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Introduction

“...solar cell, also called photovoltaic cell, any device that directly converts the
energy in light into electrical energy through the photovoltaic effect...” [1].
Several materials have been found to be able to directly convert sunlight into
electrical energy. The one which is most commonly used is silicon (Si).

The current standard method of processing silica sand into solar cells is by
purification and subsequent crystallising large quantities, either in ingots
(typically monocrystalline) or blocks (typically block cast multicrystalline),
which are then sawn into thin wafers. This technique is rather inefficient as,
especially in the wire sawing wafering process, up to 50 % of the initial
crystalline material is lost.

When breaking down the module costs for the consumer in terrestrial
photovoltaic systems with crystalline Si-based solar cells into the different
manufacturing steps, it becomes obvious that the share of the wafer alone lies at
around 40 % for a long time now [2, 3]. In order to decrease those rather high
share of costs, thinner wafers and eventually alternative ways of absorber
formation have to be used as proposed by for example [4, 5]. Several alternative
growth methods for crystalline silicon thin films (CSiTF) have been presented,
of which a short overview is given in [6].

The CSITF approach discussed in this thesis is the recrystallised wafer
equivalent (RexXWE). The RexXWE concept combines cost effective materials
and processes with the possibility of implementing the wafer equivalent in a

standard solar cell fabrication.



2.1 Outline
Based on the results shown by [7-9], a further optimisation of the CSiTF

approach towards a RexWE process, which is also industrially feasible has been
the aim of this thesis. The concepts shown by [7-9] either inhered a lift off
technique or a one side contacting scheme.

For a classical front and back contacting scheme, however, a conductive
diffusion barrier intermediate layer (IL) is needed. Janz [10] showed that a
single SIiC, IL is sufficiently electrically conductive and can also serve as an
excellent diffusion barrier, especially for metal impurities.

To improve the ReXWE concept, in this thesis the main loss mechanism in
optics and through recombination were determined and evaluated. The
consequential process steps chosen for optimisation in this thesis are: front side
texturisation, intermediate layer formation, hydrogen passivation, as well as
emitter formation with respect to different crystalline quality. The structure of
this thesis is shown in the following.

In chapter 2, the recrystallised wafer equivalent is introduced and the key
features are described in detail. Also the machinery for the key process steps:
zone melting recrystallisation and chemical enhanced vapour deposition are
depicted and their scalability is pointed out.

In chapter 3, the development of a plasma texture process suited to the needs of
the RexXWE is described.

In the course of these investigations, processes showing a high variety of feature
sizes and optical performances of the resulting texture structures have been
produced. In order to optimise the optical performance of the texture,
simulations have been performed. To back up these simulations, optical
measurements such as angle resolved reflection and transmission measurements

have been made. As the implementation of a texture can in some cases



drastically change the surface topology, an electrical characterisation is also
needed. This has been done by fabricating solar cells with different types of
textures and a subsequent characterisation.

In chapter 4, one of the key features of the RexWE, the IL, is studied. The high
demands on an IL for its implementation in a RexWE will be discussed.
Corresponding to those demands, ILs of different types, mainly using SiO and
SiC, and several combinations of both have been assessed. ZMR tests have been
conducted and solar cells have been manufactured, evaluating the strengths and
weaknesses of each tested configuration.

In chapter 5, the effectiveness of hydrogenation processes for the defect-rich
RexWE absorber layers are evaluated. First, in a macroscopic approach, a study
of parameter variations of a remote plasma hydrogenation passivation (RPHP)
process and the corresponding impact on the RexXWE solar cell values is given.
Also, a comparison between a remote and a direct plasma hydrogenation has
been conducted.

In a microscopic approach, the changes due to a hydrogenation process have
been characterised by electron beam induced current (EBIC) mapping.
Properties of distinct chosen spots on a sample before and after hydrogenation
have been evaluated. This permits the changes in cell performance on different
crystalline features to be compared.

In chapter 6, a closer look at the dependencies of open circuit voltages (Vqc),
emitter formation and crystalline quality has been taken.

Etch pit densities (EPD) and grain sizes have been determined and correlated to
solar cell values. Also, different types of emitter formation on fine grained
material have been tested and evaluated by the resulting solar cell values. Using
cross section EBIC mappings, which give spatially resolved pictures of the

space charge region have also been evaluated.



In chapter 7, all essential results have been summed up and a conclusion of the

conducted experiments is given.
Further information on the solar cell process sequences used in preparation of

this thesis are described in the Appendix.



The recrystallised wafer equivalent

In this chapter, the characteristics of the recrystallised wafer
equivalent concept are introduced. The vital process steps, substrate
requirements, zone melting recrystallisation and chemical vapour
deposition are described. Also the machinery proving the scalability

of the key processes ZMR and CVD is depicted.

texture
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Figure 1. Schematic of a recrystallised wafer equivalent (RexWE) cell
design and selected pictures of topics worked on in this thesis.



3.1 Introduction
A schematic of a RexWE solar cell design is shown in Figure 1. In comparison
to the well established crystalline silicon wafer solar cells, the RexXWE has a
more complex inner structure. The basic idea of CSITF is a cost reduction by
saving high purity silicon. This can be accomplished by the combination of a
low cost substrate, a high quality crystalline template and an efficient way of
absorber formation. The detailed function and the set of requirements on each of

the three necessities are presented in this chapter.

3.2 The substrate

In the RexXWE, the substrate has to meet several requirements at once:

- It has to have the mechanical strength to deposit the thin absorber layer
and handle the whole stack in the solar cell process.

- It needs to maintain its form, stability and integrity during high
temperature processes with temperatures above 1400 °C and steep
temperature ramps of up to ~ 600 — 700 °C/min.

- It needs to be highly electrically conductive, so that it does not limit the
generated current by adding significantly to the series resistance.

- Ideally, it shows a microscopically flat surface and no open porosity, so
that the intermediate layer can be deposited as a continuous layer. A
closed surface also prevents high amounts of residuals during or after wet
chemical processing.

- And finally, the costs lie below 10 €/m2.

Several materials have already been tested and described in [10-15]. In order to
fulfil the requirements listed above, especially the last one, a main feature of
potential substrates is most likely a high contamination with elements that can

significantly lower the performance of a solar cell. For this reason the substrate



needs to be isolated from the photo active bulk by a diffusion barrier layer. The
latter is also referred to as the intermediate layer (IL). In the configurations
shown in this thesis, the IL is deposited on top of the substrate in plasma
enhanced vapour deposition (PECVD) processes.
Requirements on the IL are even higher than on the substrate. The IL, in
addition to being a diffusion barrier, has to meet the following requirements:

- It has to withstand temperatures well above 1400 °C and thus the contact

with liquid silicon.

- It has to add a low series resistance to enable a high fill factor of the cell.

- It has to be able to be deposited in an industrially feasible manner.

- And it has to show high reflectivity for wavelengths exceeding 600 nm to

allow for light trapping.

3.3 Zone melting recrystallisation

On top of the IL, a ~ 3 to 10 um thick silicon layer is deposited in a chemical
vapour deposition (CVD) process. Due to the amorphous nature of the IL, the
silicon deposited shows crystal sizes only in the micrometer range.

In order to increase the grain sizes by several orders of magnitude, a zone
melting recrystallisation (ZMR) process is then applied. As the ZMR step
includes the melting of silicon, depending on the wetting coefficient of IL
material and liquid silicon, a capping layer is needed. This capping layer
prevents the formation of droplets of liquid silicon on certain IL, like SiO, or
SiC, and is made of SiOy. This SiO layer can either be deposited by PECVD or
thermally in a tube furnace or in-situ in the ZMR right before the actual melting

process.
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Figure 2: Schematic drawing of the ZMR100 reactor built at ISE [6].

A schematic drawing of the ZMR100 reactor used to fabricate the samples
presented in this thesis is shown in Figure 2. The setup consists of a movable
furnace which can be driven with velocities of Imm/min up to 500 mm/min.
The furnace encloses a rectangular quartz tube in which the sample is placed.
Normally the sample is placed on a quartz plate with the microcrystalline Si side
facing up. In this setup, the sample rests still without moving throughout the
whole process. The quartz tube is closed by two hatches on each side. This
allows establishing a controlled atmosphere. With a gas inlet on the front hatch
the gasses Ar, O, and N, can be led into the reaction chamber. The furnace is
driven by halogen lamps and the inside is lined with a highly reflective silver-
coated foil. An array of 15 linear tungsten halogen lamps of 4.5 kW at 380 V
each is situated underneath the sample. This array is used to heat the sample up
to a certain temperature, which is typically around 1000 and 1300 °C. In order
to establish a melt zone, an additional single linear tungsten halogen lamp (also

4.5 kW) is situated above the sample. This single halogen lamp is placed in the



upper focal line of its elliptical housing and is therefore also referred to as the
focus lamp. The elliptical housing can be lowered and elevated by screws, so
that the second focal line lies within the microcrystalline layer of the sample.
The energy of the focus lamp is thereby distributed to the sample in a very
confined line. This energy is used to locally heat up the silicon film above
1414 °C, the melting point of silicon. The molten zone spreads across the whole
sample width in parallel with the focus lamp. Typically, the width of the molten
silicon is ~ 1 to 2 millimetres. When moving the furnace across the sample,
starting on one side of the sample the molten zone scans across the whole
sample surface. The silicon underneath the focus lamp is constantly molten,
whereas the area passed by the focus lamp starts cooling down. Here the
crystallisation front marks the border between the molten silicon and the

recrystallised layer. The crystallites of the recrystallised layer act as seeds for

further growth. A picture of the melt zone taken by a CCD camera mounted on
the ZMR100 set up, is shown in Figure 3.

liquid Si

Figure 3: Picture taken during ZMR process.

Grain sizes achieved in such a ZMR process can grow up to several tens of

millimetres in width and some centimetres in length. The recrystallised layers
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show a variation of several grains with differing orientations. A difference in
grain orientations can already be determined during the ZMR process. In Figure
3, for example, three different grains can already be distinguished by the
different tilting of the growth facets. The resulting grain structure and quality is
closely dependent on the used IL configuration as well as on the settings and
fine tuning of the ZMR setup. Exemplary pictures of the dependence on the IL
are shown in Figure 47.

During the course of the recrystallization, the melt zone can be observed via two
CCD cameras. One camera shows the total width of the quartz tube, whereas the
other one has a higher magnification and shows only the middle section in a
width of 11 mm like shown in Figure 3. It has been shown that the constancy of
the molten zone as well as the absolute width are critical values for the
crystalline quality of ZMR layers [16, 17]. The stream of the high magnification
camera can not only be observed via a monitor, but is also fed into edge
detection software which automatically determines the width of the molten
zone. The same piece of software can, with a closed-loop control, adjust the
focus lamp power and thereby adjust the melt width to a preset value.

After the ZMR process, if a capping layer has been applied, it needs to be
removed in order to use the recrystallised layer as seeding layer for the

subsequent epitaxial growth of the actual bulk layer.

3.4 Epitaxy by chemical vapour deposition
The recrystallised layer is normally highly boron doped (5x10*® — 5x10*° cm™)
and therefore works as a high-low junction with the actual solar cell bulk layer
which is grown with a boron concentration of around 5x10' cm™. The seeding
layer acts therefore not only as a seeding layer but also as a back surface field

rear side passivation.
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The growth of the bulk layer is done in the same CVD setup as the
microcrystalline layer before. For the epitaxial thickening, however, a
crystalline template, the seeding layer, is present and the process parameters are
slightly changed to ensure the best crystalline growth. A detailed description of
the CVD processes and the machines used is given in [18, 19].

The RexWE is now, at least in its basic features equivalent to a standard
crystalline silicon wafer and can be made into a solar cell. A detailed
description of the individual solar cell process sequences used within this work

are given in the Appendix.

3.5 High throughput equipment for the RexWE

To show the applicability of the concept in an industrially feasible environment,
several high throughput demonstrating machines have been built at ISE. For the
ZMR process the ZMR400con, of which the reactor chamber is shown in Figure
4 (left), has been developed. The system, as described in [20] operates with a
walking beam transportation system and quartz carrier of 410 x 500 mm2. In this
configuration a width of 400 mm on the carrier can be exploited. The transport
velocity can be set between 1 mm/min and 500 mm/min, which equals a
theoretical throughput of > 10 m#/h at 500 mm/min.

The ZMR400con system is, in contrast to the ZMR100 system, equipped with
two cross hatched lamp fields; one is oriented in the direction of the carrier
transport, the other one perpendicular. Every lamp field is subdivided into
several, independently controllable zones, so that complex temperature profiles
can be applied. This allows unwanted temperature gradient effects to be
reduced. Temperature gradients may arise for example at the water cooled side
walls. The fundamental recrystallisation process however is similar to the one

presented in chapter 2.3.
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Figure 4: Photograph of the opened reactor chamber of the

ZMR400con system.
For the silicon deposition two high throughput systems have been setup by now:
the continuous chemical vapour deposition (ConCVD) [21] and the production-
type continuous chemical vapour deposition (ProConCVD) [22]. Both systems
are in-line setups working at atmospheric pressure. Gas curtains, as shown
schematically in Figure 5 thereby separate the laboratory and the reactor
atmosphere. Two facing rows of substrates define the reactor chamber walls,
thus minimizing parasitic deposition. Deposition rates of several um per minute
and a throughput of 1m?h has been demonstrated [23]. With an estimated
throughput of more than 15 m?/h with 20 um thick CVD layers, equalling ~ 600
wafers of 156x156 mm® per hour the ProConCVD is very well capable of
showing the scalability of epitaxial deposition processes for the photovoltaic

industry.
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Figure 5: Schematic of ConCVD gas curtain setup [19].

3.6 Conclusion

From the vast pool of solar cell concepts, the CSiTF technology is one that
bears a high potential for cost reduction. In CSiTF the knowledge and advances
from crystalline Si wafer technology can be exploited and combined with very
little and effective usage of high purity Si. Especially the recrystallised wafer
equivalent where highly contaminated and therefore very cost effective
substrates can be used can have a significant cost advantage to standard wafer
solar cells. In order to prevail this advantage several other requirements, such as
high throughput and high quality in the zone melting recrystallisation and
silicon deposition techniques have to be met.

For epitaxially thickened zone molten recrystallised layers high conversion
factors i.e. high material quality and prove of concept high throughput
equipment for the critical manufacturing steps has been demonstrated in the
past. However the transfer to a RexXWE which is able to be fed into a standard
solar cell line has not been successfully shown so far. In this thesis the
dominating loss mechanisms of the RexWE have been determined and worked

upon.
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Plasma texturing

This chapter describes the effort done to develop a plasma texture in
an in-line process and optimise its effect. The plasma texture has
been optimised primarily for its application on epitaxially grown
surfaces, which are compared to standard wafer solar cells in need
of certain special requirements that will be described in the

following.

4.1 Introduction

A textured surface has to fulfil two major optical requirements: a reduction in
reflection losses and to permit light trapping.

As under low injection conditions the generated current of a solar cell scales
linearly with the illumination, reflection losses obviously need to be minimized.
For a polished, bare FZ surface, for example, 36% of the impinging light is
reflected and therefore lost for the power generation. To lower the reflection of
silicon surfaces, two basic concepts can be applied, separately or combined:
anti reflection coatings (ARC) and surface texturing.

ARCs make use of a phase shift of the impinging light when a jump in the
refractive index (n) of the transmitting media is encountered. By using the latter
and the superposition principle of light, constructive and destructive
interferences can be exploited, such as those described in [24]. By introducing
one or several layers, the change in n from air (n = 1.0) to silicon (n = 3.4) is

divided into one or several steps. The thickness of the ARC layers are designed
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to match the optical length of one fourth of a predefined wavelength. The
optical length is defined as the product of the layer thickness (d) and n. If the
optical length equals a forth of the wavelength lambda the condition for
destructive interference of vertical impinging light is given. By stacking several
adapted layers on top of each other reflection losses can be minimized over a
wide wavelength range.

The most commonly ARC used industrially at the moment consists of a single
SiN layer. With n ~ 2 and thicknesses d ~ 70 nm, a SiNy ARC can already
increase the generated current significantly, as shown for example by [25].

An ARC consisting of a two layer stack, TiOy (n = 2.20) and MgF, (n = 1.37)
even lowers the reflection to ~ 3%, as for example shown for the reference
sample in Figure 29 (left). This concept has been used in most of the solar cell
processes described in this chapter and will hence be referred to as double layer
anti reflection coating (DARC).

The other way to decrease reflection at the front side of solar cells is texturing.
Texturing is the process referred to when a surface is transferred from plain to
rough. The angle between the impinging light and the silicon surface is thereby
decreased, as depicted in Figure 6 (right). The incident angle is then determined
by the shape of the texture structures. As can also be seen in that sketch, a
textured surface not only changes the angle of light hitting the surface but also,
the tilted penetration allows in conjunction with the IL for multiple reflections
within the Si layer. This causes the reflection, especially in the long wavelength
range to be lowered significantly and is referred to as light confinement. The
combination of an ARC and a texture is of course also possible, and minimizes

the reflection losses more than either of the previous two methods separately.



DARC

Figure 6: Schematic of light path in a sample with flat surface and
double layer anti reflection coating (left) and pyramidal textured
surface (right).

The key feature and a clear advantage over ARC is that textured surfaces give
the possibility of light trapping. As silicon is an indirect semiconductor and the
absorption coefficient is rather low, a major effort has to be made when using
silicon thin absorber layers to absorb as much light as possible. Especially in
CSITF solar cells where the absorber is only ~ 20 um thick, the path length of
the in-coupled light needs to be elongated and thereby to be kept within the
absorber layer.

When considering only geometrical optics, tilted surfaces, as created during a
texturing process, can deflect the impinging light and thereby increase the path
length of the light within the absorber. However, the tilted in-coupling alone
increases the path length only to a small extent. To fully take advantage of this
effect, an optical highly reflective structure needs to be implemented on the rear
side of the bulk. Only then the light can be trapped within the absorber layer. In

addition, reemission through the front side is lowered significantly, which is not
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the case for a flat surface covered with an ARC. The latter is due to the angle of
total reflection on a silicon-air interface, which is 6, ~ 15 ° [24]. So as one can
see in Figure 6 (left) for a plain surface, light reflected by the back side of a
solar cell, which is not absorbed in the bulk layer, is almost certainly re-emitted.
Whereas after applying a suitable texture the probability of a total internal
reflection is increased significantly (Figure 6 (right)). An advanced light
trapping scheme can result in a path length enhancement of up to 50 times of the
original layer thickness [26].
So, in general, a front side texture should fulfil the following two major
requirements: (i) low reflection and (ii) highly diffuse in-coupling of light.
Several kinds of structures are able to fulfil these essential requirements, but
solar cells also need a good front side passivation and an optimized length
between the grid fingers. Therefore, texturisation processes that incorporate
crystal defects or enlarge the front side surface too much do not necessarily
improve the solar cell performance [27, 28].
A good texturing process should combine:

1. Low total reflection with a high fraction of diffuse reflected light

2. Good electrical properties

3. Short process duration/ in-line capability

In addition, epitaxially grown CSIiTF demand even further requirements on a
front side texture, such as

1. Structure formation independent from grain orientation

2. Structure formation on a damage-free epitaxially grown surface

3. Very low selectivity between intra-grain regions and crystal defects

4. Low total etch back
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4.2 Texturing methods

Over the years, a large number of texturisation methods have been investigated.
The more experimental ones, like metal induced texturing [29], atmospheric
pressure plasma [30], or HCL [19] shall not be discussed here. The most
important ones will be introduced briefly and commented on whether or not
they are applicable on epitaxial wafer equivalents.

