published papers for cell thicknesses of 2 and 5 um, respectively. The light-trapping
design presented shows promising behavior over a wide range of incidence angles. To further
improve the light trapping, the front-side reflection should be reduced.
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Abstract: We propose a novel sub-micron back-side grating for light trapping in thin silicon solar cells.
The 2D-blazed grating has the potential to increase the optical thickness of the solar cell by a factor of 17.
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1. Introduction

Decreasing the thickness of Si solar cells appears to be one of the most promising ways of reducing the cost of solar
electricity. Methods for making crystalline Si substrates with a thickness below 20um, well below the 150 -200 pm
commonly used today, have recently been demonstrated, using lift-off techniques based on proton implantation [1].
However, due to the poor absorption of crystalline Si in the near-infrared spectrum, light trapping is essential to
avoid optical losses in such thin substrates.

The surface textures commonly used in the relatively thick cells of today are in general not suitable for cell
thicknesses below 20um, because of the large feature size of these textures (2-10 um). For thin-film cells, typically
having thicknesses on the order of 1 um, textures of front side oxides have been developed. All of these textures are
of a random nature. Yablonovitch [2] showed that for an ideal randomizing structure, the maximum theoretical
intensity increase for a weakly absorbing material with an index of refraction of # is 4n” (~50 for Si). In actual
fabricated cells, this factor is more in the range of 10 [3]. Periodic structures have the potential to exceed the limit of
the randomizing textures [4], and seem promising for light trapping in thin Si solar cells, as verified through both
theoretical [5] and experimental studies [6].

According to Heine and Morf [7], a blazed 1D grating (i.e., regular grating with straight parallel grooves) on
the back side of a solar cell is beneficial for light trapping. This is attributed to a reduced out-coupling of light by
avoiding mirror symmetries in the grating. Unfortunately, a 1D grating can trap only one of the two polarizations
present in sunlight efficiently. We overcome this limitation by designing a novel 2D blazed back-side grating
structure with excellent light-trapping properties. In addition to the 2D blazed grating, our light-trapping scheme
consists of a back-side Al mirror separated from the grating by a thin layer of SiO, as shown in [8]. The purpose of
the SiO; layer is to reduce the absorption in the back-side metal by reducing the electromagnetic coupling from the
Si and the grating to the metal. SiO, is also excellent for passivation of Si, which is especially important in thin
crystalline Si solar cells, where more of the generation of charge carriers will occur close to the back side.

2. Methodology

Figure 1 shows the total, optical model structure that we have investigated numerically. We performed the
electromagnetic computation with Grating Diffraction Calculator (GDC) [9]. GDC uses rigorously coupled wave
analysis (RCWA), wherein the Maxwell equations are solved independently in horizontal layers in the Fourier space,
before the solutions are coupled with the specific boundary conditions. This method is especially effective for
computations where there are large differences in the thicknesses of the individual layers. The oblique planes of the
blazed grating are represented by a staircase structure consisting of 10 steps.

We have optimized the structure by varying the following three different parameters illustrated in Figure 1; the
grating period 4, the grating thickness #,, and the thickness #,, of the oxide layer separating the grating from the back
side metal. To limit the necessary computational time, the three-dimensional parameter scan was performed for an
infinitely thick Si slab for a single wavelength. From the parameter scan we analyzed the diffraction into higher
orders Dy given by Eq. (1).
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Figure 1: Model of the 2D blazed structure. Each unit cell consists of 4 quadrants with oblique planes sloping in different directions. The
inset shows a false-color representation of one unit cell viewed from above, with color representing height. Beneath the grating is a layer
of SiO,, and an Al mirror. Above the grating is a 20 um thick Si-slab with an anti-reflection coating. The model is not to scale.

Dyo = Z ZDmxmy =Dy (1

The summation is performed over a finite number of diffraction orders (m,, m,). Evanescent (non-propagating)
diffraction orders transfer no power in a lossless Si slab, so all the power is contained within the propagating
diffraction orders. The zero order (specular) reflection Dy, is subtracted to get the power diffracted into higher
orders. This method is useful for locating potential maxima where in-coupling is high and back-side absorption low.
However, Dy does not reveal the angles of diffraction and internal distribution of power between the higher
diffraction orders. Neither will effects such as out-coupling be identified in the process. The maxima must therefore
be explored in further detail before running the full structure computations.

We use the maximum short circuit current density J;. (assuming that all photo-generated charge carriers are
collected at the contacts) to quantify the light-trapping effect. J;. is found by weighting the spectral absorption
calculated with GDC with the photon flux from the AM1.5 spectrum corresponding to 1000 W/m®. The integration
needed to obtain Jy, is performed from 300 nm to 1100 nm due to low solar irradiance or absorption values outside
this interval.

To study the effect of back-side absorption and front side reflection, we have investigated both Al and Ag
mirrors and single- and double-layer antireflection coatings (SLAR and DLAR). Wavelength dependent optical data
is used for Si[10], Al and Ag [11]. For the SLAR we used Si;N4 with a refractive index of #=1.95 and a thickness of
78 nm. The DLAR consisted of 108 nm of magnesium fluoride (MgF,, n=1.37) and 60 nm of zinc selenide (ZnS,
n=2.35).

3. Results and discussion

The maximum J,, for the 2D blazed grating was found for a period 4=0.95 pm, #, =0.4 um and #,,=0.1pm. The
spectral absorption with these parameters is shown in Figure 2. The corresponding J,. is 36.8 mA/cm?, which is more
than 20 % higher than for the reference cell also shown in Figure 2. It is interesting to note that the spectral
absorption makes a leap at exactly 950 nm, which is also the period of the grating. For wavelengths larger than the
period, only the zeroth order is allowed to propagate in air, which reduces the number of allowed escape modes for
the light. The resulting J;. for the different configurations are summed up in Table 1.

From Table I we see that a 20 um thin solar cell with the light trapping supplied by the 2D blazed grating
structure can produce more current than the 8 times thicker 160 um reference cell. This is found to correspond to an
increase in optical thickness of a factor of 17. In other words, an absorbing Si-slab with the same AR-coating would
need a thickness of 340 pum to absorb the same amount of photons as the 20 um thick cell with 2D blazed grating and
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Al-mirror. This increase in optical thickness also implies that the light will have several interactions with the back
side, thus the reflectivity of the mirror will be of special importance. Changing to a higher reflectivity metal like Ag
reduces the parasitic absorption from 1.3 mA/cm’ to 0.5 mA/cm? (not shown) giving a J,. of 37.3 mA/cm?, or
equivalent to an increase in optical thickness of 22.
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Figure 2: To the left is the spectral absorption in a 20 um thick Si-cell with a 2D blazed grating with Al-mirror and SLAR (solid), the
estimated absorption in a reference cell with equal thickness and a planar back side Al-mirror (dotted), and the limitation given by the
front side reflection from a SLAR (dashed). The rapid oscillations in the figure to the left is caused by Fabry-Perot interference in the 20
um thick Si-slab. To the right is a moving average of the values on the left.

Table I: Comparison of potential J.. for different solar cell configurations.

Structure J,. with SLAR [mA/cm’] J,. with DLAR [mA/cm’]
2D Blazed 20 um Al-mirror 36.8 38.7
2D Blazed 20 um Ag-mirror 373 393
Reference 20 um Al-mirror 30.4 31.8
Reference 160 pm Al-mirror 36.6 38.6

A comparison of the configurations from Table I reveals that the front-side reflection is a key to further
improvement of light trapping. The change from SLAR to DLAR increases J,. by 2 mA/cm®. The best configuration
with DLAR and Ag mirror gives a J,. of 39.3 mA/cm’, corresponding to absorption of more than 90 % of the
photons in the solar spectrum in the interval 300-1100 nm. DLARSs are not, however, commonly used in
manufactured modules due to the cost of manufacture combined with the constraints imposed by the refractive index
of the front-side cover glass. The encapsulated modules will have increased reflection losses compared to the DLAR,
but compared to the SLAR reflection losses may actually be reduced due to a more gradual change in refractive
index. However, absorption in the glass and the laminating polymer (EVA) must be accounted for in the case of an
encapsulated cell.

We conclude that an extension of the blazed grating to two dimensions provides a successful light-trapping
structure with an 8 times increase in optical thickness compared to a planar reference cell. Combined with a proper
front-side anti-reflection coating this allows for high efficiency solar cells made of thin Si-wafers.
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Summary
Efficient light trapping is necessary if Si-wafer thickness is to be reduced without
compromising efficiency. In this work we propose a back-side 2D periodic structure with
exceptional light trapping properties. We find through numerical simulations that the
efficiency of our design exceeds that of ideal Lambertian light trapping.

Introduction

Cost reduction schemes aim to reduce the thickness of wafer based silicon (Si) solar
cells. Currently, light trapping in industrial solar cells results from alkaline anisotropic or
acidic isotropic etches. These methods create structures with sizes that typically vary
from 1 um up to 10 um depending on etch times, concentrations etc. Because of their
large and random structure size, these structures may be difficult to implement if the
thickness of solar cells is reduced to a few tens of um. In addition, the textures are
developed mainly for good anti-reflection behaviour, and more efficient light trapping is
obtainable with other structures. Yablonovitch [1] showed that within geometrical optics,
a limit on path length enhancement of 4n® (~50 for Si) can be expected in a weakly
absorbing material. A perfect Lambertian surface could provide such ideal light trapping.

In this work we discuss a novel light-trapping scheme consisting of a 2D periodic back-
side structure. The design has shown in simulations to provide light trapping exceeding
that of the ideal Lambertian reflector. We demonstrate its performance on Si slabs with
thicknesses above 10 pm. This thickness is much larger than the thickness of
conventional thin film cells which commonly use textured transparent conductive oxide
materials to improve light trapping.

Methodology

The light-trapping structure investigated in

this work is shown in Figure 1. The

structure is slightly less symmetric than our

earlier proposed structure in which the

oblique plane of each quadrant slopes in a

different direction [2]. In this structure the

guadrants of the extended unit cell slopes

in only two different directions. The

thickness of the Si slab used in the

calculations was 20 pupm. The grating

thickness tg, period A and the thickness of Frigyre 1: Optical model for simulations (left)
the oxide layer t,, was varied within a consisting of a planar ARC, Si active material, and
limited interval. This process is described in light trapping layer, back side oxide and metal
more detail in [3]. We have used the mirror. The inset shows two unit cells of the
software  Grating-Diffraction ~ Calculator Structure.

(GD-Calc) [4] to investigate the structure.

GD-Calc uses rigorously coupled wave

analysis (RCWA).
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To quantify the light trapping effect, the spectral absorption calculated with GD-Calc is
weighted against the AM1.5 spectre and converted to an equivalent short circuit current
density Jsc by assuming 100 % collection efficiency of the charge carriers.

