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Introduction

A solar cell is an optoelectronic device that converts light energy into electrical energy.
This is based on the photovoltaic effect that was first investigated by Becquerel in 1837. In
the Bell Laboratories the first solar cell was made in 1953 by Chapin, Fuller and Pearson. The
first commercial interest in solar cells was the power supply of satellites. In the meantime
many solar cell concepts have been developed [1-2]. At the moment the world market for
solar cells is dominated by crystalline solar cells [3]. Today several thin-film cell concepts
based on amorphous silicon (a-Si:H), cadmium telluride (CdTe) and copper / indium / gallium
/ (di)selenide (CIGS: Cu(In,Ga)(S,Se)) are going into commercial production as the thin-film
solar cell technology is already providing similar or even lower costs per watt peak than the
standard crystalline silicon solar cell [4-7]. The steep “learning curve” for thin-film
technologies is expected to bring the production costs down even below 1 €/W(peak). This
would lead to the grid parity, the point at which photovoltaic electricity is equal to or cheaper
than grid power. Photovoltaic production has been doubling every two years, increasing by an
average of ~ 50 percent per year since 2002, making it the world’s fastest-growing energy
technology. Until today cumulative global installations have reached 15200 megawatts. For
an unlimited growth of productions capacities of thin-film solar cells the absorber material
amorphous silicon plays a special role in contrast to CdTe or CIGS cells as it is not volume
limited like telluride or indium or toxic like cadmium [6]. A short energy payback time of
about 1 year of the energy needed for the solar cell production has been reached for thin-film
silicon modules [8]. Advantages under non ideal conditions like higher outdoor temperatures
or a high amount of non direct sun light lead to a plus of produced electricity per installed
watt (peak) for thin-film silicon in comparison to crystalline silicon modules [4]. The energy
conversion efficiency of thin-film silicon solar cell modules is today mainly below 10 % and
thus about half of the efficiency of crystalline silicon modules. The main reason is the use of
very thin (and thus cheaper) silicon absorber layers with a total thickness of ~ 2 um in
comparison to an absorber thickness of ~ 200 pum for crystalline silicon cells. This leads to a
lower absorption of photons and less current is generated in the thin-film silicon solar cell. As
the features of a thin-film solar cell are in the micrometer and sub-micrometer range new
preparation methods and analysis techniques, so called nanotechnologies, are necessary. The
realization of nanooptics with standard concepts is inhibited by the Abbe-limit. In
nanostructures, like noble metal nano particles or nanogratings, high intensity electromagnetic

fields have been found very close to the structures. First explanations with strong
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simplifications are given by the effective medium theory. A thorough understanding of the
physics involved at the transition between optics and subwavelength optics must be developed

and applied to the thin-film silicon solar cell to reach higher energy conversion efficiencies.

To exclude today’s experimental preparation limitations nanostructures are
computationally investigated in the present study using the Finite Integration Technique, a

numerical simulation method that solves the Maxwell equations in 3 dimensions.

e As a first approach to get insight into light propagation in thin-film silicon solar
cells subwavelength grating couplers are integrated into the solar cell architecture.
This is a reduction of the many degrees of freedom of a solar cell design to a

simple structure.

e The gratings couplers are defined by their period size, groove height and shape.
Variations of these parameters with a focus on the red light that has to be trapped

more effectively are performed.

e Optical measurements of line grating prototypes are directly compared to the

corresponding optical simulations.

e Besides the light trapping of light also the light in-coupling properties are of great
importance. The sun light must enter into the solar cell with as little reflection as

possible.

e In a periodic unit cell simulation the fixed parameters like the layer thicknesses

need to be varied to be able to give general design rules.

e Every parameter of the simulation model needs to be investigated to guarantee a

reproducible convergence of the simulation.

e Solar cell designs are varied from simple 1D line grating to 2D and 3D pyramids

with multistep or smooth interfaces.

e The shape of the front or back interface needs to be investigated.

e The influence of an unsymmetrical structure is compared to the corresponding

symmetrical structure.



e To understand the optical randomisation effect that is introduced by a random
nano-texture a direct comparison between a random and periodic design is

performed.

Chapter 1 deals with the thin-film silicon solar cell concept and the characteristically involved
solar cell parameters. In Chapter 2 the properties and the preparation of the different thin-film
layers are introduced. Chapter 3 explains the Yablonovitch limit of the photogeneration. The
simulation tool used in this investigation, the Finite integration technique (FIT), is introduced
in Chapter 4. The basic model of a one dimensional line grating coupler for enhanced light
trapping integrated in a thin-film silicon solar cell is introduced in Chapter 5. The important
texture parameters of a grating solar cell are investigated and a short circuit current for an
AM1.5 spectrum is calculated to evaluate the light trapping potential of new texture designs.
First prototypes of line grating solar cells are presented. In Chapter 6 the texture parameters
are expanded to 2D and 3D textures and the back reflector design is investigated. In Chapter 7
square based pyramids with flat interfaces are used as period light trapping structure and the
opening angles of these pyramids for an enhanced photo current are calculated. In the last
Chapter 8 quasi random structures are introduced with features similar to the common random
light trapping structures. The quasi random structures are compared to the periodic structures

and their potential is discussed.

The accumulated knowledge of optical simulations and solar cell prototypes has led to a
number of design rules to understand and develop new thin-film silicon solar cell

architectures with integrated nanostructures.
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1 The thin-film silicon solar cell concept

1.1 Solar cell principle

In a photovoltaic cell solar radiation is converted into electrical power. For every
semiconducting solar cell the basic mechanism is the same: The absorption of a photon by
exciting an electron from the valence band to the conduction band contributes to the electrical
current within the solar cell if the carriers recombine neither in the absorber layer volume nor
at the surfaces or interfaces of the device. A high optical absorption and a minimized carrier
recombination are the essential features for an efficient power conversion.

The power of most electrical devices is determined by the product of current (/) and voltage

(V). From the /V-curve the power output of a solar cell can be determined.

1.2 Thin-film silicon solar cell

A thin-film silicon solar cell consists of an amorphous or microcrystalline single junction
layer or a tandem configuration with both absorber layers. In every case a pin-diode structure
is necessary, i.e. a p- and n- doped layer is generating an electric field over the sandwiched
intrinsic i-layer. The layer concept is shown in Fig. 1.1. On a glass sheet the transparent
electrical oxide (TCO) front contact is deposited followed by the pin diode layers. A single
silver (Ag) layer or a 2-layer system like TCO/Ag or TCO/white paint are used as the

electrical back contact of the device.

lhv

Glass

TCO
i
Fig. 1.1: Scheme of a thin-film silicon solar cell in p-i-n (doped) superstrate configuration

deposited on a glass substrate.



In the silicon absorber layer the absorption of photons leads to the generation of electron-hole
pairs. The generated electron hole pairs are separated by means of the electric field that is
created by the p- and n-layer. The photo generated holes drift to the p-layer and the electron
drift to the n-layer. If both charge carriers reach the front- and back contact without
recombination via e.g. defects a photocurrent can be measured. In contrast to a classical
silicon solar cell with an absorber layer thickness (d) of d ~ 200 um, the transport of charged
carriers in a thin-film silicon solar cell is dominated by the electrical field. Thin-film silicon
solar cells are called “drift cells”. The collection of charge carriers depends strongly on the

intrinsic field. Therefore, these diodes have a voltage dependent photocurrent [1.1-3].

Lpnoto =1 prore V) (1.1)

hv - o hv -

Er

p i n pi np i n

Fig. 1.2: Band diagram of a thin-film silicon solar cell in single junction (left) and tandem

Junction configuration (right).

To use the sun spectrum more effectively a solar cell with two or more absorber layer can be
used. (tandem-, triple-cell etc.) The absorbers have different band gaps or in very advance
setup a continuous band gap grading over the entire absorber layer. The tandem junction solar
cell solar cell is then a series connection of two single solar cells. The front cell (top cell) can

be made of amorphous silicon (a-Si:H) with a bandgap E, of ~1.8 eV. The lower absorber



layer (bottom cell) can be made of microcrystalline silicon (pc-Si:H) with an E; of 1.14eV.
The top cell absorbs the blue spectrum of the sunlight and the bottom cell the red and infrared
spectrum. The use of two or more absorbers with different bandgap materials reduces the
generation of “hot carriers” with much excess energy that will be lost as heat through almost
immediate thermalization of these hot carriers to the band edge. On the other hand it makes
the device more complicated as more layers have to be grown on top of each other and
besides this morphological issue the series connection of the single diodes have to be matched
to each other, as the lowest current of the both diodes would limit the photocurrent in the
devices. The current matching can be understood with Fig. 1.2. As the electrons generated in
the top cell and the holes generated in the bottom cell recombine at the internal n/p-contact
the number of electron-hole pairs generated in both diodes needs to be equal.

This current matching within a tandem cell can be done with an adaption of the thickness of
each diode, a variation of the bandgap and also with a sophisticated light management with
the help of an intermediate (diffractive) reflector [1.4] or different back reflector systems.

The variation of the band gap of the a-Si:H top cell can be done, for example by alloying with
carbon or oxygen towards higher, with germanium towards lower photon energies: 1.7 eV <

E,(a-Si:H) < 1.9 ¢V. [1.3]

1.3 Characteristics of a single junction solar cell

The main parameters of a solar cell can be derived from the dark /V-curve, the /V-curve under
illumination and the quantum efficiency measurement. Under dark conditions the diode factor
n and the saturation current /) can be determined. The /V-curve under illumination gives the
open circuit voltage Voc, the short circuit current /., the fill factor FF and the energy
conversion efficiency 7 [1.2]. To understand the solar cell and the characteristic parameters in
detail it is a common approach to discuss the properties with the help of an equivalent circuit
diagram. An ideal solar cell is a current source that is connected in parallel to a diode. The
ohmic losses in the solar cell are given by the resistances Ry (series resistance) and Rp
(parallel resistance). The series resistance is originating in the resistance of the contacts and
the material quality of the layers. The resistance of the front TCO is a critical issue and is
given by Rrco. The parallel resistance Rp represents the leakage currents in the cell. Rs and Rp
are dependent on the illumination intensity which is proportional to the number of generated

carriers. R; denotes the load resistance and Rgy the resistance introduced by shunts.



T

Fig. 1.3: Equivalent circuit diagram of a thin-film silicon solar cell.

1.4 Dark IV-curve

The dark /V-curve as shown in Fig. 1.4 can be explained with the diode equation. It is for n =

1 equivalent to the Shockley-equation [1.5]:

1.4
1Vy=1, -(exp[jk—l;j—lj (14

With [(V) as current, V' the applied voltage, /, the saturation current, » the ideality or diode

factor, T the temperature, ¢ the elementary electric charge and & the Boltzmann constant.

The ideality factor » is an empiric parameter, which varies for high quality thin-film silicon
solar cells between 1 and 2. » is inverse proportional to the gradient of the dark /V-curve on a

logarithmic scale. It gives hints where the recombination takes place.

n=1 The recombination takes place in the field free regions of the solar cell, the n- and p-
layers.

n=2 The recombination takes place in the i-layer. Here an electric field is present.

8



This is in contrast to a standard crystalline silicon solar cell where the wafer is p-doped and a
highly doped n+ region is diffused in. Only where both doped layers are adjacent the electric
field is present (space charge region). In novel back contact crystalline silicon solar cell
designs alternating n- and p-regions and their fields are located at the backside of the solar
cell to optimize the carrier extraction and minimize the recombination losses [1.6].

For crystalline wafer solar cells the life time measurement of generated carriers is one of the
most important techniques as it determines the quality of the material. A recombination of
carriers needs to be avoided until the carriers are separated by the field.

For high quality thin-film silicon solar cells a mix of recombination paths in the i-layer and in
the doped regions takes place. This leads to diode factorn=1.5—1.8.

From the measured dark /V-curve also the saturation current /) can be derived for V= 0 volt.
For negative and small positive voltages (Fig. 1.4, region (A)) the shunt resistance induced by
local shunts dominates the /V-curve. In region (B) the diode behaviour is mainly unaffected

by resistances and in region (C) the TCO and series resistance influences the /V-curve.

current

-0.25 0 0.25 0.50 0.75

voltage

Fig. 1.4: Measurement of a typical dark IV-curve. In region (A) the shunt resistance, in (B)
the diode behaviour and in (C) the TCO and series induced resistances influence the IV-

curve.



1.5 IV-curve under illumination

Under illumination an additional current Zpu,(¥), the photocurrent is generated. Based on a
superposition of dark current and photocurrent the illuminated /V-curve is given by

107) =1, -(exp(q(V = I(V)(Ryep + R)) /0T =1)) = 1,,,... (V) (1.5)
In the ideal case all photo generated carriers are collected by the applied voltage.
By definition the current for V= 0 is called the short circuit current /.
Lopw V' =0)=1_ (1.6)

Usually the material quality of thin-film silicon is too low due to the limiting life time and the
mobility of the carriers. Therefore, with increasing voltage

Iy V) <1, an

The open circuit voltage Voc is present for the open circuit operation of the device. The
current is zero. This can be seen in Fig. 1.5.

voltage /
1 open-circuit
current voltage

£ VOC
short circuit
current /. 1

MPP
v

Fig. 1.5: Typical experimental IV-curve of an illuminated p-i-n diode. An ideal IV-curve has a
fill factor FF = 100 %, if the blue area is as big as the grey area. From this IV-curve the

efficiency of the solar cell can be derived.

The fill factor FF is defined as the ratio of maximum possible electrical power (Papp)

10



(1.8)

Pupp =Vipr - Lypp
and the product of V,.and I.:
FF = VMPP '[MI’I’ (1.9)
V()L‘ ) Ié(

The conversion efficiency 7 of a solar cell defined as the ratio of maximal electrical power
(Pour = Pypp) and the incident sun light power P;,. It can be determined by the parameters of
the illuminated /V-curve:

V-1, -FF (1.10)
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2 Thin-film materials

2.1 Thin-film silicon solar cells on glass substrate

The solar cell based on the superstrate concept consists of a thin-film silicon layer stack
deposited on a glass substrate. The thin-films have a total thickness of a few micrometers
only. As an absorber layer amorphous or microcrystalline silicon is used or a layer stack of
amorphous and microcrystalline silicon, the so called tandem solar cell configuration. The
electrical contact layer is usually a sputtered TCO (transparent conducting oxide (ZnO)) as a
front contact, a sputtered or evaporated silver back contact or a back reflector combination of

an 80 nm thick back TCO in between the silicon and the silver layer.

Fig. 2.1: High-resolution scanning electron microscope (HRSEM) cross section of a thin-film
silicon solar cell. Layers from top to bottom are: sputtered silver back reflector, amorphous
silicon, sputtered and post-etched ZnO and a glass substrate. Picture reprinted from B. Rech
etal [2.1].



2.2 Microcrystalline and amorphous silicon prepared by plasma enhanced

chemical vapour deposition (PECVD)

The amorphous and microcrystalline absorber layers are deposited from the gas phase. In a
process chamber the gases Silane (SiH4) and hydrogen (H,) are decomposed and thus a
deposition reaction of silicon is possible. The ignition of plasma leads to a large amount of
silane gas precursors based on SiH; and SiH, in a low temperature deposition regime. In a
plasma the ability of the positive and negative charges to move somewhat independently
makes the plasma electrically conductive so that it responds strongly to electromagnetic
fields. Alternating high frequent electromagnetic fields are used in a PECVD chamber to
continuously excite the plasma. The ionized gas molecules are accelerated by an electrical
field and deposited on the glass substrate. For a high amount of crystalline silicon phase and
larger silicon crystal grains the material is the so-called microcrystalline silicon (in Fig. 2.2,
left side). For a low percentage of crystal grains the amorphous phase occurs (right side of
Fig. 2.2).

crystallites ~ amorphous region voids

Fig. 2.2: Morphology of thin-film silicon with a more crystalline phase on the left side and a
more amorphous phase on the right side [2.2].

The morphology of the silicon layer and the amount of amorphous or crystalline volume

fraction depends on the deposition parameters, as summarized in the following table.



deposition parameter : consequence for silicon phase :

increased silane concentration | increased amorphous phase / decreased uc-Si phase

increased pressure increased amorphous phase / decreased uc-Si phase
increased total gas flow increased amorphous phase / decreased pc-Si phase
increased hf-power decreased amorphous phase / increased pc-Si phase
increased temperature decreased amorphous phase / increased pc-Si phase

increased excitation frequency | decreased amorphous phase / increased uc-Si phase

Tab. 2.1: Dependence of the amount of amorphous or crystalline phase on the deposition

parameters [2.2].

A high silane concentration, pressure or total gas flow leads to a shift of the growth conditions
to a region where the amorphous phase prevails. For higher temperatures, high frequency
power and increasing excitation frequencies the silicon film grows with a more crystalline
volume fraction [2.2]. The excitation frequency used in the PECVD system is 13.56 MHz. For
a deposition on low cost window glass the maximum process temperature is limited to
~200°C.

In other CVD reaction concepts even higher deposition temperatures generally enhance the
crystallinity and electronical quality of the deposited silicon layer in addition to a significantly
higher growth rate that can be as high as 10 pm/min (for deposition temperature T > 1000°C).
For such high deposition temperatures a foreign substrate like pre-ribbons [2.3] or scrap
silicon wafers that have been used in the microelectronic industry before are the alternative to
glass substrates. The deposition speed of the low temperature PECVD concept that has a
sufficient electronic quality is below or in the range of 1 nm/sec [2.4]. To reach a high
throughput of the machines a high deposition rate is economically advantageous. The doping
of the p- and n- layer is usually done by adding a doping gas to the PECVD process gases.
Further information about the deposition of thin-film silicon by PECVD can be found

elsewhere [2.5].



2.3 Zinc oxide - A transparent and conductive oxide

In the investigated solar cell concept a magnetron-sputtered aluminium-doped zinc oxide
ZnO:Al film is used as a transparent and conductive front contact. The ZnO films exhibits
high conductivity and transparency.

A post deposition etching step in diluted hydrochloric acid (HCI) leads to a surface
topography that introduces a simple way to integrate a nano/microstructure for an enhanced

light trapping in the silicon thin-film solar cell.

Fig. 2.3: High-resolution scanning electron microscope (HRSEM) cross section of sputtered
ZnO:Al films before (left), and after (vight) a short dip in diluted hydrochloric acid (HCI).
The acid can lead to etched craters that are up to 2 um in diameter. Picture reprinted from

Rechetal [2.1].

In the sputter process an electrical field between two electrodes accelerates argon ions that are
bombarding a target, which can be either ceramic or metallic zinc oxide. The zinc and oxygen
atoms a released from the target by the physical argon ion bombardment and deposited in
form of a zinc oxide (ZnO) layer on a glass substrate. The electrical and optical properties are
dependent on the choice of deposition parameters. The most important parameters are:
temperature, pressure, deposition power, total gas flow and gas composition. Each parameter
influences the properties of the TCO layer. For example, Hiipkes et al. [2.6] and Kluth et al.
[2.7] showed that the amount of oxygen added to the process gas strongly influences film

properties. The amount of doping can be varied by using ZnO:AL,O5 targets with 0.2, 1 or 2

15



weight % of ALO;. This is influencing the carrier concentration leading to different
conductivities and free carrier absorption in the near infrared part of the sun spectrum.

The choice of process parameters can lead to different regimes of etching behaviour. A minor
target doping and low heater temperature results in small and irregular features in the post
etching surface topography and a “bad” light trapping is the consequence. Temperatures of T
~ 200°C and target doping levels of ~ 2 wr % (weight percent) lead to more regular crater
formation with opening angles between 120° and 135° and lateral feature sizes of 1 — 3 pm.
This improves the light scattering properties [2.8].

The sensitivity of the post-etching morphology of sputtered TCO to the individual sputter
parameters is a critical aspect in the development and optimization of thin-film silicon solar
cells. For instance, a change of the sputter target, the gas sources, fluctuating temperature
process profiles or a continuously increasing thickness of a parasitic deposited layer inside the
chamber can lead to a change of the morphology of the post-etching structure. A permanent
fine-tuning of many process parameters needs to be avoided in industrial concepts.

Therefore, a controllable nano/microstructure that is not directly depending on the TCO
deposition itself is from this point of view in the long term of thin-film silicon solar cell

development, also favourable.

2.4 Back contact silver layer

Thermal evaporation is like sputtering a physical vapour deposition (PVD) technique. It
allows depositing thin layers of different metals like silver (Ag) or aluminium (Al) as the back
contact of the thin-film solar cell. A vapour is thermally created, transported to the substrate
(solar cell) and then the vapour condenses and a thin metal layer is formed. It is the electrical
back contact of the solar cell and in addition the optical back side reflector that is important
for the trapping of light with long wavelength inside the solar cell. The deposited Ag and Al
layers are compact, homogenous and show a good adhesion to ZnO and a lower adhesion to
silicon. Their ductility can reduce physical stresses within the layers and compensate stresses

introduced by thermal expansion.

The introduction of losses due to plasmonic effects at the nano-structured or almost flat metal
thin-film back reflector is considered to lead to losses up to 15 % for specific frequencies

[2.9].



2.5 Up-scaling of thin-film deposition techniques

The deposition of the thin-film layers (TCO, silicon and metals) and processing of thin-film
silicon solar cells has been demonstrated over the years by the leading research institutes and
several companies world wide. The current demand for solar energy has made former TFT
(thin-film transistor) equipment manufacturers to move to the thin-film silicon solar cell
technology. They provide a broad knowledge in up-scaling of deposition technologies that
allows the handling and deposition of uniform thin-films similar to the above described layers
on glass substrates or other flexible substrates like metal foil up to an area of 5.7 m® (status
2009) and even 8.7 m” is in planning for the year 2010. [2.10]

This up-scaling of the deposition techniques for thin-film solar cells is the key to the

“economies of scale” that are necessary to lower the production costs of solar energy.
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3 Limitation of photo generation in thin-film solar cells

3.1 The Yablonovitch limit

The absorptance of a layer is usually increasing when the amount of light that is reflected at
the interface is reduced. Also, an enhancement of the path length inside the absorber layer
increases the absorptance. Consequently, two simple approaches to increase the absorptance
of a solar cell are the integration of antireflective properties into the cell design and a large
absorber layer thickness.

If the photons that are incident on the cell are reflected but redirected on the cell again then
another chance to enter into the solar cell occurs. This can be reached with a pyramid-like

structure on top of the solar cell.

A

1™ chance
to enter the
“_ | solar cell

2" chance
to enter the .
solar cell .+

o

Silicon

Oxide

Metal

Fig. 3.1: The surface reflectance of a flat interface is significantly reduced by the integration
of a pyramid texture as a second chance for the incident light to enter into the absorber layer

is possible.

