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Abstract

Research in photovoltaics aims at lowering the price per watt
of generated electrical power. Substantial efforts aim at sear-
ching for new materials and designs which can push the limits
of existing solar cells. The recent development of complex mate-
rials and nanostructures for solar cells requires more effort to be
put into their characterization and modeling. This thesis focuses
on optical characterization, modeling, and design optimization
of advanced solar cell architectures.

Optical measurements are used for fast and non-destructive
characterization of textured samples for photovoltaic applica-
tions. Surface textures enhance light trapping and are thus de-
sired to improve the solar cell performance. On the other hand,
these textures make optical characterization more challenging
and more effort is required for both, the optical measurement
itself and subsequent modeling and interpretation of obtained
data. In this work, we demonstrate that we are able to use opti-
cal methods to study the widely used pyramidal textures as well
as very challenging randomly oriented silicon nanowire arrays.

At first, we focused on the optical study of various pyrami-
dal surfaces and their impact on the silicon heterojunction so-
lar cell performance. We have found that vertex angles of pyra-
mids prepared using various texturing conditions vary from the
theoretical value of 70.52◦ expected from crystalline silicon. This
change of the vertex angle is explained by regular monoatomic
terraces, which are present on pyramid facets and are observed
by atomic resolution transmission electron microscopy. The im-
pact of a vertex angle variation on the thicknesses of deposited
thin films is studied and the consequences for resulting solar cell
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efficiency are discussed. A developed optical model for calcula-
tion of the reflectance and absorptance of thin film multi-layers
on pyramidal surfaces enabled a solar cell design optimization,
with respect to a given pyramid vertex angle.

In-situ Mueller matrix ellipsometry has been applied for mo-
nitoring the silicon nanowire growth process by plasma-
enhanced vapor-liquid-solid method. We have developed an
easy-to-use optical model, which is to our knowledge a first
model fitting the experimental ellipsometric data for process
control of plasma-assisted vapor-liquid-solid grown nanowires.
The observed linear dependence of the silicon material deposi-
tion on the deposition time enables us to trace the fabrication
process in-situ and to control material quality.

Keywords: optical properties ; spectroscopic ellipsometry ; in-
situ Mueller matrix polarimetry ; multi-layer optical models ; si-
licon heterojunction solar cells ; pyramidal texture ; silicon nano-
wires ; radial junction solar cells
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CHAPTER 1. INTRODUCTION 1

1 Introduction

The research in photovoltaics aims at lowering the price per
watt of generated electrical power. This can be achieved by in-
creasing the conversion efficiency of solar cells and by lowering
their fabrication cost. Substantial efforts aim towards searching
for new materials and designs which can push the limits of ex-
isting solar cells.

Surface texturing of solar cells is usually used to enhance
light trapping and thus improves the conversion efficiency. The
most widely used textures for crystalline silicon are pyramidal
ones, since they are easy to fabricate at relatively low cost, while
exhibiting well-documented light-trapping properties [1, 2].

Another approach to enhance light absorption and to in-
crease the conversion efficiency is incorporating nanostructures
into the solar cell design. Silicon nanowire (SiNW) based ra-
dial junction solar cells open a new direction for nanostructured
thin film devices due to their enhanced light trapping and de-
coupling of the direction in which light is absorbed from that in
which charge carriers are collected [3, 4].

The objective of this thesis is optical characterization, mod-
eling, and structure optimization of advanced solar cell archi-
tectures fabricated in Laboratoire de Physique des Interfaces et
des Couches Minces (LPICM). This includes study of silicon het-
erojunction (SHJ) solar cells fabricated on pyramidal textured
wafers and radial junction solar cells built on randomly oriented
silicon nanowires. We will demonstrate that optical methods are
beneficial for characterization of both, widely used pyramidal
textures as well as very challenging silicon nanowires.

Optimization of multi-layers in the heterojunction and fine
tuning of pyramidal texture by etching processes is often per-
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formed by trial-and-error, without detailed analysis of the rea-
sons for improved or reduced optical performance. Moreover,
the geometry of pyramids is usually not verified and the ideal
one resulting from the crystalography of silicon is assumed. This
thesis focuses on a deeper study and understanding of the dif-
ferences between various pyramidal textures and their impact
on the solar cell design, fabrication, and performance.

