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Abstract:
The novel low-cost biologically derived substrates made of biogenic materials such as
high-density fiberboards, felt and paper based compositions are investigated by using
microscopy techniques. Plates from these materials were carbonized or graphitized,
pressed and diced. In order to seal the surface of the substrates they were processed
through different post treatments such as siliconization by capillary effect or pack
cementation, alternatively they were covered by a silicon carbide (SiC) layer by chemical
vapor deposition (CVD). The substrates were studied regarding their surface properties
by using conventional and confocal white-light microscopy. The study revealed different
roughness characteristics as well as micro cracks in some of the substrates. Different
crystalline silicon thin-film layers deposited on these substrates for solar cell fabrication
were investigated by employing scanning electron microscopy (SEM) of layer crosssections.
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INTRODUCTION

A rapid development in renewable energy resources demands new methods of
producing cheap, efficient and environmental friendly resources. We have reduced our
extreme dependence on fossil fuel consumption as the time passes no natural resource
will remain. Nevertheless, there will be left an uncontrollable pollution from these fossil
fuels. Therefore, our ambition towards renewable energy resources is an appropriate
approach for a healthy environment, to get rid of this extremely harmful and expensive
fossil fuel.
Today, the renewable energy field especially silicon photovoltaic industry is on the track
of progress and contributes a dramatic development in renewable resources to produce
clean energy. For this kind of electricity generation, we have maximum pay back energy
solutions with high efficiency but it is expensive to build such power generation fields.
This technology is too expensive due to the production process of solar modules, as we
cannot control some production parameters for instance, high thermal budget for the
production of basic silicon wafer and high labor cost, which makes the net cost too high
for a solar module. To overcome this problem, thin film solar cells are a promising
approach, which enables us to get price efficient solar cells. In addition, the thin film
silicon technology was employed because of the increasing demand of the high purity
silicon wafer in photovoltaic industry for the production of conventional silicon solar
cells, which consists of a thick silicon wafer having the thickness about 200 µm, kerf loss
about 100-150 µm. The thin film silicon technology enables the photovoltaic industry to
produce very thin film deposited silicon solar cells and modules with a layer thickness of
20 µm, which is in fact quite less as compared to the conventional cells. Nevertheless,
this thin film technology is still not cost effective.
The thin film silicon layer needs mechanical support by low cost foreign substrates. This
substrate has to be compatible for the high temperature processes and contamination
from transition metals has to be avoided. The foreign substrates such as graphite and
silicon carbide plates have been tested for fabrication of thin film silicon solar cells [1]
[1]. The substrate material research and development is still under progress to produce
a stable substrate for the fabrication of cost and energy efficient solar cells.
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In the present study, potential foreign substrates, which can resolve the problems
regarding price and efficiency, have been developed and characterized in detail. These
are biologically derived substrates, which were fabricated from high-density fiberboards
(HDF) [2] and felt. The batch of substrates was siliconized or sealed by various post
treatments. The surface characterization for roughness measurement is done by
confocal white-light microscopy and conventional white-light microscopy is employed to
investigate cracks. The scanning electron microscopy (SEM) is employed to perform the
layer characterization. However, due to some technical hurdles, further process steps for
solar cell fabrication remained unfinished. Nevertheless, for future research more work
has to be done to optimize SiC-CVD substrates as well as substrates made of SiC paper
[3].
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SUBSTRATES

A solar cell consists mostly of a high purity silicon wafer, which is an expensive
approach to fabricate high efficiency solar cells. The conventional silicon substrates are
expensive due to the use of high purity silicon, crystal growth and wafering. It is time
consuming and expensive to manufacture these silicon substrates. As an alternative, thin
film crystalline silicon solar cells can be produced on low-cost foreign substrates.
Different kinds of low-cost substrates for example transparent glass sheet made of sodalime silicate glass, borate glass, lithium aluminosilicate glass [4], tin sheets and ceramic
substrates have been investigated for the thin-film crystalline silicon solar cells
production.
According to our motive to decrease the price of solar cells, the biologically derived
substrate is an attractive approach. These substrates are made of biotic or biologically
derived materials. The biotic material is any material that originates from living
organisms for instance wood. Most of such materials contain carbon and has capability
to decay and wood has a capability to decay under certain circumstances. The
biologically derived substrates are suitable alternative to other substrates as these
substrates fulfill the conditions of thermal stability and can withstand the high silicon
deposition temperatures of ca. 1100 °C, mechanical stability and provide an economical
fabrication of silicon solar cells. If we compare the biologically derived substrates with
other substrates such as the substrates made of a low alkali-containing glass, which can
diffuse ions and sodium into the further layers of solar cell. However, the biologically
derived substrates are encapsulated with silicon carbide SiC barrier layer to prevent the
device layer from contamination by diffusion during high temperature processes, for
more details see [5].
The company Schunk Kohlenstofftechnik GmbH has provided the ZAE-Bayern various
kinds of biologically derived substrates made of two materials, High-density fiberboard
HDF [2] and felt and these materials go through high temperature process and then
undergoes through the process of densifying by pressing. The final plates achieved,
diced into ca. 100 x 100 mm2 substrate plate, as shown in the Figure 2-1.
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Figure 2-1: A photograph of a biologically derived substrate made of high-density fiberboard,
encapsulated with a SiC barrier layer. The greyish area is a silicon layer which was recrystallized
afterwards by zone melting recrystallization [6] (ZMR) .

2.1

HIGH-DENSITY FIBER BOARD

High-density fiberboard is a hard board made from fiber material such as wood-fibers,
saw dust and cellulose fibers, which is processed and highly compressed to produce a
board that can resist high impact force, heat and durable for long-term usage, for more
details see [7]. A photograph of high-density fiberboard is shown in Figure 2-2.

Figure 2-2 : A photograph of high-density fiberboards used to manufacture biologically derived substrates
[8].

In order to achieve a carbon material the high-density fiberboard is placed into a high
temperature furnace and treats it at 1000 °C to 2000 °C. Afterwards, a number of
6
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subsequent steps of pressing are perform with phenolic resin [9], to increase the density
of the plate and when the desired thickness of the plate is achieve . The plate is diced
into small substrate with dimension of ca. 100 x 100 mm2.
2.2

FELT

Felt is a non-woven cloth that is produce by the process of matting the material,
condensing and densifying the woolen fibers. The conventional felt is made from wool,
which has high grips and a synthetic fiber that provides the felt a high resilience.
Conventionally, a combination of fiber for the felt with some wool and polyester or wool
and nylon, for more details see [10]. Felt has very good insulation properties due to its
low thermal conductivity and high emissivity as compared to other high temperature
materials.
The biologically derived substrates that we used are made of felt with a synthetic, semicrystalline organic polymer resin called “Polyacrylonitrile (C3H3N)n” (PAN). It is
thermoplastic and does not melt under normal conditions. A PAN resin is composed of
mixture of monomers with acrylonitrile. It is a special polymer used to produce various
products like high filtration membranes, hollow fibers used for reverse osmosis and
fibers carbon fiber. PAN resin is the chemical precursor of high-quality carbon fiber [11].
The felt material has the thickness of ca. 4.5 mm produced by Schunk Kohlenstofftechnik
GmbH [12], as shown in the photograph in Figure 2-3.
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Figure 2-3: Photograph of Felt carbon or graphite based composition by the company Schunk
Kohlenstofftechnik GmbH [12].

At first, PAN resin is thermally oxidize in air at 230 °C to form “Oxidized
Polyacrylonitrile PAN-OX”, and then carbonized it by annealing above 1000 °C in inert
atmosphere to make carbon fibers. Additionally, the felt carbon fibers were densified
and diced into ca. 100 x 100 mm2 substrates.
2.3

CARBONIZATION AND GRAPHITIZATION

The processes, by which solid residues with an increasing content of carbon element are
form from organic material, commonly by pyrolysis in an inert gas atmosphere. The
pyrolysis is a form of heat treatment in which an organic material chemically
decomposes by heating in the absence of oxygen. The carbonization is a complex process
in which several reactions take place such as hydrogenation, dehydration, isomerization
and condensation. In carbonization, the temperature of ca. 1000 °C is apply to control
the degree of carbonization and the residual content of the foreign element. At this
temperature, the carbon content exceeds a mass fraction of 90 wt. %, while at the
temperature of ca. 1400 °C it provides more than 99 wt. %, carbon contents [13].
Graphite is an allotropic form of carbon consisting of hexagonal arrangement of carbon
atoms. The graphitization refers to a solid-state transformation of thermodynamically
unstable non-graphite carbon into graphite. This process is done by means of heat and it
refers to a thermal treatment of carbon material at temperature greater than ca. 2000
8
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°C. The carbon and graphite felt used to manufacture biologically derived substrates
undergo through these processes of carbonization and graphitization. The carbon felt is
fabricated by the carbonization of organic felt while, the graphite felt is fabricated by
graphitization [13].

2.4

SUBSTRATES CLASSIFICATION

The substrates that were manufactured form two base materials high-density
fiberboard and felt are classified into categories with respect to different treatment and
base materials. After the heat treatment of high-density fiberboard and felt, a process of
pressing with phenolic resin was applied to densify the high-density fiberboard or felt
plates to enhance the density of the plates. Increase in density of the plate gives
sufficient hardness and mechanical stability to dice the substrate easily into ca. 100 x
100 mm2 substrate. Density of the substrate is crucial while solar cell processing. If the
substrate is sufficiently densify, then there are less chances of deformation of the
substrate from its curvature under chemical processing at high temperature.
In the following Table 1, the substrates are classified according to their densifying step
with their respective material type. For instance, the ‘HGF02’ means the base material of
this substrate is graphite felt and it is treated with the process of graphitization and
densified twice after the graphitization.

Category Sr. Nr.
H01
H02
H03
H04
H05
H06
HKF01
HKF02
HKF03
HGF01
HGF02
HGF03

Base Material
High-density fiberboard
High-density fiberboard
High-density fiberboard
High-density fiberboard
High-density fiberboard
High-density fiberboard
Carbon-Felt
Carbon-Felt
Carbon-Felt
Graphite-Felt
Graphite-Felt
Graphite-Felt
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Treatment
Carbonized
Graphitized
Graphitized, densified twice
Graphitized, densified once
Graphitized, densified thrice
Graphitized, densified 4 times
Graphitized, densified once
Graphitized, densified twice
Graphitized, densified thrice
Graphitized, densified once
Graphitized, densified twice
Graphitized, densified thrice

SUBSTRATES
Table 1 : The substrates are characterized according to mentioned serial number regarding their material
type High-density fiberboard or felt and their treatment of increasing the density, to make the substrate
harder and mechanically stable [14].

High Temperature Cleaning (HTC)

Some of the substrates from each category undergone a cleaning process conducted at
very high temperature. The “high temperature cleaning” (HTC) is a process, in which the
carbon material is placed into a vacuum furnace, and heated up to temperatures around
1900 °C in the presence of Fluorine gas. This gas has the effect that all the metal particles
or contaminants other than carbon react with fluorine; with this high temperature
cleaning, we can achieve residual impurity of 1 ppm [14].