The total reflectance (r) is significantly reduced by a second chance to enter the cell.

v, = rzsingla (3'1)

total



A surface with 10 % reflectance for flat interfaces has with a pyramid texture a reduced
reflectance of only 1 %. This is, of course, a simplifications as the reflection of a surface is

angular dependent with « being the angle of light incidence r = r(a).

In addition to the reduced reflectance the light is diffracted at the pyramid like surface and the
light path strongly deviates from the normal transition through the absorber, i.e. the light path
is prolonged. To enable a light trapping effect a highly reflective back reflector is needed. A
combination of a metal and oxide layer is possible. Very important is that after the reflection
at the back reflector the light is incident on the front interface in an angle that supports total

internal reflection.
The angle of total internal reflection ¢ is given by:

(3.2)

. 1
sina, =—

with ng; ~ 3.6 (4= 1000 nm) as the refractive index of silicon. Only photons are not internally

reflected that are incident under an angle o, < 16.6°.

The prolongation of the average light path has been estimated by Yablonovitch et al. [3.1]
under the assumption that the combination of a structured surface and a highly reflective back
reflector leads to an isotropic distribution of photons inside of the solar cell. The structured
surface scatters the photons with an angular distribution that is comparable to the distribution
given by a black, Lambertian surface that emits photons. A Lambertian surface, by definition,
fully randomizes reflected and transmitted light for all wavelengths [3.2]. For this angular
distribution the photons that are leaving without total internal reflection (o, < 16.6°) from the
absorber layer through the front interface are redistributed over an effective solid angle of =.
This is common for the emission of radiation from a surface (Stefan-Boltzmann law of
radiation). The isotropic distribution inside the absorber layer fills the angle 47 which is
twice the half space of 27 from the top and bottom interface. Inside the absorber layer the
photon flux density per angular element j(Q) is a factor of (ng)* larger than outside of the

solar cell. [3.2]



For a thickness L of a weakly absorbing material, here, the silicon layer, the absorbed photon
flux I, is determined by the flux that is entering into the surface 4 of the cell after a
reflection (/-r) I;; and the photon flux that is escaping through the surface 7. A prerequisite
for these assumptions is the ideal reflection of all photons at the back side of the solar cell and
neglecting of an emission of photons within the absorber layer [3.1]

A=r)d, =L +1, (3:3)
For the assumed isotropic and homogenous distribution of photons with the photon flux

density per angular element j(2) the per volume ¥ = L - 4 absorbed photon flux is

Ly =47-a-V-j(Q) (34)
With a as the absorption coefficient.
This leads to
(1=r)4j(Q),, = 4j(Q).,. + 47 -aVj(Q) (3.5)
(=1 j(Q),, = (1=r)7z(ng)* j(Q)+ 47 -aLj (L) (3.6)

The optical absorption A" of a cell can be calculated by definition:

A” =(=r)4r-al ((1-r)7 (ng)* + 47 -aL) G.7)
AP =1y 1, ==y [ + 1) (-8)
A =(1-r)((1-r)/4ng aL +1)) (3.9)
For small absorption coefficients a the optical absorption A”" of a solar cell is
A” =4.nla-L
=4-ng (3.10)

It is for a not too large reflectivity independent of r [3.2].
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For silicon the optical absorption A% is a factor 4 ng’ ~ 50 larger than the absorption without
a light trapping scheme.
In comparison to a normal transition through the absorber the average light path is thus

enhanced by a factor of 50.

Although the above derivation is only valid for a homogenous distribution of photons, that is
only realized for a < I/L, it is also valid for large a as for a < I/L the saturation value a = (1-

r) is reached which is not exceeded even for large a.

The Yablonovitch model has been modified by Deckman et al. [3.3] to a less idealized
system. In their model they consider the parasitic absorption in the front and back contact
(AbSpom, AbSpack). Like in the Yablonovitch model the randomization of the light path in the
device is Lambertian, i.e. totally diffuse.

Deckman et al. derive with an infinite geometric expression that for a silicon layer with
thickness L, refractive index ng, absorption coefficient a, the theoretical absorption
probability 4peciman 18:

A =(1—(4bs,,, + 4bs,,, ) -exp(=2aL) - (1- Abs,, — Abs,,, )-exp(-4al))-

(1= (- 4bs ,,,, — Abs,.) - exp(=4aL) + (1— Abs ., — Abs,.)-exp(-4aL)-ng >)"  (3.11)

Deckman

For the parasitic absorption in the front and back contact of p-i-n thin-film silicon solar cells
additional absorption in the doped layers needs to be taken into account:

AbS . = AS 0y rco + Abs (3.12)

p—doped~—silicon

Absy = (L= AbSyq_rcossiner ) + Abs (3.13)

n—doped—silicon

To derive a limit for the quantum efficiency Deckman et al. assume that all occurring
absorption processes in the silicon layer lead to a generation of electron-hole pairs. To
account for the losses that are present until the photons reach the intrinsic silicon absorber
layer the model considers the reflection losses Ry, and absorption losses Absj., for a single

pass through the front contact.

21



The limit for the quantum efficiency based on the theoretical absorption probability A peckman

under consideration of parasitic losses is:

.14
OF pectman = AbS pogtnan * (1= R /’mm) “(1-Abs /’romeCO) ~(1-Abs pfdopedfsi/mon) (3.14)

In the studies of Springer et al. [3.4] a limit estimation for quantum efficiencies of a thin-film
silicon solar cell is presented that is based on a semi-empirical Monte-Carlo simulation and a
wave theory approach. Light scattering is also expected to be Lambertian. The scattering for
the individual surfaces and the measured absorption of each layer are considered. For a large
quantity of photons the individual path until absorption is calculated that gives spatial
information about the localization of losses. Springer et al. found that for a pc-Si:H solar cell
with a thickness of 1.2 um the front contact losses are the dominant effect for the red and
infrared spectrum. They make up to 70 % of the total losses and are thus larger than the
reflection losses. The losses in the back contact layers are estimated to be below 15 % [3.4].

For the red and infrared spectrum the losses in the doped layers can be neglected.
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4 Computational modelling

Approximately every 11 years the computer technology overcomes the next technological
barrier. Then the computation speed of the fastest computer in the world is increased by a
factor of 1000. Today’s super-computer consists of up to 20.000 multi-core processors.

For the simulations conducted in this study two quad-core processors with 2.66 GHz each and
8 GB Ram are used. The calculation speed limiting factor of the FIT technique is the size of
the processor memory, the “Cache®. It handles the large matrixes generated in the calculation.
Previous simulation studies of solar cell optics and light trapping have been performed with

the ray tracing technique [1.3; 4.1-2].

4.1 Optical simulations - Coherent or incoherent?

A simulation does only reproduce interference fringes for the calculated transmittance,
reflectance or absorption spectra, if the phase of the electromagnetic radiation is considered
[4.3]. The experimental EQE measurements also show interference fringes. For untextured,
flat layers they are of stronger nature than for textured layer systems. Generally, the
experimental setup smoothes the interference fringes, as the optical resolution is in the range
of 15 nm, only. Usually the coherent method oscillates around the incoherent values and the
integrated current density values Jj. differs only by 0.5 %.

For the broad band solar spectrum the coherence length is sufficiently small with ~1 um [4.4],
that all interference effects are averaging out when calculating the current densities J..
Considering the years average illumination and for film thicknesses down to d = 0.5um the
difference between coherent and incoherent simulations is around 1 %. [1.3]

But geometrical ray-tracing is not applicable if the texture period is similar in size to the
wavelength as present in this study of pc-Si thin-film solar cells.

It is proposed by Brendel [1.3] that for the simulation of the optical response incoherent
simulations are a valid technique down to a period size of 2 pm. A quantitative comparison of
an exact coupled wave theory or an approximate incoherent ray-tracing has so far not been

conducted.
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4.2 Near field - far field optics

The existence of electro-magnetic far field and near field components for a precise description
of the radiation of antenna is well known. For the description of the electrical field of an

antenna with distance r, from the source of the antenna using spherical coordinates gives:

3 2 1
E(‘P)Oﬁzﬂiz"'l.dl'cosq)- — A Ccos @ — A sin @ + A Ccos @ 4.
A 277, 277, 277,

with dI the length of the antenna element, / the current in the element, © =27/ A)—wt with
w the radian frequency, r, the distance from the element to the point of observation, ¢the
zenith angle to the radial distance r,, A the signal wavelength and Z, the vacuum impedance

! is called the

[4.5-6]. Three terms are found. The inverse distance term proportional to r;
radiation term. It represents the energy flow away from the wire. The square distance term
proportional to 7, is the induction term. This contribution represents the energy stored in the
field during one quarter of the cycle and then returned to the antenna in the next. The inverse
cube distance term proportional to 7, is the quasi-stationary term or the electrostatic field
term that results from the accumulation of charge at the ends of the antenna element.

The fields of an antenna in a homogeneous isotropic medium, like air, can be mathematically
expressed by a multipole expansion [4.8]. This expansion is composed of spherical harmonics
describing the angular dependence and spherical Bessel functions describing the radial
dependence. In the near field of this antenna the multipole expansion is no longer useful as
too many terms would be required for a precise description of the fields. For radio antenna the
operating distance is usually a multiple of the transmitted wavelength.

In an inhomogeneous media / material the multipole expansion is no longer valid and the full
solution of the Maxwell’s equations is generally required as it describes the radiating fields
and evanescent fields more adequate. For thin film silicon solar cells the multi layer device is
in the range of a few um and the contribution of the optical near field terms is necessary.
Because the near-field light decays exponentially within a distance less than the wavelength
of the light and consists of non propagating fields, only, it usually travels undetected when
investigations in the far distance are carried out, like the optical far field characterisation of

scattering rough TCO surfaces. [4.9]
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Fig. 4.1: The electrical field of an antenna depending on the distance from the source is
shown. The radiation term represents the energy flow away from the wire. The induction term
represents the energy stored in the fields. The quasi-stationary term results from the
accumulation of charge at the ends of the antenna element. The separation into near field and

far field is shown [4.7].

For the investigation of crystalline silicon solar cells a far field investigation can be sufficient
as the absorber layer thickness is around 200 pm and thus much larger than a multiple of the
incident wavelength. For this case, a ray tracing method can give enough information for the

understanding of light trapping.
In quantum mechanical terms, the far field exists due to the propagation of classical photons.
The near field, seen in quantum terms, can be ideally imagined as “virtual photons” that have

an evanescent existence.

The near field has with respect to different telecommunication technologies three main

characteristics:
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1. The near field is that part of the radiated field that lies within a few wavelength of the
diffracting edge or radiating antenna.

2. It is the near-by region of an antenna where the angular field distribution is dependent
on the distance from the antenna.

3. For optical applications, for example, fibres, it is the region close to the light source or

the aperture.

Generally, light in the near-field carries more high-frequency information and has its greatest
amplitude in the region within the first few tens of nanometres of the specimen surface
depending on the diffractive nature of the specimen.

Consequently, as the light propagates away from a surface or interface into the far-field
region, the highest-frequency spatial information is filtered out, and the well known
diffraction-based Abbe limit on resolution is imposed. In the late 19" century this diffraction
limit of spatial resolution was proposed by Ernst Abbe and Lord Raleigh. This law states that
using light waves for optical microscopy is limited to spatially resolve details that are below
approximately half of the probing wavelength. Thus, for the visible spectrum the limit is
around 250 nm. In 1928 Edward Hutchinson Synge proposed the concept of the near-field
microscopy. The Scanning Near-Field Optical Microscopy (SNOM) realizes his proposal. It
brings a small optical probe very close, i.e. in the near-field of the sample surface. At
distances smaller than the wavelength away from the surface the previously described, non
propagating evanescent modes can be detected. The k-vectors parallel to the surface can here
be very large, which corresponds to small lateral dimensions below 100 nm. The SNOM can
be therefore used as a high resolution microscope to investigate the TCO morphology. In
addition the electric field strength above a rough TCO can be measured for monochromatic
radiation. This new measurement method has potential in the characterisation of rough TCO
morphologies. Its weakness is that it allows only the investigation of structure / air (vacuum)
surfaces. For thin-film silicon solar cells the near-fields inside the silicon layer are of the
greatest interest. The measurement is also strongly dependent on the SNOM tip size and the
tip to surface distance. Nevertheless, SNOM measurements are used for the characterisation
of rough TCO textures. Strong electric fields above the TCO structure edges were detected
[4.10].

For the investigation of the optical properties of thin-film silicon solar cells, or other thin-film

devices, a simulation method based on Maxwell equations, like the performed FIT
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simulations, seems to be ideal in comparison to other optical (far-field) characterisation

methods.

Optical simulations based on the Maxwell equations have several advantages over

conventional characterisation methods, as they:

1. consider the existence of near-field and far field light components

2. allow to measure inside of the multi-layer solar cell

3. exclude morphological, and electrical effects that can heavily influence solar cell

parameters

4. exclude the scattering of data that are typical in experimental studies with a small
statistical quantity

5. Maxwell simulations are widely used for more than 50 years whereas for instance

SNOM is a quite “young” method

4.3 Finite Integration Technique FIT

The electromagnetism can be described with a set of four partial differential equations, i.e. the
Maxwell equations. They describe the properties of the electric and magnetic fields and relate
them to their sources, the charge density and current density. A precise discretization in time
and space allows a complete numerical analysis.

The finite element method (FEM) is a very general solver for numerous partial differential
equations. It starts with basis functions for the individual elements that are further developed
by time dependent calculus of variations [4.11]. It turned out to be not the most efficient and
fastest method.

The FDTD method (Finite-Difference-Time-Domain) is a very efficient solver especially for
the computation of the Maxwell equations [4.12]. It uses the differential form for the
discretization of the differential equations other than the Finite Integration Technique (FIT)
that uses the integral form of the Maxwell equations as a discretization starting scheme [4.13].
All finite-element or FDTD like Maxwell solvers are based on the same physical principles
but are using different mathematical formalism within the simulation. Depending on the
investigated device and required accuracy of the result the calculation time can differ

significantly.
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The commercial FIT solver from the company CST® used in the presented investigations is
widely used for the development of antenna, waveguide design and other high frequency

applications.

4.4 Maxwell solver

The differential equations of interest for optical light matter interaction are the Maxwell
equations. They contain the permeability # which is the degree of magnetization of a material
that responds linearly to an applied magnetic field. The permittivity & describes how an
electric field affects and is affected by a dielectric medium. Thus, the permittivity relates to
the material's ability to transmit electromagnetic fields. The electrical conductivity & is a
measure of the material's ability to conduct an electric current when an electrical potential
difference forces the movable charge to flow [4.8].

Maxwell's equations are generally applied to the macroscopic averages of fields, which vary
strongly on a microscopic scale in the vicinity of individual atoms where they undergo
quantum mechanical effects as well.

As shown in Fig. 2.2a the morphology of a pc-Si thin-film layer is a mixture of amorphous
and crystalline phase regions. The optical constants of these layers are usually characterised
with a 0.5 x 0.5 cm” laser spot area. In the measurement this leads to a averaging effect of the
optical constants of amorphous and crystalline silicon. The measured optical constants are
used in the FIT simulations. The FIT software discretized the Maxwell equations on a 3D
grid. The investigated device is plotted via a CAD input and the individual layers are
characterized with the material parameters y, ¢ and o. The space coordinates of the device are
transformed into matrix formalism and as a first step the time domain behaviour is developed
with the finite-difference method. A plane wave with a fixed frequency v is used as excitation

source and the electromagnetic parameters are computed.

J.Jfgé-d;l - ig.d; 42
{{B-d@i=0 (43)
ji((ﬁgﬁ)-ﬁ:iﬁﬂf wa
qp-di=[[[p-a7 “5)
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The Maxwell equations in integral form are (4.2) Faraday’s law of inductions, (4.3) Gauss's

law for magnetism, (4.4) Ampere’s Circuital Law and (4.5) Gauss's law.

E is the electrical field strength, D the electrical displacement field (also electrical flux), A

the magnetic field, B the magnetic flux and J the current density. For the calculation the

volume V, the surface area 4 and the surface edge r are used.

The above fields are related to each other by the material equations:

D=g,6E=¢,(1+y,)E=g,E+P (4.6)
B = ptopt, H = pty(1+ 2,0V H = 1, (H + M) “.7)
J=c-E (4.8)

P is the polarisation, M the magnetisation, . and yu.g, the electrical and magnetical
susceptibility. The electric susceptibility y.; of a dielectric material is a measure of how easily
it polarizes in response to an electric field. The magnetic susceptibility is the degree of
magnetization of a material in response to an applied magnetic field. The Finite Integration
Technique uses these material equations in discrete matrix formalism on a dual grid [4.14-16].
The device that is under investigation within the simulation is designed with a CAD program
and a mesh system of small cubic cells is used. The individual size of the small mesh cells can
be adapted depending of the physical problem. Either a fixed mesh number per wavelength
ratio or an automatic refinement of the mesh size depending on the gradient of the optical

properties can be used.

Computational mesh cells
domain

Fig. 4.1: The computational domain is divided into small meshcells. For each meshcell the

Maxwell equations are solved individually. Up to 15 million small meshcells are used in our
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solar cell simulations. This leads especially for small wavelength A < 400 nm to large data

files of a few Gigabyte and a simulation duration of several hours per single wavelength.

Next, the concept of the dual grid is explained with the illustration of the field components at

the individual mesh cell. The red grid is characterized by the electrical field strength € _(with

X =1, J, k [) at all four sides of the red square. The magnetical flux bis perpendicular to the
red square. The dual grid is represented by the blue cube. It has the same lattice size but it is

translated in space by half a lattice constant.

6~

9j
Fig. 4.2: Definition of the dual grid. Each cube is a single mesh cell within the computational

domain on which the vector components of the electrical field strengthé_, the magnetical

ﬂuxE , the electrical displacement field (flux) d and the magnetic field h are defined.

On the edges of the blue, dual grid the magnetic field vectors };, (i=1,2,3,4) are defined

and on the blue square the electrical displacement field (flux) c?[ is given. For simplicity

reasons only the front side vectors are illustrated. The consequence of the translation of half a

lattice constant between both grids is the presence of two different field vectors at each
vector-position in the graph. The fields £ and B are related via the permittivity ¢ and the field

B and H are related via the permeability . The discretized field components can now be
calculated as a summation of the vector along the edges or through the surface. The FIT

method considers all fields within a single meshcell to be constant. This is of course a strong
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simplification but with a mesh resolution that is sufficiently high the error can be reduced.

With Faraday’s law of induction the principle can be demonstrated. The magnetical flux
l;n through the red surface is related to the electrical field strength é_around the four edges.

The integral as over the single mesh cell is thus reduced to

6574 S
|\ , =€ tE te +e

4.9)

To complete this calculation for all mesh cells in the grid the above equation is transformed

into a matrix formalism. All components of the electrical field are represented by the vector €

and for the magnetic flux b is the ensemble vector [4.13][4.15].

e!
e,
a J
_5 bn = 1 . ] . _1 . _1 . (4.10)
. I
— v
b C
€
—

Every line of the matrix is containing zeros, except one line in which 4 entries are either -1 or
1 depending on the orientation of the vector.
The same principle is performed for all four Maxwell equations and the 3 material equations

and a set of 7 matrix equations is derived:

_b=C-¢ @.11)
Sh=0 (4.12)
i+d=C-h @13)
S-d=q (4.14)
d=D,-¢ (4.15)
b=D,-h (4.16)
i=D,-é 4.17)
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The matrix S represents the 6 field vectors which are perpendicular on the surface of each

mesh cell. Its dimension is N x 3N and in each row there are three “ones” and three “minus
ones”. The matrix Cand S are the corresponding matrix on the dual grid. The matrixes D,,
f)“ and D, are mainly unfilled, in the ideal case even diagonal. The well developed and

patented formulism of the FIT method is based on the simplification to maintain the
fundamental properties of the differential equations in these matrix equations. A systematic

numbering of the mesh cell ensemble leads to
c=CT (4.18)
SC=0 (4.19)

This way the equations for the differential operators can be expressed in the matrix formalism.
rot(grad):0<—>6§r =0 (4.20)
div(rot) =0« SC =0 (4.21)

Weiland et al. showed that this method leads to distinct solutions without any parasitic

charges. To calculate the variation in time the equations

) =
- (5}) =Ce (4.22)
Pe (E}? _cih 23)
or

need to be considered. A further derivation leads to a simplified matrix equation.

i.7-0,2)fos w2

With f being a matrix that is composed of & and I vectors. The above equation contains the
matrix / and its time derivative. Therefore, a discretization of f in time is necessary. This is

realized by the use of finite differences.

= 0 i _(Fi_ gl
fzaf =(f'=f")/ At (4.25)
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The index i indicates the i-th time step and Af is the time step width. With this time
dependence and the previous derivations it is possible to develop a simplified recursion
formula that contains the electric fields which are depending on the magnetic fields of half a

time step 4t ago.
bl = pil (t bi ém/z) (4.26)
g2 :E[+3,’2(t’§[+1/2,5[+1) 4.27)

This method of recursion time-dependence is called the Leap-Frog method. It is illustrated ion

the following figure.

Fig. 4.3: The leap-frog scheme is a recursion method for the time development of fields (in

our case the electromagnetic fields) that results in a numerical simplification.

It seems easily understandable that the time step Az is very important for the convergence of
the solution for the calculated fields. The time step itself is correlated to the mesh size via the

Courant-Friedrich-Levy condition [4.17-8]:
At < (cy(g) (1 AXP)+ (1 Ay*) + (1] Az?))*) (4.28)

This relation between meshcell size (Ax, Ay, Az) and the time step Az has to be satisfied

everywhere in the unit cell to reach a convergence of the calculation.
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The FIT simulation uses a plane wave as incoming radiation source. The field vectors of the
electric and magnetic field can be chosen to oscillate harmonically in time. The frequency and

the polarisation of the field oscillation can be selected.

The plane wave is incident on the simulation unit cell for only a very short time. The pulse
duration is about 4 femto seconds long. In this time the field energy is stored in the
electromagnetic fields of the whole system due to the incoming plane wave. Then the pulse
stops and the waves are propagating within the calculation domain until the energy decay
reaches - 30 dB. This is the so called steady state criterion. During the entire time until the
steady state is reached the fields are recorded [4.19]. From these fields it is then possible to
calculate parameters like the power loss density that is used in the investigation. The higher
the energy decay for the steady state criterion is chosen the more precise the result will be. In
case of a weakly absorbing material, like silicon for A > 1000 nm, the wave propagates many
times within the cell until this steady state is reached. For large unit cells and special
parameter combinations the decay limit needs to be readjusted to -20 dB to satisfy the steady

state criterion.
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Fig. 4.4: The field energy in the computation domain is strongly increasing when the light
pulse is incident during the first 4 femto seconds. Then the pulse is stopped and wave
propagates within the solar cell until the field energy is decay by 30 dB, i.e. the light is
absorbed.
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5 FIT simulations of thin-film silicon solar cells with 1D grating

coupler

5.1 Grating coupler (1D) for light trapping in thin-film silicon solar cells

As an alternative to solar cells deposited on randomly textured substrates the integration of
periodically textured grating couplers in thin-film solar cells was proposed by several studies
[5.1-3].