Texturing methods can basically be divided into mechanical-, wet chemical or

plasma abrasion.

4.2.1 Mechanical texturing

Mechanical texturing includes methods like laser crater formation [31] or
dicing with bevelled blades [32].

Mechanical texturing, which is referred to as “V-grooving” uses dicing saws to
cut trenches into the silicon surface. Very good reflection properties as well as
highly efficient light trapping has been shown for V-grooving [33], especially
when front and rear side structures are cross-hatched. V-grooving is of course
independent from the grain orientation and is also not relying on saw damage. It
would therefore be in principle usable for CSiTF: the drawbacks, however, are a
fairly low throughput, at least in comparison to standard solar cell production,
and a high breakage rate due to the mechanical load. Most importantly however
Is the scale of the structures and the subsequent material consumption during the
texturing process. The structures are in the range of at least some hundreds of
pum and therefore much too high for CSiTF.
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4.2.2 \Wet chemical texturing

Wet chemical texturing can be divided into alkaline and acidic etch solutions.
Alkaline solutions based on potassium hydroxide (KOH) or sodium hydroxide
(NaOH) are etching anisotropic and are therefore best suited for monocrystalline
material. The etch rate of the <111> plane is orders of magnitudes lower than
for the <100> and <110> planes. This results in planes of intersecting <111>
surfaces on standard float zone Si (FZ) material, which is <100> oriented. When
applied to a bare mono crystalline silicon wafer, IPA is also added as a
surfactant, exploiting the so-called “bubbling-mask-effect” [34]. The isopropyl
alcohol (IPA) adsorbs in small bubbles evenly distributed on the surface,
preventing OH - groups from reaching the surface. As a result, a “random
pyramid” structure emerges, consisting of pyramids randomly distributed and
sized. By mashing the surface e.g. with a photoresist, “inverted pyramids” can
be obtained. However, pre-structuring is not applicable in standard solar cell
processing and as alkaline texturing always implies the necessity of a defined
grain orientation, it is naturally ruled out for substrates with multiple grain
orientations.

Acidic etch solutions, on the other hand, mainly consist of hydrogen fluoride
(HF), nitric acid (HNO3) and for example acetic acid (CH;COOH). They show
isotropic etch behaviour. The resulting surface structures range from plains to
valleys as shown in [35]. The structures can be adjusted mainly by mixing ratios
and temperature. The isotropic etch characteristic enables multicrystalline
substrates to be textured as well. Reflections well below 20 % have been shown
with this method [36]. Due to the fairly good reflection properties, a good
homogeneity, an inherent saw damage removal and the possibility of in-line
implementation, acidic texturisation has become the standard texturing method

for multicrystalline substrates in the solar cell fabrication of today. Nevertheless,
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good results for an acidic texture rely on an already roughened surface. The
benefit from a standard multicrystalline wafer, where the saw damage is
removed in-situ, is the shortcoming of damage-free surfaces like epitaxially
grown films.

In conclusion, for the wet chemical texturing methods the structure sizes and
thereby the etch removal are, at the level of some tens of um far too high for
CSITF applications. Additionally the alkaline texturing strongly depends on
grain orientations. The RexWE however reveals a high variety of grain
orientations which would result in an inhomogeneous and therefore non optimal
front side texture. The acidic texture processes rely on already roughened
surfaces such as given on as-cut multicrystalline wafers. The surface that needs
to be textured in the CSITF is epitaxially grown and therefore reveals a rather
smooth surface. Therefore in this work, solely plasma-based texturing has been

investigated.

4.3 Plasma texturing

As for dry chemical or plasma texturing processes, there are several ways to
excite plasma. Those are described in detail, for example, in [37]. The most
common plasma sources for texturing purposes are microwave (MW) and radio
frequency (RF) excitations or the combination of both (RF-MW). RF plasma in
the use of reactive ion etching (RIE) reveal an anisotropic etch character,
whereas MW plasma tend to etch more isotropically. In conjunction with both
one can, within certain limits of course, control the degree of anisotropic or
isotropic etching character. The latter provides a powerful tool for designing
textures with defined feature sizes.

The most prominent etch reactants used for plasma texturing purposes are
chlorine (CI) and fluorine (F). Both halogens etch silicon, when provided in

atomic form by breaking off Si-Si bonds. Due to the toxic, explosive, and very
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corroding nature of chlorine- based chemistry, the investigations undertaken in
this thesis are restricted to fluorine, using sulphur-hexafluoride (SFg) as
precursor.

For plasma texturing, also two possible processing routes can be pursued: pre-

structured and self-masking processes.

4.3.1 Pre-structured plasma texture processes

Pre-structured texturing uses some kind of patterned etch stop mask that defines
surface areas where the etch process is allowed and areas where it is suppressed.
Etch stop masks used for this purpose consist, for example, of photo resists,
SiOy, SiNy or colloidal spin-on layers. The photo resists can be structured by
photolithography or a lately presented nano-imprint process [38]. SiO, and SiN
have to be patterned by an additional photolithography step. The colloidal spin-
on layers define by the mere existence of the colloids non-etchable and etching
areas. Only after the desired pattern is defined can the actual abrasion process
start. By adjusting the etch characteristics of the plasma process, a conform
reproduction of the etch pattern or an under-etching of the mask can be
obtained. This implies the possibility of producing nearly any desired structure
shapes.

Pre-structured texturing processes have the potential for low reflectance, very
good light trapping, and due to the designable and ordered structuring, excellent
electrical properties for solar cell applications. But they also imply increased
and sophisticated labour and costs. Pre-structured texturing processes are
therefore mostly used in laboratory and high efficiency approaches, such as
shown by [39, 40]. Up to now only the nano-imprint technology [38] seems to
offer a cost effective way of industrializing micro patterning satisfying the needs
of the PV market.
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4.3.2 Self masking plasma texture processes

More likely to be integrated in standard solar cell production lines are plasma
texturing processes exploiting the so-called “self masking” process. Inomata et
al [41] first introduced a mask-less texturing process. This process was RIE
based, using Cl, and resulting in pyramid-like structures. Several fluorine
incorporating gasses are known and have been tested as well for plasma etching
in general, and as for plasma texturing in particular in the past. Most of these are
either expensive, like xenon difluoride (XeF,), toxic like nitrogen trifluoride
(NF3) or leave unwanted polymer residuals like fluorocarbon gasses.
The most promising precursor is SFe. It is non-toxic, comparatively cheap and
also reveals the possibility of maskless texture formation. The latter can be
observed by adding other gasses such as oxygen (O,) and was described, for
example, by [42]. Here, atomic fluorine is provided by dissociation within the
plasma which, when in contact with a wafer, penetrates the silicon surface at
random. By breaking the Si-Si bonds, the fluorine starts local etching and
thereby roughens the surface at an atomic level. An etch prohibiting layer
consisting of polymers of Si, O and F (SixO,F;) is deposited simultaneously and
randomly on the surface. A constant process of deposition-, etching- and re-
deposition starts. The statistical nature of the process leads to more or less
defined structures on the substrate surface. As the etch stop layer mostly
suppresses chemical etching, the depths of the obtainable structures tend to
increase with a higher directional acceleration of ions onto the substrate surface.
Three different configurations for plasma texturing processes shall be compared
in this thesis:

e MW induced plasma using SFs and O,

e MW induced plasma using SFs, O, and NH;

e Combined RF and MW induced plasma using SFg and O..
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Some of the findings presented in the following were discovered in the frame of
diploma thesis projects [43, 44].

All texturing results shown in the following were obtained using a SINA® setup
built by Roth & Rau and described in [45]. The SiNA is a well established tool
for low cost, high throughput application for the PECVD deposition of SiN,
layers. A detailed description and characterisation of the SINA® at ISE can be
found in [46].
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Figure 7: Sketch of plasma source, by [47].

Our SINA® is equipped with several plasma sources, of which one is dedicated
for etching and texturing purposes only. It allows the combined use of MW and
RF plasma generation and thereby either plasma- or reactive ion etching in an
in-line setup. More details describing the plasma source are given in [48]. A

principle sketch of the plasma source design is shown in Figure 7.

4.4 Qualification of a texture
For an increased in-coupling of the impinging light, the natural and easiest way
to characterise the optical efficiency of a texture is a reflection measurement.
With this method all the reflected light, also referred to as total reflection (the
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sum of direct and diffuse reflection) is measured for discrete wavelengths within
a predefined wavelength range. A plot showing several reflection measurements
Is shown in Figure 8 (left).
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Figure 8: Reflection measurements showing varying surface
roughnesses (left). Linear dependence of surface roughness on
weighted reflection (right).

The defining properties of a texture are the feature sizes, i.e. the repetition width
and the height of the features. These two values can be combined in the so-
called aspect ratio (AR), defined by the ratio of depth by width. A texture which
Is easy to describe and therefore easy to characterise is that of inverted
pyramids. As these structures arise by the different etch rates for distinct crystal
planes, the feature size and height are directly coupled and the AR is constant.
Therefore, one parameter, e.g. the average roughness of such a texture, is
sufficient to describe the structures. When using an inverted pyramid texture by
varying the averaged roughness and measuring the reflectance, a graph like that
shown in Figure 8 (left) can be plotted. One can already here deduce that, by
increasing the average roughness, the reflectance is decreased. Calculating the
weighted reflectance for each of those samples and plotting them against the
average roughness, as shown in Figure 8 (right) one can, within the
uncertainties, easily see a linear dependence. This implies that for this

comparatively simple structure with a fixed AR, the increase in feature size
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results in a decrease in reflection.

This is of course not per se true for all structures, especially not when the AR is
not constant. Other effects such as sub-texture roughnesses make the connection
between structural information and reflection properties even less accessible.
Recently, a new method to characterise the quality of a texture by connecting
the structural information with the reflection properties has been proposed by
[49].

However, information about other desired features, such as the scattering of
impinging light for light confinement can not be extracted from a simple
reflection measurement. Additionally for the special case of random structures
formed by a self masking plasma texture, showing structural sizes in or below
the wavelength size predictions by calculations based on geometrical optics can

also not be applied in general.

4.4.1 Characterising of a texture’s light trapping properties

As stated before, the main aim for a texture is not only an increased, but also an
oblique in-coupling of the impinging light. In order to accomplish that, one
needs to know what the requirements in principle on such structures are.

To gain an insight into the theoretical properties of structures known to be
fabricable in self-masking plasma texturing processes, simulations of the optical
effects for some basic feature sizes and shapes have been done. Although
several other groups have looked into similar questions [35, 50-52], no
publication has dealt with simulations for half spherical structures with sub-
micrometer sizes and variable aspect ratios, which is one of the main goals of
this work.

The chosen simulation tool was the commercially available PCGrate™
program, which is based on the integral method. The integral method allows for

comparatively low computing effort compared with the rigorous coupled wave
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analysis (RCWA) method to calculate the far field of reflection as well as
transmission of an incoming electromagnetic field on a given surface. The
integral method is based on the assumption that an incoming electromagnetic
field induces a current on the sample surface, thus resulting in an emitted
electromagnetic field. The latter is coupled into and transmitted away from the
sample. The sample may thereby also be defined as a stack of several layers
consisting of different materials with different thicknesses and refractive
indices. Due to the minimized calculating effort, PCGrate™ only allows for
quasi three-dimensional simulations. Quasi three-dimensional means that a two
dimensional surface pattern can be defined and fed into the program. This two
dimensional pattern is than linearly expanded in the third dimension.

However, for a rough estimation of the ability to scatter light for different
structure sizes and aspect ratios, this kind of simulations are sufficient.

The outputs of a PCGrate™ simulation are scattering efficiencies for different
diffraction orders. These efficiencies can be combined into a relatively

descriptive value called 7y, Which is derived in [52].
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Where p, g denote the scattering-orders, Q represents the scattering angle and
the corresponding intensities.

Tweg 1S @ direct value describing the path length enhancement, i.e. the scattering
ability of a structure with a given design at a specific wavelength of the incident

light. This means, for example, for a smooth surface 7 equals 1, for a texture
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with scattering ability z,eq > 1.

Results, as depicted in Figure 9, are already processed simulation data. Each
point in this graph represents the averaged z,, Of four simulations with
wavelengths of the incident light of 400 nm, 600 nm, 800 nm and 1000 nm. The
result of each simulation for one wavelength is combined to one zeq. The four
Twegy) are then averaged to the one value shown in Figure 9 7eq average- 1he
average over several wavelengths of the incident light assures that the nature of
the texture is valid over the whole wavelength range of interest. The simulated
feature sizes of the textures range from 100 nm to 1000 nm. The shape defined
for this set of data was a half spherical periodic diffraction grating with a fixed
AR of 0.5.
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Figure 9: Simulations of path length enhancement for different
structure sizes at constant AR of 0.5. Every data point represents the
average of several simulations using wavelengths from 400 —

1000 nm.

Figure 9 shows that the simulation predicts a significant change in the scattering
effect for structures above 300 nm. For feature sizes ranging from 300 nm to

1000 nm, the simulations show no qualitative change in ze, The minor
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differences in the scattering efficiencies can be traced back to interference
effects caused by the simulation when incident light and structural sizes are in
the same range. Due to the complexity of the value 7,4, including averaging
over four wavelengths, these interference effects cause only slight changes in
the values displayed.

These simulations also showed that, for sub-wavelength structures, the
transmission and the reflection are symmetrical. The conclusion is that a surface
showing diffuse reflection results in a diffuse in-coupling as well. From a
characterisation point of view this is very important, hence the diffuse reflection
Is an easily accessible parameter.

These findings correspond very well to the results published in [50]. Llopis
showed with rigorous electromagnetic methods that pyramidal shaped surfaces
show reflections and propagating of light within the Si, which is close to a
polished surface for structure sizes less than 300 nm. Larger feature sizes,
however, bear the possibility of reducing the reflection even below the ray
tracing limit as well as deflecting the in-coupled light into higher orders of
transmission.

Further simulations varying the AR confirmed that higher AR show better
scattering efficiencies as well as lower front side reflections.

The overall knowledge gained from these simulations therefore sums up to:

I. Structures with half spherical shapes and sizes around or below the
wavelength of light that is of interest for crystalline silicon solar cells are
able to scatter that light and therefore bear, in principle, the possibility for
light trapping.

Il. However, the simulations predict that there is a lower limit for texture
feature sizes able to significantly elongate the path length of in-coupled
light.
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I11. A diffuse reflection also means a diffuse in-coupling. Therefore, assessing
the diffuse reflection is an easy and appropriate characterisation of the light
trapping properties of a texture.

IV. The higher the AR, the better the light trapping becomes.

The latter point seems to be self-explanatory; however, on a sub-wavelength
scale the common sense of geometric optics might not apply. And one has also
to bear in mind that electrical necessities of a solar cell need to be taken into
account and therefore an optimal balance between the optical and electrical
performance of a textured surface needs to be aspired. For this, the electrical
features of different textures in solar cells will be discussed later on.

In order to verify the findings of the simulations, actual textured samples made
in the SINA setup described above have been made.

The simulations predict that structures smaller than the wavelength of the
impinging light are able to scatter light significantly and that a diffuse reflection
also causes a diffuse in-coupling. To test these predictions, FZ wafers with
70 um thickness have been textured and measured for their reflection and
transmission properties. One texture consisted of half spherical etch pits with a
mean size of around 300 nm. Of course, the statistical nature of the self-masking
plasma process produces a wide range of feature sizes, so that a direct,
quantitative comparison between the following measurements and the
simulations are not possible. This particular texture showed a total reflection of
22 % at 700 nm. The fraction of diffuse reflected light was in this case around
50 % of the total reflection. The reflection data plotted against the wavelength
can be seen in Figure 10 (left). Also plotted in this graph is an untextured
reference wafer of the same thickness, showing the normally expected 33 %

total reflection with nearly no diffuse reflection. In Figure 10 (right) the
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transmission measurements for the same samples are shown. It can be seen that
the reference sample shows a high total transmission with a very low diffuse
fraction. The textured sample, however, shows in comparison to the reference a
lowered total transmission and the diffuse fraction of transmitted light is
significantly enlarged. With the help of these measurements it can clearly be
observed that although more light is coupled into the wafer when a texture is
applied, the total transmission is less than that of a plain wafer. Since the
absorption, the total reflection and the total transmission have to add up to
100 % of the incident light, one can easily calculate the absorption. At a
wavelength of e.g. 1000 nm, the absorption for the reference adds up to 36 %,
whereas the textured sample shows absorption of 61 %. The result is nearly a
doubling of absorption, even with a texture that shows neither superior values

for ARC nor for the scattering of light.
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Figure 10: Hemispherical reflection (left) and transmission (right)
measurements on 70 um thick FZ wafers with texture showing
medium degree of scattered light.
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These results confirm the principle predictions of the simulation:

- Sub-wavelength structures are very well capable of scattering light and thereby
Improving the absorption properties.

- Diffuse reflection caused by sub-wavelength structures also accounts for a
diffused in-coupling of light.

To further investigate the possibilities of an even more powerful texture, another
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70 um thick wafer has been textured using a different process, resulting in
silicon needles of only 1.4 nm distance and with an AR of 2. A SEM picture of
this texture is shown in Figure 27 (bottom). Again, the textured samples as well
as an untreated reference sample of the same initial thickness have been
measured for reflection and transmission, both hemispherical total and diffuse.
The total reflection in this case is only 3 % at 700 nm, and the fraction of diffuse
reflected light is 100 % over the whole wavelength range from 350 — 1200 nm.
The remarkable optical properties are depicted in Figure 11 (left). On the right
hand side the wavelength dependent transmission values are plotted. As already
observed in the reflection measurements, one finds from transmission
measurements that the light is almost 100 % diffuse. Compared to the first
texture, an even higher elevated fraction of diffuse reflected light results
consequently in a higher degree of diffused transmitted light.