2.5

SILICON CARBIDE PAPER SUBSTRATE

Silicon carbide SiC based paper substrates were a different type of substrates besides
high-density fiberboard and felt substrates. A preprocessed paper is processed and
converted into ceramic material. In this particular case of paper substrate, the ceramic
material is silicon carbide. The processing principles and reaction morphologies of the
conversion of cellulose fibers into ceramic silicon carbide fibers and paper structures
into ceramic composites is done by infiltration of low viscous pre-ceramic polymer
suspensions into cellulose paper sheets having three dimensional paper structures of
various porosity microstructures. Subsequently, the initial paper structure was
converted into ceramic composites by filler controlled reaction pyrolysis up to 1450 °C.
Polymethylsiloxane was used as the pre-ceramic polymer whereas SiC and Si/Al
powders were used as inert and reactive filler to control dimensional stability on the
micro as well on the macro-scale. The lightweight ceramic composites show low density,
high stiffness and excellent high temperature stability [3]. We expect the same process
of manufacturing silicon carbide paper substrates from Schunk Kohlenstofftechnik
GmbH as, this is a confidential processing. A short description after this process from
Schunk in presented as following.
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The substrates were annealed at ca. 1500 °C under nitrogen ambient. After the
annealing at this temperature, some cracks were formed in the substrates as illustrated
in the Figure 2-4.

Figure 2-4: Ceramic papers after annealing at 1500 ° C [14].

The substrates were broken because of holder, which was improved afterwards to
prevent the substrates from cracks. Additionally, two steps of annealing were performed
to increase the substrate’s strength and flatness. In the first step, the paper substrates
were annealed initially, at 1500 °C and in the second step, they were annealed up to
1900 °C. Finally, flat surface of the substrates were achieved. A photograph of the silicon
carbide paper substrate is illustrated in Figure 2-5.

11

SUBSTRATES

Figure 2-5: A photograph of a silicon carbide paper substrate having the dimensions of ca. 100 x 100
mm2, with the thickness of 1.2 mm. This is raw paper substrate without any Post Treatment.

2.6

POST TREATMENTS

The biologically derived substrates were processed through different post treatments
after the step of enhancing the density of the substrates. The company Schunk
Kohlenstofftechnik GmbH has developed these post treatments. In the following Table 2,
the post treatments are listed with respect to their batch categories. For instance, the
siliconization by capillary effect is assigned a batch category of P77, P60 is sealing of
substrate by silicon carbide layer by chemical vapor deposition and PZ is siliconization
by embedding in powder.

Batch Category
P77
P60
PZ

Post Treatment
Siliconized by capillary effect
SiC layer by Chemical Vapor Deposition
Pack Cementation-Siliconized by embedding in
Powder

Table 2: Description of various post treatments for the biologically derived substrates
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2.6.1 Siliconized by Capillary Effect
The siliconization by capillary effect was performed by utilizing the porosity of the
substrates. Substrates that were manufactured from high-density fiberboard and felt
were densified and undergone siliconization process by capillary effect. The final
substrates achieved after enhancing the density, were porous. In the process of
siliconization by capillary effect, the capillary action was triggered by the porosity of the
substrates. The substrate plates were placed into the crucible, which contains silicon
powder and then placed the crucible into the furnace and heated up to ca. 1420 °C to
melt the silicon powder. The substrates kept vertically on a holder with the felt-wicks
attachment, the holder is illustrated in the Figure 2-6.

Figure 2-6: Samples from P77 batch placed in holder and there seen some samples have deformation from
there curvature [14].

The whole process was performed under vacuum and inert gas atmosphere in order to
prevent possible oxidation. The molten silicon was absorbed by felt-wicks and the
molten silicon transported to the substrates by the phenomenon of capillary effect. Due
to high porosity in the samples, the liquid silicon reacts exothermically with the carbon
present in the substrate to form silicon carbide (SiC) composite. After removal of the
samples from the furnace, the substrates were separated from the felt-wicks. The
substrates achieved from this capillary effect were examined for the density
measurement. A porosity and density of the substrate before and after the capillary
13

SUBSTRATES
effect is illustrated in the Table 3. The density of the substrate increases as the silicon
layer covers the pores in the substrate. Because of the pores, the surface roughness was
high however, after the siliconization the surface roughness values decrease sufficiently
as silicon layer cover these pores.

P77

Density
before
[g/cm3]

Porosity %
before

Density
after
[g/cm3]

Porosity %
after

Ra [µm]
after

H01-63,64
H02-34,35

0.77
0.75

51.0
48.4

2.88 – 2.90
2.86 – 2.61

3.7 – 4.0
3.4 – 3.8

8.0 – 8.3
7.5 – 8.4

Table 3: Density and porosity results yielded before and after the siliconization process by capillary effect
of the batch P77 for the substrates number H01-63 and 64, H02-34 and 35 [14] .

The samples “H01-1, H01-5 and H01-9” in the P77 batch of substrates siliconized by
capillary effect resulted the density 2.80 g/cm3. However, a strong deflection and
roughness was observed after the process. The roughness and silicon layer thickness by
capillary effect are shown in Table 4. Additionally, a micrograph of the substrate from
the batch of P77, siliconization by capillary effect is shown in the Figure 2-7 [13].

Substrates
H01-01
H01-05
H01- 09

Ra [µm]
6.45
7.86
6.1

Thickness [µm]
1.11
0.865
0.63

Table 4: Roughness and flatness regarding the thickness of layer [14].
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Figure 2-7: The micrograph illustrates the siliconized sample prepared form the process of capillary effect
whereas, the bright area represent silicon, dark area represents uninfiltrated area and grey area is silicon
carbide SiC [14].

The brighter area over the substrate represents the silicon, while some part of the
substrate was not fully infiltrated by the silicon as shown in the Figure 2-7, by darker
area (carbon). The grayish area shows the sample consists of silicon carbide SiC
composite. The silicon carbide composition forms when the molten silicon reacts with
the carbon present in the substrate.

2.6.2 CVD-SiC Coating
The silicon carbide SiC is a wide band gap semiconductor and has the potential to act as
a very good diffusion barrier. This diffusion is required to seal the biologically derived
substrate to prevent out-diffusion of impurities into the silicon layer. This process is
carried out by a chemical vapor deposition system in an inert gas atmosphere to prevent
from oxide formation over the layer. The silicon carbide layer is deposited by hot wall
chemical vapor deposition system, having a graphite reaction chamber at ZAE-Bayern in
Erlangen. A graphite holder is used to carry the substrates into the chamber for sealing.
The precursor gas used for processing contains nitrogen and methyltrichlorosilane
CH3SiCl3 with gas flow rate of ca. 50 slm, whereas hydrogen is used as carrier gas with
15
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flow rate of ca. 0.5 slm. The purpose to use nitrogen gas is to introduce doping in the
silicon carbide layer, which enhances the conductivity of silicon carbide layer. An
additional gas BCl3 is mixed to control the resistivity of the layer. During the process the
chamber pressure in maintained at ca. 1 bar (atmospheric pressure). The temperature
range for deposition SiC layer is ca. 1200 °C or 1300 °C [5].
The batch of P60 substrate, sealed by SiC layer was produced at Schunk but the actual
process technique is confidential and we are expecting a similar post treatment
technique used for the low cost biologically derived substrates. The samples processed
by this technique of silicon carbide deposition have shown slight deflection in curvature
after the process of SiC coating. The density of the substrate increases as the silicon layer
covers the pours of the substrate. Because of the pores, the surface roughness was quite
high however, after the silicon carbide layer deposition, the surface roughness values
decrease. The density value before and after the siliconization process for the substrates
is listed in Table 5.

P60 CVDSiC
H01-63 – 64
H01-63 - 64

Density
before
[g/cm3]
0.77
0.75

Porosity %
before

Density
after
[g/cm3]
1.17 – 1.19
1.04 – 1.05

5.01
48.4

Porosity %
after

Ra [µm]
after

30 - 35
37.3 – 38.3

2.3 – 3.2
2.78 – 2.83

Table 5: Density and porosity values before and after the siliconization process by capillary effect for the
substrates number H01-63 and 64, H02-34 and 35 [14].

2.6.1 Pack cementation
Pack cementation is an economic process for the deposition of high temperature
coatings by the reactive conversion of the substrate. The pack cementation process was
employed to siliconize the densified pours substrate by embedding in powder. The
substrate from this post treatment is categorized as PZ batch of substrates. It is a
confidential post treatment recipe from Schunk that is why detailed information is not
available. The pack cementation process was carried out by using the silicon and SiC
powder filled into a crucible as shown in the Figure 2-8. All the substrate samples were
inserted into silicon and silicon carbide bulk pack of powder.
16
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Figure 2-8: Embedding of the substrates in the packing material into a pre-silicated crucible. The
substrates presented in the figure contains high porosity [14].

After finishing this step, the crucible is totally sealed with another crucible in order to
prevent the packs from oxidation. Afterwards the crucible is inserted into a high
temperature furnace. The process of growing SiC layer on the substrate is done by
diffusion. The silicon containing vapor are generated from silicon pack and then the
diffuse in gas phase. The carbon or silicon diffuse in the silicon carbide layer and silicon
reacts carbon to form SiC composition at the pours substrate internal and external
interface for more details see [15]. A similar process of siliconization by pack
cementation conducted at 1600 °C. The micrographs of the substrate’s surface after pack
cementation process are presented in Figure 2-9.
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Figure 2-9: SEM-image of HGF2 siliconized substrate by pack cementation. a) silicon carbide surface, b)
SiC layer thickness over biologically derived substrate [14].

These micrographs were taken by scanning electron microscope, (a) demonstrates the
surface of silicon carbide, that yielded from pack cementation process and the surface
elevation is clear in the micrograph. Whereas, (b) the dark phases represents the very
porous structure and the bright phases of the substrate represents silicon carbide layer
that bounds the reactive carbon body very firmly and have thickness range from 28 µm
– 58 µm. The method of pack cementation is a valuable alternative to the chemical vapor
infiltration (CVI) [16] techniques with respect to the layer formation.
The processed samples form pack cementation siliconization process were investigated
by the secondary–ion mass spectrometer (SIMS) [34], for the investigation of impurities
present in the silicon powder such as iron as shown in the Figure 2-10. The spectrum
contains the information about several elements present with silicon, carbon and
oxygen. The peaks of sodium, iron, magnesium and lithium are the impurities.

18
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Figure 2-10: Mass spectrum by secondary–ion mass spectrometer (SIMS) The (SIMS) spectrum shows that
in addition to silicon, oxygen and carbon peaks, alkali and alkaline earth metals are also present in the
substrate layer. Several order of counts magnitude are used in SIMS, in order to increase the sensitivity of
elements which results that even minimal impurities in the sample in the spectrum leads to significantly
high peaks [14].
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SILICON PHOTOVOLTAIC CELLS

Most silicon solar cells have the following structure as shown in the Figure 3-1. The base
is the starting material (substrate) used to fabricate silicon solar cells by formation of
further active layers. In most of the cases where an n-type semiconductor encounters a
p-type semiconductor, a pn-junction is formed. In thermal equilibrium, there is no net
current ﬂow and the Fermi energy must be independent of position. There is a
difference in concentration of holes and electrons between the two types of
semiconductors, the diffusion of holes occurs from the p-type region into the n-type
region and similarly, electrons from the n-type material diffuse into the p-type area. As
the carriers diffuse the ionized acceptors in the p-type material and ionized donors in
the n-type material are uncovered that is, no longer screened by the majority carrier. As
these impurity charges are uncovered, their produced an electric ﬁeld that limits the
electron and hole diffusion. In thermal equilibrium, the diffusion and drift currents for
each carrier type is exactly balance, so there is no net current ﬂow [17]. The transition
region between the n-type and the p-type semiconductors is called the space-charge
region. The space-charge region with the width ‘w’ extends into the p-type region and
practically this thickness is in µm. And ‘xj’ and ‘xj + w’ are potential depth of the p-n
junction. So that for the entire layers of solar cells the crystal thickness ‘H’ is
approximately 200 µm [18].