The 1D line grating is a very simple structure. The various degrees of freedom that would be

necessary for the parameterization of a random interface are thus reduced significantly.

A sketch of a solar cell with integrated grating coupler is shown in Fig. 5.1. It consists of a
periodically textured zinc oxide (ZnO) front contact, a 1 um thick microcrystalline silicon
absorber layer, and a ZnO/metal back contact.

The transmission grating leads to a diffraction of the light. The diffraction angle in

transmission and reflection is given by the following equation:

~

.1

m-
P-n

sin(®,,) =

For normal incidence m is the diffraction order, P the period size and A the vacuum
wavelength. n denotes the refractive index of the material in which the transmitted, diffracted
light propagates. Both concepts — application of randomly and periodically textured substrates

- focus on a diffraction of the incoming light and a prolonging of the light path within the cell.

The red part of the sun spectrum has to be particularly addressed to achieve an effective light
trapping as the absorption probability for red light in pc-Si:H or a-Si:H is much lower than for
blue light. Since the question of the perfect design of a thin-film silicon solar cell for effective
light trapping still remains open, the investigation of a one-dimensional (1D) grating structure

shall give more insight into the diffractive properties of textured surfaces [5.1][5.4].
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Fig. 5.1: Scheme of thin-film silicon solar cell with integrated grating coupler.

Therefore, three-dimensional (3D) optical simulations of thin-film silicon solar cells with
periodically textured substrates were carried out using CST Microwave Studio® . This allows
for the investigation of the optical properties of such a device in detail and provides a study

independent from electrical and morphological influences.

To prove the simulations they are compared with experimental results of a 1D grating

prototype texture to obtain more insight into the light propagation in a multi-layer device.

The 1D grating couplers are defined by their period size P, the groove height (or structure
height) /g, the groove length (G) to period ratio G/P, the shape of the grating and the filling
factor. In this investigation we have concentrated on grating coupler with P between 1 and 4
pm because the randomly textured ZnO, on which the highest efficiency of microcrystalline
silicon solar cells are prepared [5.5], has mainly a lateral structure size between 1 pm and 2
pm [5.6]. The investigation of the 1D line grating coupler is divided in three parts:

Firstly, the variations of grating parameters P and 4, under monochromatic illumination
conditions are discussed. Secondly, the influence of the grating parameters with a focus on the
red light that has to be trapped more effectively will be presented and the simulation results
are compared with experimental data. In the third section we change the shape of the 1D-
grating from binary to triangular (blazed grating) in order to discuss the effect of enhanced
light in-coupling.
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The unit cell of the calculated 1D grating structure is in agreement with Fig. 5.1. The model
assumes periodic boundary conditions for the calculation unit cell. The glass substrate that is
present in reality is not integrated in our simulations as it has no significant influence on the
light diffraction and would make the simulations more time and memory consuming. A unit
cell with a substrate glass layer would lead to a slightly higher light incoupling as it has an
additional AR effect as the refractive index of glass lies in between the refractive index of air
and ZnO. The textured ZnO front contact consists of a 500 nm thick layer and ZnO strips with
different groove heights. The back side ZnO layer has a thickness of 80 nm. The optical
properties of pc-Si:H and the transparent conductive oxide (ZnO) are described by their
optical constants n(4) and k(4) and can be found in numerous publications of our institute that
have led to a successful description of layers [5.8], sensors [5.9] and solar cells [5.10] based
on amorphous and microcrystalline silicon thin-films. For simplicity the silver back contact is
calculated as a homogenous flat lossy metal because (i) the optical properties of the
evaporated silver at the ZnO/metal interface are unknown and differ significantly from the
silver-“bulk” material [5.10] and (ii) speed-up of the very time-consuming calculations.
Reference [5.10] reports about the growth of evaporated back contact silver layers with a

formation of “island”-like silver shapes within the layer.

The incoming light wave is circular polarised with normal incidence. For data analysis the 3D

local and integral power loss profile (see Ref. 5.11) of each layer was calculated.

5.2 Monochromatic quantum efficiency of pc-Si:H solar cells with

integrated grating

Firstly, we have investigated the influence of the grating parameters period P and
groove height h,, on the optical properties of pc-Si:H diodes with an i-layer thickness of 1
um. The study of the wave propagation in thin-film devices was performed in order to find
the optimised structure sizes for efficient light trapping. The incorporation of a 1D grating
into a solar cell requires at least a two dimensional analysis of the wave propagation within
the cell due to diffraction of the light at the textured interfaces. To demonstrate the effect of
light diffraction in thin-film silicon p-i-n diodes the calculated power loss profiles for circular
polarized monochromatic illumination (A= 800 nm) are plotted for different groove heights
hg, (see Figure 5.2).
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Ag back contact

Fig. 5.2: Power loss profiles for different groove heights h under monochromatic illumination
(A = 800 nm). The calculated QF values are for case a) hy=0.001um, QE= 0.08, b) hy = 0.05
um, QF = 0.16, d) hg= 0.3 um, QF = 0.3, e) hy= 0.4 um, QF = 0.2. The constant period size
is P = 1.2 um. The calculation unit cell scheme of a solar cell with grating structure is shown

in the lower right corner.

All calculations were performed for normal incidence. The period of the grating was
fixed at 1.2 um. In case of a quasi flat cell (4, = 1 nm) alternating maxima and minima within
the generated power loss profile can be observed. This pattern occurs due to constructive or
destructive interference of light waves propagating in direction of the back contact and light
waves that have already been reflected at the back contact. Cells with integrated grating
couplers show perpendicular to the direction of light incidence a laterally inhomogeneous
pattern within P. For a small groove height of only 50 nm a spatial change in the loss profile

can be observed (Fig. 5.2b). This change of pattern is different for each groove height.
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Maxima of the absorption exist especially in the groove region. Based on the simulated power
loss profiles the external quantum efficiency EQF for a wavelength of 800 nm was calculated.

The EQE of the silicon layer is defined as

EQE = Power,,,,.. | Power, (5.2)

incident

It is assumed that each photon absorbed in the silicon layer generates an electron — hole pair
which contributes to the photocurrent. In general, cells with an integrated grating have an
increased EQE for every groove height h, compared to a flat cell (for 4 = 800 nm: for a flat
cell EQE = 0.08, cell with grating: 0.08 < EQE < 0.37) due to increased absorption within the
i-layer. The increase of the absorption in the silicon layer with increasing h, originates from a
more efficient diffraction of the incident light and an improved light in-coupling.

The variation in EQE with h, consists of a superposition of the TCO front layer
thickness variation and a change in the diffractive nature. Fig. 5.3 shows the calculated QE for
monochromatic illumination conditions with blue (400 nm) and near infrared light (800 nm)
as a function of A, (closed and open stars). Additionally, the EQE of a flat cell with a
thickness of the TCO front contact varying between 500 nm and 1900 nm is plotted. To have
comparable device structures the initial TCO layer thickness was chosen to 500nm (see Fig.
5.3) and for the flat structure the x-axis represents the increase of the TCO front contact from
500 nm (2 = 0) to 1.9 pm (4 = 1.4 pm). In general, the simulated EQE of the flat structure
decreases with increasing TCO front-layer thickness. This can be attributed to higher
absorption losses in a thicker front TCO. This is valid for blue and for red illumination. For
blue illumination, both the TCO front layer thickness variation and the groove height
variation show a comparable behaviour. The calculated OF for 400 nm wavelength of a flat
structure oscillates due to an interference of the light striking at the solar cell and light that has
been reflected at the TCO/silicon interface. For a TCO layer thickness of an odd multiple of
A/(4nrco) the TCO layer acts as an anti-reflection coating and the reflection of the solar cell

shows a minimum. Consequently, the monochromatic QF exhibits a maximum.
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Fig. 5.3: Variation of front TCO layer thickness for a flat structure in comparison to a
grating with a structure height shown for blue (A = 400 nm) and red (A = 800 nm) light

illumination. The period size is constant P = 1.2 ym.

On the other hand for a TCO-layer thickness of a multiple of A/(2nzc() the reflection of
the cell has a maximum and, therefore the OF shows a minimum. The decrease in QF with
increasing 4, is caused by the increase of the absorbance in the front TCO layer. With
growing TCO front layer thickness the TCO volume increases and thus, the absorption is
enhanced. The QF and absorbance of the front TCO layer have an almost opposite behaviour.
The amplitude of the QF fringes from a structure with grating is around half of a flat structure
since only 50 % of the TCO substrate is covered by grooves. With increasing groove length
the amplitude rises (not shown). The average value of OF is very similar for small A, and
differs with increasing /,. The deviation between the average values with increasing 4, is due
to the higher absorption in the structure without gratings. In this case, the calculated
monochromatic QF can be nearly considered as a contribution from two individual diodes: a
flat structure with a constant TCO layer thickness of 500 nm and a flat structure with
increasing TCO layer thickness. For a groove height /2, > 1.0 um the silicon layer is non-
continuous - as the Si-layer is only 1 pum thick - and splits up into separated absorption

regions. This is now an imaginary device. Since the calculated QFs are very similar for both
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structures the simulation demonstrates that the incorporation of the grating does not lead to
significantly improved light in-coupling. This result is in good agreement with the measured
reflection of solar cells based on a-Si:H and pc-Si:H with and without grating coupler
[5.6][5.14]. An improved absorption due to diffraction effects is not observed as blue light is
absorbed in the front part of the device and the diffraction angles are very small, e.g. the first

order diffraction angle is only around 5°.

For red light (A= 800 nm) higher monochromatic QF values of the cell with an
integrated grating coupler in comparison to a structure without grating coupler were obtained
from the calculations. For 4, = 0 nm, the optical system is mismatched, therefore a high
reflection and a low QF is simulated. For small %, values (%, < 50 nm) QF increases for both
structures mainly due to an improved light in-coupling. For higher /4, values both curves
differ. For 0.05 pm < s, <0.33 um an increased diffraction efficiency of the light leads to an

increased red response.
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Fig. 5.4: Quantum efficiency calculation for P = 1.2 um and a variation in the groove height.

Three wavelengths are compared to exclude local standing wave effects.

The distinct maximum at s, =0.33 um originates from the low reflectance - the flat

structure also shows a maximum in QF in this region - and diffraction of the light at the
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grating. For /g> 0.33 pm the monochromatic QF shows a variation in the range between 0.10
- 0.3, but the QF is still enhanced compared to the value of a flat cell. The red response of the
structure with grating exceeds the QF of a flat cell with a thick TCO front-layer (TCO front >
1 um). The remaining difference in the amplitude and in the peak shift with higher 4,
indicates that an explanation based on a superposition of the contribution of two individual
diodes with different TCO layer thicknesses is not valid for light with longer wavelength. To
exclude a local standing wave effect for this wavelength the same variation of h; was
conducted for A =750 nm and A4 =850 nm (Fig. 5.4).

Due to wavelength dependent optical coefficients (n(4), k(1)) the QF values of the three
curves are at different levels. A similar behaviour of the OF as a function of s, was observed
for the 3 investigated cases. For each wavelength a distinct maximum of the QF can be
observed for 0.3 < g < 0.4 um and it shifts to higher A, with longer wavelength. This result
demonstrates that /4, between 300 and 400 nm are necessary for an efficient light trapping in

thin-film silicon cells with integrated grating coupler.

5.3 Influence of silicon layer thickness on groove height dependence of light

trapping

In the following the thickness of the silicon layer was varied, since light propagation within
the thin-film layer stack depends also on the individual layer thickness. The standard
thickness of d(Si) = 1.0 pm was increased to d(Si) = 1.025um, 1.05 um and 1.075pm. Again,
the groove height of the grating structure was increased in 10 nm steps to a maximum groove
height of 1 pm. For illumination with monochromatic red light (A = 800 nm) the QE was
calculated for each groove height, see Fig. 5.5. For d (Si) = 1.0 um and 1.025 pm similar
curves appear with a strong increase of the QE from QE ~ 10 % to QE ~ 35 % fromh=0to h
~ 300 nm and a pronounced peak at # = 300 nm. For d (Si) = 1.05 um the initial QF value for
h = 0 starts at an already high level of QF = 27 % and shows no clear increase but an
oscillation of the OF between 12 % < QF < 36 % around an estimated average of OF =26 %.
In this case an enhanced light trapping does not compensate the reflection losses due to an
optically mismatched system. For d (Si) = 1.075 um the flat cell exhibits a QF = 22 % and
reaches a maximum in QF = 48 % for 4 = 200 nm. For /# > 200 nm the QF average slowly

decreases to ~35 % which is +10 % above the average in QF for the other examples.
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Fig. 5.5a,b,c,d: Influence of silicon layer thickness on groove height dependence for
monochromatic red light (A = 800 nm) illumination. Absorber layer thickness a) d(Si) = 1.0
um, b) d(Si) = 1.025um, ¢) d(Si) = 1.05 um and d) d(Si) = 1.075um were tested. Only for
case c¢) the QF value for h = 0 starts at an already high level shows no clear increase for

increasing h. The y-axis of Fig. d) starts at 0.1 and ends at 0.5 to enable a comparison with

the previous Figures a) — c).
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To further investigate these effects case a) and case c) are compared to a thickness variation

of the untextured front TCO layer with the two different silicon layer thicknesses, see Fig. 5.6.
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Fig. 5.6: Thickness variation of the untextured front TCO layer with the two different silicon

layer thicknesses (d(Si)=1.0 um (top), d(Si)=1.05 um (bottom)) in comparison to a groove

height dependence for monochromatic red light (A = 800 nm).

The difference between the groove height variation and the untextured thickness variation can

be attributed to the diffractive properties introduced by the grating coupler. For case a) the

grating structure and the flat cell structure have almost the same QF values for 0 < # < 100
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nm. (indicated by the green ellipse). The blue curve shows that for # =0 and d(Si) = 1.0 pm
the QOF of the flat cell is in the minimum of its sinusoidal oscillation around an average value
of QF = 12 %. This sinusoidal oscillation is caused by the optical matching/mismatching of
the total layer-stack which is a influenced by the individual layer thicknesses and their optical

constants for the incident wavelength.

In case ¢) a 50 nm thicker absorber layer leads to higher average values of the QE. The
thickness of the front TCO, the silicon layer and the wavelength of the incoming wave
determine whether an antireflection condition is satisfied and the oscillation of the QF due to
a thickness variation of one of the layers of the cell is in a maximum or minimum. For 2 = 0
the QF oscillation in case ¢) is in the maximum. The difference between diffraction properties
and thickness oscillation is for case c) not as pronounced as in case a). In case a) the
introduction of the grating leads to an increase of the QF of + 13 %. For case c) the increase
due to enhanced diffraction is only ~ 8 %. Local oscillation with a high diffraction efficiency
can be found for both cases for # = 300 — 400 nm. In several cases (Case a), # =200 nm, /& =
600 nm and # = 850 nm) the grating can introduce the strongest gain in QF when the
thickness of the untextured front TCO would lead to a minimum in QF. In these cases a
parameter combination that would lead to a strong reflection is by the integration of a grating

optically matched.

For 4 = 750 nm the average in QF of the TCO front thickness variation and the grating
structure variation is roughly the same (Fig. 5.7). The light trapping effect introduced by the
grating is less pronounced for a shorter wavelength that has higher absorption coefficients. An

optimum is found for #, = 300 nm — 400 nm.
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Fig. 5.7: Thickness variation of the untextured front TCO layer in comparison to a groove

height dependence for monochromatic red light (A = 750 nm).

For this absorber layer thickness a QF value of up to 50 % can be reached for # ~ 400 nm and
h ~ 800 nm. A high QF for h ~ 800 nm can also be seen in Fig. 5.6 (top). This result indicates,
at least for the given parameter like wavelength etc., that the general principles of diffraction

are not affected by the absorber layer thickness.

For a significantly thicker absorber layer d (Si) = 2 pm the average of the QF oscillation for
the front TCO layer thickness variation is shifted to OFaerage = 23 %. For d (Si) = 1 pm the =
12 %. Therefore, the OFyerage is almost exactly proportional to the absorber layer thickness

which is an understandable result.
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Fig. 5.8: A two times thicker absorber layer d (Si) = 2 um shifts the average QF of the front
TCO thickness variation for a flat layer stack for monochromatic red light (A = 800 nm) to
OF = 23 % and therefore doubles it roughly. The general principles of diffiaction are not
affected by the absorber layer thickness. The period size is as before P = 1.2 um.

5.4 Influence of front TCO layer thickness on light trapping

In the following the base thickness of the front TCO layer was varied and the influence of the
thickness of this layer on the diffraction properties is investigated and tested with the standard
grating height variation. To provide the lateral conductivity in the thin-film solar cell a
thickness of ~ 500 nm is needed for the front TCO. Higher aluminium content in the sputter
target would lead to a higher electrical conductivity in the layer but this would also lead to a
higher parasitic optical absorption. Current TCO developments are aiming to reduce the front
TCO layer thickness to minimize the parasitic front contact absorption while maintaining the
same electrical conductivity and shorten the deposition process time. Therefore, the influence
of the front TCO thickness was tested with thicknesses d (TCOjon) = 400 nm, 450 nm and
500 nm.
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base thicknesses under monochromatic illumination (A= 800 nm). Layer thicknesses d

(TCOfom) = 400 nm, 450 nm and 500 nm were tested. The period size is P = 1.2 um.

The QF showed a quite similar behaviour for d(TCOppn) = 450 nm and 500 nm. For
d(TCOpon) =400 nm a 5 — 10 % higher overall QF was calculated with a strong peak at 7 =
200 nm instead of at # ~ 300 — 400 nm.

The calculated absorption in the front TCO layer shows a similar curve with peaks at the same
grating heights (not shown). This appears for h = 400 nm, 450 nm and h = 500 nm front TCO
thickness. This result shows that the thickness of the front TCO layer can influence the light
propagation and especially the grating height dependence of the QE and front TCO
absorption, significantly. A change of the front TCO layer thickness from 500 nm to 450 nm
does not change the light propagation, significantly. But a thickness reduction of -20 % (from
d(TCOjon) = 500 nm to d(TCOpon) = 400 nm)) of the total front layer thickness leads to a 5 —
10 % improved QF.
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As the absorption in all layers (uc-Si, TCOfiont and TCOpack) shows a similar response to the
groove height variation the conclusion can be drawn that the total reflectivity of the layer
stack (Reflectivity = 1 — Absorption (uc-Silicon, TCOjon, TCOpaci)) is strongly dependent on
its internal diffractive properties, in this case the structure height. In conclusion, for the
investigated 1D grating structure a low reflectivity is a strong indicator for an enhanced
absorption in every layer. If this is valid also for 2D / 3D periodic or random structures needs

to be investigated.
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Fig. 5.10: Absorption in TCOpom (top) and TCOpacx layer (bottom) calculated for a grating
groove height variation for different front TCO layer base thicknesses under monochromatic
illumination (A = 800 nm). Layer thicknesses d (TCOjon) = 400 nm, 450 nm and 500 nm are
tested. The period size is P = 1.2 um.

5.5 Variation of the period size

In the following, the influence of P on the light trapping effect was investigated. 4, was

set to 0.33 um and the simulations were performed for red illumination (4= 800 nm). The

simulated QF as a function of P is shown in Fig. 5.11.
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Fig. 5.11: Simulated QF as a function of the Period size P for A = 800 nm. A maximum in QF

is visible for P ~ 1um. The structure height is constant at h = 0.33 um.

For cells with an absorber layer thickness of 1 pm the maximum of the red response can be
determined for P between 0.7 and 1.2 pm. For monochromatic illumination the QF reaches a
maximum of 0.4 and the absorbance of the front and back TCO layers is ~ 0.08 and ~ 0.025,
respectively. Towards higher and lower P the QF decreases. In accordance with eqn. 1, the

diffraction angle ®, within the solar cells tends to very small values for large period sizes
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and the structure behaves similar to adjacent flat cells with different front TCO layer
thickness. For small periods the QF decreases since the diffraction efficiency of the gratings
decreases [5.14]. Thus an optimised texture is found for a high spectral response in the long

wavelength region using the optimum for P and 4,.

The calculated absorption losses in the front and back side TCO layer show only a weak
dependence on P. As the TCOgone layer is several times thicker than the TCOpaek layer, the
absorption in this layer is also more pronounced. For 4 = 800 nm and a structure with a large
P, the absorption losses in the TCO layers are around 1/3 of the absorbed power in the whole
solar cell.

To estimate the general light trapping potential for long wavelength illumination it is essential
to calculate the period size dependence also for another wavelength, i.e. A= 750 nm (see Fig.
5.12). Again, the curve shows a similar behaviour with a peak of QF ~ 0.58 at P ~ 1.0 pm.
The QE for large period sizes P > 5 um is approaching QF ~ 0.3. For this shorter wavelength
the amount of absorption losses in the TCO layers is much smaller than in the case of 1= 800
nm, due to lower free carrier interaction probability. It is below 1/6 of the energy being

absorbed in the silicon layer.
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Fig. 5.12: Simulated QF as a function of the Period size P for A= 750 nm. The structure
height is constant at h = 0.33 um.
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The previous two simulations were conducted for a fixed structure height of 0.33 pm. In the
chapter about the structure height variation the period size was fixed to P = 1.2 pum. The
grating coupler is a “system” depending on two important parameters, P and /4, that span a 2
dimensional plane of parameter choices. To be completely sure, that the few chosen parameter
sets cover the physics of the whole system, it is necessary to make a test with a grating
structure with a high P value, where no beneficial diffractive properties were found. It might
be possible that for large P the structure height needs to be adjusted. The relation of 4 / P is
often called the “aspect ratio” in micro optical technologies. It is reasonable that it can only be
to some extent an important parameter that determines the optical properties of thin-film
silicon solar cells, as the absorber layer thickness of 1 um is the upper limits for the structure
height /.

To investigate the possible role of the aspect ratio, P was fixed at P = 4.0 um and variation of
the structure height is performed. In comparison to the variation of the structure height for a
fixed P = 1.2 pm the curve for P = 4.0 pm does not show significantly higher quantum
efficiencies due to reduced diffraction angels.

The calculated QF curve deviates only slightly from the thickness variation of the TCO#ont
layer of the flat cell. The maximum in QF of the flat layer stack is only slightly enhanced by
the grating for # ~ 0.53 um. The large period size does not lead to an effective diffraction into
higher angels for any tested //p value. Only the minima in QF of the flat cell which are due to
a strong refection of the whole layer stack are enhanced as a reduced reflection is generated

by the grating.

