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Chapter 1

Introduction
1.1

Renewable Energy and Solar Energy

The world energy consumption is growing explosively while common energy sources
such as fossil fuels and nuclear energy are less favored because either they are likely
to become exhausted or they have unfavorable environmental eﬀects or risks. A
new arsenal of energy sources is that of sustainable energy. Here, continuously
available natural energy sources are used to generate electricity. Photovoltaic (PV)
solar energy (conversion of light to electrical energy) has a considerable potential,
since the radiative power that the earth receives from the sun is more than roughly
ten thousand times the global energy consumption rate.
In the last ten years, the global solar cell production has been growing with 30%
annually and near future forecasts show that in the years 2005 to 2010 an increase
of a factor 3 is expected, resulting in an annual production of 1800 MW (installed
peak power) in 2010 [1]. Thirty percent of the world production is in Europe.
Long-term predictions point out that before the second half of this century, the
contributions of traditional energy sources (fossil and nuclear) will be decreasing
while the energy consumption will still be growing with 2% per year. The share of
renewable energy will increase rapidly leading to a solar energy (photovoltaic and
photothermal) contribution to the total energy production of 20% in 2050 and over
50% in 2100 [1]. Therefore a cost reduction is required: the estimated cost of solar
energy is in the range of 0.5 −
C/kWh at present, while it should become as low as
conventional energy from the grid (the present billing price in the Netherlands is
0.13 −
C/kWh).
Based on cost and performance, diﬀerent types of solar cells can be classiﬁed
as ﬁrst, second, or third generation [2] (see Figure 1.1). State of the art thin-ﬁlm
silicon is one of the representatives of the second generation, while the third generation refers to novel future concepts. There is a new trend in fundamental research
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0.1 $/W

0.2 $/W

0.5 $/W

thermodynamic limit
1.0 $/W

present limit
3.5 $/W

Figure 1.1: The performance compared to the costs for typical categories of solar cells
(from [2]).

to push the performance over the present limit towards the thermodynamic limit.
In the near future an important part of the growth in production (and decrease
of costs) will be due to the development and production of second generation solar cells [1]. The work described in this thesis contributes to the optimization of
performance and the reduction of costs of thin ﬁlm-silicon solar cells.

1.2

History of Thin-Film Silicon Solar Cells

The history of solar cells starts in 1839 with the discovery of the photovoltaic
eﬀect by Edmond Becquerel [3]. He discovered that due to light-induced chemical
reactions at the interface of two liquids, currents could be measured using platina
electrodes.
At present, semiconductors are commonly applied to utilize the photoelectric
eﬀect to convert radiative energy into an electrical potential. In the years 1950–
1960 crystalline silicon (c-Si) based p-n junction solar cells with considerable energy conversion eﬃciencies of η > 10% were developed. Nowadays, based on this
technology solar cells with η ∼ 25% have been made. This is considered to be
the ﬁrst generation solar cells. However, the disadvantage of the crystalline silicon
concept is that the expenses of production (energy and material costs) are rather
high. A cheaper alternative—identiﬁed as second generation photovoltaics—is the
thin-ﬁlm silicon concept. Whereas c-Si based solar cells are based on self supporting slices sawn from a silicon ingot (with a typical thickness d ∼ 300 µm), in the
case of thin-ﬁlm silicon, the active silicon layers are deposited from a gas phase
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(SiH4 and H2 source gases) by a low-temperature process on a cheap substrate
such as glass.
In thin-ﬁlm silicon solar cells, the deposited silicon is a diﬀerent phase compared
to c-Si: it is amorphous silicon (a-Si:H) or microcrystalline silicon (µc-Si:H). Unlike
in c-Si, in a-Si:H silicon atoms do not form an ordered matrix in which most atoms
are four-fold coordinated. The silicon atoms are bound to each other with less order
in terms of bond length or bond angle. This leads to the presence of band tail
states. Silicon atoms that are not four-fold coordinated have so-called dangling
bonds. Although the incorporated hydrogen passivates most of these dangling
bonds, there is a considerable number of mid-gap states (defects) in a-Si:H. The
dangling bond density in doped layers is so high that the generated charge carriers
in a a-Si:H based p-n junction are lost by recombination. Alternatively, p-i-n cells
are developed in which the charge carriers are generated in the intrinsic absorber
layer (i -layer) and drifted to the external contacts by means of the ﬁeld generated
by the p- and n-type doped layers. Due to the disorder in the amorphous silicon
network, the momentum conservation law is relaxed. This makes a-Si:H a material
that behaves like one with a direct band gap (only a photon is required for an
electronic transition; no additional phonon is required): the absorption coeﬃcient
of a-Si:H is much higher compared to c-Si. Therefore, a-Si:H solar cells can be
made very thin d ∼ 0.5 µm.
Based on this concept, in 1976 the ﬁrst experimental a-Si:H p-i-n solar cell
was made by Carlson and Wronski [4] with an energy conversion eﬃciency of
2.4%. Nowadays, such cells can be made with initial conversion eﬃciencies η of
η > 10%. The major disadvantage of a-Si:H is that the dangling bond density
Nd in the i -layer increases with time when the solar cell is exposed to light (the
so-called Staebler-Wronski eﬀect [5]) due to which the performance decreases. Microcrystalline silicon appears to be a more stable alternative.

Microcrystalline Silicon
Microcrystalline silicon was ﬁrst reported by Vep̌rek et al. in Europe in 1968 [6]
and in Japan by Matsuda et al. [7] and Hamasaki et al. [8] in 1980.
In 1992 Faraji et al. [9] reported a thin-ﬁlm silicon solar cell with a µc-Si:H:O
i -layer. The ﬁrst solar cell with a µc-Si:H i -layer was reported in 1994 by Meier et
al. at IMT Neuchâtel, Switzerland [10] with η = 4.6%. In the following years, at
this institute the concept of “micromorph” tandem cells was developed: a tandem
with a microcrystalline bottom cell and an amorphous top cell. In 2002, Meier et
al. [11] published a micromorph tandem with η = 10.8% stable (12.3% initial) of
which the bottom cell (thickness of d = 2 µm) was deposited at a rate of rd = 0.5
nm/s. The highest initial eﬃciency of 14.7% was reported by Yamamoto et al.
of Kaneka, Japan [12]. Because of the fact that not only the eﬃciency but also
the manufacturing costs of the solar cell determine the feasibility as an industrial
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Figure 1.2: Schematic band diagram (with electrons e− in the valence band and holes
h+ in the conduction band, and an imaginary Fermi level connecting the Fermi levels
at the p- and n-layer) of a p-i-n solar cell in a) short circuit condition, b) operating
condition, and c) open circuit condition.

product, the trend in research has moved towards higher deposition rates rd , while
reducing the loss in material properties and cell performance to a minimum. An
overview of eﬃciencies obtained by diﬀerent groups for high deposition rates (up
to rd = 6 mn/s), is given in Figure 7.10.
Further development and optimization of a-Si:H/µc-Si:H tandems will remain
very important because it is expected that in the near future (ﬁrst half of this
century) its market share will be considerable. For example, in the European
Roadmap for PV R&D [1], it is predicted that in 2020 the European market share
for thin-ﬁlm silicon (most probably mainly a-Si:H/µc-Si:H tandems) will be 30%.
This shows the importance of second generation solar cells.