Figure 3-1: Cross-section of a silicon solar cell. Simple solar cell structure used to analyze the operation of
a solar cell. Free carriers have diffused across the junction (x = 0) leaving a space-charge or depletion
region practically devoid of any free or mobile charges. The ﬁxed charges in the depletion region are due
to ionized donors on the n-side and ionized acceptors on the p-side [18].
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The basic solar cell structure is shown in Figure 3-1. It is simply a p n-junction diode
consisting of two quasi-neutral regions on each side of a depletion region. Typically, the
highly doped region is called the emitter, the n-type region and the less doped region is
called the base, the p-type region [18].
The charge carriers either generated in the space-charge region or at a distance of one
diffusion length from the p-n junction contribute to current generation. Only this region
of a solar cell is active. Corresponding to charge carrier distribution their shown a graph
in Figure 3-2.

Figure 3-2: Charge carrier distribution for an illuminated solar cell. And xl and xr are the potential
difference in between them the space charge region [18].

When the light from the sun irradiated on a silicon n-p junction, the photons of light
generate electron-hole pairs. Therefore, the electric field in the depletion region where
the electric field motivates the holes to the p-type side and electrons to the n-type side.
During this, most of the holes and electrons are separated from each other before they
start to recombine [19].
The efficiency of photovoltaic cells depends on the relationships in between the energy
of the photons and band gap energy of the semiconductor. Photons in the visible and
ultra-violet light have energies larger than the band gap energy of the silicon, so with the
electron-hole pair generation only portion of their energy is converted into electrical
energy. Photons in the near infrared with wavelengths 0.7 µm to 1.1 µm have energies
slightly higher than the band gap energy, so most of their energy is converted into
electric energy. Near infrared photons with wavelengths higher than 1.13 µm have
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energies less than the energy gap and cannot produce electron-hole pairs, so they cannot
produce electrical energy as an output of the solar cell [20].

3.2

SOLAR CELLS FABRICATION

3.2.1 Crystalline Thin Film Silicon Solar Cell on Foreign Substrate
The biologically derived substrates have been manufactured for the fabrication of low
cost and efficient, thin film crystalline silicon solar cells. In the solar cell fabrication
process, chemical vapor deposition is employed for silicon and silicon carbide layers
deposition. While, the grain size of the silicon layers were enlarged by zone melting
recrystallization. The layer deposition schematic for thin film crystalline silicon solar
cells fabrication on biologically derived substrate is illustrated in the Figure 3-3 .

Figure 3-3: Schematic of thin film silicon layers deposition on biologically derived substrate [1].
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SiC barrier layer

The size of processed substrate was ca. 100 x 100 mm2. Initially, a full encapsulation
with silicon carbide SiC barrier layer with hot wall chemical vapor deposition (CVD) is
deposited at the atmospheric pressure. This encapsulation avoids both out-diffusion of
impurities from the substrate and excessive incorporation of chemicals during wet
process steps, such as removal of SiO2 layer after zone melting recrystallization (ZMR).
For the deposition of SiC barrier layer, the nitrogen, hydrogen and methyltrichlorosilane
(MTCS) CH3SiCl3, were used as precursor gases and during the process, the temperature
was maintained at 1200 °C to 1300 °C. During the process, the nitrogen was used to
obtain sufficient conductivity of SiC barrier layer and this barrier layer provides an
adequate electrical resistivity for an electrical connection. The sketch of hot wall CVD [5]
is illustrated in the figure 2-4.

Figure 3-4: Sketchof hot wall chemical vapor deposition system operational at ZAE-Bayern, ErlangenGermany. System is capable of processing several substrates simultaneously at 1200 °C to 1300 °C [5].

Si-Seed layer

The step after encapsulation of SiC barrier layer is the deposition of 20 µm thick silicon
layer by employing Convection assisted Chemical Vapor Deposition (CoCVD) [20]. In this
system the flow of gas is enhanced and stabilized by thermal convection. The convection
is governed by the reactor inclination angle α. In this process, borontrichloride (BCl3)
gas is used for boron doping, to attain an acceptor concentration of 4 x 1018 cm

-3.

Although, other precursor gases such as hydrogen and trichlorosilane (TCS) for silicon
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deposition were also used. A schematic illustration of CoCVD system is shown in the
figure 2-5.

Figure 3-5: Sketch of convection assisted chemical vapor deposition (CoCVD) process at ZAE-Bayern,
Erlangen [8] .

Zone melting recrystallization

The zone melting recrystallization is used to increase the grain size from the micron
range to several hundred microns. This system consists of an elliptical reflector with a
halogen lamp to focus the heat radiation on a line on the substrate. There is also a linear
array of halogen lamps (base heaters) to maintain the homogeneity of temperature of
the substrate. The halogen lamp focuses the heat radiation on the silicon layer and melts
a narrow region of silicon film, which is deposited onto high temperature sustaining
foreign substrate. The recrystallization process for silicon by zone melting
recrystallization (ZMR) [6] is shown in the Figure 3-6.

Figure 3-6: Sketch of zone melting recrystallization process. [6].
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To avoid the balling up and a direct contact of molten silicon during zone melting
recrystallization, a capping layer of silicon dioxide SiO2, is deposited by plasmaenhanced chemical vapor deposition (PECVD) [21]. The zone melting recrystallization is
a key technology used to convert the deposited (amorphous or monocrystalline) layer
into larger crystal grains, and to achieve higher cell efficiency. After the ZMR, the grain
structure contains few grain boundaries (GB) and higher density of twin boundaries
(TB). These twin boundaries exist in stripes which are parallel to the growth direction
and perpendicular to the surface layer with the width of 1 to 100 µm as shown in the
Figure 3-7 [22].

Figure 3-7: Whereas the twin boundaries (TB) and grain boundaries (GB) are indicated by arrows in the
micrograms taken by electron beam induced current (EBiC) and scanning electron microscopy of same
region [11] .

The twin boundaries are electrically inactive and have no recombination; therefore, they
are not seen by the electron beam induced current (EBiC) measurement. The only
identified locations of enhanced recombination result from non-twin grain boundaries.
Epitaxial Layer

Epitaxial growth or epitaxy is the process of growing a non-volatile, thin solid layer with
a specific grain orientation. This layer is multi-crystalline silicon grown over a multicrystalline substrate. Epitaxial growth is usually achieved by using chemical vapor
deposition (CVD). Specifically, in our process of layer formation a 20 µm thick epitaxial
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silicon absorber layer is deposited by the identical process of convection assisted
chemical vapor deposition (CoCVD) over the recrystallized silicon layer p+ layer [23].
Here, the boron doping concentration level is 2 x 1016 cm-3.
Afterwards, the back contact is formed by aluminum deposition by electron beam
evaporation with the emission rate of ca. 360 mV to 400 mV and the deposition rate of
ca. 12-18 nm/s. The emitters are formed by spin coating. The liquid phosphorus is
poured over the vacuum chucked wafer that spins at 2000 rpm/s and afterwards the
layer is dried on a heating plate and then the emitter is formed by diffusion in a rapid
thermal furnace (RTP) [24].
After diffusion of emitters, the oxide layer is removed by etching in 5% HF solution and a
step of edge isolation is done by laser structuring [25]. The edge isolation is used to
avoid electrical connection of the emitter to the backside contact or to the defect-rich
wafer edge. The final steps of fabrication are front contact formation by deposition of
Ti/Pd/Ag by electron beam evaporation and the coating of anti-reflective layer is
deposited by (PECVD) of silicon nitride (SiN) as shown in the Figure 3-8.

Figure 3-8: (a) Sketch of plasma enhanced chemical vapor deposition( PECVD) system [26], (b) A
photograph of SiN anti-reflection coating on a solar cell fabricated over foreign substrate with the
dimensions of ca. 100 x 100 mm2 [1].
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IMAGE FORMATION

An image of an object is a graphical representation of the spatial distribution of several
properties of that object. The crucial point for the formation of image is that there
should be an interaction of the object with a matter or radiation of specific wavelength
and the wavelength should be smaller or comparable to the feature size to be
differentiated [27].
4.1.1 Abbe’s theory for image formation in microscopes
Principles of microscope, objective lens design, the theory of image formation in the
microscope, and standardized lens manufacturing procedures all trace their beginnings
to the work of Ernst Abbe and his collaborations with Carl Zeiss in Jena, Germany, in the
1860s [28].
According to abbe’s theory, the interference between the higher order and 0 th order
diffracted rays in the plane of image create image contrast and spatial resolution, which
could be specified by the objective lens to collect these diffracted orders. For any object,
it is necessary that at least two diffraction orders of light should be captured by the
objective to form an image. If the lens collects light from single diffraction order, no
image will be formed, because no interference occurs between the orders.
The object contains periodic detail, which causes diffraction and interference to form an
image. As illustrated in Figure 4-1, a diffraction grating with periodic spacing in
between them and irradiated by a beam of light. The wave fronts of the light diffracted
by the periodic spacing will be captured by the objective lens that form image on the
image plane at certain angle.
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Figure 4-1:Abbe’s theory of image formation in a light microscope [29].

According to Abbe’s theory for image formation in a light microscope, an objective lens
focused on a grating (2f > a > f) in the object plane produces a magnified real image of
the grating in the image plane. The diffraction plane is located at 1fin the back aperture
of the lens. An incident planar wave front is shown in above Figure 4-1 . Diffracted nthorder and non-diffracted 0th-order rays are separated in the diffraction plane, but are
combined in the image plane. The deviated and un-deviated components interfere with
each other and form the image in the image plane, with different amplitude of the
resultant waves. Abbe demonstrates the image having at least two different orders
cause interference and form image as shown in Figure 4-2.

Figure 4-2: Image by interference of diffracted light by the objective lens [29].

Where in the above figure, (a) no diffraction order occurs and neither the objective
captures any rays, (b) their forms no image as all rays are reflected, (c) 0thorder and the
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first order are collected by the objective and their forms an image. Whereas in (d),
several diffraction orders leads to a higher resolution image formation, as there are high
number of diffraction orders present.

4.2

REQUISITES FOR IMAGE FORMATION

4.2.1 Illumination
In the microscopes, the illumination is done by the emission of photons of light over the
specimen, in an optical microscopy the illumination source contains several
wavelengths range in between the ultraviolet (~250 nm) to the far infrared (~3
µm)range. In light microscopes, the commonly used illumination source is a filament
incandescent lamp. The emitted light from these lamps is incoherent light.
By introducing variations in the arrangement of illumination, several observation
geometries could be possible and these geometries serve as the modes of illumination.
Each of the modes is reserved for specific purpose. For instance, ‘Dark field’ is a mode of
illumination, which can be achieved by the illumination from one angle and observation
from another. Another mode is ‘Bright filed’ illumination mode, in this mode the sample
is illuminated in transmission or reflection direction from many illumination pints. So in
result of it the non-scattered background light and scattered light passes the objective
lens and a bright field around the object forms.
4.2.2 Numerical Aperture
The formation of image is in fact done by the diffracted rays, from the specimen which
are afterwards collected by the objective lens with a large angle and gives a higher
resolution image. In the light microscope, angular aperture is determined by the
numerical aperture (NA) as described in the following Equation 1.