The QF of the thickness variation of the flat cell is in an optimum, in case of an

odd multiple of the antireflection coating (ARC) condition:
kd ™ = A /(4n,c) (5.3)

with the wavelength of the incident radiation A=800 nm and the refractive index of the
coating
nrco(800 nm) = 1.7936
andk=1,3,5,7...

d*®€=112 nm
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Fig. 5.13: Groove height dependence of the QE for monochromatic red light (A =800 nm) for

P = 1.2 um, P =4 um in comparison to a flat structure.

The relation of /4 / P is tested with two calculations with a fixed P and a variable 4. For a
relation of 2 / P ~ 1/4 two absolutely different QF curves are present. This strongly indicates

that the “aspect ration” does not play the important role for light trapping in thin-film cells.
The period size P of the grating determines the angels of diffraction and the structure height 4

determines the efficiency of diffracting energy into the individual angles. An antireflection

effect due to the optical response of the whole layer stack is superposed to both effects.
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5.6 Calculation of short circuit current under red illumination

Next, the QF of the whole spectral range (4 =300 - 1100 nm) of microcrystalline silicon p-i-
n-diodes with and without grating coupler (P = 1.2 pm and 4, = 0.3 um) was calculated and
compared to experimental data. Additionally, the calculated absorption (4 =
Power gpsorbed/ PoWeF incidens) 1 the TCOgone contact and TCOpaek contact was plotted. In Fig.
5.14 (top) the OF and the absorbance of both TCO layers of a quasi-flat (4,= 1 nm) solar cell
is shown. The difference between experiment and simulation for blue light (350 nm < A4 < 500
nm) can be attributed to recombination losses in the front part of the p-i-n structure. The
assumption that all photo-generated carriers within the silicon layer contribute to the
photocurrent leads to an overestimation, in particular, of the blue response. A part of the
carriers photo-generated in the p-layer and p/i-interface region recombine due to the high
surface recombination velocity at the TCO/Si contact and the lower lifetime in the doped
layer. On the other hand, pc-Si:H solar cells with integrated gratings show an improved blue
response in comparison to untextured cells although the reflectance of both diodes is
comparable [5.14]. This effect can be likely explained with the collection of carriers photo-
generated in the p-layer and the vicinity of the p/i-interface [5.14]. Therefore, for the
following discussion of the optical properties of thin-film solar cells with gratings we have
considered all the carriers photo-generated within the silicon layers. In the visible wavelength
region a QF of up to 0.8 for the silicon layer is determined. For light with longer wavelength
and a consequently deeper penetration depth a good agreement between the calculated and
experimentally determined data is achieved. For 4 >900 nm the absorbance of the front TCO
exceeds the QF indicating the dominant role of absorption losses within the TCO front
contact on the cell performance. The QF of a flat cell with parallel interfaces (Fig. 5.14 (top)),
exhibits distinct interference peaks within the simulations, while these fringes are less
pronounced within the experimental data.

This can be explained as follows: the simulations are performed for individual
wavelength whereas the resolution of the experimental QF measurement set-up is around 10
nm, which is mainly determined by the slit of the monochromator. Further spatial
inhomogeneities in the sample lead also to a partial suppression of the interference fringes.

In Fig. 5.14 (bottom) the OF of a cell with a periodically textured grating coupler (P =

1.2 pm and /.= 0.3 pm) is shown. As expected from the discussion performed in the previous
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section, a significant enhancement of the red response of the cell can be observed in

comparison to the flat solar cell (Fig. 5.14(top)).
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Fig. 5.14: Comparison of simulated and measured QF for a quasi-flat cell (top) and with an
integrated grating with P = 1.2 um and hg = 300 nm (bottom).
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The partial weakening of the sharp peaks shown in Fig. 5.14 (bottom) can be assigned to the
diffraction of light at the grating which results in suppression of the zero-order and a
diffraction of light into higher orders, which takes place in transmission (in silicon) and
reflection (TCOfgon layer), and the reflection dependence of the periodically textured solar cell
as discussed before.

To illustrate the critical aspect of long wavelengths light trapping some examples of
absorption profiles are given below. For the period size P = 1.2 um and a grating groove
height of # = 0.3 pm and additional for a flat cell the absorption profiles are shown for 1 =
700, 820 and 920 nm. The red area indicates a strong absorption. For 4 > 900 the absorption
in the TCO#ont layer both for a flat and a structured cell dominates the optical properties of the

device. The “amount” of red absorption areas in each layer directly corresponds to the QF or
absorption value in Fig. 5.14.

/

ar Fig. 5.15: Absorption profiles for a flat cell (top row) and a grating
1725 solar cell (bottom row) with P = 1.2 um and h = 0.3um for circular
polarized illumination with A = 700 nm, 820 nm and 920 nm (left,
sz middle, right).
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In order to find the optimised grating parameters for efficient light trapping of longer
wavelength light (red illumination conditions) the OF is calculated for wavelengths between
700 and 1100 nm and the photocurrent is determined considering the corresponding
wavelength dependent AM 1.5 photon flux. Fig. 5.16 shows the photocurrent as a function of
the grating groove height for different periods. A similar trend of Jy, as a function of the

grating parameters, as discussed under monochromatic illumination conditions is exhibited.
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Fig. 5.16: Calculated photocurrent of solar cells with different grating parameters under red

light illumination conditions (700 nm < A < 1100 nm).

Every grating parameter set shows an increased current under red light illumination
compared to cells with flat interfaces (2 = 0). J;. shows a maximum for 4, = 300 — 350 nm.
Towards higher and lower %, values J,. decreases. For solar cells with integrated grating
couplers with P = 0.7 pm and /4, = 0.33 pum the highest short circuit current J,. = 16.94 mA
was calculated. This is a gain of 3.92 mA/cm® in comparison to a cell with flat interfaces. At
this point it has to be mentioned that the reduction in J;. with growing P is more pronounced
in the simulations than in the experiment [5.14]. This can be partly explained by scattering of
the data, deviation from the rectangular shape of the gratings and a variation in the G/P ratio.
In contrast to the red current no significant dependence of Ji. on the groove height and the

period is calculated under blue light illumination as it is mainly absorbed in the front part of
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the absorber layer (not shown). This is in good agreement with the experimental findings
[5.14]. The simulations indicate that a maximum current under red light illumination
conditions can be expected for 300 nm < s, < 350 nm and 0.7 pm < P < 1.2 um. Two
examples for QF curves with high short circuit currents are shown in Fig. 5.17. None of the

curves shows higher QF values than the other for a wavelength range larger than 50 nm.
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Fig. 5.17: Calculated QE for P = 0.7 um, h = 0.33 um and P = 1.2 um and h = 0.3 um.

5.7 Influence of front and back silicon / TCO interface

One important issue of cell optimization concerning light trapping is the question of the
most appropriate interface texture. Since the cell thickness is in the same range as the feature
size, there is no means of investigating this phenomenon experimentally. To address this
question, simulations were conducted where only one TCO/silicon interface was designed as a
grating coupler. The structure denoted “grating-flat” has a transparent grating at the front-side
(TCOfront /silicon) and a flat silicon/TCOp,ck/Ag back contact. The vice versa structure “flat-
grating” has a flat TCOgone /silicon interface and a Bragg reflector (periodically textured
silicon/ TCOvack/Ag) as a rear contact, as shown in Fig. 5.18.

61



a) grating at front side b) grating at back side

Fig. 5.18: Investigation of modified cell design with a front side grating structure and
untextured back reflector (a) in comparison to a flat front side interface a grating structure at
the back reflector (b). In the following these structures are called “grating-flat” and “flat-

grating” denoting the “‘front-back” interface morphology.

The performances of these cells are compared with the previously investigated
structures containing a transparent grating coupler at the front side and a Bragg reflector at the
rear side of the solar cell. This structure is denoted as “grating-grating”. Within these
simulations, we took care that the absorber volume was kept constant. For all diodes Jj. is
calculated as a function of P for two selected 4, of 100 and 300 nm under red illumination
conditions (4 = 700 — 1100 nm). Within all simulations the current density increases with
groove height (Fig. 5.19). Further, with increasing P the calculated current density tends
towards the value of the flat structure. For cells with large grating period and equal height
similar current values are calculated independent of the position of the grating. The results
demonstrate that, in particular, a grating coupler with 4, = 300 nm positioned at the front side
of the solar cell has a significant influence on the optical properties of the cell, because
comparable current densities are achieved from the simulations of the structure “grating-

grating” and “grating-flat”.
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Fig. 5.19: Influence of the front and back side morphology on the short circuit current (Js;)
Sor 700 nm < A < 1100 nm.

Furthermore, the influence of the back side TCO thickness has been tested (not shown).
For the “grating-grating” structures with a strong light trapping effect (P = 1.2 pm, 4, = 300
nm) an increase of the TCO back contact thickness from 80 nm to 360 nm, which corresponds
to an optical thickness of /4 and A (for a wavelength of around 700 — 800 nm), respectively,
has no significant effect on the calculated red response. The red response decreases by -
0.1ma/cm? for TCOpack thickness > 200 nm. Performing this calculation for cells with a
smaller groove height (hy = 100 nm), an increase in the red current of 13% is calculated for a
larger TCOpqck side layer (360 nm) in comparison to a thin one (80 nm) although this layer has
increased absorption losses with growing thickness. Thus, the diffraction efficiency of the
Bragg reflector can be improved by increasing the back side TCO layer thickness for solar
cells with insufficient light diffraction efficiency at the front side. For a flat front interface, the
so called “flat — grating” structure the importance of the diffraction at the front side texture is
evident if the red current is compared with the “grating-grating” structure red current. A
missing diffraction at a grating coupler textured front interface can lead to losses in red

current of > 1 mA/cm’. For a “flat — grating” structure with h, = 100 nm the calculated red
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current is ~ 0.3 mA/cm? lower for the standard TCOpack side thickness of 80 nm and up to
ImA/cm? lower for TCOpack > 250 nm than the “grating-grating” structure with hy = 100 nm.
For the “flat — grating” structure with hy = 300 nm an increase in the red current of 18 % is
calculated for a larger TCOp,ck side of 360 nm in comparison to a thin one. Therefore, certain
parameter and interface setups can result in higher currents for increasing TCOp,ek side
thicknesses. This increase can also be caused by a better optical adaption of the whole layer
stack. It occurs only if the previous diffraction at the front side interface was insufficient. If
the front side texture is well adapted the red light absorption cannot be increased with a
thicker TCOpak contact layer. Thus, the optimization criteria of a back contact depend

strongly on the scattering properties of the front contact.

To separate the two important light trapping properties: (i) antireflection and (ii) diffraction of
light into the absorber, the AR effect of a grating shaped interface between 2 materials is

discussed.

5.8 Antireflection effect of grating shaped interface

Using rigorous coupled-wave analysis Gaylord and co-workers [5.12] calculated the
antireflection condition for high spatial-frequency rectangular shaped surface-relief phase
gratings. Their derivation considers the filling factor, groove depth and polarization. They
found that these corrugated surfaces may act as antireflection coatings. For several ratios of
incident wavelength to grating period as a function of filling factor, groove depth, angle of
incidence and polarization they calculate the reflected power. It is demonstrated that the use
of triangular or sawtooth structure is not the only way to obtain an antireflection behavior as

previously suggested [5.13].

The basic surface relief grating is shown in Fig. 5.20. The grooves are periodically spaced in

x-direction with period P. The grating vector K is thus given by

K =Qr/P)i (5.4)

With X being the unit direction vector. An electromagnetic wave incident on the grating is
producing the forward-diffracted and backward-diffracted waves.
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Fig. 5.20: Diffraction geometry of a surface relief grating. The period size (P) is two times the
width of the groove (G).

For the forward-diffracted (transmitted) waves the grating equation from the phase matching

requirement gives:
iA=(nsin@ +n,sin6,’) (5.5)

with i as the diffraction order, A the wavelength, ¢ the angle of incidence in the dielectric of
refractive index n,, n, the refractive index of the grating material, and &% is the angle of
diffraction in the grating material of the i-th order forward-diffracted wave. The backward-

diffracted-order diffraction angles ' are given by the corresponding grating equation

iAn, = P(sin ' +sin 6,") (5.6)

for the case that the wavelength and angle of incidence satisfy the Bragg condition

mA/n, =2Psin §' &7
where m is an integer, the diffraction efficiency is generally maximized for the i-th diffracted

order, where i = m.
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For antireflection purposes the primary interest is to define gratings with all orders, other than
i =0, to be evanescent. Thus, in the above equations there are no real solutions for the
diffraction angles @';and & for i other than i = 0. In this case the i > +1 and i < -1 orders are

all cut off, and only the i = 0 transmitted order and the 7 = 0 reflected order are propagating.

In the Rigorous Coupled Wave-Analysis (RCWA) the field inside the grating is expanded in
terms of space-harmonic components that have variable amplitudes in the thickness direction
z of the grating. This field expansion together with the periodicity condition (Floquet
condition) is then substituted by the appropriate TE and TM polarized wave equations
resulting in an infinite set of coupled-wave equations. The space harmonic amplitudes are
then solved for in terms of the eigenvalues and eigenvectors of the differential equation
coefficient matrix. After applying boundary conditions for the electric and magnetic field
across the boundaries (i.e. the tangential component is continuous) a set of linear equations is
formed. Finally, the amplitudes of the propagating orders and the evanescent orders can be

determined [5.12].

The calculated results showed clearly that the ratio of the incoming wavelength to the
structure size determines whether orders other than the 0O-order (in transmission and
reflection) are able to propagate. For A /P = 1 such orders exist, whereas for A /P= 15, 1/
P=2.5and A /P = 10 orders other then the 0-order in transmission and reflection are not able

to propagate. This also depends on the values of n; and 7.

For the case of n; = 1 and n, = 1.5 Gaylord et al. found that the minimum reflected power at
normal incidence as a function of the filling factor can be significantly reduced with the right
choice of groove depth. For A/ P =1 both linear polarized plane waves can reach zero (at
different filling factors though) but the random polarization does not reach zero reflected
power and the reflectivity remains at ~ 1 %. For a higher A/ P - factor the minima of the
reflected power of both polarizations and the random polarization approach the filling factor

of 50 % and reach for 4 /P = 10 and the given example almost zero reflectivity.

Consequently, a grating structure is more sensitive to the polarization of the incoming

wavelength if the wavelength has quasi the same size as the period of the structure.
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In the limit of long wavelength (4 >> P) the antireflective behavior for light in a dielectric of
refractive index »; which is normally incident on a dielectric of refractive index #; occurs for

a grating groove with G/P = > and a filling factor following the conditions:

grating groove depth = A / 4 (n; ny)"? (5.8)
filling factor" PPt = n, [ () +n3) (5.9
filling factor" "0 =, [ (n; +n) (5.10)

For the perpendicular (parallel) polarization the electric field is perpendicular (parallel) to the
grating vector. The reflection/incoupling properties of thin-film silicon solar cells are mainly
determined by the ZnO / silicon interface as this has a larger difference in the refractive index
than the glass / ZnO interface. To estimate the grating dimensions and shape of the interface
that are necessary for a reduced reflection the above equations can be used to calculate the
filling factor and the grating groove depth for both polarization. This is only valid for the limit

of long wavelength (1 >> P), though.
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Fig. 5.21: The graph shows the filling factor of a ZnO / silicon interface depending on the

wavelength for both polarizations. It is only valid for the limit of long wavelength (A >>P).
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Further, the equivalence of antireflection grating layers to homogenous AR coatings at long
wavelength leads to the conclusion that a stair-step surface relief profile of N steps can be
used to replace a coating of N individual homogenous layers. In every step of the stair-step
surface relief grating a different filling factor can be used. A multi layer thin-film coating

could thus be replaced by a stair-step grating fabricated directly on the substrate.

For thin-film silicon solar cells the anti reflection properties are important but less critical
than a sufficient diffraction of the light at the silicon /TCO interface(s) into higher angles to
overcome the weak absorption of the thin silicon absorber layer. Therefore, the period of the
grating (or other interface texture) structure has to be in the range of the incoming wavelength
to support transmission orders i > 0 and i < 0, i.e. a diffraction into large angles.

Besides a binary grating a stair-step grating structure is of interest that could combine a
continuous multilayer AR coating effect that incouples a complete wavelength range and has

additionally diffractive properties.
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Fig. 5.22: Grating groove depth calculated for a minimal reflection depending on the
wavelength. This is only valid for the limit of long wavelength (A >>P).
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5.9 Variation of groove width to period size ratio

In the next chapter the shape of the grating structure was investigated. In the previous solar
cells with grating couplers the groove width to period ratio G / P = %5 was chosen. In chapter
3.1 AR coatings realised by grating structures are introduced. There, this variable is called
“filling factor”. To keep the solar cell comparable the absorber layer volume and TCO front

layer volume was kept constant.

a) G/P=3/4 b) G/P=1/4

Fig. 5.23: The groove width to period size ratio G/P is investigated in the following. In case
a) G/P = ¥ and in case b) G/P = Y.

The parameters structure height / and period size P is the same as used before. The general
difference between the two cases is whether the small (feature) area at the front TCO / silicon
interface is upright or inverted. For G/ P = 3 / 4 a small feature area of silicon is upright on
the silicon layer and for G/ P =1/ 4 a small feature area of front TCO is positioned inverted

into the silicon layer.

To understand the diffractive properties of the two different interface shapes the previously
analysed groove height variation under monochromatic long wavelength illumination was
performed. The TCOgon layer thickness variation and the groove height variation are
calculated for G/ P = Y, ', and % under monochromatic, circular polarized illumination with
A=800 nm. The G / P = % case with the upright silicon feature shows a similar QF

dependence for increasing groove height as for the G / P = ' case. A significant increase in

69



QF can be seen for small groove height values # ~ 0.1 um. Here, the QF values are almost

doubled.

For the case of G / P = Y4 the curve deviates strongly from the other two cases. It’s total QF
oscillation is approximately as strong as in the TCOsone thickness variation of the flat cell.
This is understandable as for G/P = Y4 exactly % of the TCO / silicon interface is at the same
height as for the flat cell. The small TCO inclusion leads to an additional diffraction and

increases the QF especially for the minima of the flat cell oscillation.

For i ~ 0.15 um and /# ~ 0.4 pm, thus contrary to the OF maxima of TCOfgn thickness

variation curve the G / P = 4 case shows the highest OF values.
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Fig. 5.24: Groove height dependence of the QE for monochromatic red light (A = 800 nm) for
P = 1.2 um for groove height to period size ratio G/P = %, %> and %. For a G/P = %, i.e. a
small upright silicon feature at the TCOjon / silicon interface, a strong increase of the QF is

calculated for small structure height h ~ 0.1 um.

To make sure that this calculation for a single wavelength is not caused by an interference
effect due to the geometry of the unit cell; also for =850 nm and A = 750 nm the simulation
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was repeated. For 4 =850 nm the QF values of G /P = % in relation to the QE values of G/ P
= Y5 showed the same behaviour. For 4 =750 nm the effect of higher QF values for the G/ P
= % case is also visible but not as pronounced as for longer wavelengths. (Figures for A= 850
nm and 4 = 750 nm are not shown)

To identify the meaning of these calculations for single wavelength for the short circuit
current the red light J,. was calculated for =700 nm — 1100 nm. The period size values P =
0.7 um and P = 1.2 pm were selected as they showed promising high red currents for groove
heights 4 ~ 0.3 um for G / P = ‘. Fig. 5.25 shows the calculated J. for G / P = Y, 2 and %
for P=0.7 um and 1.2 pm und groove heights #= 0.1 um, 0.2 pm, 0.3 um and 0.4 um. The
highest calculated current is almost doubled compared to the red current of a flat cell. (Js(flat)
~ 2.4 mA/em?).

Only for the G / P = % ratio the J. is not increasing with higher groove height. As calculated
for the single wavelength calculation for A =800 nm and A= 850 nm the G / P = % ratio is
beneficial for a light trapping effect of textures with small groove heights # = 0.1 um. This is

also valid for the red Ji..
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Fig. 5.25: Calculated short circuit current Jy. for A = 700 nm — 1100 nm. Only for G/P = % a
small height h = 0.1 um is supporting the light trapping properties.
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To test the influence of the changed interface shape on the incoupling properties of short
wavelength illumination a simulation with 4 = 400 nm and an increasing groove height for
G/P =" and ¥ was performed and compared to flat cell with increasing structure height.

For the chosen P = 1.2 um a G/P = % results in a lateral size of the upright silicon element of
300 nm. Fig 5.26 shows that the QF shows the previously seen oscillations due to an
antireflection effect present for all three curves. The curve for the flat, untextured structure
has the steepest decrease in QF for higher / values as it has the highest volume of the TCO#ont
layer. The average QF value of the G/P = % structure (black solid line) is ~ 3 % higher for
small groove heights then for the G/P = ' structure (red solid line). With increasing groove
height this small improvement of the blue light incoupling properties is decreasing and equals

to zero for # =500 nm.
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Fig. 5.26: Variation of front TCO layer thickness in comparison to a groove height variation
for blue light illumination for A = 400 nm to investigate the influence of the factor G/P on the
incoupling properties of the solar cell. For G/P = % and % the QE is oscillating around an

almost identical average.

A smaller lateral feature at the TCOgon / silicon interface thus improves the blue wavelength

incoupling properties only slightly.
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5.10 Prototype preparation of thin-film silicon solar cells with line gratings

The gratings were prepared by sputtering of ZnO, photolithography and a lift-off process.
First, a ZnO layer of around 500 - 600 nm thickness was rf-magnetron sputtered on a glass
substrate at elevated temperature. Afterwards, photo resist was applied and developed using a
standard exposer and chromium masks for patterning. Then, a second ZnO layer was
deposited at room temperature all over the substrate. Finally, the unwanted ZnO regions were
removed by a lift-off step. The thickness of the second ZnO layer determines the groove
height of the grating. P and h, were varied from 1 to 4 um and 100 to 600 nm, respectively.
The length of the grooves G was intended to be half the length of the period (G/P = 1/2). The
value (G/P = 1/2) is also investigated within the simulations. Scanning electron microscopy
(SEM) and atomic force microscopy (AFM) were used to characterize the morphology of the
gratings. As an example, Fig. 5.27 shows selected scanning electron microscopy and atomic
force microscopy images of ZnO gratings with a period size of 1.2 pm for a groove height of
200 nm (top), 400 nm and 600 nm (bottom). However, due to technical reasons (lift-off
process) the realized G/P ratio can slightly deviate from 1/2. More details regarding the

prototype preparation can be found in reference [5.14].