The control of the SiNW growth process is essential for fur-
ther improvement of the radial junction solar cell performance.
The quality of deposition can be controlled by the characteri-
zation of materials and nanostructures during the growth pro-
cess using an in-situ ellipsometry. Development of models able
to describe and characterize the structure during the growth
is highly desired. The model for the in-situ characterization
is not always straight-forward, because some material proper-
ties as well as surfaces of deposited materials change during the
growth. In this thesis, data obtained during SiNW sample fab-
rication will be analyzed to monitor the deposition process. The
ultimate goal is the design of a model for the quality control of
the growth process by means of in-situ ellipsometry.

To sum up, the focus of this thesis is on developing opti-
cal models adapted for the characterization of the photovoltaic
devices, the quantitative criteria for the control of the quality
of materials from different fabrication steps, and investigation
of novel materials and nanostructures used to increase energy
conversion efficiency of solar cells.
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2 Results for pyramidal textured samples

2.1 Reflectance of pyramidal textured surfaces

We propose a simplified model considering the double-re-
flection on flat pyramidal facets along the dominant light path
marked in Fig. 2.1 to model the total reflectance. Using the Fres-
nel formulas for reflection from a crystalline silicon (c-Si) surface
we model the total reflectance R from our samples as

R =
1

2
(Rs +Rp) =

1

2
(Rs1Rs2 +Rp1Rp2) =

1

2
(|rs1rs2|2 + |rp1rp2|2),

(2.1)

where subscripts s and p represent particular polarizations
and subscripts 1 and 2 indicate first and second reflection from
pyramid facet. First, the reflectance from the first and second
facet are multiplied separately for each polarization (Rs1Rs2).
Then, the obtained reflectances for each polarization after doub-
le-reflection on pyramid facets are merged.

Figure 2.2 shows the measured total reflectance of samples
A1 and B1 (blue dashed and green dashed-dotted lines, respec-
tively) and results of our simplified double-reflection model (red
line) described above, applied on pyramids with a vertex angle
α = 75◦ (this value is explained in Section 2.2.1). We can observe
a good agreement between measured values and the model, es-
pecially for wavelengths above 400 nm.

We have demonstrated, that the model based on double-
reflection along the dominant light path is suitable to describe
light reflected from pyramidal surface.
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Figure 2.1 – Schematic drawing of the dominant path of light
undergoing double-reflection from the pyramid facets. Light
impacts wafer at a normal incidence with respect to its plane.
The vertex angle α, the side angle β and the emerging angle γ
together with the first and second reflections R1 and R2 on the
pyramid facets are marked.

Figure 2.2 – Measured total reflectance of samples A1 and B1
(blue dashed and green dashed-dotted lines, respectively) and
modelled reflectance of pyramidal surface with vertex angle
α = 75◦ (red solid line) in the spectral range (a) 250-950 nm and
(b) the detail of the spectral range 400-950 nm.
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2.2 Analysis of angles of pyramids

2.2.1 Measurement of the angles of pyramids

Cross-sectional images from the scanning electron micro-
scope (SEM) in Fig. 2.3 show that different texturing recipes (for
samples type A and type B) lead to pyramids with vertex an-
gles α different from the ideal crystallographic value 70.52◦. In
Fig. 2.3, we observe α ≈ 75◦ for A1 sample and α ≈ 80◦ for B1
sample.

Figure 2.3 – SEM cross-sectional images of pyramidal surfaces
of wafers textured by different etching conditions (a) A1 sample
and (b) B1 sample with measured angles of interest.

To confirm our observations statistically on a larger surface
area of samples, reflectance measurements at oblique angle of
incidence and angle-resolved Mueller matrix polarimetry were
used. Results obtained from these two optical methods support
the values obtained from SEM.

From the three independent measurements above, we con-
clude that the geometry of the studied pyramids is different
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from the ideal model. Moreover, the resulting geometry de-
pends on the used etching solution.

2.2.2 Origin of different pyramid angles

The scanning transmission electron microscopy high-angle
angular dark-field (STEM-HAADF) image in Fig. 2.4 clearly
shows atomic steps which occur relatively regularly. This causes
the effective change in the facet angle by about the deviation an-
gle δ ≈ 3◦ marked in the Fig. 2.4. This corresponds to apparent
angle in SEM. Thus we conclude that atomic steps on the walls
are responsible for modifying the apparent pyramid vertex an-
gle. This has important consequences for the surface passiva-
tion and film deposition.