(1)

29

MICROSCOPY TECHNIQUES

30

The light from the objective lens at certain conical angle with respect to the specimen is
described by the angle θ, and the refractive index ‘n’ of the region in between the lens
and specimen. The numerical aperture depends on the wavelength 𝜆 and the ’sine’ of the
half angle θ of cone of illumination. If we consider the dry lenses, they have limited
numerical aperture as they can capture the ray of light at the angle of 41° but the ray
with higher angle misses the effect of total internal reflection and cannot enters the
objective lens. Practically ~ 72° is a limit for the dry lenses that corresponds to the
numerical aperture of 0.95.

4.2.3 Depth of focus
Depth of focus or depth of field (z-axis) in the plane of object is a measure of thickness
of the optical section in the z-axis, where the specimen or sample is in-focus. The
calculation of depth of focus is described in Equation 2.

(2)

𝜆 is wavelength of the light in air, n is refractive index of the region encapsulated
between the object and the lens and NA is numerical aperture for the objective lens. As
well, the correlation of these parameters could be determined from the following
Equation 2, the aperture angle “NA” will be high then the depth of focus will be shallow.
The detail for the depth of focus with respect to certain numerical aperture with various
objective lenses is mentioned in the Table 6.

30

MICROSCOPY TECHNIQUES
Magnification

Objective
Type

5
10
20
25
40
40
60
60
10

Achromat
Achromat
Achromat
Fluorite
Fluorite
Fluorite
Apochromat
Apochromat
Apochromat

31
Medium
Refractive
index (n)
1
1
1
1.515
1
1.515
1
1.515
1.515

Working
Distance
(mm)
9.9
4.4
0.53
0.21
0.5
0.2
0.15
0.09
0.09

Numerical
aperture
NA
0.12
0.25
0.45
0.8
0.75
1.3
0.95
1.4
1.4

Dmin(µm)

2.80
1.30
0.75
0.42
0.45
0.26
0.35
0.24
0.24

Depth of
Focus
(µm)
38.19
8.80
2.72
1.30
0.98
0.49
0.61
0.43
0.43

Table 6: Depth of focus regarding specific objective types along there is also described magnification M,
numerical aperture NA, working distance WD,minimum resolved distance dminand the refractive index of
the objective lens. Depth of field or focus is calculated as n𝛌/NA2 [29].

4.3

LIGHT MICROSCOPE

For the formation of image in the optical light microscope, two of the components of
microscopes are of significant importance. First, the objective lens collects the diffracted
light from the sample specimen to form a real and magnified image at the real plane of
eyepiece. Secondly, the condenser lens focuses the light from light source to the
objective lens over the specimen. There exist several other components in microscopes
like tube and eyepieces, lamp collector, filters, polarizer, retarders and microscope
stage. Over the stage, the specimen is placed and magnified image is formed as shown in
Figure 4-3.
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Figure 4-3: Working principle of light optical microscope, magnified realimage formation of object in
retina is shown by ray tracing [29].

4.3.1 Koehler Illumination
There is a standard for illumination in light microscopy introduced by August Koehler in
the year 1893 during his university period as student with his instructor at Zoological
Institute in Giessen, Germany [29].
Köhler illumination is based on the proper positioning of different optical components
such as light source, sub-stage condenser, ocular, objective lens and lamp condenser as
shown in the Figure 4-4.
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Figure 4-4: Optical configuration of reflected illumination optical system [30].

This reflected illumination optical system as shown in the Figure 4-4, configures the
Koehler illumination system and it forms a light source image at the position of the
aperture stop with the light beam emitted from the light source through the collecting
lens. This light source image as the secondary light source is focused on the pupil
position of the objective lens by passing through the field stop and field lens and
reflecting with the half mirror half-transparent mirror arranged at an angle of 45
degrees with respect to the optical axis. With this image as the light source, the objective
lens itself plays a role as a condenser and illuminates the specimen plane. The light
beam reflected on the specimen plane passes to the image forming optical system
through the half mirror after passing again through the objective lens [30].
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CONFOCAL MICROSCOPE

Confocal microscope is one of the most promising tools for microscopic inspection.
Marvin Minsky, in the year 1955 invented the confocal microscope and his patent for
confocal microscope scheme was published in 1957 [31]. During his postdoctoral
fellowship at Harvard University, United States of America, he was examining neuronal
cell’s interconnection by means of conventional light microscope. He noticed blueness
in the image and was unable to distinguish the cells that was due to enormous light
scattering from the specimen. To avoid such problem he introduced the confocal
concept. He presented a zirconium arc light source that focuses the light, which travels
through a pinhole in front of the illumination source onto a specimen [32]. A condenser
lens was placed to focus the light coming from the pinhole, to a diffraction-limited spot
on the specimen. In addition, the irradiated focus light from the specimen is collected by
the objective lens that forms an image on the photo detector. The basic scheme of
confocal microscope is shown in the Figure 4-5.

Figure 4-5: Minsky’s confocal microscope design.Condenser lens forms a focused spot of light from the
light source onto object and the objective recieves the light form object spot onto photo detector through
the detector pinhole [32].

4.4.1 Advantages of Confocal System
Confocal technology in microscopy dominates the conventional light microscopy
regarding some aspects that includes the non-invasiveness, non-destructive, elimination
of out of focus light rays from the specimen, shallow depth of focus, and capability to
collect a series of optical sections to from a three dimensional image. In conventional
microscopy, the simultaneous illumination of entire field of view of the object will excite
the emission or reflection throughout the entire depth of the object, rather than just at
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the focal plane. The image formed by the collection of light by the objective lens from
top and bottom section of the focal plane took apart to the out of focus-emitted rays of
light and dramatically degrades the contrast and sharpness. In the case of confocal
microscope, this phenomenon is performed in section by systematic section focusing
and recombining at the end. Some out-of-focus rays also occur because of scattering in
the optical instrument that can be block with the pinhole aperture. By using such
strategy in confocal microscope enables to attain high yield in contrast, signal to noise
ratio in image formation and increases the lateral. The confocal microscope used for
characterization of biologically derived substrates has a structured pattern consisting of
a set of parallel slit instead of a single pinhole. A charge couple device CCD detects the
light intensity passes through the confocal aperture. The system looks for confocal
information in all points contained in each line by utilizing the digitalized information in
each pixel of the charge couple device. This arrangement enables the system to obtain
confocal information from thousands of points per second [33].

4.5

SCANNING ELECTRON MICROSCOPE

The Scanning electron microscope SEM is a special microscope that is capable of
capturing the image by surface scanning a high-energy beam of electrons in a raster
scanning pattern. In the SEM, electrons make an interaction to the atoms of material
surface and built up signals from the surface, which contains information of the surface
topography, composition and electrical properties. The electron microscopy can deliver
high-resolution images in comparison to the conventional light microscopes. The major
components of scanning electron microscope are illustrated in the Figure 4-6.
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Figure 4-6: Schematic diagram of the scanning electon microscope’s basic components arrangenent [34].

A vacuum ambient is essential because in the presence of some other molecules the
electron beam can disperse very rapidly due to the collision with the molecules. The
electron beam is generated by the high voltage present between filament and the anode
and the that generates an illuminating electron beam which is also known as primary
1° electron beam [34]. This beam of electron is manipulated by a set of electromagnetic
lenses and coils that are fixed in the column of microscope to control the position, size,
shape of the beam. When the beam interacts with the surface, several detectors detect
the interaction, In-lens detector and the secondary electron detector. The detection of
signal initiates when electrons beam penetrates a specimen, where it travels through
the specimen and is scattered (back scattered electron). These back scattered electrons
are detected by the In-lens detector. When the primary beam hit the surface, it creates a
reaction vessel zone, which is like a teardrop where scattering takes place as illustrated
in Figure 4-7. If the reaction vessel is small then we can get a better resolution but if it is
lager then it will give high signal intensity. The volume of the reaction vessel depends
on the acceleration potential of electrons, atomic density and topography of the
specimen. In the reaction vessel, the events like backscattered electrons, X-Rays,
secondary electrons, visible light, induced current and transmitted electrons also
occurs.
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Figure 4-7: Formation of teardrop shaped reaction vessel [34].

An important step in SEM microscopy is detection of signal, which is done by means of
secondary electron detector that consists of a Faraday Cup that is a cylinder with a
Scintillator in it. Where a voltage about 200 Volts applied for the attraction of emitted
secondary electrons. When the emitted electrons enter the ring or faraday cup, the
secondary electrons are accelerated by applying about 10 kilovolts potential on the
Scintillator as shown in the Figure 4-8.

Figure 4-8: Scheme of secondary electron detector [34].

The purpose of Scintillator is that it generates photons when the secondary electrons
from the surface come towards it. Afterwards, the generated photons travel through the
light tube into a photomultiplier, which is used to amplify the photons for the detection.
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ROUGHNESS MEASUREMENT

Surface roughness is defined, as the finer irregularities present in the surface texture.
The surface roughness and waviness are considered as the components of surface
texture. The surface roughness is a deviation along vertical axis from its mean value. If
this deviation is high then, the surface will be considered as rough [35].
Optical Instruments

A beam of electromagnetic radiation can be reflected off a surface in three different
ways: specularly, diffusely, or both [36]. As illustrated in the following Figure 5-1.

Figure 5-1: Modes of Reflection for roughness measurement by optical instrument : (a) Combined
Specular and Diffuse (b) Specular only (c) Diffuse only [37].

Depending on the surface roughness, radiation of a certain wavelength may be reflected
specularly, while radiation of another wavelength may be reflected diffusely. Thus, the
amount of specular and diffuse reflection can be used to determine surface roughness
[37]. An image of a slit is projected onto the object’s surface and at the specular
reflection angle; the objective lens captures the image. The image obtained will be
straight if the surface of the specimen or object is smooth. However, an undulating
pattern will be detected if the surface is rough.
38

EXPERIMENTAL TECHNIQUES

39

5.1.1 Surface Roughness Measurement
To acquire information about the surface quality of semi-finished photovoltaic products,
the siliconized samples were investigated by optical confocal microscopy to obtain the
surface roughness values Ra of the substrates as well as the peak-to-valley values (PVvalues). The PV value defines the difference in height between the limit of highest peak
and the lowest valley of surface. Roughness values are significant for the deposition of
silicon active layer to fabricate solar cells. If the substrate surface has high roughness
values then after the process of recrystallization by zone melting recrystallization (ZMR)
some peaks will not be covered by silicon. After the recrystallization another silicon
layer is grown on the surface for example an epitaxial silicon layer by convection
assisted chemical vapor deposition CoCVD. The epitaxial layer will grow with the same
crystal orientation as the seed layer. However, at the peaks not covered by a seeding
layer a nano-crystalline silicon layer will be obtained. This results in a high
recombination at that region because of grain boundaries.
To determine if substrates are suitable for cell processing the roughness Ra values and
peak-to-valley values PV values have to be investigated. For this purpose confocal
microscopy was used.

5.1.2 Experimental Device Employed
The system used to study the roughness Ra and peak-to-valley value PV measurement
was a confocal microscope by Nikon, Eclipse L150, Japan shown in the figure 4-11. In
this novel system, the pinhole is replaced by a structured pattern consisting of a set of
parallel slits, and the light intensity passing through the confocal aperture is measured
by charge-coupled device (CCD). In spite of point-by-point confocal information
acquisition, this system visualizes all points connected together in each line. This
scheme enhances the collection of image information up to several thousand points per
seconds. That enables the system to capture appropriate values of roughness and peakto-valley values with a three dimensional model of the material as shown in following
Figure 5-2.
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a)

b)

Figure 5-2: (a) Nikon Eclipse L150 with CCD camera at ZAE-Bayern, Erlangen and (b) is a three
dimensional image taken from a forign substrate with 50x objective lens and the sections acquization is
clearly seen in the picture.