This texture has therefore an even more pronounced light trapping. When
calculating the absorption of light at a wavelength of 1000 nm, this texture
shows a value of 86 %. Comparing this with the value of the reference wafer,

the absorption is increased by a factor of almost 2.4.
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Figure 11: Hemispherical reflection measurements (left) and
transmission measurements (right) on 70 pum thick FZ wafers with a
texture showing a high degree of scattered light.
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Angular transmission measurements have also been made, using plain reference
samples, the shallow textured ones showing a fraction of ~50% of the
reflection to be scattered from the vertical and the high aspect ratio texture with
a fraction of 100 % diffuse reflection. The resulting plots of transmission over
the deflection angle are shown in Figure 12.
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Figure 12: Angular dependent transmission measurements on textures
with medium and high degree of diffuse reflection. Full scale of
transmission measurement (left), same measurement zoomed in on
transmissions below 1 % (right).
The reference sample, as suspected, transmits the light almost completely
undeflected through the wafer. The shallow texture already shows light scattered
and transmitted into almost all angles. Nevertheless, the peak at 0 ° reproduces
the hemispherical measurement where the direct transmission can be calculated
as 11 %. For the high AR texture, the fraction of directly transmitted light is
very small, whereas the deflected light is even further increased over the whole
angle range. Also this measurement is in very good agreement with the
hemispherical reflection measurements and the simulation results.
In conclusion, these results show that the easiest accessible characterisation
parameters for optimizing the optical properties are the total reflection for ARC

purposes and the share of diffuse reflection for light trapping purposes.



33

4.5 Evolution of structures in a self masking etch process

As the simplest of the explored combinations and thus as a starting point, the
MW generated plasma containing SFs and O, has been evaluated. This process
has already been characterised to a certain extent by [46, 53]. Nevertheless, to
get more insight into the nature of the self masking process and how it leads to
the formation of the structures, a series of experiments has been undertaken. The
questions that these experiments were to answer were how the process starts and
whether it is somehow possible to control the feature size of the resulting
structures.

The different stages of the structures formed in a texturing process during the
processing in an in-line machine can only be explored by varying the carrier
speed in several distinct experiments. One has to bear in mind that higher speed,
I.e. shorter process durations, may induce several changes in the process:

I. the profile and expansion of the plasma will most certainly be affected, and
I1. longer processing duration leads to higher temperature loads for the treated
surfaces.
These points may therefore, at least to a certain extent, change the results from

experiments undertaken under static conditions.

Figure 13: AFM (left) and SEM (right) picture of FZ samples textured
with a MW process using SFg and O..
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In order to make the changes on the surface visible and thereby to understand
the evolution of the structures, atomic force microscopy- (AFM) and reflection
measurements have been conducted on samples with several process durations.
AFM as well as scanning electron microscope (SEM) pictures as shown in
Figure 13 (left and right) clearly indicate that applying the chosen process to
monocrystalline FZ material results in structures of inverted pyramids. The
process used for preparing these samples was optimised with respect to minimal
reflection and maximal homogeneity over the sample surface. The total
reflection at 700 nm for a surface as shown in Figure 13 is about 17 %. The
pictures show that for the given setup, using a stochastic process makes a fairly
homogeneous structure size and surface coverage possible.

In Figure 14 to Figure 17 AFM measurements of 4 samples after different
process times are shown. The samples were prepared by always applying the
same process parameters but with variations of the carrier speed. To characterise
the evolution of the structures, the root mean square roughness (Rys) has been
evaluated. It represents an averaged value of the heights of the measured
structures. In Figure 14, an untreated reference of a bare FZ silicon surface is
shown. A Rn,s roughness value of 0.5 nm has been measured here. Figure 15 was
taken at a sample which was treated for around 10 seconds. A clear change in
the surface structure is visible, although the structure sizes are still in the lower
10 nm range. This is validated by an Rys roughness, which was measured to
about 4 nm. After 1 minute of plasma exposure another sample was mapped by
AFM, resulting in the picture shown in Figure 16. Here the structures are
already clearly distinguishable and visible as inverted pyramids. The Ry
roughness now ranges around 20 nm. After two minutes of plasma texturing the

optimal structuring is reached. This optimal pattern is shown in Figure 17. The
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inverted pyramids are clearly visible and one can identify the sharp edges. The
Rms roughness is around 37 nm. This picture series is a small selection of the

collected data shown in Figure 18 and Figure 19.

Figure 14: AFM Figure 15: AFM
measurement of untreated FZ measurement of FZ sample
sample. after 10 s plasma texturing.

pm

Figure 16: AFM Figure 17: AFM
measurement of FZ sample measurement of FZ sample
after 1 min plasma texturing. after 2 min plasma texturing.

The graph in Figure 18 (top) describes the development of the Ry, roughness in
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time. As one can see, the Rys roughness exhibits a dramatic increase up to a
certain extend. At that time, the values of the Rs roughness then start to
decrease. This shows the formation of a distinct, global maximum. On the same
samples measured by AFM, reflection measurements have also been taken. The
resulting data of the weighted reflections are displayed in Figure 18 (bottom).
The weighted reflection is inversely proportional to the Rys shown on the left.
After a short decrease, a distinct global minimum can be identified. Comparable
measurements have been taken on another series of samples displayed in Figure
19, where some more data points are available. When increasing the processing
time beyond that optimal point, the reflection properties start to increase again
and finally remain quasi static, even for longer processing times. With this
information an optimal process duration for which the resulting feature size is

maximised can be found.
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Figure 18: Root mean square roughness over process duration for
texture by MW plasma using SFg and O, (left). Weighted reflection
over process duration measured on same samples (right).
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Figure 19: Weighted reflection over process duration for texture by
MW plasma using SFg and O..

This of course implies that a prolonged etch time does not increase the structure
size indefinitely. To understand why and how the trend of increasing reflection
as well as decreasing Rns roughness starts after a distinct process duration, a
closer look at the structures around these parameters has been taken.

The effect is visualised in Figure 20. On the left, two extractions of AFM
surface scans are shown. On the right, two cross sections extracted along the
black lines indicated in the surface scans are plotted.

The upper AFM scan in Figure 20 represents the optimal process duration,
whereas the pictures below were taken from a sample treated several hundred
seconds thus representing the state that arises after process durations past the
reflection minimum. As one can see already in the surface scans of the samples
with the prolonged process duration, the structures appear diffuse. In contrast,
the structures in the optimum state appear well defined and with sharp features.
This impression is confirmed when taking into account the cross sections. The
optimal structures reveal comparatively sharp edges and deep etch grooves. The
structures scanned after some hundred seconds of processing time reveal

recognisably rounded peaks and valleys.
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Figure 20: AFM surface scan of texture by MW plasma using SF6
and O2 after optimal process duration (upper picture) and prolonged
process duration (lower picture). Each scan shows a height profile
corresponding to a line scan, indicated as a black line in the surface
scans.

This phenomenon can at least partially be explained by an effect closely linked
to the surface temperature of a sample. As mentioned earlier, an increasing
surface temperature results from prolonged processing durations. This has also
been discussed by [46] using the same equipment. The self masking process is
dependent on the formation of a SiF,O, etch resist layer. This layer becomes
unstable and finally vanishes with increasing surface temperatures. Therefore,
after a certain processing time resulting in a certain temperature of the sample
surface, one would expect the etch character to change into an isotropic one. An

isotropic etch character explains very well the levelling and rounding of the
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edges as seen in Figure 20.

Summing up the results from this set of experiments, this self masking plasma
texturing process starts homogeneously within a nanometric scale, developing
distinct structures that are growing to a certain extent up to a maximum in size
and sharpness. From that optimal process duration on, the structures begin to
smear out and decrease in size again, resulting in a kind of steady state

condition.

4.6 Investigated texturing processes
For this thesis, four different procedures have been explored. The four processes
can be divided into two sets of gas mixtures as well as two different ways to
excite the plasma. The gas mixtures both contained SFg and O,, either with or
without additional NH3;. The plasma excitation was done by either a simple
MW:- or a superposition of a MW- and a RF generator. However, the process
using the combined RF-MW plasma source showed no additional benefits for
the textures, with additional NHs; therefore, this process will not be discussed

further.

4.6.1 Evaluation of plasma textures using SFg, O, and MW-excitation

Figure 21 shows the reflection properties of a untextured FZ surface and a FZ
surface textured with a process similar to the one discussed in chapter 3.5. The
textured surface is hereby also covered with inverted pyramids as shown in
Figure 13. The structure sizes range up to a maximal diameter of 0.3 um. As
one can see in Figure 21, the total reflection at 700 nm is lowered from 35 % on
the untreated surface to 17 % on the textured surface.

Although comparatively low reflection values of down to 10 % at 700 nm have
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been obtained, several drawbacks exclude this process for implementation in a
crystalline thin film solar cell concept.

A first drawback is that this texturing process exploits the different etch rates of
intersecting crystalline planes and is therefore strongly dependent on the crystal
orientation. Also when texturing a multicrystalline surface, only the crystals
revealing a (100) surface will be textured in the way described above. That
results, of course, in less optimal textured surfaces when using materials with
multiple grain orientations.

Secondly, the etchback of this particular process has been found to be well
above 5 um. Therefore, as there is no saw damage etching necessary, too much

good quality material would be lost.
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Figure 21: Hemispherical reflection measurements of FZ samples

textured by MW plasma using SFs and O..
Most importantly however, as can also be seen in Figure 21, the diffuse
reflection is only significantly increased for wavelengths below 400 nm. The
latter is most probably due to the small feature sizes of the structures. As the

simulations in the preceding paragraphs showed, there is a lower limit for
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structure sizes to be able to scatter light of a certain wavelength; the structures
seem to be smaller than this limit. As a diffuse reflection can be associated with
a diffuse in-coupling, one of the major assessment criteria for the quality of a

texture for CSiTF is therefore not fulfilled here.

4.6.2 Evaluation of plasma textures using SFg, O,, NH; and
MW-excitation

Figure 22: SEM pictures of samples textured by MW plasma using
SFs, O, and NHa. Cross section of FZ sample (left), top view of
multicrystalline wafer equivalent (right).
As the preceding process showed a direct dependence on the crystal orientation,
another texturing process needed to be found for CSIiTF. After scanning the
parameter room for process gasses like Ar, H,, N, and NHg, it turned out that a
process gas mixture consisting of SFg, O, and NH; holds a big potential for
texturing CSIiTF. Figure 22 shows SEM pictures of such a texture on a cross
section of a FZ surface (left) and a top view of a textured multicrystalline wafer
equivalent (right). The shapes of the resulting structures are half spherical etch
pits.
The general etching behaviour of a mixture of gasses in plasma processes is

summarised to a certain extent in [54]. The underlying reaction mechanism of
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this particular process and the origin of the qualitative difference in the results
by adding NH; has not been fully understood so far. However, strong
indications of a changed self masking layer composition have been found.

One explanation for the qualitatively different etch mechanism may be that the
ion temperature rises due to the introduced N and H, resulting in an increased
physical etch behaviour compared to the SFs, O, process. However, no similar
results have been found when adding molecular N, or molecular H,, or the
combination of N, and H, in a ratio corresponding to NH; into a SF¢/ O,
process.

Another explanation might lie in a changed composition, and therefore
behaviour, of the self masking polymer film. A strong hint for this are
experiments carried out in a SI 600 plasma etch reactor made by SENTECH and
Is described in [55]. The SI 600 setup can also be operated with a MW induced
plasma; however, compared to the SiNA, the plasma in the SI600 setup is
further away from the sample in a down stream configuration and excited with
an inductively coupled plasma (ICP) instead of a linear antenna. The major
difference between the two setups with respect to the self masking process,
however, lies in the possibility of temperature control in the SI 600. In the
SINA, the only possible temperature control is by heating samples and carriers
via radiation, whereas in the SI 600 the temperature of the chuck where the
sample is placed, as well as the reactor walls, can actively be cooled during
processing. In the experiments carried out in the SiNA no external heating or
cooling has been applied, so that the sample temperature is directly linked to the
plasma exposure and ranges between 100 up to 250 °C. For the experiments in
the SI 600, on the other hand, the chuck temperature has been set to 40°C, i.e.
the sample surface temperature has been significantly lowered. The same gas

ratios and pressures, albeit with different individual fluxes of SFs O,, NH3, have
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been used.

Figure 23: SEM picture of polymere residuals after low temperature

SFg, O, and NH; process in S1 600 setup.
These experiments resulted in a layer formation on the sample surface which is
exemplarily shown in a SEM image in Figure 23. Energy dispersive X-ray
spectroscopy (EDX) revealed a composition of the layers incorporating some
nitrogen but mostly fluorine. When mechanically removing these layers, the
underlying polished FZ surface shows no signs of etch attack or structuring. It
can therefore be concluded that by reducing the surface temperature, polymer
chains form, starting from desorbed nitrogen atoms, growing mainly with
fluorine. Those polymers can, under certain circumstances, cover the whole
surface. The consumption of the fluorine by the polymer growth and the
inertness of the generated polymer against the plasma completely suppresses
any etch reaction of the Si surface. As no oxygen has been traced by EDX, it
also appears that at least in this regime the N-F polymerisation is a dominant
process. In contrast to the often described self-masking process as in [42], the
self-masking layer in the SFs, O,, NH; process seems to be of a different
composition.

Another strong hint for an increased etch resistivity of polymers that incorporate
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nitrogen is the significantly lower etch rate. The etchback which is more
than 5 um for the SFg, O, process lies around 1-1.5 pum for the SFg, O, NH;
process. The proposed model therefore assumes at the given temperature a
denser and more inert self-masking layer penetrable by the plasma, i.e. the
atomic fluorine, in fewer spots and thereby defining etch pits longer and more
precisely than a film solely consisting of SxF,O,.

In Figure 22 it can be seen that the structure formation due to this process is also
fairly homogeneous in its size distribution and surface coverage. The structure
sizes which were found to be performing optically very well range from 0.2 to

0.8 um with depths of up to 0.4 pum.
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Figure 24: Hemispherical reflection measurements of FZ samples

textured by MW plasma using SFg, O, and NHs.
A corresponding reflection measurement of such a texture is plotted in Figure
24. The total reflection at 700 nm is reduced from 35 % on an untreated FZ
surface down to 16 % on a textured one. The fraction of directly reflected light
IS minimized to less than 5 % averaged over the whole spectrum from 300 to
1200 nm.
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By weighing a 10 x 10 cm® multicrystalline wafer equivalent before and after
texturing, the removed silicon layer thickness could be determined to be only 1
to 1.5 pm.

To quantify the benefit of this texture on solar cell level, a batch of solar cells
has been fabricated with and without applying this texture. The results have also
been presented at the 22™ EUPVSEC [56].
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Figure 25: Hemispherical reflection measurements of solar cells textured
by MW plasma using SFs, O, and NHg, after applying a DARC (left).
Corresponding IQE measurements of the same solar cells (right).
Figure 25 (left) shows the reflection properties of a textured solar cell surface in
comparison to a plain reference surface after applying a DARC on both. The
reference sample shows already very good reflection values for wavelengths
between 500 and 1000 nm. When implementing the texture, however, for
wavelengths below 500 and over 1000 nm the reflection can be reduced even
further. A reduction in the reflection, of course, gets much more pronounced
when the texture is used in conjunction with only a single layer ARC, like for
example the industrially used SiN.
The chosen solar cell process included a sintered Al back side. This

configuration is not optimal to characterise the full potential of this texture,

1200
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especially with regard to its light trapping characteristic, because the reflection
and the recombination velocities of a sintered Al back are comparatively low.

In Figure 25 (right) the IQE measurements for the same samples are shown.

It should be stressed that due to the comparatively low reflective back surface of
the solar cell, light trapping effects in the long wavelength region are not
expected. Remarkable for this texture is the comparatively small difference in
performance between the reference and the textured sample in the short
wavelength region. The latter indicates that the enhancement of recombination
of minority carriers at the front surface is not pronounced very much.

These results show that this texture is in principle well suited for the
requirements set for CSITF solar cells. The independence from grain
orientation, the reduced total reflection with a high fraction of diffuse reflection,
the low etch back and the low recombination rate of minority charge carriers at
the front side promise a good performance when implemented in an adapted

solar cell.

4.6.3 Evaluation of plasma textures using SFg, O, and RF-MW-excitation

A self masking process where the plasma is excited solely by MW allows only
small influence on the feature sizes and AR of the resulting structures. In order
to further increase the optical performance of a front side texture, control over
the feature size and especially the aspect ratio of the structures is needed. In
2006, Roth & Rau presented a new plasma source for their SiNA setup which
allows RF and MW plasma excitation to be combined within an in-line reactor
[48]. This plasma source was primarily developed to increase etch rates, mainly
for saw damage removal processes. However, it also inherits the possibility of
exploiting the RIE. With this technique, it is in principle possible to design

structures with distinct sizes and aspect ratios in an in-line plasma reactor.
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Therefore this seems to be very promising as an industrially relevant texturing
process relying on the self masking process.

To characterise the structures that can be realized by the new plasma source and
to confirm the characteristics predicted by the simulations in chapter 3.4, again
FZ samples with polished surfaces were textured. These samples were
characterised laboriously by cross section SEM inspection and corresponding

reflection measurements.
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Figure 26: HF power variations on otherwise the same process
settings. Increasing HF power increases structure depths, resulting in
decreasing total reflections while increasing the fraction of diffuse
reflected light.

A simple variation of the HF power already shows the strong correlation of
structure depth and total and diffuse reflection. A selection of representative data
Is shown in Figure 26. Each point in this graph represents the average of at least
ten measurements taken during SEM characterisation. It can be observed that by
increasing the power induced by the HF source while keeping all other
parameters constant, the structure depth increases. In the lower graph of Figure

26, the total and diffuse reflection measurements of the same samples are
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shown. As already observed in the case of the inverted pyramids as well as
predicted by the simulations, it can be seen that the total reflection decreases
while the diffuse reflection increases with increasing structure depth.

The variation of all parameters which are listed in Table 1 along with the value
ranges tested in the course of our investigations led to a broad variety of feature
size distribution. The achieved structures ranged from 0.2 — 2.2 um in width,

and from nearly O up to 3.3 in the AR.