Figure 2.4 – Image of the pyramidal edge of the sample A1
taken by STEM-HAADF. {111} crystallographic planes forming
the angle 71◦ which is near the ideal vertex angle α = 70.52◦

are marked in black, while deviation angle δ ≈ 3◦ induced by
atomic steps is marked in red. The inset shows a zoom detail of
the atomic steps highlighted by yellow.
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2.3 Analysis of thin films deposited on pyramids
for silicon heterojunction devices

2.3.1 Optimization of multi-layer system

We can further extend our model of pyramidal wafer surface
reflectance (described in Section 2.1) to a system of multi-layers
on pyramids. This is suitable for optimization of thicknesses
of particular layers to maximize the optical performance and
hence the resulting efficiency of fabricated solar cells.

The optimization is focused on the loss reduction in photo-
generated current density (Jph loss) caused by the reflection of
incident light from the front surface and parasitic absorptions
in particular layers of the solar cell. The front surface of the
studied cell consists of the pyramidal textured (n)c-Si wafer cov-
ered by the thin intrinsic passivation layers of hydrogenated
amorphous silicon carbide [(i)a-SiC:H] and hydrogenated amor-
phous silicon [(i)a-Si:H], the gradient p-type layer consisting
of (p)a-Si:H and (p++)a-Si:H, and a transparent conducting in-
dium tin oxide (ITO) layer, as shown in Figure 2.5.

The total reflectance of the multi-layer stack on pyramidal
surface together with parasitic absorptions in thin films above
active (n)c-Si absorber were modeled for various thicknesses of
ITO layer using double-reflection multi-layer model. Figure 2.6
shows results for a multi-layer stack with 80 nm thick ITO layer
on pyramids with near ideal vertex angle α = 70◦. The grey
part of this figure represents the light which penetrates into the
(n)c-Si absorber and can generate charge carriers. The losses
caused by parasitic absorptions in thin films above the (n)c-Si
wafer and by the reflectance of the solar cell front surface are
larger in the short-wavelength region. The highest losses are
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(i)a-Si:H

(p)a-Si:H

(p++)a-Si:H

(n)c-Si

(i)a-SiC:H

ITO

Multilayer stack on pyramids
Substrate

Thickness 

optimization

1.5 nm

3.5 nm

1.5 nm

14.5 nm

Figure 2.5 – Illustration of the modeled front surface of the stud-
ied solar cell. System of thin films on the surface of the pyrami-
dal textured c-Si wafer (left) and its multi-layered representa-
tion consisting of the (n)c-Si substrate covered by the (i)a-SiC:H,
(i)a-Si:H, (p)a-Si:H, and (p++)a-Si:H thin films of the thickness
of 1.5 nm, 3.5 nm, 1.5 nm, and 14.5 nm, respectively, and the ITO
transparent conducting oxide with thickness to be optimized
(right). Thicknesses of layers are taken perpendicular to the
pyramidal facet.

in the ITO and (p++)a-Si:H layers. While the thickness of the
(p++)a-Si:H layer cannot be decreased (to preserve a good field
effect), the thickness of the ITO layer can be further optimized.

The standard solar spectrum is included in the optimiza-
tion to obtain overall solar cell performance. The loss in photo-
generated current density Jph loss was calculated for each ITO
thickness according to the equation:

Jph loss = q

∫
AM1.5G (λ) · [R (λ) + A (λ)] dλ, (2.2)

where AM1.5G (λ) is the global standard solar spectrum at
the Earth’s surface [5], R (λ) is the total reflectance of the struc-
ture calculated using Eq. (2.1), A (λ) is the total parasitic absorp-
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tance calculated as the sum of parasitic absorptions in all layers
above the active (n)c-Si substrate from the difference of the z-
components of Poynting vector at the interfaces of each layer,
and q is the charge of the electron.