5.1.3 Image Reconstruction
The Acquisition Window or Main Window

The acquisition screen is present to visualize the sample placed in the right position
under the microscope objective and to select the acquisition and view parameters before
starting the measurement for topographic profile. The acquisition parameters enable us
to select the right objective, depth-of-focus and measurement parameters like
topography [33]. In addition, the motorized control sample table is controlled by a
joystick or by navigation on the screen to place the sample at proper position under the
objective. The display area shows the live image captured by the CCD camera. The
picture acquire from CCD camera allows to use this live image to focus on the sample. A
screen shot of the acquisition window is shown in Figure 5-3.
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Figure 5-3: Plµ acquisition screen shot, where you can control the parameters of acuisition, light intensity,
axis and focus [33].

Display Window

Once a measurement has been acquired or a previous one has been loaded, the PLµ
software switches automatically to the display and analysis screen as illustrated in the
Figure 5-4. In this window, we can look at the results in two or three dimensioned
images, with different colors, zooms and scales. The display window is used to select
how the results will be displayed. You can choose among 3D Isometric or 2D Profile for
measurement [33].
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Figure 5-4: Plµ display window for any area examined to acquire its numerical information like roughness
Ra values and PV value peak-to-valley values.

The measurement of a selected area of substrate is shown in the Figure 5-5, that
describes the selected pixel size of that area, which is in our case 762 x 560 data points.
The objective used at that moment is “10x” and depth-of-focus (Z-Scan) is 400 µm. The
“display area” enables us to analyze the results regarding another aspect like “profile
view” of the substrate from a particular “selected area” or “full area” as shown in the
Figure 5-5.
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Figure 5-5: The profile window for the sellected region from the whole area of meaurement.The small
black line in the smal red box of “Selection Region for Profile” means that the graph in the “profile” big red
box represents that area which is selected by that selected line by the user in the small red box.

Three Dimensional Display Window

The 3D view display let the user choose the isometric view layout. The surface can be
rotated, translated or scaled just by clicking and dragging on the screen. There are also
predefined views and three different types of Z-scaling: compressed, normal and
extended [33]. A three dimensional view of a particular region is shown in the Figure
5-6.
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Figure 5-6: Three dimentional image taken by confocal microscopy from the reconstrucion aid of Plµ
software.

5.2

EXPERIMENTATION BY CONFOCAL MEANS

The experiment was performed to characterize the biologically derived substrates to
extract the parameters that are necessary for the surface characterization. For the
confocal information acquisition, a three-dimensional reconstruction of the surface
region was done by the scans, to extract the values of surface roughness Ra value and
peak-to-valley PV-value. The Ra values are in fact, equivalent to mean roughness values
as described in the Equation 3, Refer to DIN-4768. It is an arithmetic average of all the
deviations yielded from the mean plane within the regime of measurement of surface
roughness [37].
∫ |

|

(3)

The Ra could also be elaborated by a roughness graph as shown in , which clearly
explains the definition of roughness as described in the Equation 3. Where Z(x) is an
absolute value and L is the sampling length.
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Figure 5-7: Arithmetic average roughness Ra

Another surface property is the peak-to-valley PV value. Which is the measurement of
the difference between the actual surface of the object and the surface it would has if it
was defect-free. This is the difference between the highest and lowest parts on the
surface of the object, those high and low parts of the surface define the local difference
between the actual object and the ideal object.
These two parameters Ra and PV are important because the negative impact of the
surface can cause many issues regarding the further processes like silicon deposition
and recrystallization.

5.2.1 Scanning Criteria
The measurement of Roughness Ra and peak-to-valley PV values for the biologically
derived substrates were performed by placing the substrate on an automated motor
controlled sample table, which is controlled by the joystick that enables the sample table
to move in the X-axis and Y-axis with respect to the proper position of objective lens.
The substrate is placed at a reference point under the objective. The reference point is
an edge of the substrate as mentioned in Figure 5-8. The substrates are much larger than
the measurement window of the microscope. To get representative values for each
substrate measurements were taken within windows located at 5 predefined positions,
which will be defined in the following. The reference point is in the upper right corner of
45

EXPERIMENTAL TECHNIQUES

46

a substrate. The measurement positions 1-5 and its respective coordinates are shown in
Figure 5-8. The accuracy of positioning was ± 2 mm.

Figure 5-8: Scanning criteria for confocal measurement of substrate

The scans were performed on both front and rear side of the substrate, in the above
Figure 5-8, the mark of sample number H02/170 is considered as the front side of the
substrate. The measurements with various substrate batches were performed with two
different magnification objectives 10x and 20x. All the substrates were studied by same
sets of parameters such as speed factor, Z scan range. The light intensity were taken
same for all the measurement. Firstly, the measurements with 10x objective were
performed and then at the same spot the objective was changed to 20x. The roughness
values Ra and the peak-to-valley values PV, from the five positions of area irradiated has
yielded from every sample of each batch like P70, PZ, P60 and SiC paper substrates. The
detail of all the substrate batches with their respective roughness Ra and peak-to-valley
PV values are specified in the Appendix C-E. Perhaps the reader can use the roughness
Ra and peak-to-valley PV values for further manipulations.

5.2.2 Scanning Parameters
The first priority to select the parameters for confocal image acquisition was the proper
choice of an objective lens. For this study 10x objective was the most suitable choice for
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acquisition of image with respective Ra and PV values. When we measure a surface, we
have a primary profile that contains roughness and waviness. The roughness can be
distinguished from the waviness. To distinguish both a wavelength is needed to separate
them. The roughness are high frequency and waviness are low frequency components.
For some applications a standard is used to separate these components (such as e.g. DIN
EN ISO 4288:1998). So far, for our biologically derived substrate investigation no
standard was applied. Nevertheless, the selection of a measuring distance involves an
implicit filtering. To understand this phenomenon a sketch is shown in Figure 5-9.

Figure 5-9: Unfiltered profile representating the roughness and waviness different profiles.

In our case the filtration is done by selection of small area of measurement. As seen in
the Figure 5-9, d1 represents small measurement area, where the wavelength 𝛌 ≳ d are
effectively filtered out. This phenomenon is called windowing effect. Due to this effect,
the roughness values are higher for higher distance values. Particularly, this will affect
the peak-to-valley values. For the substrate characterization, the 10x objective was
selected because of windowing effect. Therefore, the measured peak-to-valley values are
strongly dependent on the magnification.
After the selection of suitable objective, the area and length window has been used to
select the size of the area of topographic region that also includes the surface and
thickness. For all samples, a standard has been maintained by considering the area
window of 768 x 576 pixels for topography with 10x and 20x objective lenses, 768 x 576
pixels was the highest possible resolution available for the confocal imaging. After the
suitable selection of these parameters, the Z-scan-range adjustment was crucial
parameter for confocal imaging. The main purpose of the Z-scan-range is the selection of
the direction, length and speed of the scanning of the sample along the z-axis. For the
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single Z scan, the most useful scanning option is ‘symmetrical’. By employing this option,
the focus of the sample occurs right in the middle point between the most out-of-focus
part and the in-focus part of the substrate. There are two other scanning options for Z
scan, that are ‘upwards’ and ‘downwards’ scanning direction. However, the symmetrical
scanning focus the object in the middle point between two interfaces of that object. It is
significant to ensure enough Z range for a Z-scan displacement. If the range is two broad,
the acquisition will waste a lot of time and measurement obtained will have lower
resolution. If the range is too short then the measurement will be without confocal
information.

5.2.3 Full Area vs. Line Scan
Conventionally the roughness is measured by using a mechanical contact instrument. A
needle probe measures the surface roughness with a line scan. However, an optical
microscopy enables both the line scan as well as the full area measurement. The purpose
of this study is to use the advantage of optical microscopy which enables us to measure
precisely both by line scan on selected region of the surface as well as it measures the
full area illuminated. Therefore, a study was performed to analyze the Ra and PV values
by a line scan and full measured area. For this purpose SiC paper substrates were
examined for the measurement for Ra and PV values. Both of these parameters were
studied through a “full measured area” and a “selected profile area or line scan”. In the
Figure 5-10. The micrograph for “full measured area” and a profile for “selected area”
are illustrated to understand the behavior of Ra and PV.
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Figure 5-10: The microgram (left) represent a full measurement area for Ra and PV values measurement
and the graph shows the profile of a selected line (white) region measured by 10x objective lens .

It is possible to extract values of the roughness Ra and peak-to-valley PV values from a
“full measurement area” and over a “selected region” (a white line) as shown in the
Figure 5-10. The Roughness Ra and peak-to-valley PV values for both regions are
described in the following Table 7.

Substrate Nr.
KP01-27

Ra [µm]
Full Measured
Selected Profile
Area
Area
6.43
5.104

PV [µm]
Full Measured
Selected Profile
Area
Area
199.262
57.2

Table 7: Full measured area and selected profile area for the measurement of R a and PV values at position
one of SIC paper substrate number KP01-27.

Mentioned values of Ra and PV were extracted by using 10x objective of confocal
microscope. However, the same area was also measured with a 20x objective. The
micrograph and profile for the measurement by 20x objective are shown in Figure 5-11.
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Figure 5-11: Figure 46: The microgram (left) represent a full measurement area for R a and PV values
measurement and the graph shows the profile of a selected line (white) region measured with 20x
objective lens.

A crucial point to remember is that the measurement of Ra and PV values for the “full
measured area” and “selected profile area” that are taken by 20x objective is performed
at same point where the measurement with 10x objective was performed. The Ra and PV
values with 20x objective are described in Table 8.

Substrate Nr.
KP01-27

Ra [µm]
Full Measured
Selected Profile
Area
Area
4.141
3.352

PV [µm]
Full Measured
Selected Profile
Area
Area
125.632
67.258

Table 8: Full measured area and selected profile area for the measurement of R a and PV values at position
one of SIC paper substrate number KP01-27.

For further details regarding the Ra and PV values at five measurement positions on
front and rear side of the substrate with 10x and 20x objective lens, A detailed
quantitative data is described in Appendix C.
If we compare the tables 7 and 8. We will notice a change in Ra and PV values for
different objectives. The Ra values have no such huge impact because of the change in
higher objective but the PV values suffer a change. For 10x objective the PV values are
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small but it increases with the higher objective for example 20x objective. This change
with the 20x objective lens is because of ‘windowing effect’. In 10x objective we have
large process window but in the case of 20x objective we have small process window.

5.2.4 Z-Scan Optimization
A study was performed to optimize the scanning parameter especially to get an
optimum speed factor for Z-scan by observing the effect of roughness Ra and peak-tovalley PV values. The speed factor is actually the optimum step size to focus a specific
plane with a specific Z-scan range. From the Figure 5-12 and Equation 4, the speed
factor can be understood where ΔZ is Z-scan range along z-axis, ‘n’ is number of planes

(4)

Figure 5-12: Confocal section imaging scheme to understand the concept of speed factor, where ΔZ is Zscan range along z-axis, ‘n’ is number of planes. Speed factor is proportional to the step size.