Results and discussion ¥
Figure 2 shows the spectral absorption of the wl pa

light trapping structure with an Ag-reflector. ol S

Low absorption for shorter wavelengths is e ol /| Dperodic-l, =377

due to front side reflection, while above 800
nm it is the combined effect of front side
reflection and incomplete light trapping. A
moving average is used to smooth the

! ———Lambetian - J_ =37 6
Er f ----- Solar spectrurmn - AM1 5
af )

40y

Spectral absorption [%)]

0r

{ms] —_ ¥ ) = [ [=2] —~ [==) =) e
Spectral photon flux [photonsf(rﬁ nmy]

fringes resulting from interference in the Si- o |

slab for easier comparison. The spectral of

absorption for the Ag-mirror corresponds to a e
2 . .

Jsc Of 37.7 mA/cm®. Replacing the Ag mirror Wavelengih [n

with Al reduces Jg to 37.25 (not shown), due Figure 2: Spectral absorption plot of our

to increased parasitic absorption in the back light trapping structure (solid, blue curve)

side metal. A maximum Jsc was found for a compared ideal Lambertian light trapping
constrained by a single ARC in front

parameter C(_)mbination of A=1.4 um (for the (dashed, red curve). Also shown is the
extended unit cell), ,=0.6 um and to of 0.1 spectral photon flux (dotted, black
pm. curve).

Deckman et al. [5] derived an expression for absorption assuming an ideal Lambertian
diffuser and no front side reflection. For comparison with our model we have adjusted the
model by adding front side reflection corresponding to a planar ARC of SizN4. The
resulting absorption is shown in Figure 2. We see that the light trapping from our
structure with Ag-reflector (37,7 mA/cm?) actually exceeds the ideal Lambertian light
trapping (37,6 mA/cm?). However, this is not contradictory to theory, because the limit is
derived for isotropic irradiance. Light trapping can exceed this limit for a narrower
irradiance as in this case with normal incidence.

The improvement of our new light-trapping structure, when compared to the structure
presented in [2] may be due to the symmetry of the structure that couples light more
efficiently in some orders than others. This might reduce the leaking of orders due to out-
coupling.

Conclusion

We have found a light trapping design with exceptional light trapping properties,
matching that of the conventional theoretical limit for light trapping. This is a structure
which can in principle be fabricated, despite its complexity. We believe that it is possible
to design a 2D grating that has the same light trapping properties as the one we propose
here, and lends itself to actual fabrication.
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Decreasing silicon consumption is one of the most important ways of reducing the cost of solar cells. High-quality light trapping pro-
vides the possibility of making thinner silicon solar cells without sacrificing optical efficiency. In this work we introduce an advanced
bi-periodic back-side structure with promising light trapping properties. The structure combines high coupling efficiency of light to
oblique travelling modes with the ability of keeping the light within the solar cell for multiple reflections between the front and the
rear side. We have done numerical simulations of light trapping for normal incidence in our structure, and we show that our structure
with real materials holds the potential to exceed the light trapping of an ideal Lambertian surface. We also investigate the behaviour of
our light trapping structure as a function of incidence angle and state of polarization, and compare it to the Lambertian behaviour. [DOI:

10.2971/j€0S.2011.11020]

Keywords: solar cells, light trapping, diffraction grating

1 INTRODUCTION

Light trapping is essential in any silicon (Si) solar cell due to
poor absorption in the infrared. Light trapping in industrial
solar cells nowadays is commonly achieved by alkaline ani-
sotropic etching for monocrystalline Si or by acidic isotropic
etching for multicrystalline Si. These methods create struc-
tures with sizes that typically vary from 1 um up to 10 um
depending on etch times, concentrations, temperatures etc.
Because of their large and random size, these structures may
be difficult to implement if the thickness of solar cells is re-
duced to a few tens of microns as new production methods
may allow [1]. Conventional textures have been developed
mainly for good anti-reflection behaviour and are not opti-
mized for light trapping. In thinner cells, light trapping will
be even more important. For thin-film solar cells light trap-
ping is usually achieved through texturing of transparent
conductive oxides (TCOs) before depositing the active solar
cell material.

A benchmark for light trapping is the geometrical optics lim-
it on path length enhancement for isotropic irradiance of 4n
(~50 for Si) in the limit of weak absorption [2]. A perfect
Lambertian surface could provide such ideal light trapping.
In practice, conventional light trapping structures show path
length enhancements closer to 10 [3]due to lack of total ran-
domization and absorbing surfaces. Recently it has been
shown that light trapping in periodic structures can exceed

Received December 17, 2010; published April 25, 2011

the geometrical optics limit considerably at normal incidence
[4]. 2D skewed pyramids [5] and more complex 3D struc-
tures [6] have already through modelling been shown to re-
sult in an increase beyond the geometric light trapping limit
at normal incidence. There is experimental evidence of light
trapping from periodic plasmonic structures exceeding that
of the Asahi U-type glass, a state-of-the-art textured TCO
glass, in thin-film solar cells [7, 8].

In this work we discuss a novel light trapping scheme con-
sisting of a 2D periodic back-side structure as shown in Figure 1.
The design has been shown through simulations to provide
light trapping exceeding that of the ideal Lambertian surface
at normal incidence [9]. Here we investigate the light trap-
ping performance at nonzero angles of incidence. We also
analyse the mechanisms behind the light trapping in greater
detail.

2 NUMERICAL METHODS

The light trapping structure we have investigated and the
unit cell of the grating is shown in Figure 1. The structure is
based on a square lattice. The quadrants of the unit cell
slopes in two different directions, so that the structure lacks
the inversion of our earlier proposed structure in which the

ISSN 1990-2573
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FIG. 1 Optical model for simulations (left) consisting of a planar anti-reflection coating (ARC), Si active material, light trapping layer, back-side oxide and metal mirror. The

figure to the right shows the unit cell in false-colour representation. Also shown is the contour of the primitive unit cell of our structure.

oblique plane of each quadrant slopes in different directions
[10]. The unit cell in false colour representation to the right
also shows the contour of the primitive unit cell, which has
half the area of the unit cell used in the actual calculations.
The relation between the width of the primitive unit cell A,
and the computational unit cell A, is given by A, = AN2.

Light trapping is investigated numerically by means of rigor-
ously coupled wave analysis with the commercial software
GD-Calc [11]. In GD-calc the geometrical shapes are made
out of rectangular prisms. The inclined planes are thus repre-
sented numerically by the stair-case approximation using 10
steps.

A unit cell which is larger than the primitive unit cell will
have a larger density of reciprocal lattice vectors than the
primitive unit cell. However, only the reciprocal lattice vec-
tors of the larger unit cell with a corresponding reciprocal
lattice vector of the primitive unit cell will contribute to
diffraction. Because the computational unit cell is twice the
size of the primitive unit cell, we expect the diffraction effi-
ciency of half the diffraction orders to be equal to zero. This
was also what we observed in our simulations. For computa-
tions with unit cells composed of more than one primitive
unit cell, our simulation software allows us to include only
the non-vanishing diffraction orders in the calculations to
reduce the time taken by the computations. The reduction is
significant: a reduction of the unit cell area by a factor of two
decreases the computation time by a factor of eight.

We have varied period A, grating thickness t; and oxide
thickness t, shown in Figure 1 in search of the optimal pa-
rameter combination. We calculated absorption with experi-
mentally determined optical constants for Si [12] and for Ag
and Al [13]. As a metric for comparing the different parame-
ter combination we used the maximum achievable short cir-
cuit current density J.. A limit for the J, is found by

FIG. 2 Spectral absorption plot of our light trapping structure (solid, blue curve)
compared to ideal Lambertian light trapping constrained by a single layer ARC
(dashed, red curve). Also shown is the spectral photon irradiance (dotted, black

curve).

weighting the Si absorption with the AM 1.5 global solar
spectrum [14] and assuming that one electron-hole pair is
generated for each photon absorbed in the Si. We integrate
over the spectral distribution from 300 to 1100 nm.

3 RESULTS AND DISCUSSION

A maximum J. of 37.7 mA/cm? was found for the 20 pm
thick Si slab with Ag reflector and the parameters Ac = 1.4
um (ie. A, = AA2), t; = 0.55 pm and t,, = 0.1 pm. Figure 2
shows the spectral absorption from such a structure. Al is
more commonly used as reflector material than Ag in the PV
industry due to lower price and more attractive electrical
properties. If we substitute the Ag reflector with Al we find a
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FIG. 3 Power distribution in the different diffraction orders. Every other diffraction

order are zero due to the choice of unit cell.

Js of 37.25 mA/cm® The decreased performance when com-
pared to Ag is due to a parasitic absorption of about 1 mA/cm?
in Al compared to only 0.4 mA/cm’ in an Ag reflector. As a
comparison it can be mentioned that the corresponding J« in
a planar slab without the grating structure would be 31.4 mA/cm®
and 30.6 mA/cm? with an Ag and Al reflector respectively.
The low absorption observed in Figure 2 for wavelengths
below 600 nm is due to front-side reflection from the ARC,
while the absorption above ~800 nm is limited by the combined
effect of front-side reflection and incomplete light trapping.
Our simulated spectral absorption curves exhibit strong and
rapid oscillations resulting from interference between the
front and back-side reflections in the Si slab. To make our
main results evident from Figure 2, we have removed these
oscillations from the curve with the help of a digital filter (a
moving average).

Deckman et al. [15] derived an expression for absorption in
a dielectric assuming a perfect Lambertian diffuser and no
front-side reflection. To compare the light confinement in
our model with Lambertian light confinement, we have
made a simple adjustment to the Lambertian diffuser model.
We have modified the absorption calculated with the model
of [15] by adding a nonzero front-side reflection correspond-
ing to the reflection of a 78 nm SizN4 ARC, which is the same
as we used in our structure. The resulting spectral absorp-
tion is shown in Figure 2 (red dashed line). It shows that
the light trapping from our structure with Ag-reflector
(37.7 mA/cm?®) exceeds our simplified Lambertian light
trapping model (37.6 mA/cm?). For wavelengths below
~990 nm, the Lambertian model exhibits more effective light
trapping than ours, while our structure performs better for
large wavelengths. A =990 nm is the wavelength where A= A,,.
For wavelengths with A > A, only the zeroth diffraction order
(specular reflection) can propagate to the ambient while the
higher diffraction orders are totally internally reflected. This
corresponds well with the observed increase in light trap-
ping in Figure 2 at A= A, ~990 nm.

b)

FIG. 4 Short circuit current density Jsc dependence on polar angle for four different
azimuth angles a) representing the four main symmetry axes of the square lattice of
the bi-periodic grating. Each point in the plot represents an average over the s- and
the p-polarization. In b) and side each triangle in the graph represents an average
over all four azimuth angles in a). The squares show Lambertian light trapping
limited by the front-side reflectance expected from a Si;N, ARC at the given inci-

dence angle.