Table 1: Varied parameters for RFMW plasma texture process

optimisation.
pressure | Carrier velocity O, flux NH; flux | SFg flux | HF power
[mbar] [mm/min] [sccm] [sccm] [sccm] [W]
0.09-0.15 3-10 25-125 0-100 | 110-190 | 350-800

SEM pictures of some representative structures are shown in Figure 27. These
structures differ in terms of structure width as well as the structure depth. In the
upper picture, for example, the AR is as low as 0.4, with feature sizes of
~ 0.8 um; the middle picture shows a texture with medium AR of ~ 1.5 and
feature sizes of ~ 1.5 um, whereas the lower picture shows a comparatively high
AR of 3.3 with structure sizes of ~ 0.8 um. By using design of experiments, we
characterised the process to an extent that enabled us within certain boundaries

to choose structure sizes and AR.
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Figure 27: Variety of Figure 28: Hemispherical
structures with low (top) reflection measurements
medium (middle) and high corresponding to the
(bottom) aspect ratios and structures shown on the left.

wide, medium and small

structure size.
Corresponding to the physical features of the surfaces changes, reflection
properties change as well. Examples of some of these are shown in Figure 28.
These reflection measurements correspond to the SEM pictures shown in Figure
27 in the same order. As one can clearly see, the changes in the reflection

properties range from a barely visible effect of reflectance reduction over a
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medium reflectance, which is almost completely diffused down to almost no
reflection in the interesting wavelength range, whilst 100% of the reflected light
Is diffused. This again is in perfect agreement with the normal understanding as
well as the simulated results.

The structure shown in Figure 27 (bottom) and the corresponding reflection
measurements shown in Figure 28 (bottom) can be referred to as black silicon.
This is of course, with regards to the optical performance, an almost perfect
front side. When comparing the optical properties of this texture with a high
performance DARC, the overall reflectance of this texture is significantly
reduced, especially in the shorter and longer wavelength region. Additionally
the in-coupled light is oblique, hence the path length is increased and light
reflected from the back surface is less likely to be reemitted. The latter is also
confirmed by the reflection and transmission measurements shown in Figure 11
and the angular dependent transmission measurements shown in Figure 12.
Additionally, this texturing process is a single step process introduced in an
already industrially used setup.

The major shortcoming is of course a greatly enhanced front surface area and
possible damage from the plasma process. As described by several authors
before [27, 28, 57, 58], a front side structure that increases the sample surface
significantly results in an increased front side recombination rate. This means a
trade-off must be found between increased light in-coupling and recombination
losses.

To characterise the effect of the optical performance in conjunction with the
actual current generation, different textures were applied on FZ material and
made into solar cells. The here used solar cell concept includes a laser fired
contact (LFC) process on the rear side which is described in [59]. Here a thick

thermal oxide, full aluminium coverage and a laser contacting process ensures
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high reflectivity and high minority carrier lifetimes at the solar cells back side. A
120 Q/sq emitter which is also passivated with a thin thermal oxide and a
photolithographically defined, evaporated grid consisting of a layer sequence of
Ti-Pd-Ag are applied at the front side and subsequently thickened in a Ag
plating process. Alongside the textured samples, reference cells without any
texture but with an additional DARC have been processed. The measured solar
cell values are shown in Table 2. The shown values represent not averaged
values, but rather the highest measured ones.

One can clearly see that the measured values for V.. and the FFs are in the same
range for textured and untextured samples. The Jg. values, on the other hand, are
strictly dependent on the reflection properties and on the surface topology. The
lowest Js. values were of course measured for the non-textured samples without
ARC. After applying a DARC and thereby reducing the reflection about ten-fold
without changing the surface topology, the current increases by a factor of 1.4.
This is well expected and when considering a plot of J. over the reflection, in
perfect match with a linear fit.

The textured samples used for this solar cell batch showed a gradient in feature
sizes and AR in the texture structures towards the edges of the samples,
resulting in a non-optimised texture along the sample sides. This might be due
to the process sequence, as the sample back sides were already covered with
SiO;, during the texturing process. The samples were therefore electrically
isolated from the carrier, which in this configuration acts as the anode. That may
have resulted in surface charges during the RIE process, which can of course
affect the process quality. On 125 x 125 mm? multicrystalline test wafers
without isolating back side, this effect has not been observed, hence the result

was a homogeneous black surface over the whole sample.
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Table 2: Comparison of solar cell parameters of non-textured planar
samples with high-AR (black silicon) textured samples, both with and
without DARC.

Texture R@?OOnm A Voc Jsc FF n
[%] | [em?] | [mV] | [mA/cm?] | [%] [%]
none
(without DARC) 35 21.16 | 641 25.6 78 12.9
none
(with DARC) 3 21.16 | 650 36.1 77 18.1
none
(without DARC, 35 4 / 25.9 / /
partially covered)
black silicon
(without DARC) 3 21.16 | 649 34.7 78 17.6
black silicon
(with DARC) 3 21.16 | 649 35.2 78 17.8
black silicon
(without DARC, 3 4 / 37.9 / /
partially covered)

The best Js. value of a sample with the black silicon texture (although parts of
the surface are non-optimally textured) is 34.7 mA/cm? and therefore only
1.4 mA/cm? less than the non-textured sample with DARC. In order to get an
estimation of what the effect of the texture could be if the whole sample was
homogeneously textured, an additional measurement with partial coverage of
the sample has been conducted. By using a black carton with an opening of
2 X 2 cm?, the J. of the untextured reference cell before applying the DARC

shows essentially no change. The textured sample, on the other hand, shows a
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Jsc Of up to 37.9 mA/cmz?, which is 1.8 mA/cm? more than the reference wafer
with DARC.

Figure 29 (left) shows the corresponding reflection data to the samples
discussed above. The data of the reference sample without DARC shows the
expected behaviour, including the 35% reflection at 700 nm. The perpendicular
impinging light, especially the weakly absorbed long wavelength light, is
reflected at the back side of the sample and reemitted, appearing in the
reflection measurements as the so-called escape peak. The escape peak of the
non-textured samples shows, with a reflection of 82% at 1200 nm,
comparatively high values. After applying the DARC, the reflection between
500 and 900 nm is drastically reduced to ~3 -5 %. The escape peak in this
configuration is thereby even further increased, which can be understood when
considering that more light is coupled into the wafer and subsequently more
light can be reflected on the rear side and can therefore escape again.

The spot size for the reflection measurements is about one cm? and the
measured spot on the textured sample was chosen from an optimally textured
area. As can also be seen in Figure 29 (left) for the samples textured with black
silicon, the reflection properties do not change significantly after applying a
DARC. The escape peak of the samples with the black silicon texture is
significantly reduced compared to the non-textured reference samples and does
not show any changes after applying a DARC. The latter can be attributed to the
desired light trapping effect, by which the impinging light is coupled into the
silicon in such a way that it is no longer perpendicular to the lateral expansion
of the samples. In so doing, light reflected on the back side reaches the front
side under angles allowing total reflection. This inhibits the reemission for the
most part and leads to a dramatically increased in-coupling of light into the

textured samples.
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Figure 29: Hemispherical reflection measurements of solar cells textured

by RFMW plasma using SFg and O,, with and without DARC (left).

Right: EQE measurements of solar cells with slightly different texture

structures (as shown in Figure 30).
However, when comparing the Jg. of the textured and non-textured samples with
DARC this effect cannot be found. For further explanation, the EQEs of the
non-textured reference wafer with DARC and two solar cells textured with
slightly different black silicon structures are shown in Figure 29 (right).
Corresponding SEM pictures of cross sections of these samples are shown in
Figure 30. The spot size of the EQE measurement is only of about one cm?,
therefore the inhomogenities due to the charging edge effect of the texture also
do not have to be considered here. One can clearly see that for wavelengths up
to 900 nm the performance of the non-textured cell with DARC is better than
for the textured ones. As light with short wavelengths has a small penetration
depth, the EQESs indicate high front side recombination rates.
Whilst the optical properties of the two textures are the same, the SEM pictures
as well as the EQE show different results. The sample in Figure 30 (left) shows
slightly smaller structures with also lower AR. Also, the structure peaks appear
less sharp. In the EQE shown in Figure 29 (right), this texture exhibits a slightly
better performance in the low wavelength region. It can therefore be concluded
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that by slightly changing the structural dimensions, the performance in the short
wavelength region can still be optimised while keeping the optical parameters at
or close to an optimum,

Nevertheless, for wavelengths exceeding 900 nm, the textured cells show a
superior performance to the reference cells. This clearly shows that the light
trapping scheme works and that long wavelength light stands a higher chance to
be absorbed.

The overall outcome of this experiment is that black silicon made in an in-line
process is in principle capable of showing the same results as a high
performance DARC and might even become superior by further optimisation of

the structural properties.

ISE 5.0kV 15.5mm x10.0k SE(M)

Figure 30: Cross section SEM pictures of two slightly different black

silicon textures RF-MW texture 1 (left), RF-MW texture 2 (right).

This SEM pictures correspond to EQE measurements shown in Figure

29 (right).
In an additional experiment, similar structures of the black silicon texture have
been applied on standard multicrystalline wafers. The solar cell process here
included an emitter by diffusion from POCI; in a tube furnace, a PECVD-SiN,
frontside passivation and ARC as well as screen printed and co-fired front and

back contacts.
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As reference samples, both side acidic textured wafers were processed alongside
the plasma treated ones. To evaluate the potential of the new plasma source even
further, a combined process of plasma damage etch and plasma texture as well
as the application of the plasma texture on beforehand KOH-wet chemically
damage etched samples has been explored. Table 3 shows the illuminated solar
cell values corresponding to the different processes. Listed are the best cells as
well as the average of the best five cells for the wet textured reference group
and the KOH damage etched then plasma textured group.

The group where the damage etch has been skipped completely shows
consequently the lowest results. The V. drops as low as 560 mV. This indicates
that with the small etch back of only around 3 um for this texture, the front side
recombination is still dominated by the saw damage. A significantly longer
process or a preceding damage etch would be necessary in order to remove the
saw damage.

When using a plasma damage etch process, the V.. values as well as the J
values are, at 597 mV and 32.1 mA/cm?, already very close to the reference
group.

The samples with a standard KOH etch to remove the saw damage first and a
subsequent black silicon plasma texture show basically the same V.. and FF
values as the acidic wet chemically textured reference cells. The Js of the best
sample with KOH damage etch and plasma texture compared with the acidic
textured one only shows a reduction of 0.5 mA/cm2. The average of the best five
cells shows very homogeneous results for both the wet chemically textured and
the KOH etched and plasma textured batch.

This should be proof for the fact that when going to an industrially feasible solar
cell process, the black silicon texture is almost as effective as a standard wet

chemical texture. The shortcomings still lie in a comparatively long process
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duration (3 cm/min) for the plasma damage etch process or the necessity for a
KOH-etch damage removal on standard multicrystalline wafers instead. On the
plus side, this texture showed to be capable to withstand an industrial-like solar
cell process and bears the capability of single side in-line processing. Though
the structures are not fully optimised with regards to their electrical properties,

the performance can already compete with a standard acidic texture.

Table 3: Comparison of solar cell parameters of 156 x 156 mm?2 solar
cells textured by acidic-wet and plasma processes. Plasma textured
samples including either plasma-, KOH- or no damage etch.

Samples Damage | Texture Voc Jsc FF n

etch [mV] [mA/cm?] [%] [%0]
process
Best cell i wet- 603 33.1 79 15.7
acidic

Average wet-

of best 5 ) acidic 603 33.1 & 157
wet-

Best cell KOH plasma 604 32.6 79 15.5

Average wet- plasma 603 32.4 79 15.4

of best 5 KOH ' '

Best cell plasma plasma 597 32.1 79 15.2

Best cell - plasma 560 31.6 74 13.1

4.7 Conclusion

This chapter showed that plasma texturing can, at least in principle, meet all the
demands for the implementation in a solar cell production, especially when

using saw damage-free silicon like ribbons or epitaxial films.
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Plasma texturing can provide:

-~ Structure formation independent from grain orientation

- Structure formation on damage-free surfaces.

- Low total reflection with a high fraction of diffuse reflected (i.e. in-coupled)
light

- Good electrical properties

- Low etch back

- Short process duration and therefore in-line capability

In order to prove that structures made in a self-masking plasma process are

capable of fulfilling the optical requirements, it was shown by simulations that

half spherical structures with an aspect ratio of 0.5 and structural sizes bigger

than 300 nm should be able to scatter light significantly enough for light

trapping purposes in solar cells.

The latter was also shown on actual textured samples. A stochastic structuring,

varying in size and AR distribution, but, showing averaged values similar to the

ones used in the simulations proved that sub-wavelength structures are in fact

able to scatter light. The prediction of the simulation that a diffuse reflection

also corresponds to a diffuse in-coupling of light could also be verified on these

samples. This establishes a fundamental comprehension and a powerful tool for

the characterisation of front surface textures.

Another outcome of these experiments is that within a plasma texturing process

that relies on self masking there is, at least when the samples are not actively

cooled, an optimal process duration. The structure formation most probably

begins with sub-micron etch pits, covering the whole surface homogeneously. In

the course of the process the etch pits become fewer, bigger and more

pronounced until an optimum is reached.

Using these preceding results, several texturing processes that can serve
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different purposes have been shown.

The first presented process can lower the total reflection without raising the
diffuse in-coupling. The texturing structures are, when applied on FZ material,
inverted pyramids and show sizes below 300 nm in diameter. Due to the
extremely small feature sizes, the change in recombination at the solar cell front
side is negligible. This texture is best suited to, for example, enhance the
performance of ARCs.

The second texture process presented inherits basically all necessary features to
be used for CSITF solar cells. This process showed homogeneous structure
formation on grains with multiple orientations, a total reflection as low as 16 %
with a fraction of diffuse reflection of 95 %. Also the front side recombination
shows only a small increase and a total etch removal of only 1.5 pum is given.
The third kind of texture enhances the optical properties even further. Therefore,
the AR and the structure size have been increased. The “black silicon” texture
shows a needle-like structure with reflection values of down to 3 %. All
reflected light is diffuse. This texture is therefore very interesting for light
trapping purposes. The solar cell results showed that due to the chosen high AR,
the front side recombination rate is significantly increased. Nevertheless,
efficiencies of solar cells incorporating this texture were only slightly less than
reference samples using a high performance DARC.

For this latter texture a new plasma source has been implemented, allowing the
combined use of RF- and MW-plasma excitation in an in-line process. A large
variety of combinations of structure sizes and AR have been obtained. The
process has been characterised to a degree that enables the desired features to be
defined and fabricated.

The results of this chapter should show that with a further optimisation of the

feature sizes and aspect ratios, plasma texturing can match all the desired
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features for a CSiTF solar cell and can directly be implemented in an industrial
processing chain.

However, as the absorber layers in CSITF are very thin not only the texture
becomes more important. In order to fully exploit the beneficial effects of a
texture, especially the light trapping features, a highly effective reflector needs

to be established on the rear side of the photo active bulk.
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Intermediate layer characterisation

In order to maximise the generated current, especially in crystalline
Si thin film solar cells, in addition to an optimised front side texture
an optically highly reflective back side termination of the bulk layer
Is crucial. In the case of the RexWE, this special feature not only
sets optical demands, but also requires a multifunctional
intermediate layer. The requirements and experiments done to
characterise and improve the performance of the intermediate layer

are presented in this chapter.

5.1 Requirements on an intermediate layer
The requirements on an ideal intermediate layer (IL) are manifold:

- diffusion barrier properties, mostly against transition metals
- Inertness during high temperature processing
- stability at temperatures above 1400 °C
- chemical inertness in contact with liquid Si
- expansion coefficient comparable to Si
- good compatibility with crystallisation process
- high electrical conductivity

- high reflectivity for wavelengths exceeding 600 nm

Additionally, to allow for maximum efficiencies with a RexWE, an
implemented IL has to meet all the above mentioned requirements at once.

There have been several contributions to this goal [10-15]. However, those have
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only covered partial aspects.

In order to characterise the effectiveness of an IL, some preliminary
considerations have to be made:

It needs to be considered that an IL in a RexXWE will most probably undergo
changes along the process chain. The most common change, especially in IL
deposited by PECVD is a shrinking during the ZMR process. When this
happens the hydrogen is primarily driven out of the layer. Also very likely is a
transformation of the layer from an amorphous state to a crystalline or at least
partially crystalline form. And, especially in the case of SiO, there will be a loss
in thickness due to an etch effect during the bake in a hydrogen atmosphere at
elevated temperature which is part of the seeding layer deposition.

Therefore it is probable that neither thickness nor refractive index will be the
same as in the deposited state and after the ZMR process.

In case of the RexWE it also needs to be considered that the IL is covered with
crystalline Si. A fairly simple optimisation of reflection properties of as-
deposited or even tempered layers is therefore not suitable. The full processing
of RexXWEs to solar cells is quite an effort and still bears many other possible
complications. An evaluation of a measured current is in the end of course the
counting value: however, an easily accessible optimisation parameter needs to

be set up.

5.2 Single layer of SiOy
Kieliba [6] showed that recrystallising on a single SiOy IL can lead to solar cells
with 13.5 % efficiency. However, the solar cell process used for these results
included a highly sophisticated one side contacting scheme. The one sided
contacting cell design allows only for devices of ~ 1 cm width to be fabricated

and is therefore not applicable on larger areas or in an industrial production
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process. The cell structure is the reason for the comparatively low FF shown for
1 cmz? solar cells in [6]. The FF loss originating in an increased series resistance
would significantly increase when the cell dimensions would be even further
increased. However, the shown V.. of up to 610 mV indicates good crystalline
quality. The crystalline quality is mainly determined by an optimised ZMR
process and a high quality epitaxial process.

With respect to the implementation in a front and back contacted RexWE,
however, the main shortcoming of a SiO4 IL is of course its nonconductive
nature. To circumvent that, at least on model substrates a concept called laser
fired access (LFA) has been introduced [23]. In the LFA process, the seeding
layer is penetrated with a laser in order to drill holes down to the IL. This
process is best conducted right after the ZMR process, before the SiO, capping
layer is removed. This leaves the capping layer in place, which is needed during
the ZMR process for preventing the seeding layer during the laser process from
large area contamination. It also prevents material ejected by the laser process
close to the drilled holes from coming into direct contact with the seeding layer.
The latter would otherwise have to be carefully removed in order to guarantee
the subsequent epitaxial growth to be undisturbed and of high quality.

The optimal laser process result can be seen in Figure 31, where a microscopic
picture of a top view in a LFA hole is shown. The laser penetrated the whole
seeding depth, however the SiOy IL is still in place. Scratches on the underlying
substrate surface are still visible through the IL. During the necessary removal
of the SiO, capping layer right before the epitaxial thickening, the exposed parts
of the SiOy IL are simultaneously removed. In this case only the minimal depth,
which is that of the seeding layer, needs to be filled during the subsequent
epitaxy process. The latter minimises problems like surface irregularities, defect

densities or cavities right above the laser holes, which decrease the crystalline
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quality. If the laser process is not optimised, either a residual layer of Si is still
covering the SiO, layer and no electrical contact can be established, or the laser
also vaporises parts of the substrate material, blasts away the IL and results in a
deep hole. A hole that is too deep might, at least with the given high aspect ratio
result in problems during the epitaxial thickening.