The speed factor is used to reduce the acquisition time. A speed factor of 1X means that
the software will do the acquisition using the optimum step between planes. With a 2X
value the software will acquire using a double step size and half number of planes (a
maximum of 16X is allowed). While increasing the speed factor, the acquisition time is
reduced but also the profiling performances of the system get worse. The optimum
speed factor depends on the sample roughness and the user has to check which one is
the maximum acceptable for its application.
However, a very low speed factor enhances a dark effect in the image that is an
illustration of bad image acquisition with wrong Ra and PV values. Because at the
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regions where no information present and an invalid roughness and peak-to-valley
value will be acquired. This quantitative description with respect to the 10x and 20x
objective is given in the Appendix A. It was observed that by increasing the speed factor,
an increase in roughness values until 8x which continued until an optimum speed factor
is acquired. However, the optimum speed factor observed was 10x. After this speed
factor range, there was no such increase in the roughness and the image quality gets
better. With the higher speed factor, the problem of profiling gets better. This is because
of Z-scan range, if the Z-scan range for a specific speed factor is not enough there will be
some lack of information form confocal image. So when the required Z-speed range is
acquired the confocal image get improved. For the explanation of this phenomenon, the
micrographs taken within the range of speed factor are given in the Figure 5-13.

Figure 5-13: Z-sacn optimization by changing the speed factor, where in the micrograms (left) are taken at
various speed factors in increasing order and their respective graphs (right) shows the profile. The red
arrows in the graphs shows the missing data points due to lower speed factor, and you can see
uncomplete profile region indicated by red arrows. The missing data points are due to un-sufficient Z-scan
range needed for the spped factor.
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As shown in the Figure 5-13, the 1x speed factor results in a huge lack of information
because of dark spots that decrease until the speed factor of 10x and finally vanishes at
16x but then it will affect the results especially peak-to valley values for higher speed
factors. The roughness and peak-to-valley values will be defect free at 10x but if we
increase the speed factor, there will be a huge effect to peak-to valley values but the
roughness values remains almost constant. This is because a sufficient ΔZ (Z-scan range)
is required for a particular speed factor. To understand this phenomenon, you can see
Appendix A.
5.2.5 Z-Scan Range
The Z-scan range is use to evaluate the optimum Z-range value for each measurement.
The software calculates the number of planes needed for the measurement, as shown in
the Figure 5-14.

Figure 5-14: Z-scan label, the box represents the z-scan range. This is a part of “acquisition parameters” as
also shown in Figure 5-4 [33].

The calculation is made with internal values of the optimum step for each objective. For
example: if the user has entered a 20-µm range with the 20x objective, the software will
acquire 40 planes with steps of 0.5 microns. But if the objective is the 100x , the software
will acquire 100 planes with steps of 0.2 microns [33].
Nevertheless, the Z-scan range has some limitations. When the range is too big,
acquisition will waste a lot of time. If the range is too narrow, there will be zones in the
measurement without confocal information, and the measurement will show “nonmeasured” points. To avoid these problems with the Z-scan range, the software
automatically checks either the range or the total number of planes. If the Z-range is not
enough for the measurement, the software changes it in order to reach a minimum
number of planes. Alternatively, if the number of planes calculated with the desired
range, the step and the resolution is bigger than the maximum allowed by the available
memory, then the software changes the range value to the maximum allowed.
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In this case, 10x speed factor the software acquired 20 planes with the step size of 20
µm. While for 20x objective the speed factor of 16x was appropriate for image
acquisition as it was impossible to acquire a clear image from lower speed factor that’s
why the scan range is half as compare to the range in 10x objective. For 20x objective,
the speed factor was 16x to acquire image and the symmetrical sectioning were
performed in 26 planes with the step size of 8 µm but the scan range varied from
160 µm, 192 µm and 208 µm. This range was varied to examine the effect on PV values.
In Appendix B, a detail of Ra and PV values by changing the Z-scan range for a full batch
of SiC paper substrates is provided. There you can examine that the samples number 6-8
and 16-26 were tested at Z-scan range of 160 µm with 20x objective there the Ra
remains in the range of 4.2 µm to 5.3 µm. However, the PV remains in the range of 82.2 –
83.6 µm. While, for Z-scan range of 192µm the Ra values is 4.9µm with PV value of 112.7
µm while, for 208 µm range the Ra is 5.4 and the PV values increases up to 113.1 µm. To
understand the results for Z-scan range performed for biologically derived SiC paper
substrate, please see the Appendix B.
5.3

CRACKS INVESTIGATION

The study of another optical metrological aspect was performed by the investigation of
micro cracks present in the biologically derived substrates. For this purpose a
conventional light optical microscope (Axio Vision Imager M1m, Carl Zeiss, Jena,
Germany) was used as illustrated in the Figure 5-15. This microscope is also equipped
with a camera to capture high-resolution images named Axiocam. In this microscopy the
scanning criteria was done by searching for cracks and the camera shows the surface
cracks on the monitor screen. When a crack was detected then it was followed to get an
overview of the affected area.
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Figure 5-15: a) Profile photo of Carl Zeiss AxioVision Imager M1m conventional light microscope at ZAEBayern,Erlangen and b) is a microgram of a cracked substrate from P60 batch with serial number H01-79.

These micro cracks occur in these substrates because of shrinking or deformation, while
processing or by applying too much stress. The main purpose of the micro cracks
investigation is that these micro cracks cause damage to the substrates and it is
impossible to fabricate a solar cell on such cracked substrates. When these cracked
substrates undergo high temperature processing such as diffusion process or chemical
vapor deposition (CVD) will break the substrate. The temperature used for these
processes is too high for any material in which some liquid remains and due to thermal
expansions or contractions, the substrate might break into pieces as shown in the Figure
5-16.
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Figure 5-16: A cracked substrates at the edges from the batch of PZ pack cementation and sample number
is H03-46, Whereas the base material of this substrate is high-density fiber board, treated with graphite
and densified twice.

The two micrographs (left) are taken from the front side of the substrate’s boundary
with 10x objective lens. While on the right side, the layouts of the cracks from the
corresponding micrographs are shown. The crack in micrograph (upper) is ca. 195212 µm. In the micrograph (lower), the crack width is ca. 63-79 µm.
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6.1

ROUGHNESS AND PEAK-TO-VALLEY VALUES
a) Overview

The surface properties roughness Ra and peak-to-valley PV values were investigated for
each substrate. The different substrate batches were processed by different post
treatments. The purpose to study these values was to understand the surface
topography of the biologically derived substrates. As discussed in the experimental
techniques that these values were extracted within the substrates dimension of ca. 100 x
100 mm2. Overview of average Ra and PV values for different substrates is mentioned in
the following Table 9.
Batch

Post Treatment

P60

SiC sealing by
CVD
Pack
Cementation

PZ

P77

Siliconization
by capillary
effect

P77 Cleaned

Capillary effect
and Chemical
cleaning

P77 HT Cleaned

Capillary effect
and high
temperature
cleaning

P60 HT Cleaned

SiC sealing by
CVD and High
temperature
cleaning

SiC Paper
Substrate

-

Substrate
Category
H02

Ra [µm]

PV [µm]

5.2

90.7

H03
H04
H05
H06
HGF02
HKF02
H01
H02
HGF01
HGF02
HKF01
HKF02
HGF01
HGF02
HKF01
HKF02
H01
H02
HGF01
HGF02
HKF01
HKF02
H01
H02
HGF01
HGF02
HKF01
HKF02
KP01

8.7
6.5
8.6
6.9
16.3
18.6
14.2
12.9
11.0
13.4
18.9
17.3
16.9
15.0
16.7
17.6
12.9
12.8
15.9
12.4
17.6
14.7
5.5
5.1
11.1
10.3
13.2
9.7
7.4

154.9
131.7
197.2
213.6
205.8
360.6
193.4
195.8
188.3
194.5
197.8
202.7
204.8
212.7
210.7
232.6
200.3
203.4
202.2
206.4
210.12
235.5
183.3
87.1
153.7
140.7
147.9
152.5
186.3
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Table 9: Approximate Ra and PV values of all the batches with their corresponding substrate categories.
For these substrates category the detail is mention in table 2.

b) Comparison of different post treatments

All the substrates type regarding their batches, which mean that different post
treatments are separated to distinguish the difference in the Ra and PV values. At first,
the substrate category ‘HO1’, this substrate category is based on high-density fiberboard
and afterwards carbonized. This type of substrate was processed in following post
treatments as mentioned in Table 10.
H01 - Batch
P77
P77 HT Cleaned
P60 HT Cleaned

Post Treatment
Capillary effect
Capillary effect and
High Temperature
Cleaning
SiC sealing by CVD and
High Temperature
Cleaning

Ra [µm]
14.2
12.9

PV [µm]
193.4
200.3

5.5

183.3

Table 10: Ra and PV values of substrate type HO1, processed by different siliconization processes.

It was observed that P60 batch coated with SiC layer by CVD with high-temperature
cleaning have the least roughness and peak-to-valley values. The P77 and P77 with hightemperature cleaning process have comparable values as they were treated by same
process of siliconization but these values are higher than the substrate that was
processed by P60 (SiC sealing by CVD).
Similarly, the substrate category ‘H02’, this substrate was composed of high-density
fiberboards and graphitized afterwards. This kind of substrates were post treated in
following batches of P60, P77, P77 high temperature cleaned and P60 high temperature
cleaned, as mentioned in Table 11, with their roughness Ra and peak-to-valley PV values.

H02 – Batch
P60
P77
P77 High Temperature

Post Treatment
SiC sealing by CVD
Capillary effect
Capillary effect and

Ra [µm]
5.2
12.9
12.8
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Cleaned
P60 High Temperature
Cleaned
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High Temperature
Cleaning
SiC sealing by CVD and
High Temperature
Cleaning

5.1

87.1

Table 11: H02 substrate type processed for siliconization by various techniques like P60 and P77.
Regarding theprocess of siliconization, the Ra and PV values are described in the table.

By the comparison of the values from Table 10, with the values form Table 11, the Ra
values of P60 batch are the same but in the case of “H02” type of substrate the PV values
are less than “H01” substrate type.
The H02 substrates undergone P60 process showed roughness Ra and peak-to-valley PV
values less than the P77. Whereas, both PV and Ra values are almost 50 % less than the
values extracted from P77 post treatment.
If we analyze the substrates processed by SiC by chemical vapor deposition (CVD). The
P60 batch showed a narrow range of Ra and PV values as compared to the other post
treatments. For instance, “HGF01”, the substrate composed of felt material graphitized,
and densified once. This substrate category showed a bit higher Ra values as compared
to other substrates like “H01” and “H02”, which were processed in same process of
siliconization, the P60. The results from PZ process of siliconization, pack cementation
with respect to different substrates categories are mentioned in Table 12.

Siliconization by Pack Cementation – PZ Batch with High Temperature cleaning
Substrate category
Ra [µm]
PV [µm]
HGF01
11.1
153.7
HGF02
10.3
140.7
HKF01
13.2
147.9
HKF02
9.7
152.5
Table 12: Roughness Ra and peak-to-valley PV values of different types substrates processed by same
process of siliconization by pack cementation and afterwards their performed a high-temperature
cleaning process.

All of these substrates have shown comparable Ra and PV values. These substrates have
different densities but the post treatment the same. The substrates (HGF02 and HKF02)
were densified twice so there Ra values are less than the Ra values of (HGF01 and
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HKF01) that are densified once. Nevertheless, the PV value range is very close to each
other.

c) Comparison of different substrates
Comparison between P60 and SiC Paper Substrate

The investigation of different substrate’s behavior regarding the roughness Ra and peakto-valley values at different positions over the surface is presented in the Figure 6-1. The
paper substrate KP01-02 is compared with a P60 substrate to understand the behavior
of roughness Ra and the peak-to-valley PV values.