Figure 2.7 shows the dependence of the calculated Jph loss on
the ITO deposition time. Results for each pyramidal geometry
(vertex angles α = 70◦, 75◦, and 80◦, respectively) are compared
with the same thin film system on the flat wafer. The minimum
of the Jph loss (marked by the crosses in Fig. 2.7) determines the
deposition time of the ITO layer with optimal thickness for the
maximum performance of the device. Precise values of Jph loss

minimum for each geometry are listed in Table 2.1. The en-
hanced light trapping provided by the pyramidal surface re-
duces the Jph loss significantly. Moreover, there is a considerable
difference between the optimal ITO deposition time for pyrami-
dal and flat surface. As a consequence, the structure of thin films
with thicknesses optimized for flat devices cannot be directly
reused for pyramidal structures but the optimization of the thin
film structure and deposition times directly for the pyramidal
texture is required.

Different pyramidal textures lead to almost the same value
of the Jph loss minimum. However, the position of Jph loss mini-
mum determining the optimal ITO effective deposition time is
different for all three samples (see Table 2.1). Moreover, the min-
imum of the Jph loss is rather flat and small changes in the ITO
deposition rate do not change the value of the Jph loss dramati-
cally. This is advantageous for solar cell fabrication since this
provides certain tolerance to the precision of the ITO film thick-
ness.
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ITO (1.1 mA/cm2)

(i)a-SiC:H (0.1 mA/cm2)

(i)a-Si:H (0.6 mA/cm2)

(p)a-Si:H (0.2 mA/cm2)

(p++)a-Si:H (2.2 mA/cm2)

Light entering the wafer

Reflectance from the surface

(Jph loss = 1.3 mA/cm
2)

A
b
so
rp
ta
n
ce

Figure 2.6 – Results for the thin film system from Fig. 2.5 on the
pyramidal textured front surface of the c-Si wafer. Absorptance
in each layer of the structure and reflectance from the surface as
functions of the wavelength for pyramids with near ideal vertex
angle α = 70◦ and ITO thickness of 80 nm. Values of Jph loss for
each layer are indicated in brackets.
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Figure 2.7 – Results for the thin film system from Fig. 2.5 on the
pyramidal textured front surface of the c-Si wafer. Jph loss as a
function of the ITO deposition time with marked minimum for
pyramids with vertex angles α = 70◦, 75◦, and 80◦, respectively,
and for reference flat geometry with normal angle of incidence.
Crosses indicate the minimum of Jph loss for each geometry.
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Vertex angle α
ITO thickness Deposition time Jph loss

(nm) (s) (mA/cm2)
70◦ 72.2 200.1 5.5
75◦ 72.5 190.6 5.5
80◦ 73.0 181.7 5.5

Flat structure 78.9 126.0 9.4

Table 2.1 – Minimum values of Jph loss, corresponding ITO thick-
nesses, and required deposition times calculated for system of
thin films on c-Si wafer illustrated in Fig. 2.5. Results for pyra-
midal texture with vertex angle near the ideal value (α = 70◦),
for sample A1 (α = 75◦), for sample B1 (α = 80◦), and for struc-
ture on the flat wafer are presented.
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2.3.2 Silicon heterojunction solar cells

Four SHJ solar cells with various p-layer thickness [sum of
(p)a-Si:H and (p++)a-Si:H layer thickness] fabricated by Igor P.
Sobkowicz on textured wafers of type B1 are studied to compare
their performance. Light current density-voltage (JV) character-
istics in Fig. 2.8 show that a p-layer thickness of 16 nm is optimal
to get the maximum conversion efficiency.

Figure 2.8 – Light JV characteristics of SHJ solar cells fabricated
on textured wafers of type B1 as a function of the p-layer thick-
ness [6, 7].

This observation clearly demonstrates the importance of the
precise control of the thicknesses of deposited thin films since a
few nm difference in p-layer thickness leads to a change in the
efficiency of the cells by a 2.4 % in absolute value (19.2 % for
p = 16 nm in contrast with 16.8 % for p = 10 nm). Spectroscopic
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ellipsometry is therefore a valuable method for a precise con-
trol of deposited thin film thicknesses and solar cell efficiency
optimization.

2.4 Chapter key results

Crystalline silicon wafers with different pyramidal textures
resulting from various texturing conditions were studied in the
thesis. Samples without additional post-treatment seem to be
more suitable for photovoltaic applications from an optical point
of view, since an additional post-treatment increases the unde-
sirable reflectance. A designed simple model for reflectance
based on dominant double-reflection from opposite pyramid
facets was proved to agree with experimental measurements.