In Figure 3 we show the power distribution in the various
diffraction orders for normally incident light at A =1 um cal-
culated with light incident from Si. Two important proper-
ties that we have seen earlier to give good light trapping [16]
are both fulfilled here: firstly, the zeroth order reflection is
low (around 3%) and secondly, light is distributed between
several different diffraction orders. What is remarkable with
this distribution compared to most other periodic structures
is the lack of symmetry between the positive and negative
diffraction orders. The reduced symmetry of this structure
compared to other back-side grating structures with equiva-
lent overall coupling to higher orders is believed to explain
the success of this light trapping structure.

For higher angles of incidence the condition for total internal
reflection may no longer be satisfied even if A > A, and a
reduction in J« is expected. In addition, reflection from the
ARC will increase for higher angles of incidence. In Figure 4a)
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we have plotted J« as a function of incidence angle up to a
polar angle & of 60 degrees for four different azimuth angles
(0°, 45°, 180°, 225°). The different azimuth angles correspond
to the four main symmetry axes of the square lattice of the bi-
periodic grating. Azimuth angles of 0° an 180° represent
alignment in the direction of periodicity of the computational
unit cell, while 45° and 225° represent alignment in the direc-
tion of periodicity of the primitive unit cell, i.e. diagonally to
the computational unit cell 1. Each curve is an average of s
and p-polarization. The actual solar irradiance on the solar
cell is reduced by cos(8) which for 8= 60 degrees is equal to
half of the irradiance at normal incidence. This geometric
reduction factor is not included in Figure 4.

The advantage of Lambertian surfaces is their isotropic re-
sponse. In Figure 4b) we try to differentiate the reduction in
Jsc due to higher front-side reflection from that of reduced
grating performance at higher angles of incidence. The green
squares show the response of the Lambertian model, limited
by the front-side reflectance at the given angle of incidence.
The blue triangles represents the light trapping with our
structure averaged over the four curves in Figure 4a). We see
that light trapping is reduced below the Lambertian limit at
non-normal incidence. Most of the degradation at higher
angles of incidence is due to higher front-side reflectance of
s-polarized light. In addition, there are considerable varia-
tions in light trapping between the different azimuth angles.
While the best curve of Figure 4a) is almost identical to the
Lambertian curve, the least good are up to 1 mA/cm? lower.
We can see that light trapping is better for ¢ = 45 and ¢ = 225
than for ¢ = 0 and ¢ = 180. This can be explained by the fact
that ¢ = 0 and ¢ = 180 couples to more escape channels than
what is the case for ¢ =45 and ¢ = 225. Light trapping is ex-
pected to be lower when fewer escape channels exists [4].

4 CONCLUSION

We introduce a novel bi-periodic structure with light trap-
ping properties matching that of Lambertian light trapping
at normal incidence. A study of the coupling efficiency in the
various diffraction orders reveals a non-symmetric pattern.
We believe the lack of symmetry in the structure is the rea-
son for the good light trapping achieved. We find that light
trapping is reduced below that of a Lambertian structure at
higher angles of incidence. Most of this reduction is caused
by increased front-side reflectance for s-polarized light. The
reduction in light trapping caused by less optimal grating
response at higher angles of incidence is below 0.5 mA/cm?
for all angles of incidence up to at least 60 degrees. A struc-
ture with light trapping property as the one we present here
would render possible the production of highly efficient so-
lar cells with thicknesses of only 20 microns.
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Abstract

Monolayer colloidal crystals are formed using silica- and polystyrene beads and used as etch masks for the formation of regular,
um period hexagonal arrays of indentations in a silicon wafer. Such patterns can be used as diffraction gratings or as seeds for
further processing, for example by pit-catalysed electrochemical etching. In another experiment, multilayer colloidal crystals are
infiltrated with titania before subsequent removal of the beads, forming inverse opals displaying tuneable reflectivities which are
interesting for use as selective reflectors.

©2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the symposium organizers:
G. Conibeer; Yongxiang Li; J. Poortmans; M. Kondo; A. Slaoui; M. Tao; M. Topic.
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1. Introduction

The crystalline silicon solar cell industry is continuously moving towards thinner and thinner wafers as the pro-
duction of solar cell grade silicon is a costly and energy intensive process. Thinner wafers are also beneficial because
the collection efficiency of photogenerated free charges increases due to a shorter path way to the contacts. How-
ever, making a solar cell thinner allows more low-energy photons to pass through the entire structure without being
absorbed, thus reducing efficiency. For this reason light harvesting (trapping) of low-energy photons is becoming
an issue of increasing significance also for crystalline silicon solar cells. If the path length of photons inside the
wafer can be increased by such light trapping structures, then the wafer can be made proportionally thinner without
sacrificing efficiency. The most common light harvesting method in industry today is surface texturing by chemical
etching, which scatters light into the solar cell due to refraction at the surface. This typically yields an average path
length enhancement factor no greater than 10, which is only one fifth of the theoretical Lambertian limit for random
scatterers in crystalline silicon [1].

*Corresponding author. Tel.: +47-95734413; fax: +47-63816356.
E-mail address: einar.haugan@ife.no
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Periodic gratings with lattice periods close to photon wavelength may scatter light into non-zero diffraction orders,
effectively increasing the path length of light inside the wafer. It has even been shown that the Lambertian limit can
be exceeded by such geometries [2]. We have synthesised various periodic light harvesting structures for solar cell
applications using colloidal crystal templates. 3D crystals are infiltrated with a dielectric material before the template
is removed, leaving inverted opals displaying photonic band gaps giving sharp reflectivity peaks which make them
interesting as selective reflectors. 2D crystals are used in nanosphere lithography for creating periodic patterns of
pits, which may be used as diffraction gratings directly, or as initiation points or “seeds” for further processing into
honeycomb-like structures by chemical or electrochemical etching.

2. Experimental

2.1. Substrate pre-treatment

Monocrystalline silicon wafers were used as substrates. Prior to template growth, the wafers were cleaned thor-
oughly using DI water and placed in a bath of DI water/NH3(27%)/H,0,(30%), 515:85:100 volume ratio, at 70°C for
15 minutes. This was done to make the surface hydrophilic.

2.2. Colloidal crystal templates

In our experiments, 2D and 3D templates were grown from suspensions of microspheres purchased from Bangs
Laboratories, Inc. Polystyrene (PS) beads gave the highest crystal quality and were therefore used when possible,
while silica beads were used when high temperature processing was required. Bead diameters were selected for the
optical properties of the final structures, determined by simulations [3, 4].

3D crystal synthesis. A 0.75 wt% solution of 490 nm diameter colloidal PS beads was prepared in a 25 ml glass
beaker. The solution was thinned out to the desired concentration using DI water, before the glass beaker was placed
in an ultrasonic bath for 15 minutes to break up any aggregates of colloidal spheres that may have formed.

Sphere self assembly was achieved using evaporation induced self assembly (EISA) [5]. Two cleaned substrates
were inserted vertically into the beaker and placed in a heating cupboard for 24 hours at 63°C for the solvent to
evaporate and the spheres to self-assemble on the substrate surface. According to Nagayama et al. [6] the growth rate
v and hence the thickness of a multilayer colloidal crystal formed in this way depends on the volume fraction of solids
in the solution, ¢ , as v « %. As the concentration of beads in the solution increases during deposition, it is therefore
difficult to obtain homogeneous films by this method. Our samples typically showed a thickness variation from 10
layers (top) to 40 layers (bottom) of the substrate. For the optical properties, the thickness is not critical as long as it
exceeds 5-8 layers [7]. Finally, the samples were sintered at the glass transition temperature of polystyrene (95°C) for

20 minutes.

2D crystal synthesis. Suspensions of 800 nm diameter silica beads were ultracentrifuged to increase the volume
fraction of solids in water to approximately 30%. Solutions were sonicated for 5 hours at 24-27°C to break up
aggregates, as suggested by Kumar [8] prior to spin-coating using a Bidtec SP100 spin coater. This was done by
applying approximately 100 ul of solution onto a 1.5x1.5 cm? substrate, rotating the substrate to achieve full wetting,
and then spin coating at 300 RPM for 1 second before increasing to 5500 RPM for 30 seconds. The same method was
used for 1 um PS beads, except only 5 minutes ultrasonication was needed.

2.3. 3D photonic crystals. Infiltration and inversion

With the 3D colloidal crystals in place, the next step is to fill the voids in the opal with a dielectric to enhance
the refractive index contrast and thus maximize the band gaps. Infiltration with titania (TiO,) was done using a
Beneq TFS-500 atomic layer deposition machine. The precursors used were TiCly (Aldrich 98%) and DI water. The
chamber was purged using nitrogen of purity > 99.9999% between precursor pulses. The pulse/purge routine was:
0.25/0.75/0.25/0.75 seconds TiCls/purge/H,O/purge. The deposition temperature was set to 85°C.

After infiltration, the PS colloidal sphere template was removed by calcination, leaving an inverse opal. This was
done by heating to 525°C for 2 hours in a furnace with a 2 hour ramp-up. Besides removing the polystyrene, heat
treating at these temperatures is reported to initiate the phase transition from amorphous titania to anatase [3].
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(a) Multilayer crystal (b) Single layer crystal

Figure 1: Scanning electron microscopy (SEM) images of the mono- and multilayer colloidal crystals synthesised

2.4. 2D photonic crystals by selective etching

In the first method, 50 nm of silicon nitride was deposited onto 2D colloidal crystals of silica beads to create
an etch mask. The nitride was deposited using a Plasmalab System 133 PECVD at 400°C and 150 W RF power.
After nitride deposition, the beads could be removed by sonication in ethanol for 2 minutes, leaving a silicon nitride
etch mask. The substrates were then dipped in a 47% potassium hydroxide (KOH) solution for 30 seconds to etch
pyramidic pits through the holes in the etch mask. At these conditions the etch rate along the {110} directions is
approximately 700 nm/min [9, 10].

In the second method, monolayers of PS beads were covered by a 70 nm thick film of silver by thermal evaporation.
The beads were removed by sonication, leaving behind triangular islands of silver. The samples were then submerged
in a4.6 M HF / 0.44 M H,0, solution for 60 seconds. Silver is a catalyst for the etching of silicon by this solution.