1.3

Basic Physics of Thin-Film Silicon Solar Cells

Traditionally, thin-ﬁlm silicon solar cells are based on a-Si:H. The physics of this
material and a-Si:H based solar cells is described in many standard works. Here,
a brief summary is given.
Amorphous silicon is a semiconductor with a mobility band gap of approximately Eg = 1.7 eV at room temperature. Within the band gap, there are band
tail states and mid-gap defect states. Because of the high defect density in a-Si:H
doped layers, high quality (low defect density) intrinsic layers (i -layers) are used as
absorber layers. The absorption of photons leads to the formation of electron-hole
pairs in the i -layer. The electrons in the conduction band and holes in the valance
band can move to the external contacts under the inﬂuence of the electrical ﬁeld
that is generated by the doped layers.
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However, due to the states within the band gap of the i -layer, charge carriers
frequently recombine (through defect states) or are trapped in band tail states.
The diﬀusion length of charge carriers in a-Si:H is much shorter than in the case
of c-Si. Therefore, unlike in c-Si, the main charge transport mechanism is not
diﬀusion, but drift by the electrical ﬁeld.
Figure 1.2 shows a schematic energy band diagram of a p-i-n solar cell in diﬀerent voltage conditions (the characterization of the electrical performance of solar
cells is discussed in section 2.8). The electrical ﬁeld over the i -layer is determined
by the mobility band gap of the i -layer, the doping levels of the doped layers, the
mobility band gaps of the doped layers, the defect density and the spatial defect
distribution in the i -layer, and the thickness of the i -layer. Because of band bending (due to charged defects at the p/i and i/n interface, as indicated in the ﬁgure),
the electrical ﬁeld in the middle of the i -layer is generally lower compared to the
regions closer to the doped layers.
Light trapping in the absorber layer can be improved by using textured substrates, for example textured transparent conductive oxides (TCOs), so that the
same amount of light can be absorbed in a thinner i -layer. In such a situation,
the collection of charge carriers is improved: the recombination rate is lower due
to the higher electrical ﬁeld over the i -layer. From the study that looked at the
limitations of µc-Si:H based thin-ﬁlm solar cells’ performance, it was concluded
that the biggest potential in the improvement lies in light trapping [13].
At present, the focus of the research has shifted from a-Si:H to diﬀerent forms
of thin-ﬁlm silicon such as proto-Si, nano-Si, µc-Si:H, and thin ﬁlm poly-Si.

1.4

Properties of µc-Si:H

A variety of methods is used for the deposition of µc-Si:H. Generally, to obtain
microcrystalline deposition, additional hydrogen source gas is added during the deposition. Microcrystalline silicon grown by plasma-enhanced chemical vapor deposition (PECVD) is a promising material for the application as an intrinsic absorber
layer in solar cells: so far, best eﬃciencies have been obtained using this technique
[14]. For the deposition of high-quality material at high deposition rates, new
PECVD regimes featuring higher RF frequencies (“very high frequency”: VHF),
conditions of source gas depletion at high pressure (“high-pressure depletion”:
HPD), and altered electrode designs are explored. A combined approach of these
techniques is followed in this thesis in the chapters 5 to 7.
Alternative techniques to deposit µc-Si:H at high growth rate are hot-wire
chemical vapor deposition (HWCVD) [15], expanding thermal plasma (EPT) [16],
and micro-wave plasma-enhanced chemical vapor deposition (MW-PECVD).
Microcrystalline silicon is a mixed phase material consisting of a-Si:H, c-Si
nano-crystallites, and grain boundaries. During the layer growth, crystallite formation starts with nucleation after an amorphous incubation phase. In the con-
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µc-Si:H

a-Si:H

crystallization
incubation

Figure 1.3: Schematic representation of the cross-section of a µc-Si:H layer grown at
diﬀerent hydrogen dilution dH of the source gas (based on [17]). The marked regions
represent crystallites and the white region the amorphous fraction.

tinuing layer deposition, clusters of crystallites grow (crystallization phase) until a
saturated crystalline fraction is reached. These processes are very much dependent
on the deposition condition: in general, it can be stated that these processes are
enhanced by the presence of atomic hydrogen due to the chemical interaction with
the growing surface [17,18,19]. Diﬀerent growth models for µc-Si:H are discussed
in section 3.3. A schematic representation of the incubation and crystallization
phase as a function of the source gas dilution with hydrogen, is shown in Figure
1.3. The incubation phase and crystallization phase are of great importance for
the optoelectronic material properties.
Photons with energy exceeding the optical band gap, are absorbed in the layer.
The optical absorption in µc-Si:H is due to absorptions from both the amorphous
and crystalline fraction. Compared to a-Si:H, the absorption of high energy photons (hν ∼ 1.7 eV and higher energies) is lower due to the indirect band gap of the
c-Si fraction, whereas in the low energy part the µc-Si:H absorption is relatively
higher due to the smaller band gap (although indirect). The optical absorption
spectrum of µc-Si:H compared to a-Si:H and c-Si is plotted in Figure 1.4.
In general, the photoconductivity of a semiconductor is dependent on the balance between the generation and recombination of charge carriers as well as their
mobility. In the mixed phase material µc-Si:H, the transport mechanism is not
well understood yet. Whether the electrical properties are determined by the
amorphous or the crystalline fraction, is dependent on the transport path. If the
crystalline fraction is high enough, percolation takes place along interconnected
paths through the crystallites. Therefore, the grain boundary properties play an
important role. Details about the conduction mechanism are discussed in chapter
3 for the case of doped layers and in chapter 6 for intrinsic absorber layers.
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c-Si
a-Si:H
µc-Si:H

Figure 1.4: The absorption coeﬃcient α of c-Si, a-Si:H, and µc-Si:H (data from [10]).

1.5

Advantages of µc-Si:H in Solar Cells

Microcrystalline silicon intrinsic layers are advantageous for i -layer application
in thin-ﬁlm silicon solar cells because the lower apparent band gap compared to
amorphous silicon makes that combination of µc-Si:H and a-Si:H in a tandem solar
cell better matched to the solar spectrum than either a-Si:H or µc-Si:H alone (see
Figure 1.5). Theoretical calculations [20] show that the combination of band gaps
of a-Si:H and µc-Si:H is close to the optimal combination for maximum eﬃciency.
Microcrystalline silicon with a suﬃciently high crystalline volume fraction does
not show light-induced degradation of optoelectronic properties [22,23], whereas
a-Si:H shows an increasing defect density upon light soaking (Staebler-Wronski
eﬀect [5]).
The material costs of thin ﬁlm microcrystalline silicon are far low compared
to the c-Si wafer because—when deposited on a substrate—the required thickness
is two orders of magnitude thinner. Light trapping techniques can be used to
enhance the absorption in the thin layer.
The production costs are also lower compared to c-Si because thin-ﬁlm silicon
is deposited with a low temperature process and, when deposited on a ﬂexible foil,
it can be manufactured in a roll-to-roll process. Increasing the deposition rate
reduces the costs even more.
Microcrystalline silicon doped layers are suitable as window layer because it
has a low optical absorption above hν = 2 eV compared to a-Si:H. In this energy
range, the loss of photons in window layers can be considerable.
The electrical properties of µc-Si:H doped layers are favorable compared to
a-Si:H, because it can be more eﬃciently doped. The activation energies of dark
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Figure 1.5: AM1.5 irradiated solar power spectrum according to reference [21] (upper
solid line) and the power that can be generated using a a-Si:H/µc-Si:H tandem solar cell
(lower solid line), an a-Si:H single junction (lower solid line in left part) and a µc-Si:H
single junction (dotted line in left part; solid line in middle part). Assumptions: mobility
gap Eg (µc-Si:H) = Eg (c-Si), Voc = 0.85 V for the a-Si:H sub cell and Voc = 0.53 V for
the µc-Si:H sub cell, sharp band edges, and total absorption for photon energies above
the band gap.

conductivity are smaller compared to a-Si:H, because the Fermi level is closer
to the valence and conduction band for p- and n-type doped layers respectively.
Therefore, the built-in voltage of the solar cell is higher when µc-Si:H doped layers
are used.
A µc-Si:H doped layer acts as a suitable seed layer for the crystallites in a µcSi:H i -layer grown on top of it. In this way, an amorphous incubation layer can be
prevented. The interaction of the doped layer with the i -layer deposition process
is dependent on the temperature stability of the doped layer and its resistance to
atomic hydrogen.