In the process sequence described

Scratch in substrate above and shown in the Annex there

Intermediate layer

are several high temperature steps
(epitaxy, emitter formation, optional
thermal oxidation) involved, while
the diffusion barrier IL is already
penetrated. Therefore the LFA

concept is only suitable for model

100 pm

substrates and not for highly
Figure 31: Microscope picture
of laser fired access hole.
Scratches in the underlying would be probably needed in an
substrate are still visible.

contaminated low cost substrates as

industrial environment.

However, as mentioned above, it has
been shown that ZMR on a SiOy IL can lead to crystal quality that allows solar
cells with rather high efficiencies [7-9]. Therefore, to further evaluate the
potential of the RexXWE, LFA has been used as an optimisation tool.

In order to maximise the cell efficiency when using the LFA concept, the laser
pitch, i.e. the distance between the individual laser holes, was carefully selected.
The maximal laser pitch is hereby set by the conductivity of the current
transporting highly doped seeding layer. A minimal laser pitch, however, is
given in order to minimise the area fraction covered with low quality crystals

grown on top of the laser holes.
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A PC1D simulation showed that a pitch distance of 3 mm in a hexagonal
pattern should suffice for an effective current transport.

A loss of cell performance due to an insufficient current transport can be
evaluated by fitting a two diode model to measurements of dark I-V curves of
processed solar cells and then by calculating the effective series resistance (R;).
Experiments using a 3 or 1.5 mm LFA pitch showed no correlation of the R; to
the pitch. An average of 0.23 Qcm? with a standard deviation of 0.06 Qcm? has
been measured. These values of series resistance are very well expected and can
be attributed mainly to the conductivity of the used material.

The same samples also showed no significant change in the V,. values due to the
variation of the LFA pitch. A decrease in the V,. when decreasing the LFA pitch
would arise from an increased area of lower crystalline quality above the
increased number of LFA holes. However, it needs to be stated that with a laser
hole diameter of about 50 um, the affected area on a 2 x 2 cm? solar cell with a
pitch of 3 mm in a hexagonal pattern is only 1.25 010° mm? and 5.00 010 mm?
with a 1.5 mm pitch.

Nevertheless, by using the LFA concept a two side contacted RexWE solar cell
with an efficiency of 11.2 % has been presented by [60]. Latest results realised
within this work even showed 12.4 % with essentially the same solar cell
process: however, a slightly different texture has been applied.

By accessing a representative IQE, as shown in Figure 32 for example, it
becomes obvious that next to the nonconductive nature of the SiO,, the optical
properties of a single layer can still be improved. The graph shows that the
collected current already starts to decrease between 500 and 600 nm, this is
partially due to non optimal crystalline quality, however an IL with increased
reflectivity would allow for a further increase in the generated current at higher

wavelengths. From the reflection properties in the long wavelength range, i.e.
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the escape peak as shown in [60], for example it becomes also obvious that the

optical properties can still be optimised.
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Figure 32: IQE and reflection measurements of RexXWE with single
SiOy intermediate layer.

400

5.3 Single layer of stoichiometric SiCy

Janz investigated in [10] the application of amorphous SiC, layers deposited by
PECVD as IL. This work showed that stoichiometric SiC, can meet most of the
requirements of an IL in a RexWE. Structural integrity during and after a ZMR
step, diffusion barrier properties and especially electrical conductivity can be
fulfilled. SiC, layers from PECVD are therefore in principle able to be
implemented in an industrially relevant process.

However, solar cell results showed that effciencies measured on RexXWE with
stoichiometric SiCy are considerably lower than on RexXWE including a single
SiOy IL. The latter is shown exemplarily in Table 4, where representative solar
cell characteristics are given.

Differences by use of the two IL configurations are already visible during the
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ZMR process. When using a SiOy IL, the crystallisation front can be adjusted to
be either planar, faceted or dendritic, as shown by [6]. It has also been shown
that the material quality and therefore the subsequent solar cell results strongly
depend on the crystalline quality, and that the crystalline quality is directly
coupled with the morphology of the crystallisation front during the ZMR step.

When using a SiC, IL, however, it was not possible to establish faceted growth.
It is comparatively simple to achieve grain sizes of up to several centimetres in
width and several centimetres in length on a SiO, IL when observing faceted
growth during the ZMR [61]. It has, however, not been possible to increase the
width of the grains grown on SiC, layers above a few hundred um. The
differences in the grain structures are also well visible to the naked eye: a direct

comparison of the two qualities is shown in micrographic pictures in Figure 47.

Table 4: Typical solar cell characteristics of RexWE including SiC,
and SiOy IL before hydrogenation.

. Voc Jsc FF [
Intermediate
layer [mV] [mA/cm?] [%0] [%]
SiC, IL > 500 > 14 >69 >4.8
SiO, IL > 560 > 18 > 76 > 7.6

The difference in crystalline quality of course also results in increased defect
densities. Kieliba et al derived in [62] a correlation between defect densities and
the corresponding V,. for solar cells made by the crystalline thin film Si
approach. A possible explanation for the decreased V.. will be discussed in the
chapter 6.

In terms of light confinement, due to a refractive index of ~ 2.3 (in the

as-deposited state) [10], the low current can partly be explained by a low
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internal reflection at the IL. Figure 33 shows a typical reflection measurement
of a RexWE with ~ 20 pum thick c-Si on top of a SiC, IL. The escape peak is at
~20 % significantly lower than with a comparable RexXWE setup including an

SiOy IL (as e.g. shown in Figure 32 or by [6]).
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Figure 33: Reflection measurements on RexWE with SiC,.

These results indicate that a stoichiometric single SiC, layer does not meet all
requirements for a high efficiency RexXWE. The highest efficiencies with
RexWE cells including a single stoichiometric SiCy layer and no texture have
been 9.7 % on a4 cm?and 8.5 % on a 92.5 cm? cell area.

Within the framework of a European research project, a mini module with six
92.5cm? cells has been fabricated and is shown in Figure 34 [63]. The
individual cell results have not been at the maximum potential of the RexXWE
solar cell concept, so the overall module efficiency lagged behind the
expectations. As can be seen in Figure 34, there have been some handling issues
such as the broken edges of the two cells. Nevertheless, this has proven that the
implementation of RexWE solar cells in a “standard” module fabrication should

pose no unsolvable difficulties.
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Figure 34: Mini module made from RexWE solar cells with single
SiC, intermediate layers.

5.4 Multilayer stacks including SiCy

To further increase the optical performance of an IL a Bragg reflector can be
realised using several doped SiC, layers. As it has been shown, doped SiC,
layers are highly conductive and can be applied in a RexXWE even without the
LFA concept. By solely changing the gas flow ratio during the deposition, the
refractive index can be tuned from 1.8 to 3.6 as shown by [10]. Thereby a Bragg
reflector can easily be obtained.

It is reported in [60, 64] that IL multilayer stacks consisting of several SiCy
layers have not been feasible to be used for recrystallisation. While sintering FZ
Si samples covered with multi layer SiC, stacks in an argon atmosphere at
elevated temperatures, the observed effects were flaking and peeling of the
deposited stacks. During the ZMR process blistering occurred, resulting in holes

within the seeding layer and its consequential malfunction.



70

In order to narrow down this detrimental effect a series of test IL stack samples

has been investigated. The corresponding results have been presented in [65].

substrate

ISE 5.0kV 15.1mm x4.00k 3/18/2009

Figure 35: Cross section SEM ictures of left: samples with integrity
failure of the IL during ZMR; IL fragments are marked with black
circles. Right: successfully recrystallised three layer all SiC, IL stack.

To understand the blistering effect, which occurs during the ZMR process, cross
section SEM pictures have been taken of a representative sample. The sample
was prepared with a three layer IL stack with a total deposited thickness of
about 405 nm. One exemplary picture of a cross section after a ZMR process is
shown in Figure 35 (left). In the depth where the IL could be expected, no
continuous IL structure is visible. Yet there are structures of different contrast
visible. Those structures are scattered up to a depth of 25 um. EDX
measurements confirmed that these structures are composed of a silicon-carbon
mixture. The approximated width was measured in the range of ~ 400 nm. It can
therefore be assumed that the IL decomposed into fragments which are, after the
ZMR process, of sizes of some um2. Using a very elaborate pre-heating step,
however it was found to be possible to successfully recrystallise the same three
layer stack. Although it was successful only on an mm? scale. A corresponding
SEM cross section of a successfully recrystallised all SiC, stack is shown in

Figure 35 (right). Here the expected continuous coverage of the substrate
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surface after the ZMR process is still given. As shown in the magnified inset,
the IL appears to consist of three individual layers of slightly different contrast.
The layers also appear to be of a crystalline structure, which is due to a
transformation that may already happen during the pre-heating step. The
pre-heating temperature turned out to be only a few degrees below the melting
temperature of the seeding layer. For this narrow temperature window, already
the naturally occurring inhomogeneities across one sample, e.g. temperature
gradients between the edges and the middle of a sample, result in areas where
the recrystallisation of the seeding already starts, whereas a neighbouring area
has not yet arrived at a sufficient pre-heating temperature. Therefore, at least
with the current setup this process is not controllable and consequently not a
feasible option.

Another option for a pre-treatment of the IL is an increased deposition
temperature during the seeding layer deposition. We therefore tested
temperatures ranging from the standard 920°C up to the possible maximum of
1100°C. The depositions themselves showed no irregularities. However, the
temperature load of this pre-heating scheme has not been sufficient for
successful ZMR processing. All of the IL stacks were again destroyed during the
ZMR process.

In the course of our investigations, it has been shown that Si rich SiCy layers
embedded between two SiO, layers pose no decomposition during ZMR.
Therefore, the behaviour of a single carbon-rich SiC, IL has been investigated.
The result has been a total decomposition of the layers during ZMR. It can
therefore be concluded that the failure of the multilayer stacks originates from
the carbon-rich SiCy layer. In order to circumvent the use of the seemingly
impossible to recrystallise carbon-rich SiC, layers, layer stacks including only

Si-rich and stoichiometric SiC, layers have been tested. The results have been
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presented at [66]. Stacks of five layers, starting and ending with the
stoichiometric one described in the preceding paragraph enclosing two Si rich
and a middle stoichiometric layer have been deposited. The schematic
composition of this stack is shown in Figure 36 (left).

=1 zolar cell 100
—— single stoiciometrich SiC layer
— five layer all SiC stack
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L J :
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S 500 1000 1500
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Figure 36: Five layer stack of stoichiometric and Si-rich SiCy layers.

Schematic drawing (left), reflection measurements of bare layer stack

right after deposition (right).
The individual thicknesses have been determined by matrix field simulations,
using as a starting point, the n- and k- values obtained from corresponding
single layers in an as-deposited state. The simulation also considered the
crystalline Si bulk and substrate layers in front of and underneath the IL stack.
The resulting simulated values for the thicknesses of the individual layers were
70 nm for the stoichiometric and 87 nm for the Si-rich SiC, layers. The
simulation of this individual stack predicted, due to the low jump in the
refractive index, even a lower reflectivity than a single SiOy layer. However, for
further optimisation and to show a multi layer IL without the need of an LFA
process, the experiment has been continued. From past experiments we knew
that SiC, layers tend to shrink during a ZMR treatment by about roughly 30 %.
Therefore, as a first approach, layers were deposited with a correction factor of
1.3 times the simulated thicknesses.
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In Figure 36 (right) a reflection measurement taken right after the PECVD
deposition of such a five layer stack and a 300 nm thick stoichiometric SiCy
layer for comparison is shown. The highest maximum of the five layer stack
shows a peak reflection of almost 69 % at around 1400 nm. The maximal
reflection shown in this graph, representing the as-deposited state, is at
wavelengths that are too high to be optimal in a CSIiTF of 20 - 30 um bulk
thickness. However, due to the expected shrinking of the layers, a shifting
towards shorter wavelengths can be expected. The five layer stack is at its peak
about 20 % higher than the corresponding, though thicker, single stoichiometric
SiCy layer.

During the ZMR process, no abnormal behaviour like a destruction of the IL has
been observed. However, after the epitaxy of a 25 um thick silicon layer and
solar cell processing, the reflection measurements revealed no increased

reflectivity originating from the IL as can be seen in Figure 37.
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Figure 37: IQE and reflection measurements of all SiC, multi layer
stack solar cell.
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Cross section SEM pictures, as shown in Figure 38, indicate that the IL stack as
a whole kept its overall structural integrity. Nevertheless, a higher magnification
as shown in Figure 38 (right) reveals that the individual SiC, layers can no
longer be definitely distinguished as such. The SiC, layers seemed to be
agglomerated into small crystals, leaving a porous layer of small crystallites and

cavities.

preparation artefacts

seeding layer

substrate

ISE 3.0kY 2.3mrm x25.0k SE{M) 2, 400nm

Figure 38: SEM pictures of five layer stack of stoichiometric and

Si-rich SiC, layers after ZMR at different magnifications.
Similar results have been obtained for the reference single stoichiometric SiC,
layer. The stoichiometric SiC, layers which are otherwise known for high
stability and endurance, showed decomposition in this batch during the ZMR
process. Most probably a non-retraceable malfunction of the PECVD deposition
tool has been assumed be the reason for that.
However, solar cells have been made of the recrystallised samples, showing the
results of a first all-SiC multilayer stack solar cell without the need of a LFA

process.

Table 5: Properties of different intermediate layer approaches. Layer
stacks: single SiO,, single SiC,, all SiC, multilayer stack.



75

Dkl)fo§I0n Electrical Optical CFVSta'
arrier conductivity | properties quality after

quality ZMR
Single layer SiO, | 0/-* -/ +* 0 +
Single layer SiCy + + - 0
All SiC, multilayer N N . 0

stack

OCC +* +* +** +

“~*=npoor, “0” = ordinary, “+” = good, *: when using LFA, **: in
principle when successfully recrystallized.
5.5 Conclusion
Different materials (SiOy, and different types of SiC,) and configurations of the
same have been tested for their implementation as intermediate layers in the
RexWE. Their properties in terms of electrical conductivity, optical properties
and the resulting crystalline quality after ZMR have been investigated. The
results discussed in this chapter are summarised in Table 5.
Single SiO layers can lead to high crystalline quality after ZMR. However, the
nonconductive nature of SiO, increases the effort for industrial implementation
in a RexWE production.
Single SiC, IL suffer from an inferior crystalline quality after ZMR and a low
optical performance. However, the electrical conductivity and the diffusion
barrier qualities present an option in principle for a real RexWE with highly
contaminated substrates.
It has further been shown that all SiC, multi layer stacks are so far not suitable
for the implementation in a RexXWE. Especially the carbon rich SiC, layers can
not withstand the high temperatures and temperature gradients during the ZMR.
However, a more sophisticated combination of the layers might bring the

desired result. A stack in the following order could be the next step:



76

- Substrate

- stoichiometric SiCy

- Sirich SiC,

- penetrated top layer of SiOy
- seeding layer

The stoichiometric SiC, layer may act, as proven before, as a diffusion barrier
layer on top of the substrate. The Si-rich SiCy can, by inducing a second
refractive index jump in conjunction with the top layer of SiO,, enhance the
optical performance. An interface to the seeding layer consisting of SiOy also
ensures a crystalline quality with low defect densities as well as a high contrast
in the refractive index.

In order to ensure the electrical conductivity in this configuration, the SiOy
needs of course either to be selectively deposited or opened in small areas
before the seeding deposition. Thereby the stoichiometric SiCy layer stays

intact, still acting as a diffusion barrier layer.
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Hydrogen Passivation

This chapter illustrates the effects of a hydrogen passivation step.
The investigations described in the following are twofold; first a
macroscopic approach, where the change in solar cell performance
due to a hydrogenation is evaluated and a process optimisation is
being made. Second a microscopic approach, where the reaction of
individual crystalline features and their recombination strength is
visualized by electron induced current mappings, taken at the same

spot before and after a hydrogenation step.

6.1 Introduction

Hydrogenation of Si bulk layers used as solar cells has been known for a long
time to improve the conversion efficiency. Various ways of hydrogenation have
been investigated on basically every Si solar cell base material [6, 40, 67-71].
Here hydrogenation will refer to when hydrogen atoms are incorporated into Si
during a diffusion process.

In this chapter, the results of a macroscopic investigation are presented, the
effect of different sets of hydrogenation parameters to the subsequently
measured solar cell parameters are therefore evaluated. In addition a
microscopic approach linking hydrogenation results with effects seen by EBIC

analysis is presented.

6.2 Hydrogenation techniques

The most elementary source for a hydrogenation process is molecular hydrogen.
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This is used during the so-called forming gas anneal and the water vapour
passivation [72]. When bare silicon surfaces are exposed to molecular hydrogen,
the diffusion of hydrogen atoms into the Si bulk is not very likely. It has been
shown, however, that certain metals like Al evaporated onto the Si are able to
catalyse the dissociation of molecular into atomic hydrogen [73]. By applying a
certain temperature, the atomic hydrogen is then very likely to diffuse
throughout the whole Si bulk. The process requirements are comparatively
simple; nevertheless, the passivation effects shown with this technique are
rather small.

The first deliberately and controlled incorporating of atomic hydrogen into Si
was by ion implantation [74]. In this technique, atomic hydrogen, mostly in an
ionised state and of low energy is generated, e.g. in a Kaufman source. By
controlled acceleration of the ions towards the Si surface, the ions can be placed
within a Gaussian distribution into a desired depth in the bulk. After an ion
Implementation, the Si crystal has been found to be severely damaged. This
damage can be reversed to a certain extent by an annealing step. The latter also
distributes the hydrogen throughout the whole of the bulk layer. The ion
implementation has started to show the beneficial effects of hydrogenation of Si
solar cells; however, nowadays far more sophisticated and beneficial means of
passivation have been found.

The industrially most commonly used hydrogenation process is by an in-
diffusion from amorphous silicon nitride (SiN:H) layers. These SiN:H layers
serve several purposes at once, namely ARC, surface passivation and hydrogen
source. During the deposition by PECVD using silane and methane up to
40 at % of hydrogen can be incorporated [75]. When heating up these layers as
Is done during contact formation when screen printed contact formation is used

in combination with SiN:H layers, the hydrogen diffuses into the Si bulk very



79

quickly. It has been shown that even this so-called firing step is comparatively
fast, with hydrogen able to diffuse across a 200 um CZ wafer within this time
[76].

Molecular hydrogen can also be obtained via dissociating hydrogen-
incorporating precursors in excited plasma. The atomic hydrogen can then be
transported to a pre-heated sample via a gas flow, where it diffuses into the Si
bulk. One hereby distinguishes direct from remote plasma processes.