Differences in vertex angles of studied pyramids were pre-
sented. We associate this with steps at atomic level revealed by
high resolution transmission electron microscopy. These atomic
steps could have a detrimental impact on the passivation qual-
ity and hence on the overall solar cell efficiency. Moreover, dif-
ferent pyramidal surfaces with respect to vertex angles influ-
ence deposition rates and resulting thin film thicknesses. Care-
ful optimization of multi-layer system with respect to particular
pyramidal surface, together with the accurate thickness charac-
terization is thus required.

A model based on calculation of parasitic absorptions in each
layer, together with the total reflectance of the structure on the
front surface of the solar cell was designed for optimization of
thicknesses of thin films on pyramids. We demonstrated that
optimal parameters of multi-layer structure vary depending on
used surface geometry. Thanks to this study, we were able to
optimize our SHJ solar cell base structure, and choose an opti-
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mal p-layer thickness of 16 nm. The thickness optimization has
led to improvement of SHJ solar cell efficiency by 2.4 % in abso-
lute value, up to 19.2 % on a 2× 2 cm2 surface, thus proving the
paramount importance of accurate a-Si:H layer thickness moni-
toring to reach higher performance.
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3 Results for silicon nanowires

3.1 Characterization of substrate before nanowire
growth

The Sn droplets were formed after 2 min of H2 plasma treat-
ment (before the start of the nanowire growth, marked as 0 min
of SiNW growth) and measured in-situ during the fabrication
process in the reactor. Figure 3.1 shows a schematic illustra-
tion of the sample and corresponding multi-layer optical model
consisting of 1 mm thick Corning glass substrate covered by the
ZnO:Al layer of nominal thickness of 2 µm, while Sn droplets
are represented by the B-EMA containing Sn and void. Optical
functions of Corning glass, ZnO:Al and Sn were obtained from
independent measurements of reference samples as described
in the thesis.

Figure 3.1 – (a) Schematic illustration of the Sn droplets forma-
tion after 2 min of H2 plasma treatment. (b) Multi-layer opti-
cal model consisting of 1 mm Corning glass substrate (L1), the
aluminum doped ZnO layer (L2), and Sn droplets modeled by
Bruggeman effective medium approximation (B-EMA) [8] con-
taining the Sn and void (L3). Red symbols F mark the free fitting
parameters which are the thicknesses of layers L2 and L3, and
the volume fraction of Sn.

The model was fitted to the experimental data using the
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Levenberg-Marquardt least-square minimization algorithm im-
plemented in the DeltaPsi2 software (Horiba Scientific).

Figure 3.2 shows a very good agreement between the mea-
sured (symbols) and modeled (lines) values of Mueller matrix
elements for the Sn droplets formed after 2 min of H2 plasma
treatment (marked as 0 min of SiNW growth) and for the 4 min
of SiNW growth (which is discussed in the next section 3.2). The
resulting thickness of the ZnO:Al layer obtained from the model
in Fig. 3.1 is 2.23 µm. The thickness of the L3 layer consisting of
12.4 % of Sn and 87.6 % of void is 21.1 nm. The amount of Sn
in this layer corresponds to the 2.6 nm thick layer of pure Sn.
This value agrees well to the expected 2 nm nominal thickness
of evaporated Sn film. The value of the fitting error function χ2

is 3.2. Obtained results confirm that designed model is appro-
priate for description of Sn droplet formation.

3.2 In-situ characterization of silicon nanowire
growth

The SiNWs were grown from the Sn droplets by plasma-
enhanced vapor-liquid-solid (VLS) process [9] in a plasma-enhanced
chemical vapor deposition (PECVD) reactor as described in the
thesis and the samples were measured in-situ every minute dur-
ing growth. Figure 3.3 shows the evolution of measured Muller
matrix ellipsometric data with the deposition time. Measure-
ments were performed from Sn droplets formation by H2 plasma
treatment corresponding to 0 min of SiNW growth (marked by
blue curve in Fig. 3.3) until the end of nanowire growth after
10 min. The direction of the time axis was reversed to make
the data easier to distinguish. We can observe gradual changes
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Figure 3.2 – Measured (symbols) and modeled (lines) Mueller
matrix elements M33 and M43 as a function of the wavelength of
incident light for sample of Sn droplets after 2 min of H2 plasma
treatment before the nanowire growth (0 min of SiNW growth)
and for the sample after 4 min of SiNW growth.

in measured data demonstrating the changes of optical proper-
ties of the sample connected to the structural evolution during
SiNW growth.