1.6

Objectives and Outline

The work in this thesis can be divided in two parts: (1) the development of
thin, temperature stable µc-Si:H doped layers and (2) the development of highrate deposited intrinsic absorber layers. The objectives of the µc-Si:H research
described in this thesis are as follows:
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Doped Layers
The development of temperature stable, device quality p- and n-type doped µcSi:H layers by applying high deposition temperatures (up to 400 ◦ C); the use of
a layer-by-layer (LbL) deposition process in which a-Si:H growth and hydrogen
plasma treatment induced crystallization are separated in time; to contribute to
the understanding of the interaction of atomic hydrogen with the layer that leads
to the crystallization process of µc-Si:H (chapter 3).
The evaluation of the suitability of the n-type doped µc-Si:H layers developed
in chapter 3 for solar cell applications in n-i-p solar cells with diﬀerent types of
a-Si:H and µc-Si:H i -layers (chapter 4).

Intrinsic Absorber Layers
The identiﬁcation of the inﬂuence of various deposition parameters such as RF
power, process pressure and gas ﬂow on the plasma properties during very high
frequency plasma-enhanced chemical vapor deposition (VHF PECVD) under highpressure depletion conditions (HPD) of µc-Si:H intrinsic absorber layers; the justiﬁcation of the suitability of a new electrode design with shower head gas inlet and
small electrode distance (de = 6 mm) for the high-rate deposition of µc-Si:H using
VHF PECVD in HPD conditions; the study of the correlation of the plasma properties with the crystallinity and deposition rate of the deposited material (chapter
5).
The development of device-quality intrinsic µc-Si:H with optimal optoelectronic
properties by investigating the inﬂuence of the crystalline fraction of intrinsic µcSi:H materials (adjusted by the hydrogen dilution in the gas phase of the VHF
PECVD process in the HPD regime) on the optoelectronic properties of µc-Si:H
intrinsic material properties; and understanding the conduction mechanism in µcSi:H (chapter 6).
The optimization of intrinsic µc-Si:H for application as intrinsic absorber layer
(i -layer) in single junction p-i-n solar cells with high conversion eﬃciency using
VHF PECVD in HPD conditions with a small electrode distance and a shower head
electrode; understanding the limiting factors of the cell performance in terms of
grain boundary structures and defect densities; the development of a micromorph
tandem; the investigation of the inﬂuence of the TCO; exploration of the feasibility of achieving high rate deposited i -layers while maintaining good conversion
eﬃciencies (chapter 7).

Chapter 2

Experimental Techniques
and Concepts
The techniques that have been used for the deposition and characterization of the
µc-Si:H layers and solar cells, are described in this chapter.

2.1

Plasma-Enhanced Chemical Vapor Deposition

Plasma-enhanced chemical vapor deposition (PECVD) is commonly used for thinﬁlm silicon deposition. In this process, source gases are decomposed by a radiofrequent (RF) ﬁeld between two parallel electrodes (diﬀerent electrode conﬁgurations are represented in Figure 5.1). The substrate is mounted on the grounded
electrode. Usually, SiH4 (silane) and H2 (hydrogen) are used as source gases.
In the plasma, electrons are accelerated by the RF ﬁeld. These highly energetic
electrons are involved in inelastic collision processes that lead to ionization and
dissociation of source gas molecules. The radical and ionic species that are formed
contribute to the growth of the layer. Because of the diﬀerence in mass between
the ions (positively charged) and the electrons (e− ), the electrons are faster in the
plasma due to which they reach objects (such as the electrodes) earlier. Due to this
process (referred to as ambipolar diﬀusion) the electrodes have a lower electrical
potential than the plasma bulk.
Commonly, the power is capacitively coupled in the plasma due to which there
is no net current in the circuit. In case the electrode areas are diﬀerent, charging
of the capacitor in the external circuit causes a diﬀerence in potential between the
two electrodes.
Traditionally an RF frequency of 13.56 MHz is used for PECVD (referred to as
RF PECVD). In very high frequency (VHF) PECVD, higher RF frequencies are
used. In the following consideration, it will be clear that the RF frequency and re17
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Figure 2.1: Potential proﬁle for diﬀerent phases during the RF cycle. Time average
potential proﬁle as a function of position in the plasma between the electrodes (the
substrate is usually at the grounded electrode).

actor geometry have an important inﬂuence on the plasma potential and therefore
on the energy with which the positively charged ions bombard the substrate.

Plasma Potential and DC Bias
The potential distribution in the plasma as a function of the phase φ of the RF
cycle can be described by considering three regions (from left to right in Figure
2.1). 1) The potential at the grounded electrode (the anode, at which the substrate
is mounted) is 0 V during the entire RF cycle. 2) The potential in the plasma bulk
Vpl (φ), of which the time average is deﬁned as the plasma potential (Vpl ), is higher
than the potential at the electrodes at all phases during the RF cycle, due to the
ambipolar diﬀusion. 3) At the powered electrode a time dependent RF voltage
Vrf (φ) is applied. The amplitude, Vrf , determines the power that is coupled into
the plasma. The time averaged potential at the powered electrode (the cathode)
is called the DC self bias Vdc . Due to the asymmetry (the powered electrode is
commonly smaller than the grounded electrode) and capacitive coupling imply
that Vdc is lower than the potential at the grounded electrode.
The energy with which positive ions are accelerated to the electrodes, is the
potential diﬀerence between the plasma bulk and the electrode: positive ions bombarding the substrate on the grounded electrode are accelerated by the plasma
potential Vpl , while ions bombarding the cathode are accelerated by Vpl + Vdc .
In Figure 2.2, the potentials at the electrodes and in the plasma bulk are plot
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Figure 2.2: Vpl (φ), Vrf (φ), and Vdc as a function of the phase φ of an RF cycle.

as a function of the phase of an RF cycle. At φ = 1.5π, the powered electrode the
voltage Vrf (φ) is at its minimum (−Vrf ); the plasma potential is close to 0 V since
due to ambipolar diﬀusion it cannot be lower than slightly above the potential of
the grounded electrode. At φ = 0, π, and 2π, the voltage Vrf (φ) is at the neutral
position; the plasma potential follows to higher potential. At φ = 0.5π, Vrf (φ) is
at its maximum (Vrf ) and the plasma potential is pulled upwards: it cannot be
lower than the potential at one of the electrodes due to ambipolar diﬀusion.
The time dependent potential in the plasma bulk Vpl (φ) follows the signal of
Vrf (φ). The average potential at the powered electrode is Vdc and is lower than
the grounded potential due to the asymmetry. Moreover, it expected that it scales
with the amplitude Vrf (which is also experimentally found, see the data points in
Figure 2.3).
It follows that the plasma potential is dependent on Vdc and Vrf : the maximum
in plasma potential at φ = 0.5π, Vpl (φ) (max) = Vdc + Vrf the time average Vpl (the
sheath potential) is (Vdc + Vrf )/2). More general it can be stated that Vpl < Vrf /2
[24], which would lead to Vpl = Vrf /2 in the case of a symmetric reactor.

Inﬂuence of RF Frequency
The charge displacement dQ/dt in the plasma sheaths and the voltage diﬀerence
driving this displacement determine the power that is coupled into the plasma.
At higher frequencies, dt is smaller, so dQ/dt is larger, which implies that if the
RF potential is kept constant, more power is dissipated in the plasma. It follows
that to couple the same power at higher frequencies, a lower RF voltage Vrf is
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Figure 2.3: Experimentally correlation between Vdc and Vrf (data from [25]). De simulations show the expected behavior for diﬀerent electrode area ratios a.

Figure 2.4: Ion energies are estimated using the Vpl = Vrf /2 rule (symmetric reactor)
derived from Vrf (φ) measurements at diﬀerent RF frequencies keeping the power that is
coupled in the plasma constant (data from [26]).

needed. From the previous study we learned that Vdc and (time averaged) Vpl
scale with Vrf , so it is expected that the plasma potential and therefore the ion
bombardment decrease with increasing frequency. Figure 2.4 shows experimental
results that show the expected trend.
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Figure 2.5: (from [25]) Modelling result: sheath potentials dependent on area ratio.
The sheath potential is deﬁned as the diﬀerence of the potential at the electrode and the
plasma potential.