Direct plasma hydrogenation requires an experimental setup which is fairly
readily available when using any MW plasma process. In the course of these
investigations, for example, a SINA® setup from Roth & Rau, which is
described in chapter 3 has been used. The shortcomings of a direct plasma
process are possible surface damages due to high energy ion, radical and

electron impacts, as well as a high radiation load.
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Figure 39: Sketch of the RPHP system used at Fraunhofer ISE [10].

In a remote plasma process, however, the sample is never in contact or visible
range of the plasma. A remote plasma hydrogen passivation (RPHP) tool has

been setup at ISE and described in detail by [77]. A sketch is shown in Figure
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39. The reaction chamber consists of a standard quartz tube furnace including a
resistive heating. The main characteristic of the given setup is the second quartz
tube, which is rectangular flanged onto the reaction chamber. On top of this
second tube, which has a considerably smaller diameter, the plasma source is
located. The precursor gases are mixed before being piped into the small quartz
tube, through the plasma resonance cavity. As the plasma is located in a remote
position to the samples, highly energetic particles as well as the radiation
originating in the plasma are shielded from the samples. In order to decrease
recombination of the atomic hydrogen and prevent contamination of the reactor
chamber and therefore the samples, the system is equipped with a vacuum
system. The latter also defines the gas flow from the precursor dispensing
through the plasma resonance cavity and past the samples.

Remote plasma hydrogenation passivation is a process which although it shows
high potential, has rarely been implemented industrially. This is mainly due to
the fact that hydrogenation from SiN:H layers is a rather standardised process
that fits very well within a standard multicrystalline solar cell production line,
and because hydrogenation becomes less and less effective with increasing
crystalline quality. One industrially relevant remote system has nevertheless

been developed and is being used and showing good results at CSG Solar [69].

6.3 Macroscopic Approach

As stated before, at ISE two instruments for hydrogenation by atomic hydrogen
from plasma are in use. A SINA® from Roth & Rau, in which a direct plasma

configuration is used, and the RPHP setup with a remote plasma setup.

6.3.1 Remote Plasma

The hydrogenation step using the remote plasma process has been characterised

very thoroughly within this work and was already partially shown in [78]. Some



81

of the findings presented in the following were discovered in the frame of a
diploma thesis project [79].

Although it is in principle well known that the performance of solar cells
benefits from hydrogenation, the actual effect of a hydrogen passivation on a
dedicated material depends on the initial quality of the material and is not
predictable in advance.

It was already reported by [9] that solar cells made from recrystallised layers
can benefit considerably from hydrogenation: however, a characterisation
dedicated to this special material has not been undertaken before.

Showing comparatively high dislocation densities of ~10° cm™ (shown in more
detail in chapter 6) and low contamination with impurities [10, 13], the
recrystallised layers are likely to respond differently than, for example, standard
ingot cast multicrystalline wafer material. This is also well known from several

other process steps.

6.3.1.1 Low temperature regime

Most of the experiments described in the following were planned with the
design of experiment procedure which is explained in detail in [80].

The directly accessible parameters in the RPHP process are: the individual
fluxes of H,, Ar and O,, the temperature (T), the pressure (p), the microwave
power (P), the distance between sample surface and plasma (l) and the duration
of the process (t). All the parameters have been varied in several hydrogenation
processes and the subsequent passivation effect has been assessed.

To classify the beneficial effect of a hydrogen passivation with a certain
parameter setting on recrystallised material, it is necessary to process actual
solar cells. It is still difficult to directly and reliably measure the bulk lifetime of

recrystallised material, as shown by [6] and more recently by [81]. To this end a
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reliable and practicable characterisation of the overall benefit of hydrogen
passivation and its full potential on a RexXWE the solar cell still has not been
found.

For the solar cells described in the first subsection, a clean room based process,
including an emitter with a sheet resistivity of 120 Q/sq and a thin thermally
grown SiO, as a front side passivation has been used. This processes has been
selected because it shows comparatively high efficiencies when applied on
standard mono or multicrystalline wafer material. The detailed process sequence
Is depicted in the Annex.

The 1-V parameters within a standard batch of RexWE solar cells still show
high fluctuations, as will be shown in chapter 6. In the following, therefore, only
the improvements in V,. measured at one sun before and after the passivation
treatment are discussed.

The hydrogenation process has first been optimised by varying all directly
accessible parameters using wafer equivalent solar cells. The wafer equivalent,
which is described in detail in [19], is in most aspects comparable to the
RexWE, epitaxially grown bulk with comparable doping and impurity levels,
back side passivation by an in-situ grown back surface field. The main
differences in comparison to a RexWE, however, are significantly larger grain
sizes, which are of the order of cm? and a smaller amount of dislocations of
about ~10° to 10* cm™ [19]. Therefore, the hydrogenation effects on WE are to
some extent comparable to the ones expected for the RexWE, however the net

benefit is expected to be even higher with RexWE cells.
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The best settings for these parameters
tested on wafer equivalents have
therefore been adapted for the
RexWE hydrogenation optimisation
and not been investigated further.
Figure 40 shows the dependencies of
total gas flux (top), pressure (middle)
and process temperature (bottom) on
the improvement of the V... It can be
seen that the variation of the total gas
flux showed little impact on the V.,
but nevertheless a high flux shows
slightly better passivation results. By
varying the pressure, it can clearly be
deduced that lower pressure leads to
better passivation results. A higher
flux equals an increased amount of
gas passing the samples. A lower
pressure means less interaction
within the gas and therefore less
recombination of atomic hydrogen.
However, the strongest impact on the
passivation effectivity and therefore
the highest increase in V,. due to a
hydrogenation step can be ascribed to
an increase in temperature. This is

shown in Figure 40 (bottom). The
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trend shows clearly that the higher the temperature, the more pronounced is the
increase in Vo.. The maximum temperature for the set of experiments shown in
Figure 40 was 390 °C. This is due to the fact that the metallisation, which in this
case consists of a layer stack of titanium, palladium, and silver, starts to diffuse
into and eventually through the emitter too quickly at temperatures higher than
390°C. The latter causes a shunting and hence a degradation of the solar cell.
The diffusion also occurs at 390 °C, but on a longer time scale. This has also
been observed and will be described in the next paragraph.

Higher temperatures increase the passivation effect probably due to an increase
in diffusion, so therefore the same effect should be identifiable when the
passivation duration is prolonged. The V,. measurements presented in Figure 41
are averaged values and standard deviations of seven samples per point and
represent a set of data taken before and after five subsequent hydrogenation

processes on the same samples.

For these particular cells the emitter

550
ol formation was not a standard POCL;
| flflh ] diffusion, but rather an epitaxially
[
8a75| ]/ ] grown emitter which has also been
as0} ] passivated with a thin SiO; layer. This
a5p 1 difference in the solar cell process
0 50 100 150 200 250 300 .
t [min] should, however, have no major effect
Figure 41: Dependence of on the RPHP process with regard to
the duration of a RPHP . :
: the passivation duration.
process on the improvement
on V. It can clearly be seen that the V,, and

hence the passivation effect increases
with increased hydrogenation time. The increase in V. of 42 mV for the first 45

min is already quite significant. However, every further passivation step again
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shows a slight increase. The benefit in the V,. sums up to a total of 66 mV after
225 min. The pattern of the data suggests a classical diffusion characteristic,
which is most probably a combination of the diffusion in the bulk and through
the SiO, front side passivation layer.

Although the measurable effect is pronounced for the first 100 minutes, a longer
passivation has no further significant benefit. Instead, as stated before, it can be
observed that the solar cell quality starts to deteriorate. This is due to the already
explained in-diffusion of the contact metallisation and a subsequent shunting of
the emitter. The latter has been confirmed by simultaneously evaluating the R,,
which drastically increased at the last measurement, indicating a shunting of the
cell.

The highest benefit from an optimised RPHP process using solar cells as
described above is shown in Table 1. It can be seen that the V. as well as the FF
and the » are significantly increased. The J,. on these cells, however, is not

significantly affected.

Table 6: Illuminated solar cell parameter of the best solar cell
passivated in the low temperature regime.

State | Vo Jsc FF n
[mV] | [mA/cm?] | [%] | [%]

before |463+5 |13.3+0.5 |68+1 [4.2+0.1
after [538+5 |13.7+05 |74+1 |55#0.1

6.3.1.2 High temperature regime

In order to circumvent the in-diffusion of the front side metallisation during the
RPHP process, an additional set of samples has been prepared. In contrast to the

standard process sequence, here the passivating step and the deposition of the
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front side metallisation have been interchanged. By doing so, process
temperatures of up to 650 °C could be applied. This process sequence is also
depicted in the Annex.

However, by using this alternative process sequence, the possibility of directly
accessing the RPHP Dbenefit by measuring the cell before and after the
passivation is lost. Therefore, the success of a hydrogenation step can only be
measured by comparing a passivated with an unpassivated group of reference
cells. Additionally, the solar cell process used to prepare the samples listed in
this subsection has been changed compared to the one used in the preceding
subsection. The samples for high temperature regime experiments were
prepared with an 80 €/sq sheet resistance emitter diffused from POCL; but no
additional SiO, front side passivation layer. The advantages and disadvantages
of the special solar cell processes when applied on a RexXWE will also be
discussed in detail in chapter 6. It is noteworthy, however, that a SiO, layer is to
a certain extent a diffusion barrier for hydrogen. Therefore it can be expected
that the high temperature regime samples allow for a faster and increased
penetration of hydrogen into the active solar cell bulk compared to the ones with
a Si0O, surface passivation layer.

When increasing the process temperature to well above 400 °C, out-diffusion of
hydrogen from the sample might occur while removing the samples from the
process chamber. The time between terminating the plasma and starting to
aerate the chamber, until the sample can be removed from the furnace, is in the
given setup at least 5 min. For this time the samples are still at a temperature
level that allows significant in- and out-diffusion of hydrogen. For that purpose
the process peak temperature (ppT) was introduced, at which the high
temperature RPHP processes have been conducted. After the stated process

duration for the actual hydrogenation process at ppT the heating system has
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been turned off, while the flux of atomic hydrogen has still been maintained and
the plasma has been kept burning. At a temperature of 300 °C, the plasma has

also been shut off and the samples were taken out of the furnace.
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Figure 42: V, after different process peak temperatures (ppT) for two

separately processed solar cell batches (left). V. after different

process durations at 450°C ppT (right).
Figure 42 (left) illustrates the results of a variation of the ppT from 450 °C to
650 °C. Two solar cell batches processed separately but in a completely similar
process sequence are combined in this graph. The two batches are indicated by
the circular and rectangular symbols. There are also two data points shown at
0 °C, which represent the reference values for unhydrogenated RexWE solar
cells. One data point in Figure 42 (left) represents the mean values of five solar
cells and the corresponding standard deviation.
As one can see from the difference in V. of the two reference points, which is
almost 20 mV, and from the standard deviations of the same order, the solar cell
results are fairly inhomogeneous. Nevertheless, these results still lie in the
expected range for this type of process.
As one could expect from the results shown in the low temperature regime part,

the results presented in Figure 42 (left) reveal no trend to increased passivation
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with higher ppT. When considering the statistical errors no significant
temperature dependence can be determined in this configuration and
temperature range. This may either be a saturation effect or is due to the
changed sample setup and the now missing SiO, layer.

Due to the idea that time and temperature are to a certain extent interchangeable
in diffusion processes and also for process economisation, RPHP processes with
varying durations have also been conducted at elevated temperatures. Figure 42
(right) shows data points representing the mean value and standard deviation of
four simultaneously processed samples. All except the circular one were
processed using a ppT of 450 °C and a subsequent cooling down phase to
300 °C while maintaining the hydrogen plasma burning. The process duration at
ppT has been varied between 15 and 60 min.

The results show within the process uncertainties no dependency on the process
duration. Therefore, a RPHP process with only 15 min at ppT shows the full
passivation effect. With respect to the process duration, this RPHP step
corresponds to the low temperature regime processes with 45 min.

The circular data point shown in Figure 42 (right) represents four samples for
which the plasma and thus the hydrogen flux was turned off after 45 min and
the unloading process was carried out as fast as possible (‘approx 5 min.) at the
peak temperature of 450 °C. This process variation shows about 18 mV less in
Vo than the samples processed with a prolonged cooling down ramp in
hydrogen atmosphere. This decrease may, as discussed earlier, arise from an
increased out-diffusion during the unloading process at the elevated
temperature.

The best mean values for the batches within the high temperature regime are
summarised in Table 7. This batch was processed at 650°C for 45 min at ppT.

During the high temperature RPHP, the mean value of V,. in comparison to the
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corresponding reference batch was raised by 90x18mV, Ji by
2.3 +0.5 mA/cm?, FF by 6 +3% and 7 by 2.1 +0.5% (absolute).

Table 7: Mean values of illuminated solar cell parameters for the best
and for the reference batch (four samples each) passivated in the high
temperature regime.

State Ve Jse FF n

[mV] [mA/em?] | [%] [%]
Reference unpassivated | 454 +18 13.4£0.5 66 £3 4.0 £0.5
650°C ppT 544+18 [157+05 |72+3 |[6.1+05

When applying the standard RPHP process at 390°C to the reference cells
including no SiO, layer, the gain in V. has been found to be 40 £15 mV. This
corresponds well to the findings of the low temperature regime, even though the
cell structure differed slightly.

However, when applying the front side grid metallisation after the RPHP
process it was found, as shown in Table 7, that the J is also affected and
increased significantly. This stands in contradiction to the findings of [6], where
it was stated that it makes no difference whether the RPHP step or the
metallisation is carried out first.

One possible explanation may be that there is a qualitative difference between
the process with and without front side metallisation. Catalytic effects of metals
and hydrogen have been discussed, for example in [73, 82]. An increased
recombination of H atoms to H, molecules which are far less likely to contribute
to the hydrogenation can be one reason.

The effect originating from the slightly different solar cell process, which

incorporates a ~ 10 nm thick thermally grown SiO, layer for the low
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temperature process samples and no SiO; layer for the high temperature ones

seems, however not to be dominant, even if SiO, is known as a diffusion barrier.

6.3.2 Direct Plasma

With respect to an industrial implementation, a tube furnace like the RPHP
would be of course not the first choice. Therefore, assessments of the use of a
direct plasma tool that allows in-line processing have also been started. The
used device is the same SiNA which has been described in chapter 3. However
for the hydrogenation experiments another plasma source situated directly
above a heating unit has been used. A basically comparable setup is used
commercially by CSG Solar. It has been shown that this makes a drastic
improvement in the material quality possible [69]. Although the defect rich CSG
material is not directly comparable with the RexWE, the question of weighing
plasma damage against beneficial hydrogenation effects also applies.

In order to reproduce the results achieved in the RPHP, we adapted the RPHP-
process to the SiINA. Especially due to the far bigger vacuum chamber, the
fluxes as well as the pressure needed to be adjusted. As the temperature in this
particular SINA setup is limited to T=400°C, we only used the low
temperature regime process flow.

The results gained from the SINA hydrogenation were comparable with the
standard low temperature processing using the RPHP setup. The Js. showed no
improvement, the V.. however showed a smaller gain of 25 +20 mV. This
improvement is obviously not as high as the ones obtained with the RPHP, but
the process has not yet been optimised.

However, it has been shown that the direct plasma setup also allows an increase
in the material quality of a RexWE. Therefore the level of induced damage is far
less than the beneficial effect, at least in solar cells of this particular kind of

material quality.
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6.3.3 Crystalline quality and emitter recombination

When characterising the solar cell parameters, it becomes obvious that apart
from the low Jg, which is addressed in chapters 6, the main shortcoming for the
RexWE including an SiCy IL lies in a reduced V.. To a certain extent, the V.
can be improved by hydrogenation, as shown in the preceding chapters.
However, the underlying reason for that improvement is still not fully
understood. By assessing the dark I-V curve and fitting the two diode model
after [24], one can extract parameters as exemplarily shown in Table 8 for a
RexWE with a diffused emitter.

Table 8: Mean values of dark measured solar cell parameters of the
best and reference batch passivated in the high temperature regime.

State los N lo2 n;
[A/lcm?] [A/lcm?]

Reference unpassivated 1830012 1 2 0900° 209

650°C 1,580.0%2 1 |9,00007 | 2,09

In the first line one can see that, in a RexXWE prior to a hydrogenation step,
especially the emitter saturation current density (Jo,) is significantly increased. It
has been shown, for example by [83], that an increased Jo, can at least to a
certain extent very well be the cause of a lowered V... Possible reasons for the
increased Jo, are discussed in more detail in chapter 6.4. In context of the
hydrogenation, however, it turns out that the Jo, is significantly affected by a

hydrogenation step.
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The latter can be seen in the fitted
parameters as shown in Table 8 as
well as dark 1-V curves, of which one
is exemplarily shown in Figure 43. In
this graph one can clearly see that the
sensitive space charge region is
corrupted in the RexWE somehow,

Figure 43: Representative and that a hydrogenation can remedy
dark 1-V curves before (dots)

and after (squares) a RPHP
Process. However, this analysis is again a

that, at least to a certain extent.

comparison of integral values over
the whole solar cell. The underlying problem can therefore still not be

pinpointed directly.

6.4 Microscopic Approach

To understand by which mechanisms exactly the hydrogenation of fine grained
Si works and what effect increases the material quality has of course been under
investigation since these beneficial effects have been discovered [84-87]. To
understand the underlying mechanisms of a hydrogenation, the characterisation
and investigation of the global effects on one device, i.e. by assessing the
illuminated or dark measured solar cell parameters as shown in the preceding
chapters, is not an appropriate approach. A way of tracking the material quality
on a microscopic level would serve that purpose much better. Therefore, a
qualitative analysis using EBIC mapping on RexWE shall be presented in the
following.

Figure 44 shows current mappings made by EBIC. These mappings were taken
in a top view mode on a RexWE solar cell before and after a plasma

hydrogenation step. On the left hand side, the mapping of the unpassivated
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RexWE can be seen. On the right hand side, the exact same spot has been
mapped after a RPHP step.

The RexXWE sample used for these images was an operating solar cell including
a 120 Ohm/sq emitter and a thin thermally grown SiO, layer for front side
passivation. This cell underwent the low temperature regime RPHP process
described in chapter 5.3. The process temperature was 390 °C and the RPHP
step was carried out after the metallisation had already been applied. The IL
implemented in this sample was a single layer of ~ 300 nm stoichiometric SiC,
deposited by PECVD.

In order to circumvent topographical artefacts in the mappings, the epitaxial
thickening of the recrystallised layer was initially applied much thicker than it
would have been for the standard solar cell purposes. However, immediately
after the epitaxy an additional polishing step, which is not included in the
normal process sequence, has been applied to these samples to smoothen the
surface.