Optical modeling of Mueller matrix ellipsometry data (see
Fig. 3.3) allows us to trace the sample deposition step by step.
Models start from a relatively simple model of the substrate
with Sn droplets presented in Fig. 3.1 and continue to more com-
plex versions for growing nanowires. Best fitted parameters of
each spectrum have been used as initial parameters for the fol-
lowing one. Each spectrum has been analyzed thoroughly to as-
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Figure 3.3 – Evolution of Mueller matrix elements (a) M33 and
(b) M43 with deposition time starting from Sn droplets forma-
tion at 0 min of SiNW growth (blue curve) and continuing
with SiNW growth measured every 1 min (black curves) up to
10 min.

sess the accuracy of the used multi-layer optical model and the
quality of the fit. We have added additional layers only when
the current model was not able to provide satisfactory fit of the
measured data. This enabled us to preserve a good quality of fits
across the whole set of measured spectra and to obtain trends
for the silicon deposition [10].

Figure 3.4 shows a schematic illustration of the sample and
the corresponding multi-layer optical model, which was applied
from the beginning of the SiNW growth up to 3 min of the
growth.

Starting from the fourth minute of the growth, one addi-
tional layer (L6) of B-EMA consisting of the void and silicon
with different composition has been added to represent the ef-
fect of the longest and very sparse nanowires (see Fig. 3.5) and
to preserve the good quality of the fit. Based on the analysis of
the data, void was excluded from the layer L3 corresponding to
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Figure 3.4 – (a) Schematic illustration of the first stages of sil-
icon nanowire growth by the plasma-assisted VLS method us-
ing Sn droplets as the mediator for the growth. (b) Multi-layer
optical model consisting of 1 mm Corning glass substrate (L1),
the aluminum doped ZnO layer of thickness of 2.23 µm (L2),
Sn droplets partially buried in the silicon represented by the
B-EMA consisting of Sn, void, and silicon (L3), the L4 layer
formed by B-EMA of void and silicon representing short dense
nanowires, and the L5 layer representing longer, less dense
nanowires. Red symbols mark the free fitting parameters.

the situation that Sn droplets and shortest nanowires with de-
posited a-Si:H completely fill the layer. This model agrees very
well with the experimental data as illustrated in Fig. 3.2 for 4
min of SiNW growth.

Figure 3.6(a) summarizes the trends for the deposition of sil-
icon determined from models above. The amount of silicon in
each layer is obtained as a product of layer thickness and silicon
volume fraction in that layer. The total amount of silicon in all
layers corresponds to the sum of all these thicknesses [red curve
in Fig. 3.6(a)].

The red curve in Fig. 3.6 indicates a piecewise linear increase
of silicon during the deposition. Two deposition rates of silicon
can be determined from this curve as 0.16 nm/s and 0.11 nm/s,
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Figure 3.5 – (a) Schematic illustration of the later stages of silicon
nanowire growth by the plasma-assisted VLS method using the
Sn droplets as the catalyst for the growth. (b) Multi-layer optical
model consisting of 1 mm Corning glass substrate (L1), the alu-
minum doped ZnO layer of thickness of 2.23 µm (L2), a mixture
of Sn droplets and silicon represented by B-EMA consisting of
Sn and silicon (L3), the L4 layer formed by B-EMA of void and
silicon representing the shortest very dense nanowires gradu-
ally being filled by a-Si:H, the L5 layer representing longer less
dense nanowires, and L6 layer representing the longest very
sparse nanowires. Red symbols mark the free fitting parame-
ters.
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respectively [see Fig. 3.6(b)]. Both deposition rates are between
the approximate growth rate of 1.67 nm/s of crystalline silicon
nanowires estimated in the thesis and that of pure a-Si:H de-
posited under same conditions on flat substrate, which is around
0.07 nm/s [11, 12] [for comparison see blue and green lines in
Fig. 3.6(b)]. The higher deposition rate of 0.16 nm/s at the be-
ginning of the process corresponds well to the production of a
combination of growing SiNWs and a-Si:H deposited between
them.
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Figure 3.6 – Trends for the silicon deposition. (a) Evolution of
the amount of silicon in each layer and its total sum (red curve)
as a function of the deposition time. (b) Deposition rate of sili-
con established from the increase of the total amount of silicon
in all layers (red points) in comparison with the deposition rate
of pure a-Si:H (green) and crystalline silicon nanowires growth
rate (blue) [11].