Inﬂuence of Reactor Geometry
The electrode area ratio a is deﬁned as a = area ground electrode/area powered
electrode. The eﬀective area ratio aeﬀ (the ratio “seen by the plasma”) is not
necessarily equal to a: for example if the electrode distance is smaller, aeﬀ is
closer to 1. The ratio aeﬀ can be determined by measuring and modelling the Vdc
dependence on the applied Vrf (comparing the data to the diﬀerent simulations
for a in Figure 2.3). It can be calculated that with increasing area ratio, the
average sheath potential near the grounded electrode (Vpl ) decreases, while the
Vdc increases (Figure 2.5).
If we would consider the frequency dependence of Vpl such as in Figure 2.4 in
an asymmetric reactor (such as electrode conﬁguration A in section 5.2), Vpl is
expected to be lower and to be less dependent on frequency because Vdc is larger
(in the limit approaching the value of Vrf , see Figure 2.3). At each Vrf chosen to
couple the same power at a certain frequency, the lifting of the plasma potential
at φ = 0.5π is less, which results in a lower average Vpl . Electrode conﬁguration
B (section 5.2) has a lower aeﬀ (more symmetric) because of the small electrode
distance, due to which Vpl is expected to be relatively higher.

2.2

PECVD Systems

The thin-ﬁlm silicon layers used for the research described in this thesis are deposited in the Utrecht Solar Energy Laboratory (USEL). Most of the layers and
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solar cells were deposited in the multi-chamber system ASTER, while the mass
spectroscopy experiments were performed in a replica of a chamber of the ASTER
system, called IRIS.

ASTER
The ASTER [25,27,28] (Amorphous Semiconductor Thin-ﬁlm Experimental Reactor) is an ultra-high vacuum multi-chamber deposition systems with 4 reaction
chambers and a load lock, arranged around a central chamber. Substrate holders
(13 mm thick titanium plates) with substrates up to 10×10 cm2 can be transported
between the diﬀerent chambers by means of a robot arm. The substrate holders are
clamped to the grounded upper electrode (substrate facing downwards). The substrate temperature between room temperature and 400 ◦ C can be used. A lower
electrode is powered by an RF power generator. The standard electrode distance
de is 27 mm. VHF PECVD is used with a standard frequency of 50 MHz. A matching network with adjustable capacitors is used to match the complex impedance
of the electrode conﬁguration to 50 Ω. It is estimated that approximately 50% of
the RF power from the generator is dissipated in the plasma [29].
In one of the reaction chambers, a novel type of electrode with adjustable
electrode distance de (down to 5 mm) and with a shower head type of gas inlet
was installed. The electrode can be heated by means of an oil circuit. In this
reactor, VHF PECVD is used with a frequency of 60 MHz. Details are given
in section 5.2. In the same chamber the plasma can be characterized by in situ
Optical Emission Spectroscopy (see section 2.3).
Hydrogen (H2 ) of purity 6.0 and silane (SiH4 ) of purity 5.7 are used as source
gases for the deposition of intrinsic amorphous or microcrystalline silicon. As
dopant gasses, trimethylboron (TMB; B(CH3 )3 , 2% diluted in H2 ) for p-type
doping and phosphine (PH3 , 2% diluted in H2 ) for n-type doping were used. The
reaction chambers have a background pressure p of below 10−8 mbar, while the
background pressure in the central chamber is in the 10−9 mbar range.
It was observed that the protruding parts of the reaction chamber (that are not
suﬃciently heated by the substrate heater) have a considerable adverse inﬂuence
on the background pressure. A Residual Gas Analyzer (RGA) was installed in
the reaction chamber in which the shower head electrode was installed. First the
chamber was baked using the substrate heater at 400 ◦ C for two days. After
reducing the heater temperature to 280 ◦ C, the mass spectrum was recorded,
as plotted with the dashed line shown in Figure 2.6. Obviously, there was a
large amount of water (m = 18 amu) present in the chamber. Subsequently, the
protruding parts of the chamber were heated to around 100 ◦ C by a heating wire;
the chamber heater was set at 350 ◦ C. After two additional days of baking the mass
spectrum was recorded (solid line in Figure 2.6). It is concluded that baking the
chamber with the substrate heater alone is not suﬃcient to reach a good vacuum.
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Figure 2.6: RGA spectrum of the reaction chamber before and after baking of the cold
parts.

Layer-by-Layer Growth
The microcrystalline silicon doped layers that are studied in chapter 3, were deposited using a layer-by-layer (LbL) process that was implemented as follows. A
computer automated system lets in the process gasses (SiH4 , H2 , and a dopant
gas) for layer growth. The plasma is switched on when the process pressure is
stabilized and operated for typically 10 seconds, depending on the sub layer thickness. Subsequently the plasma is switched oﬀ, the gas lines are closed, and the
pump valve is opened in order to pump away the gasses. The same procedure
is repeated for a pure H2 plasma (the treatment cycle; typically 60 s) with independently optimized values for power, pressure and matching network capacitor
settings. In our experiment, the hydrogen plasma treatments were performed at
the same substrate temperature as the layer growth. These two process steps are
repeated alternately until the desired layer thickness is reached

IRIS
The IRIS (Ions and Radicals In Silane plasmas) consists of one plasma reactor
that is a copy of a standard reaction chamber in ASTER. The diﬀerence with
the ASTER reactors is that there is an oriﬁce in the grounded electrode, behind
which there is a separately pumped chamber to which a mass spectrometer is
mounted. The mass spectrometry is treated in section 2.3. The system and the
mass spectrometer have been described more extensively by Hamers [30].
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Plasma Characterization

Optical Emission Spectroscopy (OES)
As a plasma characterization tool, the optical emission of the plasma is detected
through a quartz window view port. An Avantes MC2000 calibrated CCD spectrometer is used to record the spectrum. A lens system and ﬁber optics are used to
focus on the emission from the pre-sheath region near the substrate. The spectral
resolution is in the order of 1 nm; integration times of around 0.5 s are required.
By means of a calibration routine [31], the spectra are corrected for the decreasing
transmission of the quartz window due to the deposition on the window.
The photon emission is due to transitions from excited states of molecules that
are formed due to electron impact reactions:
A + e− → A* + e− ,

(2.1)

to its ground state
A* → A + hν.

(2.2)

Si* (emitting at 289 and 255 nm) and SiH* (emitting at 414 nm) are excited states
that are formed by dissociation of SiH4 , whereas the Balmer alpha Hα (656 nm)
and Balmer beta line Hβ (490 nm) are associated with the dissociation of H2 .
From the recorded spectra, the intensity of the respective lines is quantiﬁed after
subtraction of the background signal.

Mass Spectrometry (MS)
To analyze species in the gas phase near the growth surface, the species in the
plasma are analyzed with a Hiden EQP300 Mass Spectrometer in the separated
reaction chamber IRIS (section 2.2). The Mass Spectrometer system is diﬀerentially pumped and the species are extracted from the plasma through an oriﬁce
in the grounded electrode. Because the detection is close to the growing surface,
it is assumed that the detected species represent the concentration close to the
growing surface.
The SIMS mode (in which ions are detected) was used when studying reaction products during hydrogen plasma treatments in the LbL process (for details,
see [32]). Because the etching products are molecular species and thus have no
charge, the most direct way would be RGA (in which neutrals are ionized by an
electron emission ﬁlament and detected). However, the signal to noise ratio was
very low, probably due to the high ionization rate in the highly hydrogen diluted
silane plasma [30]. When using the SIMS mode, neutral reaction products that are
ionized by charge transfer reactions with positive ions in the plasma sheath are detected. As these charge-transfer and ionization reactions have a constant reaction
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probability at a certain plasma condition, the number of ions can be considered as
being representative for the amount of associated neutral species in the plasma.
In the LbL process, the ion energies for growth plasmas are much diﬀerent from
the ion energies in hydrogen treatment plasmas. Therefore, no contribution from
the growth cycle is visible in the measured mass spectra with these settings (see
Figure 3.6).