Fig. 5.27: Scanning electron microscopy (SEM) images of ZnO
gratings with a period size of 1.2 um and a groove height of 200
nm (top), 400 nm (middle) and 600 nm (bottom). The plotted

scale is valid only along the horizontal axis due to the oblique
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State-of-the art p-i-n solar cells with a pc-Si:H i-layer thickness of 1 um were then

deposited on top of the gratings by plasma enhanced chemical vapor deposition (PECVD).
The fill factors (FF) of the pc-Si:H p-i-n-diodes with different periods and /4, of 100 nm and
300 nm were around 72 % and 69 %, respectively. The decrease of FF* with increasing h, is
attributed to an increase of the series resistance Ry caused by the low conductivity of the ZnO
strips and to shunting problems. An complete experimental study of a-Si:H and pc-Si:H solar
cells based on a p-i-n structure with grating coupler is given in Ref. [5.14].
The measured short circuit current densities of a-Si:H and pc-Si:H solar cells show most of
the trends that have also been found in the simulation study. Fig. 5.28 shows the current of
both cell types for blue, red and AM1.5 illumination conditions. A detailed discussion can be
found in Ref. [5.14].

Within this paper it is shown, that a strong variation in specular transmittance and haze
function of gratings with different period sizes and groove heights is not reflected in their

quantum efficiencies.

The haze is often taken as the ideal parameter to evaluate the scattering properties of

substrates. It is defined as the ratio of diffuse transmitted light to total transmitted light.

Haze = Diffuse Light / Total transmitted light

A high haze value of 80 % means that 80 % of the light is propagating diffuse after entering

the cell whereas 20 % is propagating in a direction not deviated from the angle of incidence.

Fig. 5.29 shows the measured haze of the gratings for different period sizes in
comparison to the haze of a random texture. The results clearly show that the haze is not
useful for the investigation of light trapping in thin-film devices with periodic structures.
Therefore, a straight-forward discussion of data derived from far-field measurements in
ambient air and its contribution to the understanding of near field phenomena within a thin-

film solar cell is critical.
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Fig. 5.28: Short-circuit current density of a-Si:H solar (left) cells measured under AMI.5
illumination (top), red illumination (middle) and blue illumination (bottom) conditions as a
Jfunction of period in comparison with cells deposited on flat and randomly textured
substrates. Short-circuit current of uc-Si:H solar cells (right) measured under AMI.5 (top),
red (middle) and blue (bottom) illumination as a function of period in comparison to cells
deposited on flat and randomly textured substrates. The horizontal lines indicate the upper
and lower limit of the scattering of data of “good cell results” for randomly textured (dotted
line) and flat cells (solid line).
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Fig. 5.29: The haze measured for prototype grating structures as a function of the incoming
wavelength. For increasing period size the haze is enhanced. The black line shows the haze of
a randomly rough textured ZnO. For P = 3 and 4 um a high haze is found but a direct

correlation to high short circuit currents is not found.
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6 Investigation of 2D and 3D multi-step structures

6.1 Microcrystalline solar cells with integrated blazed grating coupler

In one of the first detailed studies presented by Morf et al. [6.1] a reflecting mirror, a
rectangular grating and an unsymmetrical grating are placed at the backside of a thin-film
silicon solar cell. In contrast to a flat reflecting mirror a diffraction grating at the backside
diffracts the incoming light into higher order modes with large angles of reflection. This leads

to the desired path length enhancement.

incoming
wave

Glass + TCO

Absorber
Layer

Blazed back
Reflector

incoming
out wave out
Glass + TCO
* 1 Absorber
\/ Layer
symmetrical
grating

Fig. 6.1: Concept of a non symmetrical, blazed grating (top). The incoming zero-order wave
(big arrow) is diffracted by the grating in the right direction. A left-moving wave and a

coupling to the zero-order outgoing wave is suppressed. A symmetrical grating (bottom)
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allows according to the reciprocity theorem the minus first order (-1) to couple to the zero-
order outgoing wave the same way the zero-order incident couples to the plus first order

(+1).

Morf states that symmetric gratings might not be the most effective structure for light
trapping, as by symmetry left- and right-moving diffracted waves are generated by the grating
with equal magnitude.

After total reflection at the absorber layer to TCO interface this left/right-moving wave will
impinge again on the grating. According to the reciprocity theorem, a wave being generated
by a zero-order wave can also couple to an outgoing zero-order wave. If the -1 order impinges
on the blazed grating the tilting of the unsymmetrical structure leads to much smaller
probability of a coupling to the zero-order outgoing wave. Thus the light trapping by
symmetric structures is limited. For non-symmetric or blazed structures the coupling to the
outgoing zero-order can be, in theory, negligible small. Figure 6.1 (top) shows an
unsymmetrical back reflector design, with a suppressed left-moving and only right-moving
wave, as proposed by Morf. After a total reflection at the front surface there is only a small

chance that a zero-order outgoing wave is generated (dotted arrow).

In Figure 6.1 (bottom) a symmetrical grating leads according to the reciprocal theorem to an
out-coupling of the minus first order (-1) to the zero-order wave the same way the zero-order
incident wave couples to the plus first order (+1) wave. This should lead to partial out-

coupling within each period.

Morf showed the potential of the 3 different back reflector designs by calculating the
absorption depending on the cell thickness for single polarization and perpendicular incidence
of the incident light. The upper limit of the absorption of this device is limited by the front
side reflection at the flat interface. It is 4 ~ 98 %. For an absorber thickness of d ~ 2.5 pm
Morf calculated the absorption 4 ~ 59 % for a planar reflector, 4 ~75 % for a rectangular
structure and 4 ~ 87 % for a blazed, unsymmetrical grating. For increasing cell thickness the
absorption of all 3 back reflector designs leads to similar values, i.e. for d = 100 um the
absorption 4 ~ 88 % for a planar reflector, 4 ~ 93 % for a rectangular structure and 4 ~ 95 %
for a blazed grating.

The limitation of the unsymmetrical back reflector design is, of course, that this concept

works only for a small deviation from the perpendicular angle of incidence. If the angle of
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incidence is outside of the necessary incidence cone then left- and right-going diffracted

waves are created. In addition only polarized light was used.

The FIT simulations of a flat TCOgon / silicon interface with a rectangular grating at the
silicon / TCOp,k interface in comparison to the vice-versa case have shown that especially the
reflection at the front interface (TCOgonc / silicon) have to be as low as possible to reach high
quantum efficiencies. For different periods and structure heights the influence of a textured or
flat interface at the front or back side were tested and the highest currents were calculated for
a textured front interface. This comparison was performed for red light 700 nm < A < 1100
nm. For comparable grating parameters the current of a structure with a flat front interface
was up to 1 mA/em’ (~ -25 %) lower than for a structure with a textured front interface and a
flat or textured back interface.

A minimal outgoing wave can be realized by choosing the optimal grating structure, as shown

in the chapter about the grating theory, but this is only valid for a polarized wave.

6.2 Reflection at flat interfaces

To understand and estimate the origin of the reduction in QF and short circuit current for a
solar cell structure with a flat front interface between the TCO and silicon layer a geometrical

optical calculation of the partial reflection at this interface can be taken into account.

angle of angle of
incidence reflection
/
\ /
\\ /
incident ray \ / reflected ray
Valle¥

refractive index n,

refractive index n,

refracted ray

Fig. 6.2: Angles for reflection and refraction at flat interface of two adjacent media with

different refractive indices given by the Snellius law of refraction.
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The Snellius law of refraction [6.2] for two adjacent media with different refractive indices
gives the angular relation between the incoming and the diffracted ray. With n; and n, being
the refractive index of each layer and o and y the propagation angle in each layer,

respectively.

sin(y) = (m, / n,)-sin(cr) (6.0)

In Fig. 6.3 the angles for reflection and refraction of light at an interface of silicon and ZnO
calculated by the Snellius law are shown for 3 selected wavelengths. Shorter wavelength (A =

400 nm) are stronger refracted than longer wavelengths.
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Fig. 6.3: Angles for reflection and refraction of light at an interface between silicon and ZnO

calculated by the Snellius law.

In case that the right term is smaller than 1 partial reflection occurs. The light ray is diffracted
and partly reflected. If the right term is bigger than 1 no solution for y exists and total
reflection occurs. For the partial reflection case the quantity of reflected and diffracted light

can be derived by the Fresnel equations [6.2].

The quantity of the partial reflection depends on the polarisation of the incoming wave and

the angle of incidence and the refractive index of the adjacent layers. R, stands for a
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polarisation of the incoming wave parallel to the plane of incidence and R, for the

perpendicular case.

R, =[sin(a —y)/sin(a + )" =[(n, cosa —n, cos y) /(n, cosa +n, cos )]’ (6.1)
R, =[tan(a - y)/tan(a + y)]* =[(n, cos @ —n, cos y) /(n, cosa + n, cos )]’ 6.2)
For circular polarized light the reflection is given by: R= (Rs+Rp)/2 (6.3)
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Fig. 6.4: Partial reflection of a flat ZnO / silicon interface for 2 linear polarisations (R, R,)
and circular polarized light for 2 = 400 nm (top) and A = 900 nm (bottom) under variation of

the angle to normal incidence.
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To understand the influence of a flat interface between the TCOg,n and the silicon layer, the
partial reflection is calculated for the case that the light enters through the ZnO and impinges
on the silicon layer. This is done for 4 =400 nm and 4 = 900 nm the precise refractive index

for both materials and both polarizations.

6.3 Comparison of blazed and rectangular structure

For A =400 nm the reflection value for normal incidence (0°) of both polarisations is quite
high with R ~ 22 %. For A = 900 nm the reflection for perpendicular incidence is R ~ 12 %.
For both wavelengths R remains for & = 0 - 60° on the almost same level and increases
strongly to R ~ 100 % for o ~90°. For a ~70° R, reaches a minimum of R, ~ 0 whereas R
increases without a minimum with higher angles.

Especially for short wavelength this geometrical calculation shows the limitation of an optical
design with a flat TCOgon / silicon interface as due to the significant difference in refractive
index the reflection is quite high (R = 22 %). This can only be minimized with a smoother
gradient on the refractive index of both materials. Therefore, every interface shape that has a
filling factor of around 0.5 and a thickness of preferably ~ A/4 will lead to a reduction of this

interface reflection.

TCOfront layer
500 nm

structure height I
h

TCOback layer ‘
- 80nm/

Ag back contact

4

period size P

Fig. 6.5: Simulation unit cell of an unsymmetrical, blazed diffraction grating structure.

83



To investigate the proposed unsymmetrical texture, test its potential and at the same time try
to overcome its incoupling limitation an unsymmetrical, blazed structure with 6 discrete levels

as in Fig. 6.5 was implemented in the thin-film silicon solar cell model.

To be able to compare the results to the previous rectangular grating simulation the volume of
the TCOgont contact layer was kept constant. The microcrystalline silicon absorber layer has
again a uniform thickness of 1 pm. The minimum layer thickness of the TCOpqack contact layer
is 80 nm (on the lower left side of the unit cell).

Both solar cell textures have a period P = 1.2 um and structure height # = 0.3 pm.
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Blazed grating (6-levels)
Rectangular grating

Quantum Efficiency
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Fig. 6.6: Calculated quantum efficiency of a rectangular grating and a blazed 6-level texture
integrated in a thin-film silicon solar cell. In the short wavelength range 1 < 550 nm the
blazed texture (black area, used only for illustration reasons) has significantly higher QE
values than the rectangular grating (rved line). ForA > 550 nm especially the high peaks are

not as pronounced and also lower QF values are found.
The QF calculation in figure 6.6 shows a clear improvement in the blue spectral region 300

nm < A < 550 nm for the blazed cell design. Also, between 600 nm < A < 700 nm the QF of

the blazed design is superior to the binary grating design.
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In comparison to a flat structure the total short circuit current increases by 28.2 % under AM
1.5 illumination conditions, whereas the rectangular grating gave only an increase of 18.7 %

in Ji.

As investigated by Morf [6.1] an unsymmetrical, blazed grating represented by 3 discrete
levels can enhance the absorption of a-Si:H thin-film solar cells by 30 % compared to a flat
cell, whereas in his calculation a rectangular shaped grating (consisting of 2 discrete levels,
i.e. groove height = 0 and = /) increases the absorption by only 20 % (under AM 1.5

illumination conditions).

In our simulations for pc-Si:H thin film cells, though, a quite similar result was achieved.
Figure 6.7 shows the increase in short circuit current in relation to a flat cell specified for

three spectral regions.
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Fig. 6.7: Comparison of relative gain in Jy. of cells with a blazed grating (6-levels) and a
rectangular shaped grating compared to a flat cell for different wavelength ranges. Both
grating coupler have P = 1.2 um and groove height hg = 0.3 pm.

In contrast to Morf’s calculation where the gain of a-Si:H solar cells is caused by an equal

contribution of a reduced reflection in the blue & green wavelength region and an improved
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absorption in the red range, we calculated a strong gain in the red and near infrared light
current and a smaller gain for the blue / green part of the light spectrum for pc-Si:H diodes.
For near-infrared light with a wavelength between 700 and 1100 nm (in this range the spectral
sensitivity of a-Si:H is very low due to the a-Si:H bandgap of 1.74 eV) the photocurrent
increases in comparison to a flat cell value by 59.4 % and 63.8 % for a blazed grating (6
levels) and rectangular grating, respectively. Under red illumination conditions (4 = 550 - 700
nm) the photocurrent of the blazed grating is increased by 28.5 % and for the rectangular
shaped grating by 13.2 % compared to the flat cell value. In the blue light range 4 =300 - 550
nm the blazed grating shows ~ 6 times higher gain in the photocurrent than the rectangular
shaped grating, with 12.9 % versus 1.9 % in comparison to a flat structure. The cell with a
blazed grating coupler shows an improved light in-coupling and thus reduced reflection for
blue and red light but a slightly weaker light trapping ability in the near infrared light region
than the rectangular blazed grating. For 400 nm < A < 430 nm the blazed grating shows a
significantly higher QF (Fig. 6.6) than the rectangular grating with AQE between + 5 % and +
15 %.

A thorough examination of the shape of the QF spectra shows a reduction of the 2 strong
interference peaks between A= 400 - 500 nm for a blazed grating in comparison to the
rectangular shaped grating. The peak height of the interference fringes depends on the phasing
of the light within the individual discrete levels. For a flat structure the interference
modulations are the strongest. Interference fringes in the QF are observed when the optical
thickness of the height of the discrete levels corresponds to a multiple of A/4. For other
configurations the optical propagation within the discrete levels leads to a different phasing
and consequently the two distinct fringes disappear. For blue light illumination the absorption
gain is not as pronounced as in Morf’s results. This can be likely explained by using different
grating parameters P and /# and a 1 um thick microcrystalline absorber layer compared to a
310 nm thick amorphous silicon layer as in Morf’s work that is more sensitive in the blue

spectral range.

A reduction of the number of discrete blaze levels from 6 to 3 gives an interesting
result. For 2= 300 - 700 nm the 6-level blazed grating leads to higher QFs than the 3-level
blazed grating due to an improved light in-coupling, but for 4= 700 — 1100 nm the vice versa
case occurs (QE(3-level) > QE(6-level)). This behaviour indicates a better long wavelength
light trapping for the 3-level blazed grating. The calculated blue response of the cell

considering a 3-level blaze grating is similar as for cells with rectangular shaped gratings.

86



This result indicates that light incoupling is mainly determinated by the shape of the texture.
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Fig. 6.8: Quantum efficiency of an unsymmetrical, blazed texture with 6- or 3-steps integrated
in a thin-film silicon solar cell. The 6-step structure exhibits a better blue light incoupling but

a weaker red-light trapping than the 3-step structure.

6.4 Symmetrical 2D structure

To understand the influence of the asymmetry of the blazed structure on the light propagation
a truly symmetrical, pyramidal structure was implemented in the unit cell, as shown in Figure

6.9. The layer sequence is in accordance with the previous simulations.

Fig. 6.9: Unit cell of a symmetrical 2D structure.
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For the symmetrical 6-step pyramid texture we found an overall gain in J;. of 33.2 %,
comprising a gain of the blue response (300 nm < A< 550 nm) of 13.1 %, the red response
(550 nm < A< 700 nm) 30.6 % and a strong gain of 79.9 % for the near-infrared region (700
nm < A< 1100 nm) all compared to a flat cell. The short circuit current amounts to 16.9
mA/cm?®. This is a gain of 4.2 mA/cm? compared to flat, untextured cell.

Examples for absorption profiles are shown in the following (Fig. 6.10). For 1= 400 nm the
absorption takes place in the first ~ 100 nm. At every step of the structure a flame-like region
of strong absorption can be found. For the same period and height values a triangular structure
was simulated to investigate the absorption profile for short wavelength for different interface
features. It turn out that the absorption profile for the flat interface of the triangular structure
does not show the separated individual flame-like loss regions. A profile with broad red

absorption regions is visible that has a similar intensity distribution in z-direction.
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Fig. 6.10: Comparison of absorption profiles for a symmetrical, pyramidal 6-step structure
(top) and a pyramidal structure with a flat interface (middle) for A = 400 nm. In the bottom
absorption profile the illumination is performed with A = 700 nm. The small pyramid steps
have a lateral size of 120 nm and a vertical size of 60 nm resulting in a period of P = 1.2 um

and structure height h = 300 nm.

For A= 700 nm regions of strong absorption (red coloration) are uniformly distributed over
the microcrystalline silicon absorber layer.

For the high energy case (400nm) the maximum of absorber power is 35100 W/m® for the 6-
step pyramidal case and 23207 W/m® for the pyramidal structure with flat interfaces. The low
energy case (A= 700 nm) has a maximum in absorption with 3800 W/m®. For both
wavelength the quantum efficiency (QE = Power (incoming) / Power (absorbed)) is in the
range of 50 %. As the absorption of the blue light mainly takes places in the TCO#ion / silicon
interface region and not like in the red light case distributed all over the absorber layer an
advanced discussion and optimization needs also consider the non uniformity of the
recombination at the front contact. This is given by the shorter life time for generated carriers

in the p-doped layer and at the heterogeneous material interface.
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6.5 Multi step pyramids with variation in step size and step number

Next, the influence of the number of steps is investigated for the symmetrical multi-step
pyramid. For a constant period size P and structure height / the total step number N leads to

the following individual step size of the lateral and vertical steps, following the equations:

lateral — step — size = P /((N —1)-2) (6.4)
vertical — step — size = h /(N —1) (6.5)

For a pyramid with P = 1.2 um and /# = 300 nm the investigated pyramid structures have the

following lateral and vertical step-sizes:

number of steps 3-steps 4-steps 5-steps 6-steps

lateral step-size 300 nm 200 nm 150 nm 120 nm

vertical step- 150 nm 100 nm 75 nm 60 nm
size

Fig. 6.11 shows the relative gain in J;, of the multi-step pyramid structure in comparison to a
flat structure that is dependent on the number of used steps. The rectangular (which is 2-step
binary grating) structure and 2D pyramids with 3, 4, 5 and 6 steps are investigated. The

spectrum is again divided in 3 region of interest.

For the blue response (300 nm < A< 550 nm) a very clear trend is visible. The higher the
number of steps of the pyramid, the higher is the gain in Jg. This can also be seen for the red
response (550 nm < A< 700 nm) with an exception of the 4-step pyramid. For the near-
infrared region (700 nm < A < 1100 nm) the structure with 4, 5 and step show a high gain of ~

80 — 90 %. The 3-step structure shows an even lower gain than the binary grating structure.
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Fig. 6.11: Comparison of relative gain in Js. of cells with a 2D pyramidal multi-step structure
with 3, 4, 5 and 6 steps and a rectangular shaped grating. The gain in short circuit current is
compared to a flat cell for three different wavelength regions. The multi-step pyramid and the
rectangular grating have P = 1.2 um and h = 0.3 um.

The general trends can be clearly seen in the illustration. A local interference effect or a shift
of a peak within the QE graph from one spectral region into the adjacent spectral region can
be the reason for irregularities in the observed results. This local interference effect can be for
example introduced by a destructive or constructive interference of the individual diffracted
waves that are starting at the small steps. Therefore, the vertical step-size in relation to the

wavelength of the incoming wave can be the critical parameter.

The following table summarizes the calculated gain in J,. compared to a flat, untextured

design for the three spectral regions.

For all structures the period size is P = 1.2 pm and the structure height # =300 nm.
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Gain in flat 6— 3- rectang | 6 -step | 5-step | 4-step | 3 - step
Jye [%] design | blaze blaze ular pyra- pyra- pyra- pyra-
without un- un- grating mid mid mid mid
texture | symm. | symm. (1D) (2D) (2D) (2D) (2D)
Spectral (2D) (2D)
range
300 - 550 0 13 2.9 1.9 13.1 11.4 6.3 4.8
nm
550 - 700 0 28.5 26.9 13.2 30.6 27.6 33.6 20.8
nm
700 — 0 59.4 | 10096 | 63.8 79.9 86.1 86.9 44.5
1100 nm
Total- 0 28.2 319 18.7 33.2 32.6 32.8 18.8
Gain [%]
J. total 12.69 | 16.27 | 16.75 | 15.07 | 16.90 | 16.83 | 16.85 | 15.08
[mA/cm?]

Tab. 6.1: Gain in current for different spectral regions and structures with the same period

and structure height. (P = 1.2 and h = 300 nm).

Next, the step number dependence was investigated for a changed P/A ratio.
The period size is P = 0.7 pum and h = 300 nm. For the rectangular grating structure this

parameter set exhibited high currents.

Gainin | 3-step | 4-step | 5-step
Jsc [%] | pyramid | pyramid | pyramid
(2D) (2D) (2D)
Spectral P=0.7 | P=07 | P=0.7
range pm pm pm
300 - 550 8.97 10 13.3
nm
550 —700 26.7 29.7 359
nm
700 — 64.9 80.4 84
1100 nm
Total- 26.9 31.6 36.1
Gain[%]
J. total 16.11 16.71 17.27
[mA/cm’]

Tab. 6.2: Gain in current for different spectral regions and structures with 3, 4 and 5-steps

with the same period and structure height. (P = 0.7 and h = 300 nm).
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The trend that was observed for multi-step pyramids with P = 1.2 pm, # = 300 nm that with
increasing number of steps of the pyramid the gain in J, is higher is also found for the P = 0.7

um structures. Here, the trend is similarly present in all three wavelength regions.

In Fig. 6.12 the relative gain in J;. compared to a flat cell for the short wavelength region 300
nm < A < 550 nm is illustrated in relation to the vertical step size. It shows a very similar
curve for both period sizes. Both curves show a higher gain for smaller vertical step sizes. For
the incoupling process the vertical step size is an important parameter as small steps lead to a
smother change in refractive index. The lateral step size also plays a role (lateral step size
shown in brackets in Fig. 6.12) as for comparable vertical step size a smaller lateral step
always exhibits a higher gain. For comparable lateral steps sizes (120 nm and 117 nm) a
smaller vertical step size is beneficial.

Thus the incoming plane wave experiences an antireflection effect that clearly depends on the

lateral and vertical size of the used steps.