3. Results

3.1. Colloidal crystal templates

3D crystal synthesis. The 3D crystals made were polycrystalline, with predominantly an hexagonal close packed
ordering. This could be confirmed by laser diffraction experiments, looking at the reflection from the sample of a
red laser beam of wavelength 4 = 650 nm on a sand blasted plexiglass screen. The pattern of the reflected light
showed clear hexagonal features, representing the Fourier transform of the structure. This would indicate that the
real-space structure also has hexagonal symmetry [11]. Importantly, the laser spot size was so large that it would span
across something in the order of 100 crystal domains, so the clear diffraction pattern indicates that adjacent domains
maintained the same crystallographic orientation and packing conformation. Further corroboration of this comes
from the fact that rotating the sample also caused the diffraction pattern to rotate accordingly. Thus, hexagonally close
packed multilayer colloidal crystals could routinely be manufactured with thicknesses exceeding 10 layers.

2D crystal synthesis. The spin coating procedure produced a polycrystalline monolayer of spheres of predominantly
hexagonal close-packed conformation, as seen in Figure 1 and confirmed by the presence of six-armed reflection
patterns under white light. The monolayer quality was investigated in optical microscopy and scanning electron mi-
croscopy (SEM). Polycrystalline monolayers of PS beads covering typically 85% of the sample area were routinely
manufactured, with the remaining area being mostly double layer. However for silica beads, agglomeration in so-
lution prior to spin coating remained a problem even after several hours of ultrasonication at carefully controlled
temperatures. Silica bead monolayers thus contained regions of poor quality in between crystal domains.

3.2. 3D photonic crystals. Infiltration and inversion

3D colloidal crystal templates were infiltrated with titania. Figure 2a shows the final structure after removal of
the template. The refractive index of the relevant crystalline phases of titania have a refractive index in the range
2.3-3.0 in the wavelength range of interest. This contrast is too low to give rise to full photonic band gaps even after
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(a) SEM image of inverse titania opal (b) Optical response of titania infiltrated opal before and after
template removal by calcination. Interstices saturated with titania

Figure 2: Inverse titania opal. Template sphere diameter 490 nm

inversion of the opals. However, band structure simulations by King [12] predict several incomplete band gaps to
arise following infiltration and inversion, detectable as peaks in the reflectivity spectrum.

Figure 2b shows the reflectivity of a titania infiltrated template. In addition to the Bragg peak, reflectivity peaks
are also observed at high energies. After template removal (inversion) by calcination the refractive index contrast is
increased, causing a blue shift of the reflectivity peaks. Also, some of the high-energy peaks get more pronounced.
Templates with smaller diameter spheres gave similar reflectivity spectra, but with peaks at shorter wavelengths,
demonstrating the size dependence of the band structure of these geometries.

We have achieved very good control and understanding of these structures, and we are able to tailor the reflectivity
spectrum. However we also conclude that the band gaps, and thus the reflectivity peaks, are too narrow to be used as
broad back reflectors in solar cells. We foresee that these structures are most relevant as spectral filters or selective
reflectors in advanced solar cell applications.

3.3. 2D photonic crystals by selective etching

Method # 1. Silicon nitride etch masks, KOH etching. After nanosphere liftoff by sonication a thin layer of silicon
nitride remained on the wafer, even in the “shadow regions” beneath the spheres. Atomic force microscopy (AFM)
scans of these structures confirm the gradual thickness decrease of the nitride in the shadow region, forming a concave
shape. Typical thickness variations from top to bottom of these concave shapes was 5 nm. At the bottom of each
concave pit the bare silicon wafer was exposed in a 100 nm diameter patch, where the bead was touching the substrate.

Samples were then submerged in KOH, which etches crystalline silicon preferentially along the {110} directions.
The etch does not attack silicon nitride, giving an essentially infinite etch selectivity [13]. Figure 3a shows a SEM
image of a structure after KOH exposure and subsequent nitride stripping. This image reveals how the etching has
indeed been confined to only the small exposed areas. Due to the high selectivity of the KOH etch on different
crystallographic planes, etching is self-limiting.

Method # 2. Silver catalysed etching of silicon. AFM scans of the silver islands revealed that silver deposition was
highly directional, as expected, with very little coverage in the shadow regions underneath the spheres. This is in
sharp contrast to the nitride deposition in the previous section.

With the metal islands in place, samples were submerged in the HF / H,O, etchant solution. As can be seen from
Figures 3b and 3c, this method proved successful. From the top-down image, Figure 3b, we see that dark spots are
formed where the silver islands used to be. The dark spots represent depressions in the wafer. The cross-sectional
SEM image in Figure 3c demonstrates that the sidewall profile is indeed very straight, with no appreciable widening
or narrowing of the groove. This is in line with the results by Huang et al [14]. Energy-dispersive X-ray spectroscopy
(EDS) scans of the pits (Figure 3c, inset) show a high silver content at the bottom of the pits, as expected.
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(a) Method # 1, after KOH etching and nitride (b) Method # 2, metal catalysed pits (dark) seen (c) Method # 2, metal catalysed pit seen from

stripping. Dark spots are pyramids etched out from above the side. The inset shows an EDS line scan (el-

by the KOH. Scale bar 4 ym emental analysis) along the arrow. At the bot-
tom of the pit the silver concentration is high.
60 second etch

Figure 3: SEM images of etch pits, formed by the two methods

4. Conclusion

In conclusion, we have successfully manufactured single- and multilayer colloidal crystals on silicon wafers and
used them as templates for the production of various geometries intended for light harvesting in solar cells. Specif-
ically, we have made titania inverse opals displaying multiple reflectivity peaks whose wavelength position can be
tuned by altering the degree of infiltration and template bead size. These structures are intended for use as selective
reflectors in advanced multilayer solar cells. Also, we have demonstrated two different techniques for the formation
of hexagonal arrays of dents or dimples in a wafer. These methods can either be used to form 2D light harvesting
structures directly, or to form initiation points (‘“seeds”) for further processing into honeycomb structures by chemical-
or electrochemical etching. Specifically, silicon nitride etch masks were made by nanosphere lithography, displaying
100 nm diameter holes with a sub-micron pitch. These masks were then used as etch masks for KOH etching, forming
pyramidal dents in the exposed wafer. Silver catalysed etching was also used to form hexagonal arrays of pits.
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Material costs may be reduced and electrical properties improved by utilizing thinner solar cells.
Light trapping makes it possible to reduce wafer thickness without compromising optical absorption
in a silicon solar cell. In this work we present a comprehensive comparison of the light-trapping
properties of various bi-periodic structures with a square lattice. The geometries that we have
investigated are cylinders, cones, inverted pyramids, dimples (half-spheres), and three more
advanced structures, which we have called the roof mosaic, rose, and zigzag structure. Through
simulations performed with a 20 um thick Si cell, we have optimized the geometry of each structure
for light trapping, investigated the performance at oblique angles of incidence, and computed
efficiencies for the different diffraction orders for the optimized structures. We find that the lattice
periods that give optimal light trapping are comparable for all structures, but that the light-trapping
ability varies considerably between the structures. A far-field analysis reveals that the superior light-
trapping structures exhibit a lower symmetry in their diffraction patterns. The best result is obtained
for the zigzag structure with a simulated photo-generated current J,, of 37.3 mA/cm?, a light-
trapping efficiency comparable to that of Lambertian light-trapping. © 2011 American Institute of

Physics. [doi:10.1063/1.3611425]

. INTRODUCTION

Light trapping increases current generation in solar cells
and makes it possible to reduce material costs by utilizing
thinner solar cells. In addition to the reduced material con-
sumption, a thinner solar cell also relaxes the demand on ma-
terial quality as the dependence of efficiency upon bulk
recombination is reduced. Light trapping is, therefore, a key
issue of reaching the ambitious cost reduction plans for the
photovoltaic (PV) industry.

Nowadays, state-of-the-art silicon (Si) solar cells have a
thickness of around 150-200 pm. Fabrication of significantly
thinner sheets of high quality Si with a thickness below 20 um
has been demonstrated by various techniques.' Throughout
this work, we use a Si thickness of 20 um as a case of study
when exploring the light-trapping ability of the various struc-
tures. This is thinner than today’s wafer-based solar cells by a
factor of 10 and at the same time thicker than ordinary thin-
film solar cells by a factor of 10. With proper light trapping, a
Si solar cell with such a thickness has the potential of reaching
high conversion efficiencies. This is crucial, due to the high
importance of efficiency in determining the cost of a PV sys-
tem. Working with an optical solar cell model, we use the
photo-generated current density instead of conversion effi-
ciency as a measure of light-trapping quality, as this requires
fewer assumptions about the specific cell configuration.

Conventional light trapping varies according to cell type
and configuration. For monocrystalline Si, alkaline etching
of a [100] oriented wafer is used to make a texture of square
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pyramids with the {111} planes revealed.* Alkaline etching
may also be used for multicrystalline Si, but due to the ran-
dom orientation of the crystal grains, isotropic acidic etching
that results in a random dimple-like pattern is a more com-
mon approach.” Pyramidal structures have been demon-
strated on crystalline Si solar cells with thickness in the 30
micron range® despite structure sizes with a depth of more
than 10 um. These structures have excellent anti-reflection
properties, but better light confinement may be achieved
with other structures. Moreover, pyramidal structures are not
applicable to proton cleaved wafers, which is a method for
making very thin kerf-free wafers.” These wafers have a
[111] oriented surface, while the conventional pyramidal tex-
ture requires a [100] oriented surface.

In thin-film solar cells, texturing of transparent conduc-
tive oxides (TCOs) on glass substrates is the common
approach for light trapping.” This creates a random sub-
micron texture, which effectively scatters light, especially at
shorter wavelengths.

Il. BACKGROUND

Periodic structures with lattice periods in the range of
the wavelength of light are compatible with thin solar cells,
and they unlock a potential outside the conventional light-
trapping based on random textures. Such structures have
been thoroughly analyzed in the past,*'* but have attracted
renewed attention lately."'~'* Recently, it has been shown
that periodic structures may increase light trapping beyond
that of the Lambertian 4n> limit,'>"'® but with a significant
angular dependency. At the same time, it has also been
shown that bi-periodic gratings, in general, are expected to

© 2011 American Institute of Physics
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have a higher potential than uni-periodic gratings. Lately, we
have seen simulation results that are comparable to the geo-
metric light-trapping limit over a broad wavelength range for
bi-periodic gratings.'®™'® Common for these structures is that
the Lambertian light-trapping limit is exceeded at normal
incidence, while the Lambertian limit, although theoretical,
is independent of incidence angle.

Light trapping from periodic structures have also been
verified in experimental work. It has been shown that there is
good agreement between modeling and experimental results
for a uni-periodic grating applied to a 5 um thick Si cell.*®
Recently, light trapping obtained from a periodic plasmon
structure has been shown to exceed that of the Asahi U-type
glass,21 which is the thin-film solar cell standard. A similar
result is also presented in Ref. 22. They found that a self-
assembled periodic dimple structure made by anodic oxida-
tion of Al improved light trapping in the infrared part of the
spectrum above that of the Asahi U-type glass.