2.4

Optical Material Characterization

Reﬂection/Transmission (RT)
In this characterization technique, reﬂection and transmission spectra are simultaneously recorded at the same spot of a layer deposited on a transparent and ﬂat
substrate. The spectra are taken with the thin layer facing the light source. A
halogen lamp, two diode-array spectrometers, optical ﬁbers and a sample stage
are used, provided by M. Theiss Hard- and Software. The diode arrays have 512
pixels over a wavelength range from 380 to 1050 nm. Two methods are used to
interpret the optical data, of which the ﬁrst one is extensively discussed for the
case of thin layers in appendix A. The output of both the methods is the dielectric
function of the thin ﬁlm value for the layer thickness.
Method 1: A mathematical description of the dielectric function is used to
ﬁt the reﬂection and transmission spectra. The interband transition model by
O’Leary, Johnson, and Lim (OJL) [33] as implemented in the program ‘SCOUT’
[34] is used. In this model, the shape of the conduction and valence band densities
of states (DOS) are mathematically described, with which the optical absorption
coeﬃcient α as a function of energy is determined. The Kramers-Kronig relation
(KKR) is used to calculate the refractive index n as a function of energy from the
optical absorption.
Method 2: Solving the Maxwell equation for the coherent light in the layer and
the substrate for each wavelength using the requirement that the obtained dielectric function and its ﬁrst derivative are continuous in the considered wavelength
range [35,36], as implemented in the program OPTICS 2 [37,38].

X-Y Transmission Scan
A home-made computer controlled vertically placed X-Y translation table is used
to measure the transmission as a function of position. An estimation of the thickness homogeneity can be made by making a monochromatic position dependent
transmission intensity scan at wavelength λ that is chosen such that the transmission is in the order of 10% (for example: λ ∼ 625 nm for an amorphous silicon ﬁlm
with a thickness of around 500 nm on glass). In this regime the transmission T is
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determined by the absorption and not by the interference in the layer. Therefore,
in approximation, the thickness d is proportional to − ln T . Assuming the material
properties constant, variations in transmission with position can be translated in
variations in thickness with position.

2.5

Structural Material Characterization

Cross-sectional Transmission Electron Microscopy (X-TEM)
To obtain detailed information on voids, texture, development of crystallinity and
layer thicknesses, transmission electron microscopy [39] was performed on cross
sections of layers and devices. The sample preparation procedure of gluing, sawing,
polishing, and thinning by ion milling aiming at a cross-section that is thin enough
for suﬃcient electron transmission, is described elsewhere [40,41]. Bright-ﬁeld
images were made using electron energies of 100 and 120 keV.

Raman Spectroscopy
Raman Spectroscopy is used to obtain information about the crystalline fraction in
the material. Laser light with a well deﬁned frequency is incident on the material.
By far most of the photons scatter elastically (Rayleigh scattering) and a small
part of the light scatters inelastically, which leads to a frequency shift:
hν s = hν 0 ± ∆E,

(2.3)

where hν s is the energy of the scattered light, hν 0 the energy of the incident light
and ∆E the energy shift that corresponds to the energy of a phonon that has been
created (Stokes scattering) of annihilated (anti-Stokes scattering). We record the
Stokes scattering in the range between 0 and 1200 cm−1 of a 514.5 nm line of a
Spectra Physics Ar+ -ion laser, using a Spex triple-grating monochromator and a
Roper Scientiﬁc CCD camera. The detection is perpendicular to the substrate in
the back-scattering mode, while the incident beam is under an angle of 30◦ with
the substrate. The excitation beam is polarized in the horizontal direction and
the detected beam is polarized by an analyzer in the vertical direction in order to
suppress the laser line and contributions from the glass substrate.
The recorded Raman shift spectrum reﬂects the phonon density of states.
Within the detected spectral range the transverse-optic (TO) mode of crystalline
silicon is visible (520 cm−1 ) as well as the transverse-acoustic (TA), longitudinalacoustic (LA; 330 cm−1 ), longitudinal-optic (LO; 445 cm−1 ) and TO (480 cm−1 )
modes of amorphous silicon. The crystalline ratio Rc in the subsurface region
(penetration depth is typically 50 nm in a-Si:H and 100 nm in c-Si) of the sample
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is deﬁned by the contributions of the diﬀerent phases to the TO mode:
Rc =

I510 + I520
,
I480 + I510 + I520

(2.4)

where Ix denotes the integrated intensity of the contribution centered around
x cm−1 . Ix can be determined by means of a deconvolution of the Raman spectrum, which is discussed in Appendix B. The crystalline fraction Xc can be determined, by applying a correction for the diﬀerence in cross-section between the
a-Si:H and c-Si phase [42] following
Xc =

I510 + I520
;
mI480 + I510 + I520

m = 0.1 + exp

−dg
,
25 nm

(2.5)

where dg is the grain size in mm.

X-Ray Diﬀraction (XRD)
Crystal orientations have been studied by analyzing the X-ray diﬀraction (XRD)
under scan of angles between the optical axes of the X-ray source and the detector
in a θ/2θ scan. Interference peaks satisfy the Bragg condition
2d sin θ = λ,

(2.6)

in which the X-ray wavelength λ is λCu Kα = 0.15428 nm and d represents the
orientation dependent interatomic distance in the solid given by
a
,
(2.7)
d= √
h2 + k 2 + l 2
where [hkl] represents the crystal orrientation. The lattice constant a = 0.543 nm
for c-Si. Taking into account this condition, the coordinates of the silicon crystal
lattice (fcc crystal), it can be determined that a crystal orientation in the (111)
direction results in an interference in diﬀraction at 2θ = 28.4◦ , (220) at 2θ = 47.3◦
(corresponding to a [110] orientation), and (311) at 2θ = 56.1◦ .
The grain size dg can be estimated from the FWHM of the interference peaks
w(2θ) at the angle 2θ using the Scherrer formula [43] that is given by
dg =

2.6

0.9λ
.
w(2θ) cos θ

(2.8)

Compositional Material Characterization

Fourier-Transform Infrared Spectroscopy (FTIR)
Various hydrogen related bonding conﬁgurations can be distinguished by FourierTransform Infrared Spectroscopy (FTIR). Vibrational modes of non-symmetric
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bonding conﬁgurations are reﬂected in the IR absorption spectra. The magnitude
of the absorption related to a certain mode is a measure for the number of associated bonds present in the material. The proportionality constant is dependent on
the oscillator strength of the bond.
The thin ﬁlms to be analyzed are deposited on a low resistivity c-Si wafer. The
measurements are performed with a Bio-Rad (Digilab) FTS-40 spectrometer that
is based on the principle of a Michelson interferometer: the absorption spectrum is
obtained by Fourier-transforming the complex interference of two beams reﬂected
at a ﬁxed and a moving mirror, respectively.
The absorption spectrum of the sample is corrected for the absorption of the
substrate that is measured as a reference. The recorded spectra are corrected for
multiple reﬂections in the substrate (Brodsky et al. [44]) and coherent reﬂections
within the layer [45]. Si–H bonds in the rocking mode at 640 cm−1 and the
stretching mode at 2000 and 2100 cm−1 are analyzed. The hydrogen concentration
is calculated from the rocking mode with the proportionality constant 2.1×1019
cm−2 [46].
The microstructure factor R* is deﬁned by the fraction of the Si–H stretching
mode bonds that are in the 2100 cm−1 mode. The 2100 cm−1 mode is attributed
to Si–H2 bonds or to Si–H bonds at grain surfaces or large internal voids. A high
microstructure factor is associated with an open material structure.

Elastic Recoil Detection (ERD)
The atomic composition of the materials is studied by Elastic Recoil Detection
(ERD) [47]. It was used to determine depth proﬁles of impurities and/or doping
atoms in µc-Si:H. The surface under study is bombarded with heavy ions with an
energy in the MeV range. Recoiled particles are detected. By analyzing the energy
of the recoiled particles in a ∆E/E detector, the identity and the collision depth of
the particles can be determined. In this way, a depth proﬁle of lightweight atoms
in the thin ﬁlm can be calculated.