= P=12pm, h=300 nm

<88“m> ® P=700nm, h=300 nm

(120nm

for A =300 - 550 nm

(lSOnm) 1
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(300nm)
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4 T T T T T
60 80 100 120 140 160

vertical step size [nm]

Fig. 6.12: The relative gain in Jy. for blue light is shown in relation to the vertical steps size
of the structure. For both period sizes P =1.2 um and 0.7 um a similar shape is visible

indicating the importance of the vertical step size for the light incoupling.
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6.6 Investigation of blue light incoupling

To understand the fundamental aspects of light incoupling the QF was calculated for a large
variety of 2D structures. The period, height and number of steps were varied independently.
In the following study period sizes between 500 nm and 2 pm and pyramid heights of 75 nm
up to 1 um were investigated. The resulting opening angle of the pyramid is determined by P
and £ lies between 70° and 157°. The step number of the multi-step 2D pyramids was chosen
to be 6, 8, 10 or 11. The back reflector design was either conformal shaped TCO/silver or the
flat TCO/ silver interface.
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Fig. 6.13: Calculated blue current of 2D multi-step pyramids with a variation in period,
structure height, number of steps, opening angle of the pyramid and back reflector design.
For small periods < 1 um and pyramid steps of ~ 30 — 70 nm the highest blue currents were
calculated. The sample names and the detailed structure parameters are given in the table

below. The dotted line indicates the blue current of a flat, untextured structure.
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Although the blue spectrum generates only a short circuit current of around 4 mA/cm® it

allows to investigate the fundamental properties for the incoupling of light. Figure 6.13 shows

the calculated J. over the period size for the blue spectrum and more than 30 different P and

h parameter combinations.

The following observations have been made:

The general observed trend is indicated by the black arrows. High current values are
found for smaller lateral and vertical features (i.e. steps of ~ 30 — 70 nm). With higher
total period (and thus larger lateral features with constant step size between 6 and 11)
the blue current decreases. The thick black arrow in Fig. 6.13 indicates the average J;.-
value and the thin back arrows indicate the spreading of the Ji-values for the given
period size. For smaller period size the spreading of data point is much smaller than
for larger periods.

For P = 0.5 pm the samples with a lateral step size of 50 nm show an increase in
current with higher vertical step size of 15 nm, 25 nm, 35 nm, 42 nm (samples A, B,
C, E, F) (red arrow)

For P = 0.7 um all samples have a lateral steps size of 70 nm and they show the
highest current value for a vertical steps size of 35 nm and a lower current value for
higher or lower vertical step sizes (sample I and J). (blue arrow)

For P = 1.2 pum the parameter combinations with lateral/vertical steps with:
86nm/43nm, 120nm/35nm, 67nm/33nm and 120nm/60nm show the highest blue
currents.

The samples with P = 2.0 pm do all have lateral step sizes > 100 nm. They also show
the highest blue current for small vertical step sizes of 30 nm (sample Z). If the lateral
step is too large (200 nm) a small vertical step size of 40 nm doesn’t lead to a high
current anymore (sample X).

The highest blue current was calculated for P = 0.6 um, # =200 nm and 6 steps with a
60 nm lateral step size and 40 nm vertical step size. The gain in J;. is +10.97 % in
comparison to a flat cell.

The opening angle is not generally correlated to the blue current. Steeper structures are
usually better for an enhanced light incoupling but the individual step size is more
important than the opening angle. For longer wavelength (red light illumination) this

trends would reverse as the small features or step sizes are much smaller than the
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incident light. For red light the total structure size or structure angle determines the

incoupling properties.

The following table summarizes the structure parameter of each sample in Fig. 6.13 via the

sample name. Samples mentioned in the text before are highlighted.

Sample Period Structure height | Opening Blue short circuit Lateral | Vertical
name size P h [nm] angle [°] | currentJ,, [mA/ecm?] | step size step
[nm] [nm] size
[nm]
A 0.5 75 147 4.02 50 15
B 0.5 125 127 4.10 50 25
C 0.5 175 110 4.14 50 35
D 0.5 175 110 4.08 36 25
E 0.5 210 100 4.15 50 42
F 0.5 210 100 4.14 50 42
G 0.6 200 113 4.20 60 40
H 0.7 100 148 4.08 70 20
I 0.7 175 127 4.19 70 35
J 0.7 175 127 4.16 70 35
K 0.7 300 100 4.14 70 60
L 0.7 300 100 4.09 70 60
M 0.7 500 70 4.03 70 100
N 0.7 500 70 4.09 70 71
) 1.2 175 147 4.15 120 35
P 1.2 300 128 4.12 120 60
Q 1.2 300 128 4.16 86 43
R 1.2 300 128 4.13 67 33
S 1.2 500 100 3.89 120 100
T 1.2 500 100 4.01 86 71
U 1.2 500 100 4.01 67 56
\Y 1.2 600 90 4.05 60 60
A 1.0 300 118 4.16 100 60
X 2.0 200 157 3.96 200 40
Y 2.0 300 147 4.07 200 60
Z 2.0 300 147 4.11 100 30
Z1 2.0 500 127 3.79 200 100
72 2.0 500 127 3.97 143 71
Z3 2.0 500 127 4.08 100 50
Z4 2.0 830 100 3.89 200 166
z5 2.0 830 100 3.85 100 83
Z6 2.0 1000 90 3.76 100 100

Tab. 6.3: The table summarizes the investigated structures for the calculation of the blue

response as in Fig. 6.13.
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From every individual step of the multi-step pyramid an individual diffracted light wave
starts. These individual waves can for a given constellation of incoming light wave and
vertical and horizontal step size lead to a local constructive or destructive interference that can

supports an improved light incoupling into the absorber layer.

Fig. 6.14: Absorption profiles for a symmetrical, pyramidal 6-step structure for A = 400 nm.
The small pyramid steps have a lateral size of 120 nm and a vertical size of 60 nm resulting in
a period of P = 1.2 um and structure height h = 300 nm. From every step of the pyramid an

individual diffracted light wave starts.

General trends observed for the blue response of pyramidal multi-step structures:

1. The ideal feature for a high blue response is a small vertical step size of 30 ~ 50 nm.

(With lateral step sizes of 50 — 100 nm). Vertical steps > 60 nm clearly lower the blue
response. They lead to a discontinuity of the local (from one step to the other)
refractive index gradient.
A few simulations showed that vertical steps < 30 nm (for the same lateral size) also
lead to a lower current if the total structure height of the pyramid is too small (2 < 175
nm). This is the consequence of a too abrupt change of the total (over the whole
interface regarding the z-axis) refractive index of the structure.

2. The opening angles resulting from P and / for the highest blue response deviate
between V= 100°, 118° or 127/128°.

3. The gain in J;. is ~ 10.97 % in comparison to a flat cell (a rectangular grating showed

a gain in J;. of only ~ 3 % in comparison to a flat cell).
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6.7 Comparison of 2D and 3D light trapping structures

The previous chapters have focused on 1D and 2D periodic light trapping structures.

Fundamental properties and design criteria for thin-film silicon solar cells have been found.

However, in comparison to cells with randomly textured substrates the calculated short circuit
current of these 2D structures is lower. Therefore, 3D structures, as present in the random

concept need to be investigated.

In analogy to the previous 2D calculations the 3D pyramid was discretized by 6 steps. For a
3D pyramid with P = 0.7um and a structure height of 300 nm the QF was calculated for 300
nm < 4 < 1100 nm. A comparison to the calculated QF of the 2D pyramid showed an almost
identical blue response (300 nm < A < 500 nm). For 4 > 500 nm the 3D pyramidal structure
has a significantly higher QF. The short circuit current was calculated to be J,. = 20.45
mA/cm® which is 3.5 mA/cm® higher than for the corresponding 2D pyramidal structure. This
result shows the necessity of a 3D interface texture as it is used in the standard randomly

rough texture concept.

The higher current is generated by a prolonged light path in the absorber layer as the light is
diffracted in x- and y- direction (for an incidence along the y-axis). For a 2D structure the
light was only diffracted in x- direction whereas in y-direction the shortest possible path is

possible. Therefore, the 2D structures have a constant absorption profile in y- direction.
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Fig. 6.15: Comparison of the QF of a 2D and 3D pyramidal interface with 6 discretization
steps. The blue response is identical and for the 3D pyramid the red response is significantly

enhanced.

This result gives an indication why the thin-film pc-Si solar cells with 1D line grating
couplers had a red current that was enhanced in comparison to a flat cell but that was not as

high as for the random textures.

As for thin-film solar cells based on amorphous silicon mainly the incoupling properties play
the important role for this cell type a 2D texture might be sufficient to fulfil the optical
requirement. As the total performance of a solar cell is determined by morphological,
electrical and optical properties that influence each other strongly a 2D structure with an
optimized design might have advantages compared to a 3D texture, in the case of amorphous

silicon.
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6.8 Comparison of inverted and upright pyramids

The approach of a randomly rough texture used at our institute exhibits predominantly crater-
like structures, which can be simplified in a model by inverted pyramids. To understand its
functionality a comparison of a solar cell with an inverted pyramid and an upright pyramid is

performed by numerical modeling.

Fig. 6.16: Absorption profile of an upright 6-step pyramid interface texture for A = 500 nm.
The lateral step size is 100 nm the vertical step size is 60 nm. Only the absorption in the
silicon layer is shown. The silicon layer has the shape of an upright pyramid. The TCOjopn

layer is coloured in a transparent light blue.

Within the simulations we take care that both structures have the same silicon absorber
volume and the same front TCO volume. The calculated QF of the upright pyramid is about 5
% higher than for cells with an inverted pyramid structure for a wavelength of 300 nm > A >
500 nm as shown in Fig. 6.17.
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Fig. 6.17: Comparison of inverted and upright pyramidal texture with P = 1.0 um and h =
300 nm with flat silver back contact. The short circuit current of the inverted and upright

pyramid was calculated to be J,. = 20.44 mA/en’ and 20.63 mA/cmZ, respectively.

The reason for this might be a higher reflectivity of the inverted-pyramid as the volume
fraction of the silicon layer increases (in direction to the back contact) more rapidly. Thus, the
incident light propagates through a layer with a stronger change in the effective refraction
index n; consequently the reflection enhances. The enhanced blue response is in good
agreement with the data determined for crystalline silicon cells with a 300 times thicker
absorber layer. The lower reflectivity of upright pyramids compared to inverted pyramids was
also calculated by Sai et al. [6.3] for infinite crystalline silicon absorbers. For thin-film silicon
solar cells only the wavelengths below 500 nm can be considered to be incident on an
“infinitely” thick absorber. While for c-Si also an enhanced red response was predicted by the
simulation thin-film cells with upright and inverted pyramids show in our simulation
comparable values. For any wavelength > 500 nm it is not possible to clearly separate the
optical effects of in-coupling, out-coupling and light trapping within the quantum efficiency
calculation as they are a superposition of each other. An evaluation of their individual
contribution can only be conducted with experiments like for instance a variation of absorber

layer thickness or the interface design.
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The change of the effective refractive index can be calculated in the following way. For the
case of an inverted pyramid structure (as seen from the light incident side) the pyramid is
filled with TCO.

P’ (P -PE)) g (6.6)

Ny (2)= ? rco p?

This equation calculates the refractive index of the pyramid at the position z, see Fig.6.18.

P

Fig. 6.18: Sketch of a pyramid used for the calculation of the effective refractive index of an
inverted TCO pyramid interface between the TCOjon and silicon layer.

For a point z close to the pyramid base the area given by P(z)” is almost as big as the pyramid
base (P?) and the effective refractive index n.(z) is dominated by the pyramid material (in this
case TCO). For a point z close to the pyramid tip the material outside of the pyramid (here the

surrounding silicon) gives the main contribution to 7(z).

With the Pythagorean Theorem the following relations are given:

P*=P'+P} (6.7)
P*(2)=P/(2)+ P, (2) (6.8)
P=P,-\2 (6.9)
P(z) = P,(z)-\2 (6.10)
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Via the angle « at the pyramid tip the equation is given:

P, _P(2)
tanazfzﬁ (6.11)

This leads to

2 B — h(z)?
n,(z) = TZZ‘”TCO +[h72(2)j'n51 (6.12)
h(z)=h-z (6.13)
h—z)° h—z)?
ny(z)= ¢ hzz) Mrco +[1_ ¢ hzZ) J'ns; (6.14)

Next, the effective refractive index is plotted for the wavelength dependent materials TCO
and silicon (n7co(4) and ngi(4)) for blue and red light with 4 = 400 nm and A4 = 900 nm,
respectively. For blue light the difference in # of silicon and TCO is much larger than for red
light and thus a smooth change of » is more important for the reduction of reflection. The case
of an upright silicon pyramid can be derived as above. For both wavelengths this #.y curve is

much flatter at the start of the pyramid and much steeper at the end.

Both structures (inverted or upright, as in Fig 6.19) have the same refractive index value at
their start and their end. This is not the important fact, though. The shape of the structure
determines whether the slope of the curve in Fig. 6.20 at the start of the interface texture (here

a pyramid) is smooth or steep and thus reflecting less or more, respectively.

Inverted Pyramid Upright Pyramid

structure
height h

pe-Si:H absorber pc-Si:H absorber

contact

period P
Fig. 6.19: Scheme of inverted and upright pyramid configuration.
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Fig. 6.20: The effective refractive index of a pyramidal interface between TCO and silicon in
upright or inverted configuration is plotted from the start of the pyramid to its end for blue
light (A = 400 nm) and red light (A = 900 nm) illumination. The inverted TCO pyramid leads
to steeper slope of the curve at the start of the pyramid and the consequence is a stronger

reflection and a lower QF in the Maxwell simulation.

6.9 Influence of back contact design on short circuit current

Next, we investigate the influence of the back contact design on the optical properties of the
device. The common thin film solar cell developed at our institute has an 80 nm thick TCOpack
layer made of ZnO followed by a sputtered silver back contact. The TCOpyck layer is sputtered
on the silicon layer and has a conformal shape with a roughness similar to the absorber layer.
Our studies have shown that this is the preferable back contact design in terms of electrical
properties and damp heat and high temperature stability [6.4]. In this numerical study the
standard back contact concept was compared to a back contact with a flat interface between
the TCOpqck layer and the silver layer. The short circuit currents for both device designs is

calculated for period sizes from 0.5 um to 1.2 pm and absorber layer thicknesses of 1um,
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1.5um and 2um. For a period size of P = 0.7um (where for 2D structures good red light
trapping was achieved) the short circuit current of cells with flat back contact design is about
2.5 mA/cm?® higher than for structures with the conformal back contact design independent of

the i-layer thickness investigated.

Fig. 6.21: Cross-section scheme of a thin-film silicon solar cell with 3D pyramid texture. A
back contact with a flat interface between the silver and TCO back layer (left) and a

conformably shaped TCO and silver back layer (right) are investigated.

In case of a 1um thick absorber the difference in current of both structures decreases with
increasing period size. For the conformably shaped back contact structure cell J, increases
and the J;. value of the flat shaped interface cell remains on a high level (> 20 mA/cmz). The
blue response (300 nm > A > 500 nm) of both shapes is identical and equals J;. ~ 4.3 mA/cm®
independent of the period size (see Fig. 6.22). Both shapes were also tested with different
absorber layer thicknesses of 1.5 um and 2 pm. For P = 0.7 um and P = 1.2 pm the relative

gain in J,. through the flat back interface remains nearly constant.
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Fig. 6.22: Short circuit current of cells with different back contact designs (Fig. 6.21).
Additionally, the blue response is shown, which is identical for both structures. The structure

height is h = 300 nm.

A gain of 1 - 1.5 mA/em® and 2.5 - 3 mA/em’ in case of increasing the absorber layer
thickness from 1 pm to 1.5 pm and from 1 pm to 2 pm thick absorber layers, respectively, is
observed for the structure with a flat back contact design. This result indicates that the
difference in current of both structures can be explained by the influence of the back contact
design on the light propagation within the structures. The higher J;. values for the flat back
contact design cell can be attributed to an improved light trapping, likely caused by an optical
retardation of the light rays after passing through the inhomogeneous thick TCOpack layer. For
both devices the incoupling angles at the front side are the same but the angles of diffraction
after the first transition through the cell must have been beneficially altered in case of the flat
back contact design and a stronger waveguide effect is supported. The conformal TCOpack
layer structure is more sensitive to the period size and a period size around 1.2 pm seems to

be necessary to reach high J;. -values.
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Fig. 6.23: Short circuit current for different back contact designs (as shown in Fig. 6.21) for
silicon absorber layer thicknesses of d = 1 um, 1.5 um and 2 um. The structure height is h =
300 nm.

In addition to the improved light trapping of the structure with the flat silver back reflector it
is generally recognized that a macroscopic roughness of the silver back reflector can lead to
significant absorption losses in the visible range due to interference-enhanced plasmonic
absorption effects [6.5]. This effect is not considered within the simulations as an ideal metal
(Ag) layer was implemented in the model. Thus, a flat silver back reflector might have

potential to increase the overall light trapping properties of thin film silicon solar cells.
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7 Investigation of inverted pyramids

7.1 Three dimensional square based pyramids with flat interfaces

In the previous chapter comparable high blue currents were calculated for square based, 6, 8,
10, 11-step pyramids with period size between 400 nm and 700 nm. But also for a period size
of 2 pm (with structure height of 300 nm and a higher number of 11 pyramid steps) a high
blue response was found.

These results lead to the conclusion that the lateral and vertical distance between the
individual pyramid steps can result in destructive or constructive interferences.

Consequently, the short circuit current is depending on more parameters than in the line
grating case (1D line grating: Jy.= Ji. (P, h). The short circuit current of a multi-step pyramid
depends on 4 parameters: J;. = Jy. (P, h, dx, dy) with dx and dy denoting the size of the small
steps of the multi-step pyramid in lateral (dx) and vertical (dy) direction.

In chapter 7 square based pyramids with flat interfaces are investigated instead of the multi-

step pyramid.

For the flat silver / TCO interface design in Fig. 7.1 the distance between the silicon pyramid

tip and the silver layer is 80 nm and the maximum TCOp,k layer thickness is 80 nm + 4.

It is also possible to calculate and plot the spatial absorption profile within a 2D cutting layer
in the cell, as shown in Fig. 7.1. For 4 =400 nm the spatial absorption profile is plotted in a
xy-cutting plane in the middle of the absorber layer. The 4 symmetric peaks are “modes” that

are determined by the optical confinement of the cell design.
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Fig. 7.1: Power loss profile for illumination with A = 400 nm is plotted in a xy-cutting plane
in the middle of the absorber layer. The 4 symmetric peaks, red areas of strong absorption

represent “modes” that are determined by the optical confinement of the cell design.

The QF and absorption in the TCO layers is shown in Fig. 7.2 calculated for a pyramid with
parameters P = 850 nm and /4 = 400 nm and a flat silver / TCO back reflector design. For this

structure the calculated current is J, = 21.02 mA/cm’.

This value is in the range of experimental values determined for cells with Ipm thick
microcrystalline silicon absorber layers and deposited on randomly textured substrates.

The parasitic absorption of the TCOyon layer remains in the wavelength range A= 500 - 900
nm on a high level of ~7 %. Increasing the transparency of the TCO layer is thus of great

importance to reach higher photocurrents.

In the QF calculation the whole silicon absorber layer is considered. In all simulation results

presented in this thesis higher defect densities in the p - and n - doped layers are neglected.
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Fig 7.2: Calculated QE of the silicon layer and absorption in the front and back TCO layers

of a 3D inverted square based pyramid. The highest short circuit current Jy. = 21.02 mA/cm’
was calculated for P = 850 nm and h = 400 nm.

In this study a variation of P and /4 of the 3D pyramid is performed and the results are plotted
as a function of the period P or the pyramid opening angle ¢. In the notation of the previous
multi-step pyramid study the flat pyramid interfaces have an N ~ co.

Again, for 300 nm < A< 1100 nm the unit cell is illuminated with a circular polarized plane
wave, which enters under normal incidence. The calculated J. values are the maximum
possible short circuit current density. A QFE value below one implies that the incident
radiation has not been completely absorbed within the photovoltaic active region. It can be
reflected at the front side of the cell, absorbed in the TCOfont Or TCOpqek layer or it might
have escaped from the cell after multiple reflections within the cell. Especially for 4 > 620
nm, the absorption coefficient ¢ multiplied with the layer thickness d is a * d < 1. Thus light
has to be multiple reflected within the cell until it is absorbed. Considering the sun spectrum
and the calculated QF, J, can be calculated. Fig. 7.3 shows the calculated J;. of cells with

textured substrates in comparison to a flat, untextured structure as a function of P (right axis).

111



22
—_—
h=500 nm A NE
6o b *\\\ 128
——o—3%
1 202
50 b h =300 nm _3
1 19 =y
) -
é 40 F increasing 118 S
= structure height h ::
= 17 3
O 30r h=150 nm o
=
16°5
2
20 | .
. 153
T
0t 4
@
Dashed line: Jgc-value for flat, untextured cell I~ 113
LRI B S e S S B L B B S B
0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 12 13

Period P [um]

Fig. 7.3: Calculated Js. of cells with square based pyramids for a variation of P and h in
comparison to a flat, untextured structure (Gain = 0 %). For structure height h > 300 nm
high currents are calculated. The results are determined for the flat back reflector design as

shown in Fig. 7.1.

The following parameters were used within the simulation: P =400 nm — 1300 nm, # =75 nm
— 500 nm and the resulting pyramid opening angle &= 44° — 166°. The J,. curves for 2 =300
nm, 400 nm and 500 nm show similar high current values with a broad maximum for P = 700
— 1000 nm. For lower periods J;. strongly decreases and a weaker decrease in Jj. is observed
for P above 1000 nm. The highest values were calculated for P = 850 nm and /# = 400 nm.
The short circuit current of Jy. = 21.03 mA/cm® shows a gain of + 62 % compared to an
untextured device with an absorber thickness = 1 um (left axis). For 2= 75 and 150 nm and P
> 500 nm J, is strongly reduced due to the insufficient light trapping and light scattering
properties of these structures.
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7.2 Investigation of pyramid opening angles

To analyse the effect of light trapping, light incoupling and their superposition two parts of
the sun spectrum are discussed in the following (spec.1 =300 — 500 nm, spec.2 = 700 — 1100
nm). Due to the small penetration depth for blue light, a light trapping effect is negligible for
spec.1. Although the total amount of J,. generated by spec. 1 is only in the range of 4
mA/cm?, it is the spectral part that allows for identifying the principle of light incoupling into
the device. The calculated Jj. using spec. 1 is plotted in iso-lines (same structure heights) as a

function of « (Fig. 7.4).
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Fig. 7.4: Calculation of the optimum opening angle of the pyramid structure for an ideal

incoupling of the blue spectrum. The ideal opening angle of the pyramid is o ~ 53° - 82°.