In this work, we investigate, in simulations, the impact of
the specific unit cell geometry on seven different bi-periodic
diffractive structures with regard to light trapping. The struc-
tures comprise the binary cylinder structure;'* common non-
binary structures, such as inverted pyramids, cones, and
dimples, or half spheres; and, finally, three more advanced
structures, which we call the roof-mosaic structure, the rose
structure,” and the zigzag structure.”* Some of these structures
have also been investigated before. Modeling of coexisting
front- and back-side pyramids is presented in Ref. 25; model-
ing results of cylinders are presented in several works,'*'42%%7
while modeling of cones is performed in Ref. 28.

It is of great interest to quantify and to compare the light-
trapping potential inherent in periodic structures of different ge-
ometry. Unfortunately, the above-mentioned results are difficult
to compare because they are applied to different cell configura-
tions using various materials and methodologies. We present
here a joint comparison of all the above mentioned structures,
including three novel structures, applied to the same model.
This allows for a reasonable comparison of the structures. Fur-
thermore, the structures are compared both at normal and
oblique angles of incidence, which is important for outdoor con-
ditions of non-tracking solar cells. Finally, we present an analy-
sis of the far-field diffraction pattern of the optimized structures
at a wavelength of 1 um. In contrast to standard thin-film solar
cells, light trapping in a 20 um thick Si cell involves primarily a
narrow wavelength region around this wavelength. A crystalline
Si slab with 20 um thickness is used as a model in this work;
however, the methodology and analysis may also hold for solar
cells with other thicknesses and for other material types.

lll. MODEL STRUCTURE

We have investigated numerically seven different bi-
periodic structures with square lattices. The structures are
cylinder, cone, dimple, inverted pyramid, roof-mosaic, rose,
and zigzag structure. The unit cells of each structure are
shown in Fig. 1. To simplify the representation of the zigzag
and roof-mosaic structure, we have used a unit cell in the
computations with twice the area of the primitive unit cell.
Figure 1 shows both the computational and the primitive unit
cell of these structures.

J. Appl. Phys. 110, 033104 (2011)

FIG. 1. (Color online) The geometry composing the unit cells of each of the
investigated periodic light-trapping structures. For the roof-mosaic and the
zigzag structure, A illustrates the lattice period of the primitive unit cell.

The full optical model of the solar cell used in the com-
putations is depicted in Fig. 2. A 20 um thick Si slab is cov-
ered with a planar front-side anti-reflection coating (ARC)
consisting of 78 nm silicon nitride. A dielectric grating, a sil-
icon oxide layer, and an aluminum (Al) reflector constitute

FIG. 2. (Color online) Schematic drawing of a typical optical solar cell
model used in the simulations (not to scale). The Si slab has an anti-reflec-
tion coating on the front side; on the back side it has a dielectric bi-periodic
grating filled with silicon oxide. The grating layer is separated from a back-
side aluminum reflector by a layer of silicon oxide.
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the rear side of the model. The grating is constructed from
the geometries in Fig. 1, imprinted into the Si slab, and filled
with silicon oxide. The purpose of the silicon oxide layer
that separates the grating from the Al reflector is to reduce
parasitic absorption losses in the Al. The oxide used in the
separating layer and in the grating could, in principle, be
replaced by another material with a low refractive index,
such as air. However, silicon oxide has good passivation
qualities, and there exists well known methods to make con-
tacts through such a layer.?’ Both properties are important in
a real solar cell configuration.

IV. METHODOLOGY

Modeling is performed using rigorously coupled wave
analysis (RCWA).*® With RCWA, the Maxwell equations
are solved rigorously at each wavelength and the computa-
tion at each wavelength is performed independently. Experi-
mental data for optical properties are, therefore, easily
implemented and are used for Si*" and for Al.** For conven-
ience, both the ARC and the oxide layer are assumed to be
non-absorbing with a refractive index of 1.95 and 1.5 repre-
sentative for silicon nitride and silicon oxide, respectively.

The software package GD-Calc®? is used as the model-
ing tool in this work. GD-Calc represents all types of geome-
tries with rectangular blocks. This implies that circular
structures, like the cylinder structure, are approximated by a
finite number of blocks. The same holds for oblique struc-
tures, like the pyramids, which are also represented by a fi-
nite number of blocks. In the case of oblique structures, this
is known as the staircase approximation.®*

A. Grating design considerations

The most important property of the grating structure is
its ability to scatter light efficiently into oblique angles,
thereby extending the path length of the light inside the
absorbing material. The angles of the diffracted orders can
be found from the bi-periodic grating equation.* The polar
angle of the diffracted orders 0, can be found from Eq. (1).

sin?(0,) = <ﬂsin(9i)c~os<¢i) + m*i>2

N, Ny Ax

2
+ (ﬂsin(ﬂj)sin((f)i) + my)‘) )

n, ne Ay

The angles and lattice periods of Eq. (1) are defined in
Fig. 3. 0; and ¢, are the polar and azimuth angles of the inci-
dent beam respectively, A, and A, are the lattice periods in
the x- and y-direction, / is the wavelength of light in vac-
uum, while »; and n,, are the refractive index of the medium
of incidence and of the outgoing wave, respectively. For a
reflection grating n, = n;. m, and m, are integers that denote
the diffraction order in the x- and y-direction. The number of
allowed diffraction orders is determined by the fact that the
outgoing wave vector must lie on the same unit sphere,
depicted in Fig. 3, as the incoming wave vector. Conse-
quently, the expression on the right side of Eq. (1) needs to
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FIG. 3. (Color online) Definitions of the angles involved in diffraction from
a bi-periodic grating.

be less than unity to provide a real solution (i.e., a propagat-
ing diffraction order).

For normal incidence with lattice period A, <= and
Ay < ni{}, there exists only one solution to the bi-periodic gra-
ting equation, namely the =zero diffraction order
m, = m, = 0. In this case, the grating will act as a specular
reflector and will, therefore, not be suited for light trapping.
Larger periods will allow for more diffraction orders; how-
ever, the angles of the diffracted orders will decrease with
increasing period, thereby reducing the potential path-length
enhancement of the lowest diffraction orders. When A
exceeds the free-space wavelength /, the lowest diffraction
orders may also propagate in air. Therefore, these diffraction
orders will not be totally internally reflected within a periodi-
cally patterned slab, regardless of the refractive index of the
slab, and the light-trapping ability will be reduced.

The grating equation can only predict the angles of dif-
fraction, while rigorous modeling must be performed to find
the power distributed in each order. To optimize each struc-
ture for light trapping, we varied the lattice period A, grating
thickness 7., and oxide layer thickness 7, (see Fig. 2). For
the cylinder structure, we also varied the fill factor, i.e., the
fraction of the cylinder base area to the total unit cell area,
while for the rest of the geometries, the fill factor was set as
large as possible without overlapping the neighboring unit
cells. We chose not to confine the pyramid structure to the
standard 54.7 degree angle, which is the side angle of the
pyramids that are formed from alkaline etching of a [100]
oriented Si wafer. Consequently, the pyramidal structure
also has three independent variables. The dimple structure
has, by definition, #, = A/2 when fill factor is maximum
and, therefore, contains only two independent variables, i.e.,
A and 7,,.

Due to the huge number of different geometries and con-
figurations that are investigated, a method is needed to
quickly locate the grating dimensions that favor light trap-
ping. The method that we used was to have light incident
directly from an infinitely thick Si superstrate, allowing the
analysis of the propagating diffraction orders. Optimal gra-
ting configurations have low specular reflection and low par-
asitic losses in the back-side Al reflector, and, consequently,
efficient coupling into higher diffraction orders, denoted

DHO:
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TABLE 1. Maximum J,,;, achieved with various light-trapping structures made from the structures in Fig. 1, modeled with the full structure shown in Fig. 2.

The grating dimensions corresponding to the maxima are also shown.

Maximum J;, Lattice period

Grating thickness Oxide thickness

Structure [mA/cm?] Alum] ty [um] t,n [um] Fill factor
Cylinders 35.6 0.7 0.23 0.2 0.6
Roof mosaic 36.1 0.92 0.3 0.4 Max
Inverted pyramids 36.2 0.95 0.325 0.1 Max
Cones 36.3 0.98 0.38 0.1 Max
Dimples 36.4 0.975 A2 0.14 Max
Rose 36.8 0.95 0.4 0.1 Max
Zigzag 37.3 0.988 0.55 0.1 Max
Reference cell 30.7 — — — —
Dpo =1 =Dy — Apar- ) Eq. (3) is for wavelengths from zero to infinity, but, in prac-

In this equation, Dy is the diffraction efficiency in the zero
order, i.e., specular reflection, while A, is parasitic loss in
the form of absorption in the Al rear reflector. The result of
Eq. (2) is mapped for the independent grating variables of
each structure. As long as the diffraction modes are reason-
ably stable within the narrow wavelength region that is par-
tially transmitted through the 20 um thick Si slab, such
computations may be performed with a low wavelength
resolution.

We have used the resulting Dyo maps in the initial steps
to locate the optimum grating dimensions in section V A.
Previous experience has shown that the peaks in the Dpyo
maps correspond with peaks in light trapping with full-struc-
ture calculations, i.e., with the absorbing 20 pm thick Si-slab
on top of the light-trapping structure and incidence from air.
However, the Dy maps do not include effects of secondary
interactions with the grating, nor do they contain any infor-
mation about the angles of the diffracted orders and the dis-
tribution of light between the orders. Consequently, the
actual light-trapping efficiency may still vary greatly
between the peaks, even though the size of their Dy is iden-
tical. The various peaks from the Dyo maps are, therefore,
further investigated with full-structure modeling. The
absorption spectra resulting from such a full-structure model-
ing exhibit rapid Fabry-Perot interference fringes from inter-
ference in the 20 um Si slab. To resolve these fringes, a high
wavelength resolution is needed. This leads to significantly
longer computational time for a full-structure calculation
than for the computation of Dy.

The absorbed photo-current density J,, is used as a met-
ric to compare the light-trapping ability of the different
structures. J,; is calculated by Eq. (3) and corresponds to the
maximum potential short-circuit density assuming a carrier
collection efficiency of 100%:

I =a| A0 )

Here, g is the elementary charge, ®(A) the spectral density of
the photon irradiance from the global AM 1.5 spectrum,®
and A(/A) is the spectral absorptance, a dimensionless wave-
length-dependent factor between zero and one calculated by
the full-structure modeling in GD-Calc. The integration in

tice, integration was performed from 300 nm to 1100 nm.
Extension of the integral outside this range increased compu-
tational time with little effect on J,,.