Rutherford Back Scattering (RBS)
Rutherford Back Scattering (RBS) is suitable for the determination of elements
heavier than H. For RBS measurement, the samples are exposed to a 2 MeV He
beam. An energy spectrum is recorded from those He ions that are elastically back
scattered from atoms in the sample in the direction of the detector. The energy
of the back scattered ions, identiﬁes the atom and the collision depth.
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Electrical Material Characterization

For electrical measurements of thin-ﬁlm silicon layers deposited on Corning glass,
two coplanar contacts (made of Ag) were evaporated parallel to each other. By
applying a voltage V between the electrodes, and measuring the current I in the
dark, the dark conductivity σd can be determined following
σd =

Iw
,
V ld

(2.9)

where d is thickness, w is distance between the contacts, and l is contact length.
The temperature dependence of the dark conductivity is measured in vacuum
after annealing at 160 ◦ C for 90 minutes. From the temperature dependent dark
conductivity, the activation energy of the dark conductivity is determined around
room temperature following
σd (T ) = σ0 exp

−Ea
,
kT

(2.10)

where σ0 is the conductivity prefactor and k is the Boltzmann factor.

2.8

Solar Cell Characterization

Current-Voltage Measurements (IV)
The electrical output of solar cells is characterized by analyzing current density vs.
voltage (JV) measurements. The JV measurements are performed in an automated
system under illumination of a Wacom dual beam solar simulator calibrated to the
AM1.5 spectrum [21] (integrated power is 100 mW/cm2 ) as well as in the dark.
Ideal solar cells show the behavior of an equivalent circuit consisting of a photo
current Jph source, a diode and a resistance Rp in parallel, connected in series
with a resistance Rs , which is given by
J(V ) = −Jph + J0 (exp (

V − JRs
e(V − JRs )
) − 1) +
,
nkT
Rp

(2.11)

where J0 is the dark saturation current, n is the diode quality factor (close to 1 for
diﬀusion-type cells and close to 2 for drift-type cells), k is the Boltzmann factor,
and T the absolute temperature.
J0 and n are derived from the dark JV measurements (Jph = 0). The parameters that are derived from the light JV characteristic are: the short circuit
current density Jsc (current at V = 0 V), the open circuit voltage Voc (voltage at
J = 0 mA/cm2 ), the ﬁll factor FF (the ratio of the maximum output power and
Jsc × Voc ), and the eﬃciency η of the conversion from radiative to electrical energy.
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The slope of the JV curve at Jsc is associated with the parallel resistance Rp and
the slope at Voc with the series resistance Rs . An example of an IV characteristic
is given in Figure 7.16.

Light Soaking
The light-induced degradation of solar cells is studied by continuously exposing
cells to light (intensity and spectrum close to AM1.5) at a controlled temperature
of 50 ◦ C under open circuit conditions. The cells are measured (IV at AM1.5 and
room temperature) periodically on a logarithmic time scale. During light soaking,
cells that are developed for application as a bottom cell are placed behind a ﬁlter
that simulates the absorption of the top cell.

External Collection Eﬃciency (ECE)
The External Collection Eﬃciency (ECE) of solar cells is measured for light in
the wavelength range 350–1050 nm by measuring the current that is generated by
a monochromatic AC probe beam, while a DC white bias beam (spectrum and
intensity close to AM1.5) creates normal operating condition of the cell. The ECE
is given by the number of collected electrons per incident photon:
ECE(λ) =

Jph (λ)/e
φ

(2.12)

where e is the electron charge, Jph the generated current density, and φ the photon
ﬂux incident on the sample. The total generated current density is given by the
integral of the convolution of the ECE with the AM1.5 photon ﬂux spectrum.
In the case of tandem solar cells, the responses of the sub cells are measured
by applying a DC bias light that is mostly absorbed in the other sub cell in
order to make the studied sub cell current limiting. Bottom cells are measured by
illuminating the tandem with blue bias light (BG25 ﬁlter), whereas top cells are
measured under red bias light (OG579 ﬁlter).

Fourier-Transform Photocurrent Spectroscopy (FTPS)
The defect density in the µc-Si:H intrinsic absorber layer of solar cells is estimated
by means of Fourier-Transform Photocurrent Spectroscopy (FTPS) [48,49,50] performed at the Institute of Physics of the Academy of Sciences of the Czech Republic. With this technique, the absorption coeﬃcient in the energy range from
sub-band gap to above the band gap can be determined over 9 orders of magnitude
by measuring the generated current as a function of the photon energy. The absorption coeﬃcient at 0.8 eV is usually considered to be indicative for the mid-gap
defect density in the material [51].

Chapter 3

Layer-by-layer Deposited
Microcrystalline Silicon
Doped Layers
Microcrystalline silicon p- and n-type doped layers have been developed by
layer-by-layer (LbL) deposition using very high frequency chemical vapor
deposition (VHF PECVD) at high temperatures Ts . The LbL deposition
consists of alternating boron or phosphorus doped amorphous silicon depositions and crystallization by hydrogen plasma treatments. Device quality
(as deﬁned in [52]) µc-Si:H p- and n-type doped thin (∼ 20 nm) layers have
been developed in a temperature range from 250 to 400 ◦ C, whereas in
standard continuous PECVD—with a high hydrogen dilution of silane—the
addition of a dopant gas reduces the crystallinity. The doping eﬃciencies
in the LbL deposited layers are structurally higher than those in continuous
wave (CW) µc-Si:H deposition: for p-layers a doping eﬃciency of 39% in case
of LbL, compared to 1% for CW. The LbL growth and nucleation mechanism
as well as the incorporation of dopant atoms in the µc-Si:H layers have been
studied. Etching, abstraction and hydrogen diﬀusion are analyzed and it is
concluded that our observations support the nucleation model that is based
on hydrogen diﬀusion in the growth zone of the material.

3.1

Introduction

Microcrystalline silicon thin p- and n-type doped layers are used in silicon based
thin-ﬁlm solar cells because of their favorable optical and electrical properties: low
optical absorption in the ultra violet–visible–near infrared (UV-VIS-NIR) range,
and high conductivity and doping eﬃciency (fraction of the dopant atoms in the
material that donates holes or electrons). As doped layers have a very thin optimal
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thickness in solar cell applications (around 20 nm), it is essential to reduce the
amorphous incubation phase and the crystallization phase as much as possible to
beneﬁt from the favorable properties of µc-Si:H. It is observed by Prasad et al.
in 1991 that the use of higher RF frequencies (VHF PECVD) leads to a thinner
amorphous incubation layer in µc-Si:H doped layers [53]. VHF PECVD is now
commonly used for the deposition of µc-Si:H to beneﬁt from the high atomic
hydrogen concentrations and the low ion energies [54,55].
Nowadays, many groups are working on the development of high growth rate
intrinsic absorber layers (see also chapter 7). In one approach, these materials
are optimally made at high temperatures (such as polycrystalline silicon made by
HWCVD [56]). Temperature-stable doped layers are required in devices to prevent
damage to the doped layer. This damage can be induced by the high temperature
during the i -layer deposition and/or hydrogen diﬀusion into the doped layer [57].
It is observed that the hydrogen diﬀusion coeﬃcient in a silicon matrix is smaller
for materials made at higher substrate temperatures [58]. This mechanism implies
the need of doped layers deposited at a high substrate temperature.
Here, we present microcrystalline silicon p- and n-type doped layers made at
relatively high temperatures. In general, the optimum deposition temperature
for microcrystalline silicon is still under discussion. Matsuda [59] claims that hydrogen coverage of the growth surface is necessary for crystallization. At high
temperatures (above 350 ◦ C), the crystallinity would be limited by the reduced
hydrogen coverage due to the hydrogen out-diﬀusion. Vep̌rek et al. [60], however,
observe that if the material does not contain impurities, crystallization can take
place up to very high temperatures. Both these statements illustrate that it is not
straightforward to deposit microcrystalline silicon doped layers (i.e. layers containing impurities) at high temperatures. Therefore we expect that the optimum
deposition temperature for doped layers in a solar cell device with a high deposition rate i -layer lies between 250 and 400 ◦ C. However, we use an alternative
deposition process to circumvent the crystallization problem at high temperatures:
the layer-by-layer (LbL) process [61,62].
Whereas, conventionally, µc-Si:H is grown in a silane plasma that is highly
diluted with hydrogen in a continuous wave plasma (CW), in the LbL process,
amorphous silicon growth from a silane and hydrogen mixed gas plasma is alternated with hydrogen plasma treatments. The crystal nucleation is induced by
the hydrogen treatments. The LbL layer growth of µc-Si:H is schematically represented in Figure 3.1, whereas the experimental details are described in section
2.2.
The layer-by-layer method has already been proven to be a successful method to
learn about the role of hydrogen in the deposition of microcrystalline silicon layers
as well as to deposit doped layers at substrate temperatures around 250 ◦ C [63]. In
this chapter, we show that with the layer-by-layer method using VHF PECVD (50
MHz), microcrystalline silicon doped layers can be made also at high temperatures
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Figure 3.1: Schematic representation of the layer-by-layer processes, for cycle n, n + 1
and n + 2 the layer stack is depicted after the growth and the hydrogen treatment cycle.