The highest values are reached for small angles (53° < o <82°) and /& = 300 — 500 nm,
denoted as region A. Steep structures result in a high blue response as observed in concepts
with naturally rough grown ZnO [7.1]. For a fixed o ~ 100° the blue response decreases with
increasing lateral structure sizes, as indicated by the arrow in Fig. 7.4. With increasing lateral
structure size the optical properties of the interface change from improved light incoupling

due to effective refractive index matching to the regime where bulk optical properties prevail.
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For light with shorter wavelength (spec.1) the light incoupling properties of the cell mainly
determines Jy.. According to the effective refractive index grading approach a complex
geometrical structure with materials of different refractive indices can be approximately
described by an effective refractive index n.; An interface reflection is in general reduced by
a continuous change in refractive index. The insert in Fig. 7.4 shows, simplified to 2D, the
principle change in refractive index that is introduced by the pyramids. Large P leads to a
discontinuous lateral intermixing of the two refractive indices and the plane wave is thus
reflected by a more abrupt change in n. Region B has in relation to the incident waves too
large period sizes that inhibit a good light incoupling.

The front TCO also leads to absorption losses. To enable the lateral current flow the TCO is
comprised by a 500 nm thick flat layer and a textured region with inverted pyramids. Caused
by this approach, the absorption losses within the TCOgon; contact should be more pronounced
for TCOs with higher 4. The front contact layer absorbs at least 5 % and even up to 50 % for
300 nm < A < 400 nm. The integration of a larger TCO pyramid with # = 300 — 500 nm (for P
= 0.7 um) would result in a decrease of the J,. by about ~ -0.1 mA/cm? in comparison to a
small pyramid with # =75 nm and P = 0.7 pm. However, this increased parasitic absorption is
over-compensated by the improved incoupling properties of the optimized texture. A total
gain in J;, of ~ +0.4 mA/cm? is found.

In Fig. 7.5 the red response is plotted with regard to the opening angle «. The curves for 4 =
300, 400, 500 nm have a similar shape. The J;. maximum is shifted to smaller angles for
higher h. For 4 =75, 300, 400 and 500 nm it is at around 147 - 156°, 100 - 127°, 90 - 103°
and 81 - 100°, respectively. A broad distribution of high values of J,. = 6.8 — 7.7 mA/cm” is
generally found for angles between 70 - 113° and /# = 400 nm and 500 nm. The iso-lines for
the same structure height have for increasing « a similar decrease in J;. as the resulting angles
of diffraction are getting too small. The light is not diffracted ideally into the silicon layer.
The chance for an escape of the light from the structure is high and the desired waveguide
effect is not efficient. For decreasing « no efficient light trapping occurs as the propagation of
higher order modes is not supported. Structures with # =75 nm and 150 nm are in general too
small to induce a sufficient diffraction for long wavelength light and consequently their light

trapping potential is low.
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Fig. 7.5: Calculation of the red current for a solar cell with a pyramid structure over the

opening angle of the pyramid. The ideal opening angle of the pyramid is o~ 90°.

The presented data corresponds to a back contact that has a flat silver / TCOp,k interface.
Previous studies have shown that this back contact system exhibits a higher red light trapping
potential than a conformal interface, especially for small periods. The optimum for incoupling
and light trapping occurs at different angles. This results in a relative broad maximum for the
choice of texture parameters with good optical properties which are also influenced by the
scattering and reflection properties of the back contact. Within the simulations an ideal metal
back contact was considered. In conclusion, light trapping can be to a certain extend
insensitive to slight changes in @, # and P. In contrast to conventional gratings and macro
optical devices the investigated sub-wavelength gratings/structures perform more consistently

over a broader range of wavelengths than conventional gratings.

In Fig. 7.6 the spatial absorption profile within a 2D cutting layer in the solar cell is shown for
a variation of the z-position of the xy-cutting plane. The illustrated absorption profiles of a
single wavelength (4 = 400 nm) represent the spectrum used in Fig. 7.4. The red areas are
regions with a high power loss. The formation of mode-like regions of high absorption is
symmetrical with regard to the z-axis. Such spatial information about the 3D distribution of
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the power loss profile can be extremely valuable in the design of thin-film solar cells. Being
able to control the texture shape and thus the distribution of high absorption areas it might be
possible to avoid that a high generation rate is concentrated in areas with a high
recombination rate, like the defect-rich p- and n-doped layers or areas with a low electrostatic

field (valleys), which determines the carrier collection.

s
1708004
17801004

Fig. 7.6: Projection of the power loss profile in a xy-plane at different z-positions within the

thin-film silicon solar cell for A= 400 nm. The red areas are regions with a strong
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absorption. For this high energy blue light the main absorption takes place in the front part of
the absorber layer. The maximum of the scale is normalized to the peak intensity for visibility

reasons.

In addition, microcrystalline material is not a homogenous material but a mixture of
amorphous silicon and columnar grown silicon crystallites with different carrier lifetimes. In
all our calculations a homogeneous absorber and TCO material is parameterized by the optical
constants. However, for a study that also considers the electric inhomogeneities the presented
power loss profiles and their spatial distributions must be intensively investigated for all

wavelengths.

7.3 Limit estimation and comparison to established limit theories

The theoretical maximum cell current density for = 650 — 1100 nm was determined by
Tiedje et al. [7.2] (using the idealized Yablonovitch light trapping-limit) to be 16.8 mA/cm®.
Vanecek et al. [7.3] calculated a limit of 14.0 mA/cm? considering nearly idealized conditions
such as AR coating, high TCOg,n transparency, Lambertian scattering and high back contact
reflectivity. The cell current determined for the presented periodic structures (P = 0.85 um, &
=400 nm) for A= 650 — 1100 nm is J,. = 10.0 mA/cm?. However, this structure exhibits
strong TCOfront and TCOpqer absorption losses in the range of 5.8 mA/cm® Increasing the
optical transparency of the TCO layers has in conclusion a great potential to substantially
increase the cell current. Within our simulations we do not consider a glass sheet. Thus the
entering plane wave experiences an abrupt change from ny;, to nrco instead of a smoother
change in refractive index with the glass sheet present. Therefore, the overall reflectivity of
our unit cell is approximately 5 % too high. We estimate the maximum current that can be
reached by the presented periodic light trapping structures to be J,."* = 1.05 * (10.0 mA/cm?
+ 5.8 mA/em®) = 16.6 mA/em®. This is close to the Tiedje limit and above the value
determined by Vanecek. A fine tuning of P, / and the structure shape in addition to the use of
AR coatings could lead to even higher values.

The good agreement between these simulations, investigated prototypes with periodic line
grating texture and our experience with various random texture designs proves the reliability
and versatility of the performed Maxwell simulations.

This numerical 3D analysis of a periodic pyramid texture gives clear design criteria for

efficient light incoupling and light trapping textures. For this investigated solar cell design the
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periodic structure has to be in the range of P = 0.7 — 1.2 um, 4 = 300 — 500 nm and pyramid

opening angles & = 60 - 130°, respectively.

7.4 Comparison of 6-step pyramid and flat pyramid

The following table lists the calculated short circuit currents of a 6-step pyramid in
comparison to a pyramid with flat interfaces for the same period size and structure height
parameters. The 6-step pyramid always shows a current that is ~ (0.6 — 0.8) mA/cm® higher
than for flat pyramid interfaces. This difference might originate from a) a different light
trapping property and/or b) from the influence of the meshing used in the simulation. The
mesh cells are hexahedral and for flat pyramid interfaces an intersection of the meshcells

takes place that can influence the result.

Structure P=0.7 pm P=1.0pum P=12pum
parameters: h=0.3 pm h=0.3 pym h=0.3 um
6-step 20.45 mA/em® | 20.44 mA/em’ | 20.11 mA/cm®
pyramid
flat pyramid | 19.83 mA/em” | 19.77 mA/em’® | 19.35 mA/em’
difference | 0.62mA/cm® | 0.67 mA/cm’ 0.76 mA/cm’

Tab. 7.1: Comparison of current between a 6-step and a flat interface

7.5 Comparison of different back reflector designs

In addition to the parameters period size P and pyramid height %, the assembly of the back
reflector is of great importance for the light trapping. The first assembly in Fig. 7.7 (left) has a
flat interface between the TCO and the silver layer. The second assembly in Fig. 7.7 (right)
has a conformal 80 nm thin layer of TCO in between the silicon and the silver back contact. In
general the back reflector has a strong influence to the optical properties. If an
electromagnetic wave is travelling in a medium with a lower refractive index like silicon or
TCO and then is incident on a larger refractive index medium like a metal (silver) this always
leads to wave node of the electric and magnetic fields at the metal layer. This is comparable to
the classical analogy of wave node that is present at the fixed end of the string of a musical

instrument. The smaller refractive index of TCO in comparison to silicon leads in case of a
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large angle of incidence to a total reflection and a trapping of the light within the silicon layer.
Both assemblies use the principle of total reflection at the TCO to silicon interface but a have
a different reflection behavior due to the shape of the silver layer.

The common assembly in industrial concepts consists of 80 nm thick conformably shaped
TCO layer. This design is the consequence of a quasi-conformal deposition of thin-films.
Both designs correspond to the structures in the multi-step pyramid investigation. The base
thickness of the front TCO was kept to 500 nm comparable to previous studies with line
gratings and other structures. The absorber layer consists of a 1 pm thick microcrystalline

silicon layer.

Flat Back Reflector Conformal Back Reflector

structure
height h

pe-Si:H absorber pe-Si:H absorber

-—
period P

Fig. 7.7: Scheme of the simulation unit cell of a pyramid texture with a conformal back

reflector design. For visibility reasons the 3D calculation unit cell is projected to 2D.

For the short wavelength range A~ 300 - 500 nm the QF for the conformal back reflector
design is identical to the QF of the flat silver TCOpqk interface. Fig. 7.8 and Fig. 7.9 show
spatial absorption profiles within lateral or vertical cross section planes. Fig. 7.8 shows the
appearance of a strong absorption mode within the front TCO layer localized under the
pyramid tip. In Fig. 7.9 the absorption profile within a vertical cross section is illustrated. A

diffraction pattern with a strong absorption area in the centre is visible.
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Fig. 7.8: The absorption profile shows the appearance of a strong absorption mode within the
TCO layer that is confined by the square based pyramid directly below the pyramid tip. The

simulation parameters are P = 1.7 um, h = 400 nm and 1 = 500 nm.

Fig. 7.9: Calculated absorption in the xz-cutting plane. The red colour is an area of strong

absorption. Parameters are chosen as in Fig. 7.8.

Information about the spatial distribution of the power loss profile can be extremely valuable
in the design of thin-film solar cells. Being able to control the structure and the consequent
distribution of high absorption areas it might be possible to avoid that a high generation rate is
concentrated in areas with a high recombination rate, like the defect rich p- and n-doped
layers or areas with a low electrostatic field (valleys), which determines the carrier collection

[7.4]. In addition, microcrystalline material is not a homogenous material but a mixture of
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amorphous silicon and columnar grown silicon crystallites with different carrier lifetimes.
However, for a study that also considers the electric inhomogeneities the presented power loss

profiles and their spatial distributions must be intensively investigated for all wavelengths.

Fig. 7.10 shows the period size dependence of J,. of the two investigated back reflector
designs for a structure height 2 = 400 nm. The conformal shaped reflector design has its
maximum in Jy, for P = 1.7 um. The flat reflector design has its optimum in J;. at P = 0.85

pum.
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Fig. 7.10: Comparison of short circuit current depending on the period size for h = 400 nm
and two back reflector designs. For the blue and brown symbol the absorber layer thickness
was increased to 1.5 um and 2.0 um. The red and black symbols are a comparison of a single

to multi-pyramid unit cell.

From P = 0.4 um — 0.7 um the increase in current of both structures is similar. Afterwards for
the conformal structure the current increases further to its maximum. The slope of the curve
shows a quite broad peak/plateau, whereas the slope of the flat reflector exhibits a sharp
maximum and then a quite linear decay. For the chosen period scale both curves have a clear
trend without a strong scattering. This can be explained with the broad spectrum that is

incident on the solar cell.
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An increase of the absorber layer thickness (for the case of the conformal reflector type) from
1 pm to 1.5 pm or 2 pum, indicated by the blue or the brown data point in Fig. 7.10,
respectively, enhances the Js value but the high value (J; ~ 21 mA/cmz) of the flat reflector
design was not reached. This result indicates the importance of back reflector design for the
wave propagation within the structure and consequently on the light trapping properties of the
device. A thinner absorber layer with an optimized light trapping structure can be a superior

solar cell than a cell with a thicker absorber layer and a not optimized light trapping texture.

In Fig. 7.11 the QF of both peaks of the two different back reflector systems of Fig. 7.10 is
shown. The structure P = 0.85 pm with the flat back reflector has for 500 nm < < 650 nm a
5 % higher QF than the P = 1.8 um pyramid with the conformal reflector. This is due to the
better blue incoupling properties of steeper structure, as investigated before. For 4 < 650 nm
the average of both QF curves is quite comparable. The diffraction and scattering properties

of both structures lead to an equivalent light trapping.
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Fig. 7.11: The two structures with the highest short circuit current in Fig. 7.10 and their
corresponding quantum efficiencies are displayed. For A > 650 nm the average of both QFE
curves is comparable but for 1 < 650 nm the incoupling properties of steeper structures lead

to higher QF values.
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For a waveguide or antenna array with a single or sharp spectral selectivity the design
parameters are generally much more critically. A broad range of period sizes, as present in
random textures, seems therefore, in a first conclusion, to be suitable for light trapping. But
our study is only valid for a periodic unit cell with the investigated period sizes and not a

composition of a individual varying period sizes.

In general this investigation shows the sensitiveness of the light propagation and trapping on
the back reflector system. A development of light trapping textures and TCOs must be
adapted to the properties of the back reflector. For a random TCO structure it is likely that a
texture with a large amount of light being diffracted at the front TCO needs a rather flat back
reflector that maintains the generated diffraction angles. For a strong diffraction at the front
TCO the presence of a strongly scattering back reflector might lead to en enhanced out

coupling of the light. This is evident for a conformal back reflector and P < 1.2 pm.

7.6 Comparison of single pyramid unit cell and multiple pyramid unit cell

simulation

In the testing phase of the simulation tool a small error was detected for a very small unit
cells. A flat solar cell stack showed for a single wavelength and a small unit cell period P <
0.2 um not the same absorption results as for a wide unit cell with P > 1 pm (results not
shown in detail). This tendency is more pronounced for larger wavelength (4 > 900 nm) than
for smaller wavelength as the total propagation path through the calculation domain increases
for longer wavelengths. With this experiment in mind and the plan to replace the unit cell
composed of single periodic pyramids by a larger unit cell with pyramids of varying period
size the following experiment was conducted: For P = 0.4 pm and P = 1.0 um a single
pyramid was compared to a 3 x 3 array of pyramids. In Fig. 7.10 the red circle symbol
indicates that a unit cell with a single pyramid was used. The black square symbol indicates
that a 3 x 3 array of single pyramids was used as unit cell. Both simulations are set up in a
periodic simulation unit cell (either with one or 3 x 3 = 9 single pyramids inside). As
expected, only for the small period P = 0.4 pm a little deviation in J;. was found. For P = 1

um both data point are almost equivalent.
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In Fig. 7.11 the absorption profile for a structure with P = 850 nm and /# = 400 nm and a 2 pm
thick absorber layer is shown. The usual absorber thickness is d (Si) = 1 pm. The absorber
layer thickness was increased to visualize the formation of absorption peaks (modes) that are
not disturbed by the influence of the back reflector (this is only the case for A= 500 nm,
though.) For all investigated wavelength (1= 500 nm (top), 600 nm (middle) and 890 nm
(bottom)) the main absorption peaks are centred above the pyramid tips and above the
pyramid centres. The main modes are quite similar and at the same position within the

absorber layer independent of the wavelength.

The difference between the profile for A= 500 nm and A= 600 nm is that the strong (red)
absorption modes are not continuous in direction of the back reflector. This can be explained
with the investigations made with the flat solar cell that shows the appearance of in direction
of light incidence alternating maxima and minima due to constructive interference of
incoming wave and waves that have been reflected at the back contact. Therefore, the profiles
in Fig. 7.11 show the presence of a light that is still travelling with the original (vertical)

direction of incidence.
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Fig. 7.12 a, b, c: The power absorption profiles are shown for a 3 x 3 pyramid array and
conformal back reflector design. The thickness of the absorber layer was increased to 2 um in
order to identify the incoupling properties (modes) for A = 500 nm (top). Below are the
absorption profiles for A = 600 nm (middle) and A = 890 nm (bottom). The period size is P =
850 nm and the structure height h = 400 nm. The top and middle profiles are normalized to
the same power density (6000 W /m’). The bottom profile is normalized to 2212 W/ n’.
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7.7 Investigation of cone type structure

A 1D (rectangular grating) or 2D (multistep-2D pyramid) structure only leads to diffraction of
light along one axis that is perpendicular to the direction of incidence (z-axis). The absorption
profile along the other axis remains constant. The change from a 2D to a 3D pyramid structure
results in a strongly enhanced red light trapping. This was explained by a diffraction along the
x- axis AND also the y-axis.

For a square based pyramid the incident plane wave is only diffracted in 4 preferential
directions. A cone shaped structure with a circular base could due to its rotation symmetry, in
theory, enable many (radial) directions for diffraction, which might be beneficial for the light
trapping properties.

To investigate the optical potential of a cone shaped structure, it was integrated in the unit
cell, as shown in Fig. 7.13. The parameters P, / and also the opening angle « remain the same
as for the pyramid. The setup of the computational unit cell is based on a periodic system with
planar sides. It is not easy to simulate a single periodic unit cell with a cone structure without
having flat interface parts.

The ratio of textured cone interface to texture interface area is:

Interface area (Cone) / square unit cell area (Pyramid base)

=7(P/2) (P*)=1/47 ~0.785 (7.1

This means for the simulation that about 21.5 % percent of the interface between the silicon

and the TCOxon¢ layer is a flat, untextured area that can enhance the reflection.

»

Fig. 7.13: A cone shape is integrated instead of a square based pyramid in the simulation unit
cell.
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A simulation of a solar cell with a cone structure was performed and the QF was compared to
the simulation of a 6-step pyramid structure with the same parameters P, 4 and a flat back
reflector design. The 6-step pyramid was taken as a reference instead of a flat pyramid as it
was calculated with exactly the same meshing, stability factor and settings of the Maxwell
solver. Generally, the changes in solver settings lead to small changes of the QF spectrum.
Within one parameter study the settings are retained as much as possible.

The difference between the J,. of a 6-step pyramid and a pyramid with flat interfaces is < 0.5
mA/cm’,

Both structure show similar trends but due to the use of differing model settings the difference

in quantum efficiency has to be neglected.
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Fig. 7.14: Calculated quantum efficiency of a cone structure and a 6-step pyramid. Both

structures have P = 0.7 um and h = 300 nm and a flat silver back reflector design.
The cone structure has lower QF values for almost all wavelengths A < 750 nm. For 4> 750
nm the QF spectrum is quite similar. The calculated J,. = 19.75 mA/cm? is — 0.71 mA/cm?

lower than for the comparable 6-step pyramid.

The reflectance of a flat TCO / silicon interface (with the light being incident perpendicular
from the TCO side) for short wavelength (4 = 400 nm) is R ~ 22 %. As for longer
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wavelengths (4 = 900 nm) R is reduced to R ~ 12 % the large amount of flat interface area

(21.5 %) in the cone structure makes a stronger impact in the short wavelength region.

Next, a variation in the period size was performed for a constant # = 300 nm. The short circuit
current of the cone is compared to the 6-step pyramid and the pyramid with flat interfaces.
Both pyramid structures show the same trend in J,. for increasing period size, i.e. a small
decrease in J,. for P = 1.2 um (see Fig. 7.14). For the Cone structure a larger P leads to a
strongly reduced current. For P = 1.2 um the current of the cone structure is reduced by ~ 3
mA/cm? in comparison to the pyramid structures. For a higher /# = 400 nm a similar strong

gain in J; of ~ 1 mA/cm? is visible for the cone and the pyramid structure.

The amount of flat, untextured interface remains unchanged independent of P. So this cannot
be the reason for the strongly reduced J;. of the cone structure for increasing periods. The
gradient of the refractive index in the direction of light incidence is also the same but the
lateral intermixing of the two materials is disrupted at the flat interface parts in the case of the

cone structure and this is more pronounced as the lateral dimensions become larger (P

increases).

Structure P=0.7 pum P=1.0pum P=12pum P=12um
parameters: | h=0.3 um h=0.3 um h=0.3 pm h=0.4 um
Cone: J,. 19.75 mA/em® | 1824 mA/cm® | 16.85 mA/cm’ 17.90 mA/cm®
6-step 20.45 mA/em® | 20.44 mA/em’ | 20.11 mA/em®

pyramid

pyramid 19.83 mA/em® | 19.77 mA/ecm’ | 19.35 mA/cm® 20.14 mA/cm’

Tab. 7.1: Comparison of current between a 6-step pyramid and a pyramid with flat interfaces

and a cone structure.
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Fig. 7.15: Short circuit current of a cone structure is compared to a 6-step pyramid and a
pyramid with flat interfaces. The current of the cone structure suffers from a strong decrease

for increasing period sizes.
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8 Photonic Crystals as possible band filters

A photonic crystal (PC) consists of periodically structured dielectric materials that influence
the propagation of electromagnetic waves through them if the incident wavelength is in the
order of the periodicity of the structure [8.1-2]. A PC is often called a photonic bandgap
(PBG) material as the existence of an optical bandgap inhibits the propagation of light of

specific frequencies. This is in analogy to an electrical band structure in semiconductors and

PCs have “optical semiconductor” properties.

Fig. 8.1: SEM micrographs of a 3D opal template made of PMMA. Fabricated as a thin film
on a silicon wafer (left); and an inverted replica made of TiO; with higher magnification
(right). Such self-organized opal samples often appear in the close packed (fcc) structure. The
template images show the appearance of drying cracks and defects at the samples surface.

Photographs reprinted from Bielawny et al. [8.3].