The four samples prepared for EBIC characterisation showed an average gain of
40 mV in V. due to the hydrogenation process. The improvement in the V. as
well as the illuminated and also the dark characteristics of the solar cells due to
the RPHP process for this batch were well within the expected range. Therefore,
one can expect to observe the “typical” hydrogenation effects when doing a
characterisation on a microscopic level.

An EBIC mapping shows semiconductor material of higher quality, thus higher
lifetime as areas with lower contrast, whereas highly recombinative, i.e. regions
of lower quality are illustrated as darker contrasts.

The EBIC mappings as shown in Figure 44 reveal the elongated grain structures
and patterns typically for RexWE with SiC, IL. This can already be seen by

visual and optical microscopy inspection and is also shown exemplary in Figure
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47 (right).

Within this work, the analysis of the effects due to a RPHP step could only be
assessed in a fairly qualitative way. By comparing changes in the contrast
patterns, i.e. the currents measured with the EBIC before and after the
passivation, one should be able to identify the changes due to a certain process
step. One major problem of comparing EBIC mappings is, however, that
arbitrary changes within the SEM and its settings which can not be influenced
by the operator change the “contrast-baseline”. This possible change in the
contrast baseline results in an arbitrary shift in the overall contrast, even if a
sample that underwent no treatment whatsoever is mapped two times. Until now
we were not able to find an adequate possibility to quantitatively describe and

therefore compensate for that fact in our EBIC measurements satisfactorily.

it

Figure 44: EBIC maps of a top view on a RexWE before (left) and
after (right) hydrogenation with the RPHP. The mappings were taken
at the exact same spot. Regions of interest (ROI) represent distinctive
features described in more detail in Figure 45 and Figure 46.

No scale of grey is given, as the shades are of arbitrary units. The

lighter the shade however, the higher is the crystalline quality.

K )
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One way to get a baseline is to compare the otherwise fairly homogeneous intra-
grain regions. This has been done in Figure 45. Figure 45 (left) and (right)
shows the extracted contrast measurements from two line scans, each before and
after a RPHP process at the exact same spot on the sample. The line scans have
been extracted from the EBIC maps shown in Figure 44 at the individually
indicated location and directions ROI 1 and ROI 2.

The spots chosen for the line scans are obviously quite homogeneous and lie
well within an intra-grain region. In the case of line scan ROI 1, extracted in
Figure 45 (left) the averaged decrease in contrast was 3797 nA, whereas the
averaged contrasts along line scan ROI 2, extracted in Figure 45 (right) only
decreased by 1913 nA. After testing the accuracy of the extraction method, an
error of £ 200 nA can be assumed. Therefore it is fair to say that the response to
the hydrogenation also varies for the intra-grain regions and no uniform contrast

correction factor can be extracted from these regions.
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Figure 45: Line scans extracted from EBIC mappings shown in Figure

44, ROI 1 (left) and ROI 2 (right) each before and after RPHP step at

the same spot.
It should be noted that the intra-grain region revealed a decrease in contrast.
This would imply a decrease in material quality. The latter effect is, at a first

glance of course, the opposite of what one would expect from a hydrogenation
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step, especially as the global V,. values shown before indicate an increase in
material quality. Several explanations for this observation might be possible: (i)
the already described shift of the contrast baseline during the EBIC
measurement, (ii) a deterioration of the material due to electron irradiation
during the first scanning or (iii) a conjunction of both effects always overlaying
the naturally inhomogeneous but beneficial effect of the hydrogenation.
However, when comparing the EBIC mappings before and after the
hydrogenation, as shown in Figure 44 (left and right), the most obvious changes
can be seen in the dramatic change of contrasts of distinct patterns such as,
some of the grain boundaries. This is pointed out, for example, in ROI 3,
whereas other patterns seem to be mostly unaffected which is indicated in
ROI 4. These two characteristics are also illustrated as line scans extracted from
Figure 44 and plotted in Figure 46 (left) and (right). The line scans follow the
direction of the arrows indicated in Figure 44 and represent an integration over
the width of the dotted box.

In Figure 46 (left), which represents ROI 3, one can see that again the intra-
grain region decreased in contrast, whereas the region of low contrast shows a
dramatic increase in material quality after the RPHP step. The recombination
activity in this particular grain boundary thereby completely vanished due to the
hydrogenation and it is no longer distinguishable from the intra-grain region.

In Figure 46 (right) the line scan corresponding to ROI 4 is shown. Two
fundamentally different patterns of high contrast can be identified. The right
pattern with a higher contrast shows no change whatsoever after the
hydrogenation step. This can either be interpreted as the fact that the material
quality is corrupted so that neither the hydrogenation nor the electron
bombardment can further enhance or deteriorate it or that all the prior listed

effects cancel each other out.
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The pattern of increased contrast on the left shows another typical behaviour
after the hydrogenation: it changes its contrast only to a limited extent. This is
difficult to identify by the naked eye in the EBIC mapping in Figure 44.
However, it can be shown very well in the line scans. This type of increased
recombination activity shows a distinct decrease in contrast before the
hydrogenation: after the hydrogenation, however, the contrast is significantly
increased. For example, as shown in Figure 46 (right) the increase is over 12800
+200 nA. In contrast to the pattern shown in Figure 46 (left), this pattern is still
identifiable at the same location and distinguishable from the intra-grain region
by a relative decrease of contrast after the hydrogenation.

Finally, there are some patterns that appear to be of one kind before the
hydrogenation but show increased material quality in some parts and no changes

in others afterwards.
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Figure 46: Line scans extracted from EBIC mappings shown in Figure

44, ROI 3 (left) and ROI 4 (right) each before and after RPHP step at

the same spot.
These findings resemble the results shown in chapter 6.4, where it will be
shown that crystalline features of one sort promote diffusion of dopants into the

bulk volume during emitter formation, while others show no such behaviour at
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all. So far, the shown observations could not be linked to distinct types of grain
boundaries, defect structures or types or quantities of contamination.
Nevertheless, a hydrogenation effect is measurable in the V,. and also clearly
visible in the EBIC mappings and it seems to be limited to some distinct
features like grain boundaries. For a further evaluation, it will be necessary to
reliably quantify the base line contrast of the measurements to be able to
quantitatively compare the effect of a hydrogenation step. By doing so one
could, as shown by e.g. [88], extract the increase of lifetimes and surface
recombination velocities. Although [88] used light beam induced current, the
same could be done with EBIC data. Extracted lifetimes and surface
recombination velocities could also be combined with crystalline information
and the EBIC cross section measurements characterising the p-n junction, as
shown in chapter 6, to gain even more insight into the correlation of crystalline
quality, hydrogenation effects and solar cell efficiencies. The latter has recently
been started by [89] and [90].

6.5 Conclusion

It has been shown that hydrogenation on wafer equivalents as well as
recrystallised wafer equivalents is an appropriate technique to increase their
efficiency. The beneficial effect becomes more pronounced with decreasing
crystalline quality.

Two different types of plasma hydrogenation have been used, remote and direct,
whereas both types show promising results. The remote plasma hydrogenation
has been characterised in two different sample setups:

(i) alow temperature regime
o Trax>390°C for 45 min

e samples are finished solar cells including front side grid
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e solar cell values can be measured before and after the process
(i) ahigh temperature regime

o T > 650°C

e samples have no front side grid during hydrogenation

e solar cell values can only be measured after hydrogenation and front

side grid application
e (qualification of process impact can only be assessed by comparing
with un-hydrogenated reference cells

It has been shown that the low temperature regime shows significant
improvements, mainly in increasing the V... The dominant parameters in this
regime have been determined to be the process temperature and the process
duration.
Hydrogenation processes in the high temperature regime showed even more
superior results. Not only has the V,. been improved up to 90 mV, in the high
temperature regime also the Js. and the FF have positively been affected.
Independent of the used temperature regime, it has been shown that a
hydrogenation process significantly decreases the emitter saturation current
density (Joo). The latter has been found to be, compared to standard
multicrystalline solar cells, largely increased in RexWEs, especially when using
PECVD SIiC, as an IL. A possible explanation for the underlying cause of the
increased Jo, shall be given in chapter 6. It will be shown that inhomogeneous
diffusion of dopants along some grain boundaries result in a spiking of the
emitter into the active bulk layer. A microscopic approach using electro beam
induced current (EBIC) mapping for characterising the beneficial effect of a
hydrogenation step revealed effects pointing in a similar direction. On specially
prepared RexXWE samples, it has been shown that hydrogenation processes

affect low quality crystalline areas differently. However, a quantitative
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qualification of beneficial effects due to a hydrogenation failed due to a missing
calibration method comparing two EBIC measurements. Also, a direct link
between crystal information, like types of grain boundaries or crystal
orientations and decrease of recombination activity in certain areas, has not yet

been established.
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Crystalline quality and solar cell
characterisation

In this chapter RexWE solar cell results are correlated to the
crystalline quality. The dependence of crystal sizes on the
intermediate layer material is not only visible to the naked eye but
can also be seen in the open circuit voltage and fill factor. These key
data are also correlated to the etch pit density and a significant
increase in the emitter saturation current density. By comparing
emitter formation techniques differing in the thermal load, a
correlation between the emitter saturation current density and the
thermal load is found. The underlying reason is shown by electron
beam induced current mappings on cross sections of the emitter

region.

7.1 Introduction

Kieliba et al. were able to show conversion efficiencies of up to 13.5 % using a
recrystallised seed layer approach with subsequent epitaxial thickening [9]. For
that purpose, a single SiOy IL, an all front side contacting scheme, a RPHP, a
KOH/IPA texture and a DARC have been used. The corresponding illuminated
cell characteristics were shown to be V,. = 610 mV, Jsc = 30.9 mA/cm? and FF =
71.7 %.

The solar cell properties of RexWE, which were prepared in the course of this
work, indicate a series of shortcomings when compared to [6]. The latter holds

in particular when using PECVD SiC, IL. The following chapter shall compare
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the material quality and solar cell properties of two side contacted RexWE using
PECVD SiC, IL with the recrystallised seed layer approach on SiOy IL as shown
in [6].

7.2 Solar cell properties of RexWE solar cells

A typical V,. which has been reproduced in many solar cell batches
incorporating a PECVD SiC, IL averaged around 450 mV before and up to
540 mV after hydrogen passivation, as discussed in detail in chapter 5.

When comparing a typical ZMR surface obtained, using a SiOy- or SiC IL, one
immediately recognises the significantly larger grain sizes on the SiOy IL. An
example is shown in Figure 47. Photographs of a ZMR layer on a PECVD SiC,
IL (right) and SiO4 IL (left). A closer inspection shows that grain sizes on
PECVD SIiC, IL range up to several hundred um whereas in comparison grains
on SiOy ILs show up to centimetres in width.

Figure 47: Photograph of recrystallised layers. ZMR on SiO IL on the
left, (picture taken from [6]). Typical grain structure on PECVD SiC, IL
on the right.

Etch pit density (EPD) measurements on epitaxially thickened ZMR layers on
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SiCy IL samples, which were polished and subsequently defect etched (Secco
etch), revealed EPDs of 107 up to 10° cm™ A representative microscope picture
is shown in Figure 48. The inhomogeneous distribution of the etch pits indicates
a less homogeneous crystalline quality as compared to recrystallised layers on
SiOy IL.

As already stated in chapter 4, Kieliba presented a model to describe the
correlation of the defect density and the V.. in a solar cell. He predicted in [62,
91] that the V. is directly linked to the defect density, as should be the Jy,.

Figure 48: Microscopic picture of polished and defect etched RexWE
surface on PECVD SiC, IL.

The model derived, predicts V. of less than 450 mV for defect densities around
10% cm™ [62]. Experimental data of solar cells of RexWE on PECVD SiC, IL
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are therefore in good agreement with this model.
The underlying reason for the connection of low V.. and high EPD is still
unclear. However, as already discussed in chapter 5, an increased Jo, has also
been measured on RexWE on SiC, IL. Kieliba correlated in [6] the emitter
saturation current density Jo, with the crystalline quality along the p-n junction,
represented by the EPD. Simulations presented by [83] also show that an
increase in Jo, Is directly linked to a decrease in V. and the FF.
Figure 50 shows dark I-V curves of solar cells with significantly different EPD
values and crystalline qualities. The following samples have been compared to
each other:

- RexWE cells with diffused emitter

- RexWE cells with epitaxial emitter

- WE with epitaxial emitter

- FZ reference cells with diffused emitter

The EPD values of the WE are between ~ 10° and 10* cm™ [19]. For the RexWE
with PECVD SiC, IL EPD values between ~ 10" and 10° cm were measured.
The grain sizes were of the order of cm? for the WE and several thousand um? in
the RexXWE case. The FZ reference underwent the same solar cell process as the
RexWE with the POCL; diffused emitter.

A clear trend towards decreased Jy, values when increasing the crystalline
quality can be seen in Figure 50. The cell with the epitaxially grown emitter
shows a decreased Jo, compared to the one with the diffused emitter. The latter
will be discussed in more detail later on.

As described in chapter 5, during RPHP experiments it has been observed that
an increase in V. is correlated with a decrease of Jo,. An exemplary dark I-V of
a RexWE with PECVD SiC, IL measured before and after a RPHP step is
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shown in Figure 43. It has been shown there that Jy, has been improved greatly
due to the hydrogen passivation. Therefore, a major part of the V,. limitation
originates from the p-n junction formation in conjunction with the high level of

crystal defects.

7.3 Emitter formation
In order to further investigate the influence of the increased emitter current,
several types of emitter formation have been compared. Several solar cell
batches of RexXWE with comparable SiCy IL and crystalline qualities have been
evaluated. The emitters applied were:
e an emitter diffused from POCI; with a sheet resistivity of 120 Q/sq and a
10 nm thick thermally grown SiO, surface passivation
e an emitter diffused from POCI; with a sheet resistivity of 80 Q/sq with no
additional high temperature steps
e an in-situ grown epitaxial emitter with a 10 nm thick thermally grown
SiO, surface passivation

e a SiC, hetero emitter with an indium tin oxide (ITO) contacting layer

The thermal load of each emitter formation process is depicted in Figure 49. The
corresponding V.. values of the best individual cells in each batch are listed in
Table 9. Although the emitter with a sheet resistivity of 120 Q/sq and the thin
thermal oxide shows ~ 5 mV higher V.. on standard multicrystalline and FZ
reference material compared to the 80 €/sq emitter the trend on highly defective

RexWE material as used here appears to be inverted.
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Figure 49: Schematic of thermal load for: 120 Q/sq emitter with thin thermal
SiO; (top), 80 Q/sq (middle), and epitaxial emitter with thin thermal SiO,

(bottom).

Table 9: Comparison of different emitter formation techniques and
corresponding V. results on RexWE solar cells with SiCy IL
(Numbers represent best values out of one batch for each emitter

type).
Emitter 120 Q/sq 80 Q/sq epitaxial SiCy hetero
Passivation | thermal SiO, | none thermal SiO, |a-Si
VocbeforerpHp | 475 MV 500 mV 510 mV 550 mV
Vocwithrerp | 520 mV 555 mV 560 mV /

The best V,. values have been obtained by applying the epitaxial emitter

passivated with a thin thermally grown oxide.

The same trend as shown in Table 9 for the V,. values has also been observed

for the FF.
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The result using the SiC, hetero
emitter shall be mentioned only
briefly. This setup has only been used
once, without any hydrogenation

step: nevertheless, the potential
seems to be quite high, as the non-
hydrogenated result already exceeds
the best diffused

hydrogenation.

emitter after

7.4 Dopant diffusion along grain boundaries

When comparing these results, it seems that a decrease in thermal load during

and after the emitter formation can increase the V.. by reducing the Jg,. The

latter is also supported by the dark I-V curves comparing diffused and

epitaxially grown emitters shown in Figure 50.

One possible explanation for such a phenomenon could be a promoted diffusion

of dopant atoms along crystalline defects. Such an effect has been proposed by

[92] on aluminium induced crystallised (AIC) seed layers with epitaxial

thickening. Carnel showed in [93] by using scanning spreading resistance

measurements (SSRM) a spiking of the p-n junction along grain boundaries

deep into the depth of the solar cell bulk.
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Figure 51: SEM picture of a solar cell cross section with 80 Q/sq

emitter (left). Corresponding EBIC picture showing the p-n junction

at the same location (right).
To evaluate if a similar behaviour can be found in RexWE solar cells, EBIC
measurements have been made on cross sections of samples with the 80 Q/sq
and the 120 Q/sq emitter.
Figure 51 (left) shows a SEM picture of a cross section made from a RexXWE
solar cell with an 80 Q/sq emitter. A cross section of the front side is shown, the
emitter (not visible in the SEM mode) and part of the active bulk layer. In
Figure 51 (right) the same spot has been mapped using the EBIC setup. The
pattern of the Si surface and the resin in the EBIC picture are very well
comparable with the SEM picture, as the two techniques only differ from the
used detector in the same apparatus. In the EBIC measurement the location of
the p-n junction is clearly visible; it is represented by the white line.
In this line showing the emitter, a spike of ~ 1.2 um depth can be seen. At the
same position in Figure 51 (left), however, no indication of a topographical
pattern can be seen.
The latter is illustrated even better in Figure 52 (left). Here a superimposition of
the pictures shown in Figure 51 left and right has been done. For identification

purposes the EBIC picture has been dyed red. It is clearly visible that the p-n
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Figure 52: Superimposing of Figure 51 (left) and (right). Same scale
as in Figure 51 is used (left). Similar superimposed picture of SEM
and EBIC pictures at another location on the same sample (right).

junction does not follow the surface of the sample at all times. Another spot on
the cross section using the same technique is shown in Figure 52 (right). Again
a superimposed picture of a SEM and an EBIC mapping is shown, and here
again the p-n junction spikes well into the bulk of the solar cell.

On samples with a 120 Q/sq emitter and a thermal SiO, front side passivation,
the spiking is even more pronounced. This is illustrated in Figure 53, where
again a SEM picture is shown (left) and an EBIC measurement of the same spot
(right). The depth of the spikes with this emitter design ranges up to 6 um. In
the SEM picture, again no topographic pattern at the position of the emitter
spiking can be deduced. Figure 54 shows an EBIC scan of the 120 Q/sq emitter
sample at a different location and a lower magnification. Here several spikes
can be seen, especially at locations which can by the surface morphology be
well identified as grain boundaries.

It has been shown, that a preferential diffusion along crystalline defects is
happening in the RexWE; this phenomenon occurs to a significant extent only at

locations which can most probably be attributed to grain boundaries. The
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HV: 3 RV MAG: 2000 HV: 3 kV MAG: 2000
20.05.2011 WD: 15 mm — 10 ym — 20.05.2011 WD: 15 mm — 10 pm —

Figure 53: SEM picture of solar cell cross section with 120 Q/sq emitter
and a thermal SiO, front side passivation (left). Corresponding EBIC
measurements showing the p-n junction at the same location (right).

density of the spikes is however not nearly as high as the density of point

defects, shown e.g. in Figure 48.