Figure 6-1: a) Bar-chart shows Ra values comparision between paper substrate KP01-02 (blue) and P60
substrate (red) b) is a PV comparison of both substrates.

As shown in the Figure 6-1, the measurements were taken at five positions of the
substrate as described in the section 5.2.1 in Figure 5-8. The paper substrate has the Ra
values from 7.8 to 8.3 µm. For comparison the P60 substrate H01-79 is shown, which
has the best Ra values from 5.0 to 6.0 µm. Now, for the PV values, the KP01-02 paper
substrate has quite high values from 190 to 200µm. However, H01-79 has lower PV
range from 60.0 to 70.0 µm. The Ra and PV values for the substrate from P60 batch
showed stable results. As shown in the Figure 6-1, the roughness and PV values are low,
that is why these substrates were processed for active layer deposition of thin film
crystalline silicon.
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CRACK INVESTIGATION
a) Overview

During the cracks investigation, it was observed that most of the cracks were only
visible with microscopic examination. A brief overview of the crack investigations
results is presented in Table 13.
Batch Type
P60
PZ
P77
P77 Cleaned
P77 High
Temperature
Cleaned
P60 High
Temperature
Cleaned
Si C paper

Sample Composition
H02
H03, H04, H05, H06,
HGF02, HKF02
H01, H02, HGF01,
HGF02, HGF03, HKF01,
HKF02, HKF03
HGF01, HGF02, HKF01,
HKF02
H01, H02, HGF01,
HGF02, HKF01, HKF02

Cracks Results
30 % cracks
50 % cracks

H01, H02, HGF01,
HGF02, HKF01, HKF02

100 % crack

KP01

0 % cracks

0 % cracks
0 % cracks
0 % cracks

Table 13: Cracks description regarding the particular batch category or the post treatment of the
substrates.

Among all investigated batches, P60 contains some cracked substrates. A substrate from
the batch with 50% crack substrates and post treated with pack cementation is shown in
the Figure 5-16. In addition, the batch P60’s substrate micrograph is illustrated in the
Figure 6-2. The substrate batch of P77 and P77 cleaned batches has shown no cracks.
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Figure 6-2: a) a SiC-CVD substrate from batch P60 without crack and no cleaning was performed with this
substrate. B) same category of substrate P60 with high temperature cleaning and cracked as spotted by
red arrow, both the substrates have same composition and post treatments.

Paper substrates

Silicon carbide (SiC) paper substrate batch with less thickness was investigated and no
cracks were observed in the whole batch. A photograph and the micrograph of paper
substrate is shown in the Figure 6-3.

Figure 6-3: a) A photograph of SiC paper (KP01) substrate. b) micrograph of the boundary view of the
same substrate and imaged by using 10x objective in conventional light microscopy. This whole batch
contains no cracks.
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Crack Orientations

It was observed that several kinds of cracks spread over the surface of the substrates,
which sometimes cover the whole substrate like a spider‘s web. Occasionally, some
cracks were broad in one propagation direction and afterwards a crack branching is
observed. Most of the time, it is hard to examine the cracks from the micrograph so a
layout of the cracks is sketched with the original micrograph to visualize the cracks
precisely as demonstrated in the Figure 6-4. Three different crack orientations are
illustrated from the samples category of H02, HKF02 and HGF02 from the respective
batches of P60, P60 HTR and PZ.

Figure 6-4: Crack branching over the substrates like a spider’s web.

The crack branching is observed on few of the substrates categories. Most of the
substrates have few cracks without many branches as shown in micrograph of P60_H02.
However, the substrate HKF02_P60 with high temperature cleaning and the substrate
HGF02_PZ have shown high crack branching. The reason for these crack branching
might be some imperfect processing conditions or some chemical remaining in the
substrates.
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In summary, the P60 batch has shown favorable results with only few cracked
substrates in the whole batch as well as promising roughness and peak-to-valley values.
For the solar cell processing both parameters are crucial which is necessary to deposit
homogeneous silicon layers for the fabrication of solar cells. As mentioned in the above
table 13, the batches P70, P77 cleaned by means of chemical process and P77 high
temperature cleaning process were without any cracks but these batches are not
suitable as they have higher roughness Ra values.

6.3

CHARACTERIZATION OF SILICON LAYER

6.3.1 Layer Characterization by SEM
Crystalline silicon layers were deposited on some of the substrates. From these samples
cross-sections were investigated. The characterization of deposited silicon layers was
made by a scanning electron microscope, ZEIS Smart SEM V05-03 (Ultra Plus) at ZAEBayern department in Wurzburg. Three of the samples were investigated and are
mentioned in the Table 14.

Sr. Nr.
1
2
3

Substrate Nr.
H02-186
H02-174
KP01-23

Batch
P60
P60
SiC Paper

Treatment
Non-Recrystallized
Recrystallized
-

Table 14: List of substrates that were characterized by scanning electron microscopy regarding various
layer treatments.

In the above table, two substrates H02-186 and H02-174 belong to the batch of P60. The
third substrate is a silicon carbide SiC paper substrate, which has no silicon layer
deposited on it.
The substrate H02-186 was without any recrystallization process which means that the
substrate were processed until the p-type silicon seeding layer and no zone melting
recrystallization (ZMR) was performed on the silicon seed layer, as described in Chapter
3. The sample H02-174 from the same batch of P60 was recrystallized by ZMR to
increase the grain size.
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P60-Non-Recrystallized Sample

The cross-sectional investigation of layers by means of SEM was performed for the
sample H02-186, batch P60. The substrate was diced first from the 100 x 100 mm2,
substrate into 10 x 10 mm2 slice with the help of a chip saw dicing machine. Then the
slices were polished so that the layers could be examined with higher resolution and
could be easily placed into the SEM vacuum chamber. The HDF part within the cross
section of the sample is shown in the Figure 6-5.

Figure 6-5: SEM pictures of sample H02-186, micrographs of HDF part within the substrate cross-section
with different magnifications.

The SEM investigation revealed that the silicon-seeding layer deposited on the SiC layer
was quite homogeneous and it covered all the elevations of the SiC capping layer as
shown in the micrograph in Figure 6-6. Before the SEM investigation the sample was
investigated for cracks by using a conventional light microscope. During the
investigation, no crack was observed over the substrate H02-186. This means that the
cracks originate after the light microscopy, possibly during preparation of the cross
section.
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Figure 6-6: SEM image of layers crossection of substrate H02-186.

The cross-section shows various layers (micrograph Figure 6-6). It contains the highdensity fiberboard HDF substrate, an encapsulating SiC layer and a seeding layer of
silicon deposited on it. A homogeneous silicon layer is deposited on the SiC layer and all
the elevations are fully covered by the silicon. This means the roughness values
measured for this kind of substrate from P60 batch (SiC by CVD) are low enough for
further layer deposition. Nevertheless, a crack is present in both silicon and silicon
carbide layers. The reason might be that the substrate was diced by a chip saw device.
While, dicing the substrate, chipping out of the layer was observed and has caused the
crack in the silicon and SiC layers.

P60-Recrystallized Sample

The substrate HO2-174, was prepared by P60 process, with silicon seed layer deposition
on SiC layer. This sample was recrystallized by zone melting recrystallization (ZMR).
Before ZMR, an oxide layer of SiO2 is necessary to avoid balling up of molten silicon [22].
All of these layers are shown in the cross-section in the Figure 6-7.
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Figure 6-7: Recrystallized H02-174 substrate, with SiC encapsulation and recrystallized Si layer by ZMR.

In this substrate, the silicon layer was recrystallized over the entire substrate, which
resulted in grain enlargement. The layer formation process for these substrates has been
described in Chapter 3. As shown in the Figure 6-7, homogeneous silicon layer is
deposited on SiC layer and all the elevations are fully covered by the silicon. This means
that the surface roughness of the sample is also sufficient for recrystallization.
SiC paper Substrate

The silicon carbide paper substrates were studied without any layer formation over
them. A micrograph from the substrate cross-section is shown in the Figure 6-8.
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Figure 6-8: SEM image of KP01-23, SiC paper substrate. The surface has a grain structure. It is obvious
from the surface of the cross-section that it is not polished.

The composition of this substrate was studied by energy-dispersive x-ray spectroscopy
(EDX)-measurement. The EDX-measurements at different locations on the paper
substrate is shown in the Figure 6-9.

a)

b)

Figure 6-9: a) The spectrum shows the grain in the paper substrate which are composed of carbon while,
b) the spectrum is the surrounding matrix of the substrate which is a composition of silicon and carbon.

The grain in the cross-section of SiC paper substrate consists of carbon and the
surrounding matrix consists of silicon and oxygen composition.
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CONCLUSIONS

The newly developed biologically derived substrates made of low-cost starting materials
such as high-density fiberboard and felt have been characterized to reveal the surface
properties, roughness Ra and peak-to-valley PV values. For some of the biologically
derived substrates, different post treatments were applied to such as siliconization by
capillary effect (P77 batch), pack cementation (PZ batch) and silicon carbide deposition
by CVD (P60 batch). The substrates were characterized regarding these post treatments.
This study of Ra and PV values reveals many variations in these values for same
substrates processed by different post treatments. The substrates from the P60 batch
showed good roughness Ra, peak-to-valley PV values and no crack branching. This
means that they have properties compatible with silicon thin film formation. On the
other hand, SiC paper based substrates were used and characterized without any further
post treatment. These substrates also showed good Ra and PV with no crack formation
on the substrate’s surface. In summary, the substrates form P60 batch and SiC paper
substrates have shown promising results regarding Ra and PV values in comparison to
other post treated substrate batches such as PZ and P77.
On some of the substrates silicon layers were deposited. Afterwards the silicon layers
were recrystallized by zone melting recrystallization ZMR. From these layers crosssections were investigated. The SEM investigation confirmed the homogeneity of the
deposited silicon layers on the SiC capping layer for the substrate from P60 batch. Even
after the recrystallization the silicon layers maintained its homogeneity.
In future, the preparation of cross-sections has to be improved. An alternative method of
cutting such as laser cutting has to be used to avoid chipping out of layers. Two types of
substrates showed good compatibility with thin-film processes. From these substrates,
solar cells should be fabricated and characterized. This further study will be helpful to
investigate the problems involved in application of these low-cost foreign substrates and
will enable us to improve the processing of this type of solar cells.
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APPENDIX

Appendix A

Scanning factor optimization of Z scan by using 10x (green) and 20x (red) objective. The
roughness and peak-to-valley values of full measured area and profile area are
described in the following tables. The roughness and peak-to-valley values are
mentioned regarding a particular speed factor.

10x Objective used for confocal microscopy
Speed

Z-Scan

Measurement

Measurement

Profile Area -

Profile Area -

Factor

range

Area -Ra

Area -PV

Ra values

PV values

values [µm]

values [µm]

[µm]

[µm]

[µm]

Description

1x

108.0

6.268

96.338

6.936

79.392

a lot of black spots

2x

112.0

6.039

80.233

6.608

71.307

a lot of black spots

3x

120.0

5.754

70.590

5.958

5.958

a lot of black spots

4x

160.0

5.982

90.385

6.344

74.871

a bit less spots

5x

200.0

6.199

105.896

6.430

89.657

more decrease in
black spots effect

6x

240.0

6.395

126.953

6.815

107.849

same as previous one

8x

320.0

6.757

163.992

7.533

125.177

improvement, lower
amount of spots as
compare to 6x

10 x

240.0

6.911

199.366

7.833

129.291

a very few spots left

12 x

320.0

7.023

233.463

7.782

112.283

No black spots left

14 x

400.0

7.077

246.657

7.747

105.854

No black spots left

16 x

480.0

7.076

268.061

7.647

107.565

No black spots left
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20x Objective used for confocal microscopy
Speed
Factor

Z-Scan
range

Measurement
Area - Ra
values [µm]

Measurement
Area -PV
values [µm]

Profile Area Ra values
[µm]

Profile Area PV values [µm]

Description

wrong values because
of a lot of dark region
wrong values because
of a lot of dark region
wrong values because
of a lot of dark region
wrong values because
of a lot of dark region
decrease in black
spots better than
previous
decrease in black
spots better than
previous
decrease in black
spots
decrease in black
spots
quiet better very few
spots
further improvement
just few spots
Just one or two spots
left Considerable!