Straightforward dependence of the amount of silicon on the
deposition time in Fig. 3.6 shows that we can trace the SiNW
growth using a single parameter, and thus provide a tool for
a better fabrication process control using in-situ ellipsometry.
Moreover, average density of SiNWs can be estimated if suffi-
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cient structural information is known a priori (e.g. SiNW lengths
and diameters).

3.3 Chapter key results

We have demonstrated for the first time in-situ monitoring
and modeling of the Si nanowire growth using Mueller matrix
data obtained by an ellipsometer installed on the reactor. We
have shown that a straightforward optical model based on B-
EMA simplifying the complex geometry of randomly oriented
SiNWs can be used to interpret the data for process control pur-
poses. Trends in the amount of deposited silicon together with
effective deposition rates were obtained despite the limitations
of proposed model and measured data discussed in the thesis.
The observed piece-wise linear dependence of the silicon mate-
rial deposition on the deposition time enables to trace the fabri-
cation process in-situ and to control variable deposition condi-
tions. Extension of the measurement range to include also UV
region is crucial to distinguish between different phases of sili-
con (amorphous, microcrystalline, and crystalline).
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Conclusions

Optical methods (in particular spectroscopic and ellipsomet-
ric techniques) were successfully used for the characterization
of both, widely used pyramidal textures as well as highly chal-
lenging randomly oriented silicon nanowires. These techniques
provide us important informations which lead to solar cell im-
provement. Design of new optical models has been crucial for
data analysis.

Comprehensive study of various pyramidal textures (result-
ing from different texturing recipes) and their impact on the so-
lar cell design, fabrication, and performance has been carried
out. Key findings regarding the influence of the surface textures
on light-trapping, deposition rates and resulting thin film thick-
nesses as well as multi-layer design optimization have been dis-
cussed in Chapter 2. The crucial role of pyramid vertex angles
has been demonstrated. Application of these findings leads to
solar cell efficiency improvement.

Optical methods have also been used for growth monitoring
and modeling of randomly oriented silicon nanowires. Opti-
cal models simplifying the complex structure of samples have
been designed to analyze measured Mueller matrix ellipsomet-
ric data. Developed models together with obtained trends for
material deposition and deposition rates have been presented
in Chapter 3. The amount of deposited material seems to be a
suitable single parameter allowing to trace the fabrication pro-
cess. Extension of the spectral range of measurements to cover
also the UV region is crucial to distinguish between different
silicon phases.
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J. Pištora, and P. Roca i Cabarrocas, “Optical properties and per-
formance of pyramidal texture silicon heterojunction solar cells:
key role of vertex angles”, Prog. Photovolt. Res. Appl., submit-
ted (2017).

Z. Mrazkova, M. Foldyna, S. Misra, M. Al-Ghzaiwat, K. Postava,
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rea, J. Pištora, and P. Roca i Cabarrocas, “Influence of



32

pyramidal surface morphology on optimization and opti-
cal performance enhancement of silicon heterojunction so-
lar cells,” Progress in Photovoltaics: Research and Appli-
cations (submitted 2017).

[8] A. Sihvola, Electromagnetic Mixing Formulas and
Applications, IEE Publication Series (Institution of Engi-
neering and Technology (IET), 2000).

[9] S. Misra, L. Yu, M. Foldyna, and P. Roca i Cabarrocas,
“High efficiency and stable hydrogenated amorphous sil-
icon radial junction solar cells built on VLS-grown silicon
nanowires,” Solar Energy Materials and Solar Cells 118,
90–95 (2013).

[10] Z. Mrazkova, M. Foldyna, S. Misra, M. Al-Ghzaiwat,
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