V. RESULTS
A. Light trapping at normal incidence

Each structure has been optimized for maximum J,,
using Dyo maps to locate favorable grating dimensions and
full structure calculations to explore their corresponding
light-trapping potential. The maximum Jp, values and the
corresponding grating dimensions are summarized in Table 1.
A 20 um thick reference cell with a front side ARC and a
back-side planar Al reflector is also included for comparison.
To better appreciate the difference in light-trapping between
the structures, a plot of J,;, versus effective optical thickness
is shown in Fig. 4. The figure illustrates the path length
required through a Si slab, using the same ARC as in Fig. 2,
to absorb an amount of photons corresponding to a given J,.
In Fig. 4, we have also included the effective optical thick-
ness corresponding to Lambertian light trapping, limited by
the same ARC as the rest of the structures in Table I.

Not surprisingly, the light trapping from the periodic
structures clearly exceeds the case of the reference cell with
a planar reflector and an ARC. However, the light trapping

FIG. 4. (Color online) Optical thickness of Si required to provide a given
photo-generated current density J,h. The markers show the effective optical
thickness corresponding to the J,,i values from Table 1.
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of the different periodic structures also varies significantly.
We note that the best-performing structure in Table I is the
zigzag structure with a J,,;, of 37.3 mA/cm?. This is only 0.3
mA/cm? below that of Lambertian light trapping. Replacing
the Al reflector with an Ag reflector will further increase J,;,
of the zigzag structure by 0.4 mA/cm?, thereby exceeding
the Lambertian light trapping at normal incidence.”*

From Table I, we see that optimal light trapping is
achieved with a lattice period of about 0.95 um for all struc-
tures except the cylinder structure, where we found the high-
est Jp;, for a period of 0.7 um. However, as we show in
Ref. 14, the cylinder structure has a broad maximum plateau
extending from periods of 0.7 um to about 1 um, where there
are only minor differences in J,.

B. Far-field analysis

To understand the differences in performance for the
various light-trapping structures in Fig. 1, we explore their
far-field properties. The far-field properties are shown in
Fig. 5 in the form of diffraction efficiency D, ,, of the dif-
fraction order m,,m,. The fractional power of all diffraction
orders except for the zero order, ie., m,=m,=0, corre-
sponds to the Dy defined in Eq. (2). The allowed number of
propagating diffraction orders and the corresponding diffrac-
tion angles can be found from Eq. (1).

To calculate the diffraction efficiencies in Fig. 5, we
have used Si as an incidence medium. We found the diffrac-
tion efficiencies to be reasonably stable within the spectral
region that is transmitted through a 20 um thick Si slab, i.e.,
~800-1100 nm. Consequently, the diffraction maps shown
in Fig. 5 are representative for the entire spectral region. Af-
ter verifying convergence with more diffraction orders, we
included diffraction orders up to |m,| < 10 and |m,| < 10 in
the computations. We still show only the diffraction orders
up to |m,| < 3 and |m,| < 3, as all higher orders are evanes-
cent, i.e., their diffraction orders hold zero power.

Figure 5 shows the diffraction efficiency for each struc-
ture in Fig. 1 when optimized for light trapping. The opti-
mized structures each have low Dgy and low parasitic
absorption in the Al reflector, yielding Dy in excess of 90%
for all the structures. The distribution of power within the
different diffraction orders, however, varies considerably.

The incident light in Fig. 5 is chosen to be circularly
polarized, since this choice of polarization provides rota-
tional symmetry. The diffraction efficiencies of all structures
can be seen to have four-fold rotation symmetry. The excep-
tion is the diffraction pattern of the zigzag structure, which
has no apparent symmetry. For the rose structure, we show
the diffraction efficiencies for both left- and right-handed
polarized light. Both diffraction patterns can be seen to ex-
hibit a four-fold rotational symmetry, but the distribution of
power within the diffracted orders are completely different
for the two polarizations. For the rest of the structures, on
the other hand, left- and right-hand polarizations yield equiv-
alent diffraction patterns, but mirrored about the x- and y-
axis (not shown). The exception is again the zigzag structure,
where the diffraction pattern is mirrored only about one of
the axes and not the other.

J. Appl. Phys. 110, 033104 (2011)

FIG. 5. (Color online) Diffraction efficiencies for circularly polarized light
with 2 =1 pm at normal incidence. The diffraction efficiency of the rose
structure is shown for both left- and right-handed polarization. Each struc-
ture is optimized for maximum J,,, with the dimensions and corresponding

Jpi shown in Table 1. Note that the scale of the vertical axis varies between

the figures.

C. Oblique incidence

The incidence angle of the solar illumination varies dur-
ing the course of a day according to season and location.
Moreover, diffuse radiation also makes a significant contri-
bution to the global irradiance in several parts of the world.
The properties of diffraction gratings are naturally dependent
on incident angle. The behavior under oblique illumination
conditions is, therefore, an important part of the performance
investigation of such structures.

The light-trapping efficiency will, in general, depend on
the azimuth angle ¢ in addition to the polar angle, here
defined as the incidence angle from air 0,;.. The energy that
is actually captured by a solar module will, in reality, depend
on the projected area of the solar module as cos(0,;,). This
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FIG. 6. (Color online) Performance of the different light-trapping structures
from Fig. 1 under oblique incidence illumination. Each point represents an
average of the photo-generated current density J,;, over two azimuth angles
(four for the zigzag structure) and over s- and p-polarized light at each azi-
muth angle.

geometric factor is here omitted to better compare the actual
light-trapping efficiency at the various angles of incidence.

All structures we investigated, except for the zigzag
structure, have four-fold rotation symmetry. Dependence on
04ir is, therefore, studied at the two extreme azimuth angles:
at ¢ = 0°, along one of the directions of periodicity, and at
¢ = 45°. Due to the lack of symmetry of the zigzag struc-
ture, it is characterized at four different azimuth angles: 0°,
45°,180°, and 225°. Equivalent results were achieved for the
zigzag structure at azimuth angles of 90°, 135°, 270° and
315°. In Fig. 6, the average J,;, of each structure is shown as
a function of the angle of incidence in air above the solar
cell.

The behavior of the structures in Fig. 6 may be divided
into four classes by their performance. The zigzag structure
is superior at all angles of incidence, while the rose structure
is a clear number two. The third class consists of the dimple,
cone, inverted-pyramid, and roof-mosaic structure, which
are all quite similar in their performance. The fourth and last
class, with the lowest performance at normal incidence, is
the cylinder structure. The performance of this structure,
however, increases significantly compared to the rest of the
structures for non-normal angles of incidence. In general, the
difference in light trapping between the structures is some-
what lower at higher angles of incidence than for normal
incidence.

The reduction in Jp;, at higher angles of incidence is pri-
marily due to increased front-side reflection of s-polarized
light. However, this does not explain the variation between
the different light-trapping structures.

An important mechanism at oblique angles of incidence
is the escape of diffraction orders that are no longer totally
internally reflected within the Si slab. Consider the case of
light with a wavelength of 1 pm incident from air on a Si
slab with a back-side periodic structure having a lattice pe-
riod of 0.95 um. In this case, Eq. (1) may be used to find the
allowed number of propagating diffraction orders in air by
setting n; = n, = 1 and 0; = 0. For incidence in the plane

J. Appl. Phys. 110, 033104 (2011)

of periodicity (¢ = 0°), this will yield one escaping diffrac-
tion order in addition to the zero order for incidence angles
04 > 5°. For incidence in the ¢ = 45° plane, on the other
hand, Eq. (1) yields up to three escaping diffraction orders in
addition to the zero order. The angular response for inci-
dence in the ¢ = 0° plane may, therefore, be expected to
exceed the response at ¢p = 45°. In fact, this trend is evident
for all structures except for the cylinder structure. With a pe-
riod of only 0.7 um, Eq. (1) will show that incidence in the
¢ = 45° plane does not allow any escaping orders except the
zero order as long as the wavelength is above 1 um. Conse-
quently, the cylinder structure has a better angular response
for ¢p = 45° than for ¢ = 0° (not shown). Additionally, due
to the smaller lattice period of the cylinder structure, an inci-
dence angle 0,;, > 20° is needed before any higher diffrac-
tion orders may escape.

The analysis above is a qualitative approximation, as we
consider only a single wavelength of the extended spectrum
that reach the back side and we neglect the fact that the dif-
fraction efficiencies will also change with incidence angle.
Nevertheless, the main difference that can be observed
between the grating structures may, in large part, be ex-
plained by this simple analysis.

VI. DISCUSSION
A. Interpretation of results

In general, a low zero-order diffraction efficiency is a
prerequisite for good light trapping, and, indeed, the zero-
order diffraction efficiencies in Fig. 5 fulfill this requirement.
Furthermore, high diffraction angles will increase path
length more than low diffraction angles. For a grating with a
given lattice period, this implies that coupling to higher dif-
fraction orders is better for light trapping than coupling to
lower orders (see Eq. (1)). Nevertheless, the photo-generated
current density J,;, of the dimple structure is below that of
the rose structure, even though the dimple structure seems to
have larger part of its diffracted power in the highest diffrac-
tion orders. The reason for the success of the rose and the
zigzag structure must, therefore, be caused by another effect.

Our first assumption for the success of the rose and the zig-
zag structure was that the number of sharp edges and corners in
these structures increased scattering and, therefore, light trap-
ping. However, the roof-mosaic structure also has several sharp
corners, yet it has significantly lower J,;,. A further investiga-
tion of Fig. 5 reveals that the symmetry in the diffraction pat-
terns of the two structures having the highest J,;, differs from
the rest of the structures. The diffraction pattern of the zigzag
structure has no symmetries, while the rest of the structures
show a four-fold rotational symmetry. By reversing the direc-
tion of the circularly polarized light, we found that the diffrac-
tion patterns are reproduced, but mirrored about the x- and y-
axis. The exceptions are for the zigzag and the rose structures.
The diffraction pattern of the zigzag structure is only mirrored
about one axis. The diffraction pattern from the rose structure is
completely changed with polarization, although it still exhibits
a four-fold rotational symmetry.

We believe that the reduced symmetry in the diffraction
patterns of the rose and zigzag structure in Fig. 5 reduces the
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chance of out-coupling on subsequent interactions with the
diffraction grating. This argument is similar in nature to the
one of Ref. 9. The results we see here also match well with
what has been suggested recently by Refs. 16 and 18. They
suggest that to break the symmetry of the unit cell will allow
the coupling to more modes, thereby increasing light

trapping.