1x

[µm]
27.0

3.172

25.837

3.054

21.724

2x

28.0

2.697

21.760

2.628

19.093

3x

30.0

2.128

19.567

2.131

16.532

4x

40.0

2.450

25.612

2.487

20.178

5x

50.0

3.181

29.541

3.246

23.543

6x

60.0

3.337

35.420

3.611

28.911

8x

80.0

3.615

45.858

4.182

38.434

10 x

100.0

3.768

56.297

4.255

48.783

12 x

120.0

3.868

67.119

4.320

50.638

14 x

140.0

3.959

73.374

4.296

61.751

16 x

160.0

3.958

84.215

4.390

66.299
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Influence of scan range for specific speed factors by the variation in Z-scan range. An
impact on PV values is observed but the Ra values change a little bit. Higher the Z-scan
range the PV value will increase. The optimization for scan range is done by using SiC
paper substrates with 20x objective on full measured area and selected profile area.
Different scan ranges such as 160µm, 192 µm and 208 µm is applied on same category of
substrates to examine the roughness and peak-to-valley values.
Measurement Area Values, 20x Objective
( 160µm) Z-scan Range
Substrate
Ra [µm]
Nr.
PV [µm]

(192µm) Z-scan Range
Substrate
Ra [µm]
Nr.
PV [µm]

(208µm) Z-scan Range
Substrate
Nr.

Ra [µm]

PV [µm]

6

4.3602

82.9598

4

5.454

113.1848

2

5.177

123.1754

7

4.808

82.846

5

4.9792

112.7386

3

5.0404

124.5844

8

4.5448

86.4854

9

4.9276

120.6308

16

5.357

82.102

10

5.4712

126.314

17

4.36

82.4016

11

4.4806

122.468

18

5.164

84.303

12

4.819

121.9718

19

4.6636

83.6908

13

4.6778

86.5228

20

4.3406

82.3298

14

4.6358

84.8616

22

5.0804

82.2744

15

4.9396

121.9252

23

4.2934

85.1624

24

4.3328

83.9494

25

4.7038

82.3458

Profile Selected Area Values, 20x Objective
(160µm)Z-scan Range
Substrate.
Ra [µm]
Nr.
PV [µm]

(192µm) Z-scan Range
Substrate
Ra [µm]
Nr.
PV [µm]

(208µm) Z-scan Range
Substrate
Nr.

Ra [µm]

PV [µm]

6

4.0376

49.9712

4

5.0268

46.2698

2

4.7192

47.6802

7

4.9172

53.619

5

4.925

58.9946

3

5.0178

66.2166

8

4.4058

50.1624

9

4.713

49.3422

16

5.3162

56.6986

10

4.8758

56.8284

17

4.5104

55.2846

11

4.3406

56.1842

18

4.4896

49.7594

12

4.686

57.402

19

4.3746

53.4296

13

4.364

44.5814

20

3.9164

54.2602

14

4.4174

47.2702

22

4.7914

54.0716

15

5.3284

57.3466

23

4.0208

51.2152

24

3.7966

40.5076

25

4.4108

45.4878
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Substrates from the batch of SiC paper substrate with their roughness Ra and peak-tovalley values PV extracted my means of 10x objective are mentioned in the tables. The Ra
and PV values are taken at full measured area and the selected profile area.

SiC-Paper Substrates KP01, Front Side, 10x Objective, Ra Values
Position 1
Substrate
Nr.

Position 2

Position 3

Position 4

Position 5

Measurement Profile Measurement Profile Measurement Profile Measurement Profile Measurement

Profile

Nr. 2

8.69

9.09

7.831

8.125

7.839

6.509

7.745

6.581

7.887

8.117

Nr. 3

8.791

7.241

7.795

6.94

7.791

7.113

8.367

8.417

7.626

7.185

Nr. 15

7.163

6.717

6.516

6.19

6.686

5.649

7.059

5.699

7.867

6.063

Nr. 20

6.678

5.769

6.629

5.839

5.979

5.306

6.44

4.965

6.57

6.026

Nr. 27

6.43

5.104

6.903

6.065

6.054

6.131

7.452

6.727

6.596

5.766

SiC-Paper Substrates KP01, Front, 10x Objective, PV Values
Position 1

Position 2

Position 3

Position 4

Position 5

Substrate Nr.

Measurement

Profile

Measurement

Profile

Measurement

Profile

Measurement

Profile

Measurement

Profile

Nr. 2

134.028

96.525

197.724

73.742

200.327

74.664

199.35

71.067

200.26

81.752

Nr. 3

200.119

78.821

200.19

89.964

199.74

91.148

203.029

78.117

201.583

109.121

Nr. 15

198.808

71.839

203.46

72.606

197.68

85.909

205.634

72.294

196.894

83.559

Nr. 20

200.98

75.503

201.206

52.198

193.431

85.274

199.301

84.805

200.667

84.232

Nr. 27

199.262

87.2

184.649

99.4

196.907

78.64

197.316

96.376

197.558

87.819
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Substrates from the batch of SiC paper substrate with their roughness Ra and peak-tovalley values PV extracted my means of 20x objective. The Ra and PV values are taken at
a full measured area as well at a selected profile area.
SiC-Paper Substrates KP01, Front Side, 20x Objective, Ra Values
Position 1
Substrate Nr.

Position 2

Position 3

Position 4

Position 5

Measurement Profile Measurement Profile Measurement Profile Measurement Profile Measurement

Profile

Nr. 2

4.956

5.674

5.241

4.743

5.224

4.864

4.861

4.624

5.603

3.691

Nr. 3

5.53

4.624

4.793

5.431

4.729

3.821

5.098

6.314

5.052

4.899

Nr. 15

5.945

4.717

5.467

5.958

5.727

5.308

5.211

4.9

4.92

4.251

Nr. 20

4.884

5.646

4.633

5.047

4.057

3.505

5.803

5.984

5.519

4.443

Nr. 27

4.141

3.352

3.987

3.612

4.069

3.455

4.202

4.119

5.402

5.65

SiC-Paper Substrates, Front Side, 20x Objective, PV Values
Position 1

Position 2

Position 3

Position 4

Position 5

Substrate
Nr.

Measurement

Profile

Measurement

Profile

Measurement

Profile

Measurement

Profile

Measurement

Profile

Nr. 2

121.77

69.817

129.294

42.645

125.312

39.655

115.681

43.905

123.82

42.379

Nr. 3

125.632

67.258

126.261

72.714

123.253

57.044

122.14

75.494

125.636

58.573

Nr. 15

112.425

35.658

111.605

59.809

111.495

39.727

110.483

55.277

119.916

40.878

Nr. 20

111.176

65.51

112.894

43.376

115.768

47.717

112.888

90.558

110.967

47.812

Nr. 27

82.69

43.225

85.54

53.324

81.115

46.793

81.724

57.772

83.73

48.742
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Substrates from the batch of PZ, pack cementation a process of siliconization by
embedding in powder. The roughness Ra and peak-to-valley values PV extracted by
means of 10x objective. The Ra and PV values are taken at a full measured area at five
positions on the substrate.

PZ (Siliconized by embedding in Powder-Pack cementation), 10x Objective, Front Side
Substrate Nr.

Position 1

Position 2

Position 3

Position 4

Position 5

Ra [µm] PV [µm] Ra [µm] PV [µm] Ra [µm] PV [µm] Ra [µm] PV [µm] Ra [µm] PV [µm]
H03-46

8.532

96.723

9.375

101.274

9.025

103.322

8.424

222.296

8.461

251.038

H04-37

5.423

84..140

7.593

145.372

6.366

179.183

7.072

111.032

6.343

139.235

H05-10

10.266

251.461

7.559

137.906

8.954

261.614

7.751

151.899

8.552

183.188

H06-10

7.837

264.223

6.325

242.348

7.721

168.909

5.804

241.605

7.208

151.201

HGF02-4

13.615

139.551

20.509

237.498

16.754

239.827

16.118

244.918

14.71

167.351

HGF03-3

15.903

284.008

11.815

264.626

12.587

244.915

14.547

328.153

9.52

224.232

HKF02-4

23.967

357.063

15.039

310.846

18.856

382.283

17.764

377.776

17.765

375.209

77

APPENDIX
Appendix E

Substrates from the batch of P77, Siliconized by capillary effect, with roughness Ra and
peak-to-valley values PV extracted my means of 10x objective. The Ra and PV values
from this batch are taken from a full measured area at five different positions on the
substrate.

P77 (Siliconized by Capillary Effect), 10x Objective, Front Side
Position 1

Position 2

Position 3

Position 4

Position 5

Substrate Nr.
Ra [µm] PV [µm] Ra [µm] PV [µm] Ra [µm] PV [µm] Ra [µm] PV [µm] Ra [µm] PV [µm]
H01-113

13.082

235.071

17.543

247.45

21.53

244.416

18.933

240.11

19.193

263.322

H02-91

15.84

239.408

14.521

252.636

18.252

247.523

16.201

239.731

20.676

245.072

HGF01-101

12.593

239.169

11.154

227.7

15.896

238.838

15.681

236.203

16.19

240.274

HGF02-33

16-951

238.41

23.991

250.585

11.781

236.205

14.744

247.382

18.169

246.297

HGF03-121

25.344

269.095

23.713

265.249

19.842

249.822

20.98

248.694

17.959

260.214

HKF01-23

22.733

245.886

22.765

249.377

26.266

246.514

23.174

247.33

24.695

265.317

HKF02-6

21.16

250.66

28.226

254.834

12.635

253.708

24.642

254.789

21.514

258.638
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Substrates from the batch of P60 silicon carbide deposition by CVD, with their roughness
Ra and peak-to-valley values PV extracted my means of 10x objective. The Ra and PV
values at five different positions on the substrate are illustrated in the table.

P60 CVD-SiC Deposition, 10x Objective, Front Side
Position 1

Position 2

Position 3

Position 4

Position 5

Substrate Nr.
Ra [µm] PV [µm] Ra [µm] PV [µm] Ra [µm] PV [µm] Ra [µm] PV [µm] Ra [µm] PV [µm]
H01-79

5.115

77.569

5.037

67.886

6.02

71.205

5.981

77.941

5.349

69.442

H2-57

16.54

123.074

12.27

145.623

15.291

98.361

12.939

103.692

10.282

119.558

HGF01-36

7.2

137.938

5.955

167.557

6.448

140.261

6.78

140.21

6.401

166.757

HGF02-48

10.87

121.667

9.393

109.317

6.755

122.701

8.777

120.833

7.368

124.698

HKF01-31

13.276

110.539

11.205

106.391

12.131

118.803

13.709

122.076

9.068

97.391

HKF02-16

9.284

93.244

11.865

109.646

7.467

100.365

9.14

119.549

6.425

65.621
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