(up to 400 ◦ C), whereas this is diﬃcult in standard continuous wave depositions.
In the literature, attempts to make device quality PECVD µc-Si:H doped layers
grown by CW have been reported up to 400 ◦ C (only n-type layers), where from
350 ◦ C onwards the material shows amorphous-like electrical properties [64]. This
study is the ﬁrst layer-by-layer studies in which the substrate temperature of 300
◦
C is exceeded for doped µc-Si:H deposition.
The nucleation and crystallization process that play a crucial role in the deposition of microcrystalline silicon are not completely understood. Diﬀerent growth
models are circulating to explain the complex process in traditional CW PECVD.
We distinguish two types of models for the nucleation in µc-Si:H: growth surface
models (in which the nucleation and crystallization are described by reactions at
the interface of the plasma and the material) and growth zone models (in which
the nucleation and crystallization take place in a zone below the growth surface).

Growth Surface Models
There are three interrelated models explaining the µc-Si:H growth in terms of
growth surface.
The Surface diﬀusion model by Matsuda in 1983 [59] states that the chemically
activated H diﬀusion at the surface as well as the coverage of the surface by
hydrogen are important prerequisites for the growth precursors to ﬁnd favorable
sites for microcrystalline growth.
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The chemical transport model by Vep̌rek et al. in 1987 [65] is based on the
equilibrium between growth and etching at the surface. If the etching rate is high
(comparable to the growth rate) microcrystalline silicon material is deposited. The
selective etching model by Solomon et al. in 1991 [66] is based on the chemical
transport model and the diﬀerence in etching rate between the dense crystalline
regions (lower etching rate), and the amorphous tissue (higher etching rate).

Growth Zone Models
Growth zone models describe mechanisms that are responsible for crystal nucleation that take place in the sub-surface region of the growing ﬁlm. The responsible
processes are based on interaction with in-diﬀused atomic hydrogen. Layer-bylayer growth of µc-Si:H seems to be an appropriate system to study the hydrogen
induced nucleation in the sub surface. In the next section it appears that many
LbL studies support growth zone models.

3.2

Overview of LbL Studies by Other Groups

The layer-by-layer PECVD deposition of microcrystalline silicon has been explored
by diﬀerent research groups during the last 15 years. The method has been successful for obtaining good quality microcrystalline silicon layers as well as understanding the physics of the hydrogen that leads to the crystallization of amorphous
silicon.
The ﬁrst publications describing the layer-by-layer process to create microcrystalline silicon originate from Japan in the years 1990 and 1991. In 1990, Asano
[61] reports “Eﬀects of hydrogen atoms on the network structure of hydrogenated
amorphous and microcrystalline silicon”. By iteratively growing amorphous silicon and treatment with a hydrogen plasma, a phase transition from amorphous
to microcrystalline silicon is observed as a function of the plasma power of the
hydrogen treatment, while no signiﬁcant etching (decrease of layer thickness) was
observed.
One year later, Shirai et al. [62] report “very stable a-Si:H prepared by ‘Chemical Annealing’ ”. By repetitive treatment with hydrogen or noble gas plasmas, an
increase of the stability against light-induced degradation of the amorphous silicon
network and a decrease of the hydrogen concentration were observed.
From 1994, also European groups started working on the layer-by-layer concept
initiated by Layadi et al. at Ecole Polytechnique in Palaiseau [67]. In most of
the cases the technique is used to develop thin microcrystalline silicon layers (for
application as doped layers) with a minimized amorphous silicon incubation layer.
However, the approach of Shirai et al. to use layer-by-layer to increase the stability
of amorphous silicon was also followed, for example by Biebericher et al. at Utrecht
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University [68].
For the rest, the layer-by-layer experiments performed in the diﬀerent groups
show considerable similarities. In most experiments, the substrate temperature
is around 250 ◦ C, the RF frequency is between 13.56 (most occurrences) and 50
MHz [69,70]. Generally the plasma is stopped and the source gases are pumped
away between the growth phase and the treatment phase and vice versa. Due to
the relatively low deposition rate and the ability to tune the material in the ﬁrst
nanometers of the growth, in most of the cases the process is used to develop thin
layers (several tens of nanometers thick), especially doped layers. All structural
studies performed showed crystal sizes that exceed the thickness of one growth
cycle. Itoh et al. [71] reported that by a pulsed H2 addition to a SiH4 plasma
they are able to accurately tune the crystal size because the nucleation (H2 on)
and the growth (H2 oﬀ) are separated. Hong et al. [72] use unconventionally thick
sub layers (7 nm). After a relatively long incubation phase, a columnar crystal
structure is obtained.
Vetterl et al. [70] studied microcrystalline silicon made by layer-by-layer at
diﬀerent discharge frequencies. With increasing hydrogen treatment time, the
thickness decreases until the transition to microcrystalline silicon is encountered,
after which the thickness remains more or less constant (while the crystallinity
increases) until it suddenly drops to 0. The process window to obtain microcrystalline material is larger at higher frequencies (VHF).