In nature there are colourful examples for PC structures such as cristobalit opals, bird feathers
or butterflies. For telecommunication the unique optical properties are considered to make
novel devices possible. Proposed or already realized on lab scale are waveguides with a
curvature radius that lies in the micrometer range, perfect dielectric mirrors, optical chips for
high speed optical computers, filters, multiplexer and other optoelectronic devices. An
example for a 3D opal template made of PMMA (left) and an inverted replica made of TiO,
(right) can be seen in Fig. 8.1. Simple 2D and 3D structures can be made by high resolution
lithography. For commercial applications self-organizing structures are of great interest. They
don’t require time consuming lithography process steps and are much easier and less

expensive in production. To predict the optical bandgap behaviour for PC structures their
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dispersion relation for light propagation can be calculated by several numerical methods [8.3].
In the spectral region of the photonic band gap the density of states is zero. The propagation
of light in the plane of structure periodicity with these frequencies is forbidden for a photonic
crystal. A simple method for the experimental verification of the existence of this predicted
photonic bandgap would be a transmission measurement along this prohibited direction of

light propagation.

glass
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Fig. 8.2: schematic layer concept of a 3D photonic crystal for thin-film silicon tandem cells
and expected optical path inside the a-Si:H layer. The zero order is reflected back into the top
cell, first order of diffraction backscatters into the top cell (left) internal reflection keeps light
inside the high-index silicon layer, surrounded by low-index materials (substrate glass and

the PC. Reprinted from [8.3].

As proposed by Bielawny et al. [8.3] a 3D PC structure is currently investigated as
intermediate reflector layer for thin-film silicon tandem solar cells. By adjusting the lattice
constant the optical properties are supposed to be matched to a silicon tandem structure. The
layer is supposed to be energy selective and diffractive and enhance the pathway of incident
light within an amorphous silicon top cell. The amorphous top cell suffers strongly from the
Staebler-Wronski effect and therefore needs to be as thin as possible.

For the region of spectral overlap of A = 580 — 700 nm of a tandem silicon solar cell, photons
need to be absorbed in the amorphous cell, which leads to an increase in the short-circuit
current of the current limiting top cell. From their simulations they expect a current increase
of +1.44 mA/cm? for an amorphous/microcrystalline silicon tandem cell. This is in the range
of the increase of top cell current by the integration of intermediate TCO layers in the
simulation study of [8.4]. The reflectance spectrum in Fig. 8.3 shows a strong reflection of
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around 90 % in the wavelength range of 580 — 700 nm. A second reflectance peak is located
at 800 nm. This is the part of the spectrum that needs to be absorbed in the bottom cell! The
PC introduces a large angle of diffraction for wavelength between 500 nm and 800 nm. The
desired internal reflection is thus satisfied. The integration of PC structures in tandem solar
cells has, so far not been demonstrated on the lab scale. Single 3D spherical PC layers have

been fabricated with several techniques but they have a high number of defects.
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Fig. 8.3: The reflectance spectrum of the PBG material is shown and the angle of diffraction
Jfor the first orders: the diffraction angle remains above 30°, even for short wavelengths, and

is thus sufficient for total internal reflection. Reprinted from [1.9].

We consider the integration of 3D spherical photonic crystal structures in thin-film silicon

solar cells not to be easy on the near tear-time scale, due to the following reasons:

Problems that are possibly occurring for photonic crystals as intermediate reflector layers in

tandem concepts:

1. Simulations are performed for ideal / defect free pc and consequently the band filter
properties are not as sharp as calculated but have a smoother shape. Most 3D PC have a

lattice error every 10 spheres
2. It is not clear if a pc can be tuned to ideally have ~ 90 — 100 % reflectance in the

wavelength range of A = 580 — 700 nm and additionally a very high transmission of ~ 80 —
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100 % for A = 700 - 1100 nm. So far additional reflectance peaks in this region have

always been present.

. Present concepts proposed spheres of ~ 250 nm. Thus a whole PC layer with ~ 10 spheres

layers would be thicker than 2.5 pm. This is in the range of the absorber layer thickness
and the optical behaviour of the complete layer stack will differ significantly from
previously established optimizations.

An additional layer can change the damp-heat and high temperature degradation

behaviour of the cell with massive consequences for all solar cell parameters.

. For damp-heat treatments it is known that non compact layers, as present at the edges of

sputtered, quasi porous Ag back contact layers suffer significantly from decomposition by
water. Several connected stacking faults can therefore, lead to the intrusion of water
(humidity) inside the solar cell.

The intermediate layer needs to be conducting. This is proposed to be realized by the
integration of conductive channels within the PC. At the position where such a conductive
channel is integrated in the PC the optical band gap properties are probably
disadvantageous altered.

If the PC spheres are filled with air (low cost dip coating (assembling) process under
normal atmosphere) an in-diffusion of gas species, especially hydrogen, from the spheres
into the electrically active solar cell layers can be a consequence that might lead to the
degradation of cell performance. A thorough investigation by effusion of gas species from
PC spheres into the cell needs to be performed.

For PC spheres filled with high quality vacuum or other inert, high purity gases the
specific gas environment for this process step needs to be provided.

The optical band gap structure is strongly dependent on the direction of light incidence on
the pc. Thus, the band filter function will be drastically reduced or even completely lost

for light that is not within the acceptance angle of the PC like diffuse light.

. A flat interface between the glass substrate and the front TCO leads to strong reflection

due to an abrupt change of the refractive index.

. Any additional layer in the solar cell requires another process step that must be justified in

terms of benefit for the cell properties in economical relation to process costs, process

time and process compatibly.
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9 Quasi Random light trapping structures

All commercial thin-film silicon solar cell concepts today make use of a randomly rough
TCO. The main advantage of this concept is the generation of a higher photocurrent with
rough structures than with flat structures.
To understand the difference of the optical properties between a periodic and a random
structure the following simulation was conducted. Instead of a periodic structure the unit cell
consists of a combination of 17 individual pyramids with 8 different period sizes. This
unsymmetrical unit cell was calculated with periodic boundary condition as used for the
periodic (symmetrical and single) pyramid structures before. This way the simulation of an
infinite solar cell is pretended. Different period sizes with the same structure height provide a
distribution of opening angles within the structure as present in random textures. The total
unit cell area 4 of

A4=3.02 ptm x 3.02 pm=9.1204 pm?>

and

A=4.228 um x 4.228 pm = 17.88 pm>
was simulated for this quasi random structure. Between some of the pyramids small gaps with
flat interface texture are located. They account up to only 6.3 % of the total area. To fit the
pyramids into the unit cell area, there is a very small, in comparison to the total texture area,

negligible overlap between some pyramids.

Fig. 9.1 (left): Top view of the Quasi-Random structure with a distribution of different period
sizes. The period size varies between P = 0.4 um - 1.2 um. The pyramid structure height in
this illustration is for all pyramids uniformly set to h = 400 nm.

Fig. 9.2 (right): Side view of Quasi-Random structure.
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Fig. 9.1 and 9.2 in combination with Table 9.1 give all relevant information about the number
of pyramids, their period size, the distribution and the percentage of the total area that each
pyramid size covers. For period size of 1 pm, 1.1 pm and 1.2 um only one pyramid is

integrated in the structure. For smaller period sizes up to 4 pyramids are used.

18 —t—T—T—T—TTT] T 77171 I8
17 4- Percentage of total area covered with individual period size 17
169 % Number of pyramids 16
15 15
149 Total area: 14
13 13

121 3.02x3.02 pm’

Percent of total area [%]
K=l
1
o
Number of pyramids

S =W A L3 o

00 01 02 03 04 05 06 07 08 09 10 L1 12 13
Period size [pm]
Table 9.1: The illustration shows the percentage of the total texture area that is covered by

each individual pyramid period size. The total area of the unit cell is ~ 9 um’.

The position of the pyramids within the simulation unit cell is chosen arbitrarily. A local
concentration of periods of the same or a similar size is avoided. Also, a preferential direction
of the structure, i.e. an alignment of small or big pyramids along an axis, is not intended. The
period size and number of pyramids for each period size is chosen to cover more than 90 % of

the total area with a pyramid texture.

Due to the volume of the unit cell and especially the asymmetry of the quasi random structure
the computation time is increasing significantly in comparison to single pyramid cell stacks or
3x3 multi pyramid cell arrays. For the used computer hard and software system this quasi
random unit cell system with the size dimensions of the computational domain as given above

is the limit of complexness for the performed simulations.
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Table 9.2 summarizes the period size distribution of the integrated pyramids. Period sizes
between 0.4 um and 1.2 um and for simplicity reasons a uniform structure height of 400nm
are used. This parameter range covers the period size values of interest as investigated for the
case of the periodic pyramid structure. For the flat back reflector design within this period

size range the maximum short circuit current was found.

Quasi Random Structure:

Period Area of each | Total Area | Number of | Percentage | Pyramid Opening
Size P; period size: A pyramids | (P/xN)/ A | height & Angle
[um] | P’xN[um’] | [um’] N [%)] [nm] [°]

flat part 0.5754 - 6.31 -

0.4 0.64 4 7.02 53
0.5 0.75 3 8.22 64
0.6 1.08 3 11.84 74
0.7 0.98 9.1204 2 10.75 400 82
0.85 1.445 2 15.74 94

1 1 1 10.96 103

1.1 1.21 1 13.27 108
1.2 1.44 1 15.79 113

Tab. 9.2: Data of the Quasi Random structure.

For each period size the percentage of the total area that one or more pyramids of this
individual period size cover is calculated. The percentage varies between 7 % and 15.8 %. For
simplicity reasons the first calculations were set up for a period size distribution with a

uniform pyramid height /# = 400 nm.

Table 9.3 summarizes the data given above and gives for each period size the short circuit
current that was calculated for the single periodic pyramid structure. For the case of a flat
back contact design and a pyramid height of # = 400 nm the short circuit currents have been
calculated for a complete set of period sizes as for this structure height promising high Ji.

values have been found.
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To verify if a random structure can be described by a superposition of the optical properties of
the individual pyramids the area weighted J,. of the quasi random structure is calculated. This
approach would allow developing a very simple design rule to estimate the light trapping

quality of a thin-film solar cell texture.

The area weighted short circuit current is calculated with the following formula:

J area—weighted _ ZIR x N/A

sc x J:c (R) +4 / Atotal x J:cﬂm (9 1)

total

flat

The number of pyramids N, the percentage that each pyramid size covers with total area (P; x
N/A(total)) and the short circuit currents of the periodic pyramids J,. (P;) are given in the
following table.

Flat Silver Back Reflector, uniform pyramid height # = 400 nm:

Period Percentage Number of | Short circuit current of | Area weighted J;.
Size P; (P2 X N)/A pyramids | single periodic pyramid | of period structure
[um] [%] N Joe(P) [mA/cm’] [mA/cm?]
flat part 6.31 - 13.0
0.4 7.02 4 17.018
0.5 8.22 3 18.945
0.6 11.84 3 19.291 19.51
0.7 10.75 2 20.699
0.85 15.74 2 21.025
1 10.96 1 20.50
1.1 13.27 1 20.296
1.2 15.79 1 20.13

Tab. 9.3: Current calculated for the periodic pyramid design and the area weighted current of

the Quasi Random structure.

The area weighted short circuit current calculated with the formula (8.1) and the quasi random

structure as described by Tab. 9.3 gives a J;, = 19.51 mA/cm?.
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The calculated quantum efficiency for the quasi random texture and a uniform 4 = 400 nm is
shown in Fig. 9.4. The short circuit current J,. = 16.04 mA/cm? is calculated for A = 500 nm —
1100 nm. For simplicity reasons the blue current was estimated with ~ 4.1 mA/cm? as the blue
response of the investigated quasi random structure is expected to be a superposition of the
blue response of the individual pyramids as it is mainly depending on the incoupling
properties of the texture. At the boundary of the base of two pyramids the incoupling
properties might be altered (in comparison to a periodic texture) as different period sizes lead
to a different side steepness of the pyramid. Therefore, the formation of propagating modes is
changed as the interface texture is the boundary condition for the formation of the
electromagnetic modes. But for a distribution of pyramid sizes and different neighbouring
pyramids this effect might equal out. For these reasons the calculations of a quasi random
structure are performed for A > 500 nm to focus on the important light trapping properties of
the thin-film silicon solar cell.

A total J,. = 20.14 mA/cm? is calculated. The blue current was estimated from the periodic
pyramid approach as pyramids with # = 400 nm show for the investigated period sizes Ji.
values between 4.0 mA/cm? and 4.2 mA/cm?.

Thus, the simulation of the quasi random structure leads to a short-circuit current that is 0.63

mA/cm? higher than the one estimated by the area weighted single pyramid J;. calculation.
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Fig. 9.3: QF of Quasi Random structure with both back reflector types with h = 400 nm.
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For the conformal back reflector design the above procedure is repeated and a short circuit
current Jy. = 14.61 mA/cm? is calculated for A = 500 nm — 1100 nm. Again an estimated blue
current of ~ 4.1 mA/cm? is added leading to a J,. = 18.71 mA/cm?. The QOF of this structure
can be found in Fig. 9.3. The current calculated by the area weighted single periodic pyramids

is J. = 18.03 mA/cm? and thus 0.68 mA/cm? lower than the simulated quasi random structure.

Conformal Silver Back Reflector, uniform pyramid height # = 400 nm:

Period Size P Percentage Number of | Short circuit current | Area weighted J,.
[wm] P?XN/A pyramids of periodic (J) of period structure
[%] N [mA/cm?] [mA/cm?]
0 6.31 1 13.0
0.4 7.02 4 15.785
0.5 8.22 3 17.183
0.6 11.84 3 17.776 (Interpol.) 18.03
0.7 10.75 2 18.370
0.85 15.74 2 18.229
1 10.96 1 18.954
1.1 13.27 1 19.287 (Interpol.)
1.2 15.79 1 19.642

Tab. 9.4: Current calculated in the periodic pyramid design and the defined area weighted J.

of the Quasi Random structure.

A very similar difference between calculated current and the area weighted current value is
observed for both back reflector designs. Whether the superposition of individual texture
features and their optical properties can be used to assess the optical properties of every
structure needs to be tested with several structure morphologies. In the two investigated cases
the differently sized features of the quasi random structure add between 0.63 mA/cm® (flat
back reflector design) and 0.68 mA/cm® (conformal back reflector design) compared to the
super positioned currents of the single pyramid structure.

The quasi random structure shows like in the single periodic pyramid case, that a flat back
reflector design is beneficial for light trapping. The flat back reflector design leads to a
significantly (plus ~1.5 mA/cm?) higher Ji.
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The absorption in the front TCO for both back reflector designs amounts to 7 % up to a
wavelength A = 800 nm. For increasing wavelength the absorption in the front TCO of the flat
reflector design case is significantly enhanced (5-10 %) compared to the conformal reflector
design. For A = 1100 nm both front TCOs absorb more than 30 %. The much higher volume
of the back TCO in the flat reflector design absorbs up to 15 %, whereas the 80 nm thick
conformal back TCO only absorbs up to 7 % for A = 1100 nm. The higher absorption in the
silicon and the TCO layers is in conclusion an indicator for a better light guiding in the whole
layer stack. The total reflectivity from the solar cell stack is higher for the conformal design.
Like in the periodic structure investigation an additional scattering from a textured silver back
reflector is not beneficial for the light trapping quality. Especially for small periods P < 1.2
um it leads to a higher reflectivity of the total cell. The generated higher order angles for long
wavelength light are conserved for the flat back reflector and the probability for an out-
coupling of the light from the cell is reduced.

The h = 400 nm case was investigated in detail as the currents for many individual period
sizes for this structure height have been calculated in the periodic pyramid study. Also, the
structure height of 400 nm showed very high currents for many period sizes.

Nevertheless, the morphology of this structure might have too steep structures (P = 400 nm, /2
=400 nm with a small pyramid opening angle o = 53°). This might lead to shunts in the solar

cell.

Next, the spectral response of the quasi random texture is simulated for a uniform pyramid
height /# = 300 nm. In the periodic pyramid calculation for # = 300 nm the J;. currents are 1-2
mA/cm’® lower (for all P > 500 nm) than for # = 400 nm (flat back reflector case). In
comparison to the # = 400 nm case the QF of the # = 300 nm structure shows pronounced

interference fringes of ~ 5 % magnitude for 500 nm <A < 900 nm, see Fig. 9.4.
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Fig. 9.4: QE calculation of Quasi Random structure with both back reflector types with h =
300 nm. The period size varies with P =400 nm — 1.2 um.

For the conformal back reflector design J;. = 14.91 mA/cm?® was calculated. This is ~ +0.3
mA/cm® higher than for the 4 = 400 nm case. For the flat design the QF is significantly
enhanced to J;. =16.67 mA/cm? by a reduction of the uniform structure height from h = 400
nm to 2 = 300 nm. In both cases the Quasi Random structure does not show the same
structure height dependence of the short circuit current as in the case of periodic textures. For
periodic structures 2 = 400 nm is clearly better for the light trapping properties than # = 300
nm for all 2> 500 nm.

A possible explanation for a shifting of the optimum in J,. to lower structure heights could be
that for a random distribution of scattered light (in a Quasi Random structure) all light rays
that are propagating in the x-y-direction (perpendicular to the direction of light incidence on
the solar cell) travel through an absorber layer that has an effective layer thickness that is
reduces by the height of the pyramids.

I.e. the absorber layer thickness d =1 um is reduced to

d,=d—-h ©.2)

eff
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with dz= 600 nm for # = 400 nm and d;= 700 nm for /2 = 300 nm.

Fig. 9.5. Definition of effective absorber layer thickness dy.

This effective thickness allows all waves to propagate until absorption or until they are

incident on a pyramid of the front or back side of the silicon.

The influences of the reflector design on the absorption in the front TCO is as described in the

h =400 nm case.

A further reduction of the uniform texture height to # =200 nm is performed. This leads to an
increase in magnitude of the interference fringes. Especially for 600 nm < A < 900 nm the
magnitude of the neighbouring interference fringes exceeds 10 % on the OF scale, see Fig.
9.6.
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Fig. 9.6: QF calculation of Quasi Random structure with both back reflector types with h =

200 nm. For this small structure height both designs show similar short circuit currents.

For a flat, untextured solar cell the appearance of very strong interference fringes within the
QF can be attributed to a constructive or destructive superposition of incoming and reflected
plane waves leading to pronounced interferences. In case of a grating solar cell with non ideal
parameters for light trapping (P > 3 um) a high percentage of undiffracted, specular light also
leads to strong interferences. This can be seen in the chapter about the line grating structure.
The three calculated short-circuit currents of the Quasi Random structure are summarized the

following table (reduced spectrum for simplicity is 500 nm <A < 1100 nm):

structure height / conformal back reflector flat back reflector
200 nm 14.54 mA/cm’ 14.797 mA/cm’
300 nm 14.91 mA/cm? 16.67 mA/cm’
400 nm 14.61 mA/cm’ 16.04 mA/cm’

Table 9.4: Calculated short-circuit currents of the Quasi Random structure for different

uniform structure heights.
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In conclusion it can be mentioned that as in the periodic approach the flat back reflector is a
better design for light trapping. For the conformal back reflector design the structure height is
not as important as for the flat design as a strong anti-reflection effect and enhanced
diffraction of steep structure (both effects generated at the front interface) is almost
counterbalanced by an increased out-coupling generated by the conformal textured back
reflector. A flat back reflector is likely to conserve a large amount of diffracted light for
higher structures with 2> 300 nm.

Next, the unit cell of Fig. 9.1 was stretched in x- and y-direction. This leads to a unit cell with
A=4228 ym x 4.228 pm = 17.88 pm’ representing pyramid period sizes P = 0.56 um — 1.7
pm. For the periodic single pyramid texture the conformal back reflector leads to higher
currents for larger pyramids. This was also found in the Quasi Random approach. The larger
pyramids enhance the current by plus ~ 0.5 mA/cm’,

Again the current of this Quasi Random structure is close to a superposition of the individual

single pyramid currents.

A beneficial randomization of scattered light (as often mentioned in literature) by a random

texture distribution is not observed in our optical simulations.
A periodic structure with the characteristic features: interface shape, period size and structure

height is generally expected to offer more potential for a controllable fine tuning of the light

trapping properties than the common random texture concepts.
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Conclusion

The first structures used for the investigation of light trapping in thin-film silicon solar cells
were binary gratings. They were ideal to test the simulation method and learn about the
optical properties as they have only two basic structure parameters, i.e. the period size and the
structure height. A comparison of prototype thin-film silicon solar cells with gratings as
interface texture showed similar results and trends as in the corresponding Maxwell

simulation models of gratings solar cells. The simulation method was thus verified.

The Maxwell simulations were further optimized and showed stable and reliable results for
numerous solar cell designs. Several parameters like the individual thickness of the absorber
or TCO layer(s) were varied and their influence on the optical response of the solar cell

discussed.

The 1D grating design was modified and 2D and 3D structures were successfully tested. They

showed significantly improved incoupling properties especially for blue light.

A modification of the cell design from a 2D to a 3D structure resulted in the same blue

response but a strongly enhanced red response for the 3D structure.

To further optimize the short-circuit current of the solar cell novel structures with pyramidal
multi-step interface and single pyramids with flat interfaces were modeled and the optimum
parameters for the period size and pyramid height were calculated. The design of the back
reflector, consisting of a 80 nm thick TCO (ZnO) and silver layer, has a strong influence on
the optical response. For a flat back reflector design, with a flat interface between the back-
TCO and Silver layer, the ideal period size of the pyramid was calculated with P ~1 um. A
conformal back reflector, which is the common approach in most labs, shows the highest

short circuit currents for a period size of P ~ 2 pm.

After the periodic pyramid approach a solar cell design with a distribution of different
pyramid sizes was investigated. The often proposed “beneficial randomization effect” that
“shall” be present for randomly textured interfaces was not discovered. The short circuit
current of a large, quasi random unit cell with an area of ~ 18.3 pm’ and a distribution of
different pyramid sizes showed almost a superposition of the current of the individual

pyramids generated in the single periodic approach. This leads to the conclusion that a
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periodic 3D pyramid shaped structure has a strong potential as light trapping texture. A fine
tuning of the period size and the height of the pyramid can be used to reach high short circuit
currents. Currently, there are many nano-techniques under investigation to find a way to
integrate a periodic nano / sub-micrometer texture into a thin-film silicon solar cell. To
implement these structures it is either possible to structure the substrate itself or a transparent

lacquer on top of the glass substrate.

First prototypes of thin-film silicon solar cells with a periodic pyramid like interface texture in
amorphous and microcrystalline single junction configuration were recently fabricated [1].

The periodic texture was “written” in a transparent lacquer on top of a standard glass
substrate. An optical lithography replication method known from optical data storage

techniques was used to texture a transparent lacquer on top of a glass substrate.

Fig. 1: AFM scan of a periodic texture that was “written” with an optical replication
method common in the optical data storage industry. The texture is in a transparent
lacquer on top of a standard glass substrate [1].

[1] Erven, A.J.M., Franken R. H.,. de Ruijter J, Peeters P.,. Vugts W, Isabella O., Zeman M.,
Haase C., Rau U., Borg H., 'Controlled texturing of thin-film silicon solar cell substrates',

Proceedings of the 22nd European Photovoltaic Solar Energy Conference, Valencia, Spain —
2008. p. 1597
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