B. Implementation in solar cells

To obtain success with a periodic light-trapping struc-
ture, it is important to avoid the excessive absorption that
may arise in the metal reflector that is usually placed on the
back side of a solar cell. We reduce the parasitic absorption
with an oxide layer that separates the rear reflector from the
grating. In this work, we use a planar metal reflector.
Absorption is expected to be higher if the grating structure is
transferred to the AL*®?’ Other approaches with Bragg
reflectors have also been proposed to avoid parasitic absorp-
tion.'*'* We find that a separation of the grating and rear
reflector is necessary, not only for Al, but also for a less
absorbing Ag reflector.

A low back-surface recombination velocity is crucial to
obtain high efficiency with thin solar cells, where diffusion
length may be several times the thickness of the cell.
Improper surface passivation has been shown to be a barrier
for the successful implementation of back-side diffractive
structures in solar cells.*® The oxide layer used in this model
may serve as a back-side passivation layer. In principle, a
thin planar optically inactive oxide layer may be inserted
between the grating layer and the bulk Si to further reduce
surface recombination.

From Fig. 4, we see that the best structures are not far
from a Lambertian surface when it comes to light confine-
ment. However, for these structures, the largest loss mecha-
nism is no longer incomplete absorption, but instead the
front-side reflectance from the single layer ARC. The front-
side reflectance is also mainly responsible for the reduced
performance of all the structures at higher angles of inci-
dence (see Fig. 6).

Front-side pyramidal textures are commonly used in
today’s solar cells. For short wavelengths that do not pene-
trate to the back side, a front-side texture will certainly
increase light absorption by reducing front-side reflectance.
The effect of a grating in combination with a textured front
surface is, of course, much smaller than for a planar front
surface. The exact effect on light confinement for long wave-
lengths are difficult to predict, since a front-side texture will
change the incident angles and affect the light trapping from
a back-side grating. Such macroscopic structures are difficult
to model rigorously and are outside the scope of this work.
Such computations could, in principle, be performed using a
combination of ray-tracing and RCWA.>’

In a solar module, the solar cells will be encapsulated
with glass on the front side. Since the light reflected from a
Si-glass interface is lower than from a Si-air interface, the
advantage of a front-side texture over that of a planar cell
will be somewhat reduced with encapsulation compared
to the case without encapsulation. Nevertheless, to further
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increase absorption, a lower front-side reflectance is
required. Multiple or graded ARCs are possible solutions
that will conserve the light-trapping ability of the back-side
periodic structures and, at the same time, reduce front-side
reflectance.

Fabrication of sub-micron periodic structures on large
areas is obviously not trivial. Some techniques that might
have potential for large scale production include nano-
imprint lithography or hot embossing®~° and interference
(holographic) lithography.*®*® Self-assembled structures are
yet another possibility. One example of this is a periodic
dimple structure with a triangular lattice that has been real-
ized by anodic etching of Al.*> The different geometries in
this work may have various possibilities for fabrication.
Nobody has fabricated structures like the rose and zigzag
structure today, and large area fabrication of such structures
will not be a simple task. Hopefully, low-symmetry light
trapping structures that lend themselves to fabrication may
be designed.

The structures presented in this work are all subject to
the limitation that they require patterning of Si (or another
high index material). The grating does not necessarily need
to be filled with an oxide. A grating consisting of Si and air
could, in principle, provide a more broad-banded response
than a Si-oxide grating because of the larger refractive index
contrast.

Vil. CONCLUSION

We have optimized and compared the light-trapping
potential of seven different periodic structures with essential
differences in the geometry of their unit cells. The geome-
tries comprise the cylinder, inverted pyramid, cone, dimple,
roof-mosaic, rose, and zigzag structure. We found that the
optimized structures had similar lattice periods despite their
difference in geometry. The light-trapping potential of the
structures range from a photo-generated current density J,,
of 35.6 mA/cm? for the cylinder structure, corresponding to
an effective optical thickness increase of a factor of 9, to a
Jpn of 37.3 mA/cm? for the zigzag structure, corresponding
to an increase in optical thickness of a factor of 22.

Analysis of the diffraction patterns revealed that the two
structures with the highest J,;, have less symmetry than the
rest of the structures. The best light trapping is achieved for
the least symmetric of the structures. This agrees well with
literature, which suggests that non-symmetric structures are
superior to symmetric ones. The light trapping achieved with
the zigzag structure is close to that of the Lambertian limit,
in spite of the fact that the zigzag structure makes use of the
strongly absorbing Al as reflector material.

The investigation at oblique angles of incidence shows
that the back-side gratings perform well at angles of inci-
dence up to 60 degrees, also when considering an average
over several azimuth angles and both polarizations. The
reduced performance at higher angles of incidence is domi-
nated by the increase in front-side reflectance of s-polarized
light from the planar ARC.

The comparison we present in this work is applied to a
20 pum thick Si slab, but the light-trapping structures, as
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such, are not constricted to a certain material or thickness.
We have used Si as a case of study, since the poor absorption
of Si makes light trapping specifically important. A different
choice of thickness or material is expected to change the
optimal grating dimensions. Particularly, the optimal lattice
period is expected to be reduced for thinner solar cells,
where a broader spectrum will reach the back side.
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ABSTRACT: Good light trapping is essential to make high efficiency silicon solar cells. As silicon wafers are being
made increasingly thinner, light trapping becomes even more important. In this work we compare in simulations light
trapping from conventional random pyramid textures, with structure sizes of several microns, to that of light trapping
from diffractive structures with lattice periods comparable to the wavelength of light. More specifically we compare
light trapping in front-side and double-sided random pyramidal textures to that of two different back-side bi-periodic
structures applied to a 20 um thick Si slab. We find that a photogenerated current density of 40.0 mA/cm? is achieved
for a double-sided pyramidal texture with a rear oxide layer and a silver reflector. This is slightly higher than the best
diffractive structure with a planer front side and rear texture. The pyramidal textures show exceptional broad-band
anti-reflection behavior, while the diffractive structures excel in the long-wavelength part of the solar spectrum.
Keywords: Light Trapping, Ray Tracing, Pyramidal Textures, Periodic Textures

1 INTRODUCTION

Light trapping is an area which has been given
increasing attention in recent years. Light trapping is
particularly important in Si solar cells due to the poor
absorption of near-infrared light close to the absorption
edge. Light trapping is an important part of today’s solar
cells which have typical thicknesses of around 150-200
pm. With the advance of fabrication methods for silicon
(Si) wafers with a thickness of around 20 pm [1-4], light
trapping will become one of the critical factors for
improving the solar cell conversion efficiency.

Conventional texturing of monocrystalline Si wafers
relies on an anisotropic alkaline etch of a [100] oriented
crystal. This results in a random pattern of pyramids with
54.7° facet angles and with sizes in the order of a few to
more than 10 microns. The texturing removes part of the
Si material and a certain wafer thickness is therefore
necessary to avoid penetration through the wafer,
although pyramidal textures have been demonstrated on
wafers with a thickness below 50 um [5]. Methods for
fabrication of thin wafers that involve cleaving will often
result in wafers with other crystal orientations [1, 4].
Light trapping in such wafers must rely on other types of
textures.

Periodic structures with lattice period comparable to
the wavelength of light will, if dimensions are chosen
correctly, diffract light into guided modes inside the slab
waveguide represented by the silicon wafer. Such
structures has been investigated as promising candidates
to improve light trapping in solar cells ranging from thin-
films [6] to thick wafer based cells [7]. Such structures
are significantly smaller in size than conventional
pyramidal Si textures. Although diffractive structures
have yet to break through in commercial production,
progress in fabrication techniques makes such structures
increasingly interesting also for high-throughput large-
area applications.

In this work we compare in simulations the light
trapping properties of random pyramidal structures with
the light trapping properties of diffractive structures,
using a 20 um thick Si slab as a case of study. Front-side
(FS) and double-sided (DS) random pyramidal structures
with different reflector materials are investigated together
with two types of optimized back-side diffractive
structures, a cylinder structure [8] and a structure we call
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the zigzag structure [9]. To our knowledge a comparison
between diffractive structures and random pyramidal
structures has not been shown before. Ordinarily such
structures are applied to different cell types, i.e.
pyramidal structures for thicker wafers [10] and
diffractive structures in thin-film solar cells [11], but as
Si wafer thickness is gradually reduced, we come to the
point where a comparison is relevant.

2 APPROACH

2.1 Random pyramidal texture

Ray tracing, which is based on geometric optics, is a
good approximation for light interaction with
macroscopic structures, i.e. structures with size much
larger than the wavelength of light. The pyramidal
structures used in solar cells have typical structure sizes
that are several times larger than the wavelengths of the
solar radiation that are absorbed in the solar cell. A
discussion of the validity of geometrical optics on
pyramidal structures is found in Ref. [12].

We have used the ray-tracing software TracePro [13]
to compute the light absorption in a silicon slab with a
front side (FS) or double-sided (DS) random pyramidal
structure. The different structures are compared by their
photogenerated current density Jy,. This value is found by
weighting the Si absorption with the AM1.5 global solar
spectrum and converting it to an equivalent current
assuming that every absorbed photon excites one
electron-hole pair.

The model for the random pyramidal structure was
created by first creating a regular pattern of partly
overlapping pyramids and then randomly displacing the
position of the pyramids. The apexes of the pyramids are
held at the same height while the valleys between the
pyramids will vary in depth as the pyramids overlap at
random distances. We verified that displacement of the
pyramids perpendicular to the wafer had a negligible
effect on the simulated light trapping, as reported by [14,
15]. We found that a unit cell consisting of 10 by 10
randomly displaced pyramids provided a desired degree
of randomness. An example of such a pattern is shown in
Figure 1.
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As a check of the randomness of our structure we
compared the calculated reflectance with the reflectance
from a random pyramidal structure calculated with the
software OPAL [15]. OPAL calculates front-side
reflection from random pyramids by weighting the
probabilities of possible ray paths with the reflection
from the corresponding ray path. The probabilities of the
different ray paths are calculated in advance by ray
tracing, using a different method to generate the pyramids
than the one that is used in this work. The reflectance
calculated with TracePro was within = 1 % relative to
that found from OPAL.

Figure 1: Random pyramidal pattern of 10 by 10
pyramids as created with TracePro. A different random
pattern is created for each simulation.

In the ray-trace simulations we used wavelength
dependent optical data for Si [16], and for the aluminum
(Al) and silver (Ag) reflectors [17]. The ray-trace
simulations ignore interference effects, but it is possible
to specify thin-film interference effects as surface
properties to an interface. We used this to incorporate an
oxide layer of 100 nm and a refractive index of 1.5
between the Si material and the metal reflector. In this
way parasitic absorption in the metal reflector, caused by
evanescent waves from frustrated total internal reflection,
is also included in the simulations. On the front side we
added a thin film anti-reflection coating (ARC) of silicon
nitride with a thickness of 78 nm and a wavelength
independent refractive index of 1.95.