7.5 Conclusion
A clear dependence between crystalline quality of the absorber, especially in the
space charge region and the solar cell values V.. and the FF has been shown.
Additionally, a comparison between several types of emitter formation and the
subsequently measured V.. has been done. Simulations predict that a decreased
V.. and the FF can be attributed to an increased emitter saturation current
density (Jo2). This correlation has been shown with experimental data along with
a strong hint that an increased temperature load during or after the emitter
formation increases the Jo,. The origin of these dependencies has been found by
examining RexWE cross sections by EBIC. Promoted dopant diffusion into the
bulk of the solar cell can be observed. This spiking phenomenon of the p-n

junction seems to be located mainly at grain boundaries; a connection between
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HV: 20 kV MAG: 1000
20.05.2011 WD: 15 mm

Figure 54: EBIC picture of same sample as shown in Figure 53 at
another location and magnification.

emitter deformation and point defects (i.e. the measureable etch pit density) was

not found.
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Summary

The recrystallised wafer equivalent (RexWE) combines crystalline silicon thin
films (CSiTF) made by zone melting recrystallisation (ZMR) and epitaxial
thickening with the possibility of implementing the wafer equivalent into a more
or less state of the art solar cell fabrication line. It has been shown that ZMR
layers can be of high material quality [7-9]. However, the cell results were
shown on either free standing or on small area, one side contacted CSIiTF. A
front and back side contacted large area wafer equivalent made from a cost
effective substrate and high throughput ZMR and epitaxial thickening processes
sets different demands.

In this thesis, the main loss mechanisms in the RexWE have been determined
and the work presented is dedicated to their diminishing. The most dominant
loss mechanisms are: losses due to reflection and transmission through the thin
absorber layer as well as recombination effects in the bulk and especially in the
space charge region.

To decrease reflection losses on the front side, while simultaneously increasing
a haze in-coupling of light, plasma texture processes have been developed. The
development of a surface during a self masking texturing process on a
microscopic level has been characterised and led to the conclusion that at least
In a processes that is not actively cooled there is an optimal process duration.
Furthermore, simulation results were combined with detailed analysis of
structure sizes, aspect ratios and the corresponding optical features. This
proofed that a diffuse reflection also goes along with a diffuse in-coupling and
that also sub-wavelength structures are within certain limits able to deflect light.

A variety of different texturing processes resulting in different texture
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characteristics have been established. The evaluation of these textures for their
strengths and weaknesses showed that distinct requirements on a texture can be
met optimally with individual processes and texture features.

The second optical loss mechanism in CSiTF is losses by transmission. An
intermediate layer (IL) in the RexWE, however, has to fulfil more than solely
reflecting light in a certain wavelength region. Therefore several types of layers
as well as combination of layers in multi layer stack set ups have been evaluated
for every aspect vital to a RexXWE. SiO, used as IL has found to result in zone
molten recrystallised layers of high crystalline quality. With SiO,, however the
current transport in a RexXWE, poses a problem. This can be circumvented by
using a laser fired access (LFA) process in which the IL is locally perforated.
The LFA approach is due to the penetration of the IL not suitable for highly
contaminated substrates. However, efficiencies using this LFA test system
showed the high efficiency potential of the RexWE concept. SiC, layers
revealed good performance regarding electrical conductivity and high
temperature stability, however lacked in crystalline quality of the recrystallised
layers. Multi layer stacks combined as a Bragg reflector, bear the potential of
combining all features necessary for the successful implementation in a RexWE,
however the used carbon rich SiCy layer, needed for its refractive index, proved
to be unstable during the recrystallisation step. An IL that fulfils all the
requirements needed for the RexWE is therefore still not found yet, however a
new combination of layers might inhere all the necessities in the near future.

By optimising a remote plasma hydrogenation passivation (RPHP) process the
deficiencies in the bulk layer quality as well as the p-n junction region have
been significantly reduced. The optimisation lead to a process sequence in
which the hydrogenation step is conducted before the front side contact

metallisation, thus allowing higher process temperatures and even further
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increased solar cell performance.

Additionally, the beneficial effect of a hydrogenation treatment has also been
shown on a microscopic level by electron beam induced current spectroscopy
(EBIC). EBIC measurements have been taken at a chosen spot before and after a
hydrogenation step. For these measurements, exactly the same spot has been
observed both times. While simultaneously measuring the solar cell
performance it has been shown that the effects observed corresponded to the
benefits which are expected on cell level. It has been shown that on a
microscopic level the impact of the passivation strongly depends on given
crystalline features. The observed hydrogenation effects ranged from no
detectable effect, to a partial decrease of recombination activity up to a
completely vanishing of recombination centres. A quantitative characterisation
of the impact of a hydrogenation process also correlated to distinct crystalline
features however has not been successful with the given set up.

Finally RexXWE solar cell parameters have been evaluated and correlated to
given crystalline quality and the implemented intermediate layers. By
comparison of the crystalline quality, etch pit density and solar cell parameter of
RexWE including either SiC, or SiO, intermediate layers, the SiC, ones showed
inferior characteristics in all respects. The most striking characteristic figure of
RexWE with SiC, IL has been determined a significantly increased
recombination current density in the high space charge region (Jy;) and a
therefore significantly reduced V.. The values determined for the etch pit
density, Jo, and V,. have been found to correspond very well to the model
proposed by [62]. A hypothesis has been proposed that the diffusion at certain
crystalline features is promoted when using the common emitter formation by
diffusion from POCI;. The latter would results in a spiking of the p-n junction

into the bulk, especially at locations with low crystalline quality. By comparing
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different types of emitter formation a correlation of Jo, and the thermal load of
the solar cell process has been confirmed. Also EBIC measurements on cross
sections of RexXWE with diffused emitter definitely showed spiking of the p-n
junction into the bulk. Here it was found that increased thermal loads during the
cell process resulted in increased depth of the spiking. This corresponds very
much to the increase in the measured values for Jo, and decreased V..

Within this work the main loss mechanisms of the recrystallised wafer
equivalent have been characterised and partially diminished. With that the

foundation for exploiting the full potential of the RexWE has been laid.
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Deutsche Zusammenfassung

Ziel dieser Arbeit war es, das rekristallisierte Wafer Equivalent (RexWE) weiter
zu entwickeln und die Prozessoptimierung auch im Hinblick auf eine zukinftige
industrielle Herstellung voranzutreiben. Das RexWE ist im Gegensatz zu
anderen kristallinen Silicium Dunnschichtsolarzellen in der Solarzellenfertigung
prinzipiell handhabbar wie eine Standard Wafer-Solarzelle. Die Prozesse,
welche in dieser Arbeit untersucht und optimiert wurden, wurden nach einer
Analyse und Einordnung der Verlustmechanismen ausgewahlt. Die
vornehmlichen Verluste am RexWE sind: Optische Verluste durch Reflexion
sowie Transmission und Rekombinationen an Kristalldefekten. Letztere wurden
als sehr ausgeprégt vor allem in der Raumladungszone festgestelit.

Um die Vorderseitenreflexion zu vermindern und eine gleichzeitige
Einkoppelung des einfallenden Lichtes unter einem Winkel ungleich 90° zu
erreichen, wurden in dieser Arbeit Plasma Texturprozesse entwickelt.

Dazu wurden verschiedene Prozesse entwickelt, welche alle auf einem
Selbstmaskierungsprinzip basieren und daher auch fir den industriellen Einsatz
interessant sein kdnnen. Die Texturen wurden auf mikroskopischer Ebene sowie
anhand der gemessenen Reflexionswerte charakterisiert. Hierbei wurde
festgestellt, dass es, zumindest in Prozessen in dem der Wafer nicht aktiv
gekuhlt wird, eine optimale Prozessdauer gibt. Es wurden auferdem
Simulationen durchgefiihrt, welche mit Messwerten von tatsachlich texturierten
Proben verglichen wurden. Hierfir wurden die verschiedenen Texturen
hinsichtlich ihrer Strukturgréflen sowie der Aspektverhdltnisse und den
Reflexionswerten analysiert. Es konnte bestatigt werden, dass eine diffuse

Reflexion auch mit einer diffusen Einkopplung einhergeht. Dies gilt auch noch,
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wenn Strukturen vorliegen, welche kleiner sind als die Lichtwellenladnge. Ein
weiteres Ergebnis ist, dass Subwellenldangenstrukturen bis zu einem gewissen
Grad in der Lage sind, Licht zu brechen.

Eine Reihe von Texturen beziehungsweise Texturprozessen wurden entwickelt
und charakterisiert. In diesem Zusammenhang konnte herausgearbeitet werden,
dass verschiedene Anforderungen an eine Textur, welche flr verschiedene
Zellkonzepte gelten, am besten mit Texturen unterschiedlicher Charakteristika
erfillt werden konnen.

Der zweite grolRe optische Verlustmechanismus bei dinnen kristallinen
Siliciumschichten ist die Transmission. Eine Zwischenschicht, welche im
RexWE als optischer Spiegel an der Rickseite des photoaktiven Materials
platziert werden kann, kann die Transmissonsverluste mindern. Diese
Zwischenschicht muss allerdings noch weitere Kriterien erfillen. Um die
Tauglichkeit verschiedener Materialien und Materialsysteme zu evaluieren,
wurden Zwischenschichten als Einzelschichten und auch in Form von
Mehrschichtsystemen im RexWE getestet. Bei der Verwendung von SiOy als
Zwischenschicht ist es moglich, eine sehr hohe Kristallqualitat zu erzielen. SiOy
ist allerdings nicht Strom leitend und kommt daher, zumindest bei Verwendung
von stark kontaminierten Substraten, nicht fir das RexXWE in Frage. Fir
Testzwecke allerdings kann eine SiO, Zwischenschicht in  einem
Laserverfahren, dem sogenannten Laser Fired Access (LFA), punktuell ge6ffnet
werden und in einem anschliefenden Epitaxieprozess der elektrische Kontakt
mit dem Substrat hergestellt werden. An dieser Konfiguration kann das grofie
Potential im Wirkungsgrad des RexWE gezeigt werden. Werden hingegen aus
dem Plasma abgeschiedene SiC, Zwischenschichten verwendet, kénnen diese
wéhrend der Abscheidung dotiert und somit leitfahig gemacht werden. Sie

zeigen gute Ergebnisse im Bezug auf Eigenschaften als Diffusionsbarierre und
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die Stabilitdt wahrend des Zonenschmelzprozesses. Die Kristallqualitat
hingegen, welche auf SiC, Zwischenschichten erzeugt werden kann, sowie ihre
optischen Eigenschaften liegen weit hinter denen von SiO, Zwischenschichten.
Dies fihrt zu EinbuBen im Wirkungsgrad, welche einlagige SiCy
Zwischenschichten fr den Einsatz im RexWE ausschlief3en.

Eine Kombination aus verschiedenen Schichten zu Mehrlagensystemen birgt die
Maoglichkeit, nicht nur optisch hervorragend zu wirken, sondern gleichzeitig
auch als Diffusionsbarriere zu dienen. Die hierzu gestesteten kohlenstoffreichen
SiC4-Schichten, welche vor allem ihres Brechungsindex halber bendtigt wiirden,
zeigten eine zu geringe Temperaturbestéandigkeit far die
Hochtemperaturanwendungen, welche im RexWE gefordert werden. Eine
Zwischenschicht welche all die geforderten Eigenschaften aufweist um optimal
iIm RexWE einsetzbar zu sein ist bis dato nicht gefunden. Eine neue
Kombination von Schichten kdnnte den gewtinschten Effekt allerdings in naher
Zukunft ergeben.

Durch die Optimierung eines Remote Plasma Hydrogen Passivation (RPHP)
Prozesses konnten die Rekombinationsraten stark verringert und somit der
Wirkungsgrad der untersuchten Zellen deutlich verbessert werden. Die
Charakterisierung der Passivierungswirkung wurde zundchst makroskopisch
anhand fertiger Solarzellen vorgenommen. Der Optimierungsprozess fuhrte zu
einer Verénderung des Solarzellenprozesses dahingehend, dass der RPHP
Prozess nun vor der Aufbringung der Vorderseitenkontaktierung erfolgt und
nicht wie zuvor danach.

Zusatzlich wurden die Auswirkungen einer Wasserstoffpassivierung in Electron
Beam Induced Current (EBIC) Messungen sichtbar gemacht. Hierfiir wurden
ReWE Solarzellen sowohl global, anhand ihrer Strom-Spannungskennlinie als

auch lokal, mit EBIC Messungen vor und nach einem Passivierungsschritt
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characterisiert. Die EBIC Messungen wurden beide Male an ein und derselben
Stelle durchgefiihrt. Die Strom-Spannungsmessung ergab eine Verbesserung des
Vo Welche den Erwartungen fir diese Art von Prozess vollends entspricht. Es
kann daher davon ausgegangen werden, dass auch die mit dem EBIC
beobachteten Phanomene reprasentativ sind. Die EBIC Messungen ergaben
verschiedene Veranderungen der Rekombinationsaktivitat. Es wurden Bereiche
detektiert, welche sich durch einen RPHP Prozess nicht in ihrer
Rekombinationsaktivitat veréndern. Andere verlieren ihre
Rekombinationsaktivitaten teilweise oder auch ganz. Die Ergebnisse sind, wie
es sich darstellt, stark von den vielféltig vorhandenen Gegebenheiten im Kristall
wie zum Beispiel verschieden Orientierungen oder Defekten abhangig. Eine
quantitative Auswertung Passivierungswirkung an einzelnen Stellen sowie eine
Korrelation zwischen Kristallstrukturen und Minderung der
Rekombinationsaktivitaten konnten aufgrund apparativer Beschrdnkungen nicht
durchgefihrt werden.

SchlieRlich wurden Solarzellen-Ergebnisse bewertet und mit Kristallqualitaten
sowie den verwendeten Zwischenschichten Kkorreliert. Der Vergleich
beriicksichtigt Defektdichten und Zellparameter jeweils auf SiC, und SiOy
Zwischenschichten. Auf SiOx Zwischenschichten konnen deutlich bessere
Kristallqualititen erzeugt werden. Wenn diese zu Solarzellen verarbeitet werden
konnen deutlich bessere Ergebnisse erzielt werden.

Der auffélligste Unterschied in den Solarzellenparametern wurde in der
Emitterrekombinationsstromdichte (Jo;) gefunden, welche bei RexWEs mit SiC,
Zwischenschicht deutlich erhoht war. Eine Folge hiervon ist eine reduzierte
offene Klemmspannung (V). Die ermittelten Werte fiir Defektdichten sowie Jo,
und V.. entsprechen einem Modell, das von [62] publiziert wurde. Ein

Erklarungsmodell besteht darin, dass wéhrend des Emitterdiffusionsprozesses
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an Kristalldefekten die Diffusion mit einer erhohten Geschwindigkeit von
statten geht. Das wirde bedeuten, dass sich der p-n Ubergang insbesondere an
Stellen schlechter Kristallqualitat im Solarzellenvolumen verbreitert. Ein
Vergleich verschiedener Emitter, welche mit unterschiedlicher thermischer Last
erzeugt werden, zeigte eine Abhangigkeit von steigender thermischer Last mit
ansteigendem Jy,. Anhand von EBIC Messungen an Querschliffen, die den
Emitterverlauf mikroskopisch darstellen kénnen, konnte die Richtigkeit der
Hypothese bestatigt werden: Der Emitter verlauft nicht immer entlang der
Oberflache, es sind Spitzen zu erkennen, welche in das Solarzellenvolumen
hineinragen, aufl’erdem fihrt eine erhOhte thermische Last zu einer weiteren
Auspragung der Spitzen.

In dieser  Arbeit konnte gezeigt werden dass einige  der
Hauptverlustmechanismen  im  Rekristallisierten ~ Wafer  Equivalent
charakterisiert und teilweise verbessert werden konnten. Damit konnte die
Grundlage geschaffen werden, um das volle Potential des RexWE ausschdpfen

zu koénnen.



Appendix

The RexWE process sequence:

SiC, IL RexWE || $i0, IL RexWE

Substrate cleaning

Intermediate layer deposition

1 crystalline seeding deposition

Capping deposition or diffusion

Zone melting recrystallisation

[ Lager fired acess

Capping removal

Base exitaxy

)
|
|
]
]
|
l
|
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Solar cell processing sequence for 120 Q/sq, 80 Q/sq and epitaxially grown

emitters:
[ 120 Q/gq emitter J [ 80 Q/ sq emitter ] [ Epitaxially grown emitter ]
|
POCI, diffusion ] [ POCI, diffusion ] [ Epitaxially grown emitter

Passivation by oxidation ]
I

[ Passivation by oxidation

(Potential high temperature hydrogenation)

1

Metallisation by photolithography and electroplating

Edge 1solation by laser cutting

(Potential low temperature hydrogenation)

[
|
|
[
{
|
[

Double layer anti reflection coating deposition

)
)
|
}
1
|
|




Acronyms

AFM
AIC
Ar
ARC
Cl
ConCVD
CSITF
CVvD
DARC
EBIC
EDX

FZ

ICP

IL

ITO
LFA
LFC
MW
NF;

O
PECVD

ppT
ProConCVD

RexWE
RF
RF-MW
RIE

atomic force microscopy

aluminium induced crystallised
argon

anti reflection coating

chlorine

continuous chemical vapour deposition
crystalline silicon thin film

chemical enhanced vapour deposition
double layer anti reflection coating
electron beam induced current
energy dispersive X-ray spectroscopy
fluorine

float zone

hydrogen

inductively coupled plasma
intermediate layer

indium tin oxide

laser fired access

laser fired contact

microwave

nitrogen trifluoride

oxygen
plasma enhanced vapour deposition
process peak temperature
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production-type continuous chemical vapour

deposition
recrystallised wafer equivalent
radio frequency

combined radio frequency and microwave

reactive ion etching



RPHP
RPHP
SEM
SFs

Si
SiC,
SiN,
SiO,
SiO,
SSRM
XeF;

ZMR
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remote plasma hydrogenation passivation
remote plasma hydrogen passivation
scanning electron microscope
sulphur-hexafluoride

silicon

amorphous silicon carbide

amorphous silicon nitride

silicon dioxide

amorphous silicon oxide

scanning spreading resistance measurements
xenon difluoride

zone melting recrystallisation



Symbols

EPD

[N
8 R

w

<—I—|;U§U'U'UZI_

o
o

thickness

etch pit density
fill factor
efficiency

emitter saturation current density
short circuit current

distance

refractive index

pressure

power

root mean square roughness

series resistance
temperature

time

open circuit voltage
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cm’
%
%
Alcm?
mA/cm2

bar

nm
W cm
°C
s,min,h
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