We have included the effects of polarization in our
ray tracing simulations. This is important because a ray
that is reflected or transmitted from a surface at non-
normal incidence will in general be polarized. This will
affect the reflection coefficient for the interaction with
the next surface.

We used an effective thickness of the textured Si slab
of 20 pm in our calculations. The effective thickness
corresponds to the thickness of a coplanar material with
the same volume and base area. Consequently, the
distance from the top of the front to the top of the back
surface is larger than the effective thickness.

2.2 Periodic structures

To compute the light trapping of the sub-micron
periodic structures the full vectorial Maxwell equations
needs to be solved. For this purpose we used the software
package GD-Calc [18], which is based on rigorously
coupled wave analysis (RCWA). A more detailed
description of this method is found elsewhere [8].

Here we compare two types of bi-periodic structures,
a cylinder array [8] and a structure which we have called
the zigzag structure. The zigzag structure has a unit cell
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consisting of planes sloping in two perpendicular
directions as shown in Figure 2. This configuration
reduces the symmetry of the structure and has shown
exceptional light-trapping properties [9]. The periodic
structures are applied to the configuration shown in
Figure 2 with a thin silicon oxide layer and a metal
reflector behind the grating layer. The ARC at the front
side is either a single silicon nitride layer or double layer
stack with 108 nm magnesium fluoride (n = 1.37) and
60 nm of zinc sulfide (n = 2.35). The grating dimensions
have been optimized for light trapping in a 20 pm thick
Si slab.

Figure 2: The bi-periodic structures are imprinted on the
back side of a 20 um slab of Si. They are filled with an
oxide and covered by a planar metal reflector of either Al
or Ag. The front side of the Si slab is planar and covered
by a silicon nitride anti-reflection coating. The figure is
not to scale.

3 RESULTS

The photogenerated current densities Jy, achieved for
various combinations of pyramidal structures and
periodic structures are shown in Table I. All structures
have a metal reflector consisting of either Al or Ag,
except for one structure which has an ideal metal
reflector with a reflectance of 100 %. Jy is also
calculated for reflectors of Al and Ag separated from the
Si bulk by an oxide layer.

Table I shows that Jyy, is higher for Ag reflectors than
for Al reflectors, which is expected due to the higher
reflectivity of Ag. The oxide layer also increases Jy, by
reducing metal absorption. The improvement is therefore
particularly large for the Al reflectors. The DS pyramidal
texture is better than the FS texture for all types of
reflectors.

The best light trapping, with a Jy, of 40.4 mA/cm?, is
achieved for a DS pyramidal structure with an ideal metal
reflector with unity reflectance. Replacing the rear
pyramids with an ideal Lambertian reflector yields the
same photogenerated current density, a fact that has also
been reported by Campell et al. [10]. An ideal
Lambertian reflector scatters light in all directions with a
constant radiance and such a reflector is known to give
the highest light trapping achievable in the geometric
optics approximation [19].
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Table I: Photogenerated current densities Jy, in 20 pm Si
for different light-trapping configurations. The structures
have reflectors made of aluminum (Al), silver (Ag) or
ideal metal with unity reflectance, and an oxide layer is
inserted between the Si and the metal for some of the
structures. All structures have a single layer anti-
reflection coating, except for the periodic structures
which are also calculated with double-layer anti-
reflection coatings.

Structure Jon [MA/cm?]

Front side  Back side  Oxide | Al Ag Ideal
Pyramids  Planar No 357 373
Pyramids  Planar Yes 377 379
Pyramids  Pyramids  No 36.1 38.9
Pyramids  Pyramids  Yes 394 40.0
Pyramids  Pyramids - 40.4
Planar Cylinder Yes 356 36.0
Planar* Cylinder Yes 376  38.0

Planar Zigzag Yes 373 377
Planar* Zigzag Yes 393 397

*Double layer anti reflection coating

Figure 3 and Figure 4 shows the spectral absorption
for some of the structures in Table I. Figure 3 compares
FS and DS pyramids with the back-side periodic cylinder
structures. All structures have Al reflectors and a single
layer ARC, while the cylinder structure also has an oxide
layer separating the cylinders from the Al reflector. For
short wavelengths the pyramidal structure is superior to
the back-side cylinder structure with its planar front side.
In the long-wavelength part of the spectrum the light
trapping of the back-side structure becomes notable and
here the cylinder structure is superior.
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Figure 3: Spectral absorption in Si for front-side (FS)

and double-sided (FS) pyramids, and for a back-side

periodic cylinder structure. All structures have a single

layer anti-reflection coating and an Al reflector. The

cylinder structure also has a thin layer of oxide inserted

between the cylinders and the Al reflector.

03 0.4 0s 1.1

Figure 4 shows the spectral absorption for the FS and
DS pyramids, with oxide layers, Ag reflectors and single
layer anti-reflection coatings (SLAR). Also shown is the
back-side periodic zigzag structure, with Ag reflector,
oxide layer and double layer anti-reflection coating
(DLAR). The pyramidal structures with SLAR still
displays better short wavelength behavior than the planar
DLAR, but the difference in front-side reflection is now
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considerably smaller, corresponding to a J,, of about 0.7
mA/cm®. In the long wavelength region the zigzag
structure and the DS pyramidal structure is clearly
superior to the FS pyramidal structure. The Jy, of the DS
pyramids is 0.3 mA/cm® above that of the zigzag
structure even though the zigzag structure is somewhat
better at longer wavelengths.

Si absorption [%]

['| ——FS pyramids oxide Ag
1ok | —— DS pyramids oxide Ag
— Zigzag oxide Ag- DLAR

0.4

T T L L L
0.6 o7 0.8 09 1 1.1

Wavelangth [um]
Figure 4: Spectral absorption for double-sided (DS)
pyramids with Ag reflector, front-side (FS) pyramids
with Lambertian reflector, and back-side periodic zigzag
structure with Ag reflector and double-layer anti-
reflection coating (DLAR). The other two structures have
single layer anti reflection coatings (SLAR).

03 1%}

4 DISCUSSION

The DS pyramidal structure obviously increases the
average path length more than the FS structure does, as
can be seen from the increased Jy, in Table I. This is not
surprising since the DS structure will randomize the light
in fewer surface interactions than the FS structure. Yet
the difference between the FS and DS structures is more
pronounced for the Ag reflector than for the Al reflector.
This is caused by the fact that a large part of the light will
scatter twice off the rear reflector for each pass through
the cell. This increases the probability of absorption in
the rear reflector, particularly for the Al reflector which
has the highest absorption.

The difference between the Al and Ag absorbers is
less pronounced when an oxide layer is inserted between
the Si and the reflector. The oxide layer reduces
absorption losses in the rear reflector. Despite the
superior optical properties of Ag, Al is the standard
material for rear reflectors in industrial solar cells today
due to lower costs and favorable electronic properties. In
fact, the screen printed Al commonly used in industrial
solar cells is expected to have even higher absorption due
to the rougher surface compared to the planar surfaces
that have been used in our simulations. On the other
hand, such rough surfaces might also help to randomize
the light and thereby improve light trapping [20],
particularly for the FS pyramidal texture.

The back-side periodic structures will influence
absorption only for wavelengths above about 800 nm
where a significant part of the light is transmitted to the
back side of the 20 um slab. In this range the periodic
structures perform well. Despite the good long
wavelength absorption, the planar front side yields high
reflection losses compared to the structures with
pyramids on the front side. By utilizing a DLAR instead
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of a SLAR the Jpy, is improved by 2 mA/cm®. The zigzag
structure with DLAR and an Ag reflector has an overall
absorption which is only 0.7 mA/cm? lower than the DS
pyramidal structure with an ideal reflector. This
difference corresponds to the front side loss of the zigzag
structure due to the planar front side. Admittedly, a
DLAR would also have reduced reflectance of the
pyramidal structures, but this improvement is less than
0.5 mA/cm®> and even lower in an encapsulated
configuration.

In a solar cell module the solar cells will always be
covered by a glass to improve their environmental
stability. The glass encapsulation of the solar cell in
general serves as an anti-reflective coating because the
refractive index of the glass is between the indices of air
and Si. Since the pyramids already provide a low
reflectance, this structure will gain less from an
encapsulation than a planar surface. In fact, for structures
with a SLAR the difference in front-side reflectance
between a planar surface and a surface textured with
pyramids will be reduced by more than 1 mA/cm? for an
encapsulated cell compared to an unencapsulated cell.
The same argument also holds for a DLAR and for
graded ARCs. Such ARCs will greatly reduce the
handicap of a planar surface compared to a pyramidal
surface, both for encapsulated and unencapsulated solar
cells.

Although the DS pyramids and the zigzag structure
use two very different approaches to light trapping, their
photogenerated current density is actually fairly similar
even though the DS pyramids have a slight advantage due
to the lower front-side reflection. It should be noted that
the zigzag structure achieves this light-trapping effect
with only one side textured. This could be an advantage
with respect to reducing surface recombination which is
crucial for high efficiency thin solar cells.

5 CONCLUSION

We have investigated light trapping in FS and DS
random pyramidal structures with different rear side
reflectors, and in back-side periodic structures which are
considerably smaller in size. The pyramidal structures
provide a very low front-side reflectance. The DS
pyramids have considerably better light confinement than
the FS pyramids, but they are also particularly sensitive
to absorption in the rear reflector. An oxide layer inserted
between the Si and the metal will significantly reduce
absorption in the metal reflector. Such a layer is crucial
for light trapping, particularly if Al is used as reflector
material. The maximum potential of the pyramids, using
a reflector with unity reflectance, corresponds to that of
Lambertian light trapping at normal incidence.

The periodic back-side structures confines light well
in the long wavelength range, but suffer from high
reflectance due to the planar front side. This handicap is
greatly reduced for a double-layer anti-reflection coating
(DLAR). Light trapping from the periodic cylinder
structure with DLAR is about the same as for the FS
pyramids with oxide layer. Light trapping from the
zigzag structure is significantly higher and close to light
trapping from the DS pyramids with oxide layer.

Encapsulation, double and graded anti-reflection
coatings will reduce reflectance from both types of
structures, but because planar surfaces suffer the highest
losses these structures also have a higher potential for
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such improvements. Light trapping both from the DS
pyramids and the zigzag structure is close to that of a
structure with a pyramidal front side and a Lambertian
reflector. The DS pyramids have a slightly higher J,, due
to lower reflectance, but the fact that the zigzag structure
achieves this light trapping effect with only one side
textured could be an advantage with respect to reducing
surface recombination.
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