Experiments Supporting the Growth Zone Model
Jang et al. [73] observe that the presence of SiH2 bonds (manifested as the 2100
cm−1 peak in Fourier-Transform Infrared (FTIR) measurements) is essential for
the crystallization. The crystallization takes place during the hydrogen plasma
treatment and is speculated to be related to the out diﬀusion of the hydrogen
after saturation of the hydrogen content.
Roca i Cabarrocas et al. [74] show with repetitive LbL experiments at 13.56
MHz on an a-Si:H substrate that the amorphous substrate itself is crystallizing
down to tens of nanometers below the substrate and that this involves a porous
and hydrogen rich region. It is speculated that this porosity is necessary for the
nucleation to take place through relaxation of the network. To obtain microcrystalline material on top of amorphous silicon it is necessary to increase the hydrogen
plasma treatment time. This is thought to be necessary because more hydrogen
can diﬀuse to the bulk. The existence of the porous phase is derived from the
simulation of Spectroscopic Ellipsometry data; optical parameters are ﬁtted with
an eﬀective medium approximation model. The hydrogen treatment time that is
necessary for crystallization is correlated with the time needed for hydrogen to
diﬀuse through the amorphous phase down to the interface with the buried microcrystalline silicon layer [75]. In the same group Hamma et al. [76] observed
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a reduced incubation phase when n-type doped microcrystalline layers grown on
amorphous silicon are considered. It is shown that, using the layer-by-layer technique, device quality p- and n-type doped microcrystalline silicon layers can be
deposited on top of amorphous silicon at substrate temperatures up to 250 ◦ C [63]
for p-i-n and n-i-p solar cell conﬁgurations.
Fontcuberta et al. [77] have analyzed the hydrogen concentration in the growth
zone by ellipsometry and by Secondary Ion Mass Spectrometry (SIMS). They
found a hydrogen rich top region of typically 25 nm thick, independent of the
layer thickness.
Based on stress and infra-red absorption measurements, Fujiwara et al. [78]
proposes a nucleation model that requires compressive stress generation in the
a-Si:H bulk. Due to the stress strained Si–Si bonds are formed. The stress is
partially relaxed by insertion of H into strained bonds in the sub-surface, which
leads to the µc-Si:H nucleation. Agarwal et al. [79] observed the stretching mode
absorption by in situ infra-red spectroscopy (at 1950 cm−1 ) of this bond-centered
H in a-Si:H that was exposed to a H2 plasma.
Sriraman et al. [80] showed by molecular dynamic simulations and IR measurements that hydrogen is diﬀusing through the amorphous silicon network by forming
and breaking Si–H–Si bonds. By this mechanism, strained bonds are relaxed or
broken when the hydrogen atom leaves the site. This allows re-arrangement of the
network to the energetically more stable crystalline silicon structure.
The hydrogen concentration in the bulk—related to the previously described
relaxation of the network—is studied in the gas phase by Srinivasan et al. [81,82].
By applying a deuterium plasma treatment instead of a hydrogen plasma treatment, the source of the species released during the treatment, can be identiﬁed
by mass spectroscopy. They found that the hydrogen removal is mostly through
elimination reactions at the surface, leading to HD species, while the hydrogen
concentration measured with FTIR is decreasing (only the mono-hydrides; the
di-hydride concentration remains constant) and the Raman crystalline ratio is
increasing.
Jana et al. [83] use an unconventionally high hydrogen dilution during the
growth cycle (78 times the SiH4 ﬂow). By FTIR and Raman spectroscopy, they
studied the elimination of excess hydrogen from the network during the hydrogen
treatment. Between the amorphous incubation phase (that is remarkably thick in
this case because the process was optimized for thick layers) and the microcrystalline layer, a void rich microcrystalline interlayer is observed, that is related to
the release of strain from the network.
We have used the layer-by-layer method to produce temperature resistant
doped layers deposited at high substrate temperatures up to 400 ◦ C. By analyzing the temperature and hydrogen treatment time dependence of the etching
rate and crystallinity, it was concluded that hydrogen diﬀusion mediated crystallization is the most likely model explaining the results. Moreover, the initial
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diﬀusion of hydrogen into the material during the hydrogen plasma treatment was
observed in the gas phase by mass spectroscopy [84]. The results are described in
detail in this chapter.

Experiments Promoting Diﬀerent Models
Although most experiments point in the same direction of nucleation in the growth
zone due to relaxation that is induced by the diﬀusion of hydrogen, there are two
other perspectives that do not consider the growth zone nucleation as the driving
force.
Saitoh et al. [85] and Matsuda [86] postulate that the crystallization during
the layer-by-layer growth is induced by the Si growth precursors that are etched
away from the opposing electode (cathode) during the hydrogen plasma treatment
(also referred to as chemical transport). During the hydrogen plasma treatment,
growth takes place eﬀectively under a very high hydrogen dilution and the crystallization takes place following the surface diﬀusion model [59]. They exclude the
chemical annealing model by the observation that when the cathode is clean no
crystallization was observed.
Vetterl et al. [87] observed that the deposited layer always has to be etched
back to a well-deﬁned thickness of several nanometers as a requirement for obtaining crystallinity. They propose that this is caused by the epitaxial growth of
the deposited layer to the underlying already crystallized layer. This model only
explains continuing crystalline growth on top a crystalline layer, so it can only be
maintained if the initial nucleation is explained.

Summary
Ten years of research on the layer-by-layer deposition of amorphous and microcrystalline silicon has resulted in optimized materials such as microcrystalline silicon
doped layers as well as insight into the responsible physical processes.
The responsible mechanism for the atomic hydrogen induced crystallization of
amorphous silicon is still under discussion. We can summarize the ideas found in
the literature by classifying them into three types of models for LbL growth of
microcrystalline silicon: Chemical transport model, Epitaxial growth model, and
Hydrogen diﬀusion model. In section 3.3, these models are discussed in further
detail. In section 3.4 we discuss our experimental results and explain why our
experiments support the hydrogen diﬀusion model.
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etching from reactor

H2 plasma:

µc-Si growth under
high H-dilution

µc-Si
Figure 3.2: Schematic representation of the chemical transport model: during the
hydrogen plasma treatment, etching from the walls leads to the presence of SiH4 molecules
in the plasma that facilitates growth of µc-Si:H due to the very high hydrogen dilution.

3.3

Layer-by-layer Growth Models

The chemical reactions during the hydrogen plasma treatment include surface
reactions and reactions in the growth zone. The surface reactions include hydrogen
induced etching of Si from the growth surface
Si–Si–H3 + H → Si· + SiH4 (g),

(3.1)

preceded by sequential insertion of H to silicon atoms at the surface [81]:
Si3 –Si–H + H → Si2 –Si–H2 + Si·

(3.2)

Si2 –Si–H2 + H → Si–Si–H3 + Si·.

(3.3)

and

The abstraction of H from the growth surface is given by
H(g) + ·H(s) → H2 (g).

(3.4)

In the growth zone of the material hydrogen atoms diﬀuse through through weak
Si–Si bonds:
Si–Si + ·H → Si–H + ·Si.

(3.5)

The responsible mechanism for the hydrogen plasma induced crystallization of
amorphous silicon is still under discussion. We can summarize the ideas found
in the literature by classifying them into the three types of models for the LbL
growth of µc-Si:H.
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a-Si etched
back

µc-Si

µc-Si
Figure 3.3: Schematic representation of the epitaxial growth model: on top of (micro)crystalline silicon (left), a layer is grown during the growth cycle of which the ﬁrst
few atomic layers are epitaxial and the rest is amorphous (middle). During the hydrogen
plasma treatment, the amorphous part is preferentially etched away.

In the chemical transport model [85,86] (Figure 3.2), it is claimed that the
nucleation of the layer is not a result of the interaction of the hydrogen plasma with
the a-Si:H layer, but rather a result of the deposition of Si that is etched away
from the counter electrode during the hydrogen plasma treatment. Eﬀectively,
during the hydrogen plasma treatment, µc-Si:H deposition taking place under a
very high hydrogen dilution.
The epitaxial growth model [87] (Figure 3.3) explains the formation of a µcSi:H layer by assuming that during the a-Si:H growth cycle the ﬁrst atomic layers
of the deposition grow epitaxially on the underlying µc-Si:H layer. The remaining
a-Si:H part of the grown layer is etched back during the hydrogen plasma cycle,
leaving a µc-Si:H layer on the substrate. In this model, the initial nucleation can
be explained by chemical transport.
In the third type, H diﬀusion plays a dominant role (Figure 3.4). Hydrogen
diﬀuses through the material by repeatedly breaking Si–Si and forming intermediate Si–H–Si bonds. Molecular Dynamics simulations show that when the hydrogen
atom leaves a strained Si–Si bond, the network relaxes and energy is provided for
nucleation [80]. The in-diﬀusion of hydrogen before the crystallization takes place,
is experimentally observed [73,74,79,80]. A convincing experiment showing that
nucleation is due to hydrogen diﬀusion, is the crystallization of a thick a-Si:H layer
by repeated hydrogen plasma treatments [88].

3.4

Mechanisms of Growth and Crystallization

In order to study the etching and abstraction reaction rates during the hydrogen
plasma treatment, the reaction products were analyzed using mass spectroscopy
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H2 plasma:

a-Si

µc-Si

Figure 3.4: Schematic representation of the hydrogen diﬀusion model: during the hydrogen plasma treatment, hydrogen is diﬀusion in the a-Si:H material (left) due to which
the crystallinity is enhanced (right).

in the high vacuum system IRIS. The ions are extracted from the plasma by
means of an oriﬁce (20–30 µm) in he grounded electrode, on which the a-Si:H
layer is grown. The mass spectrometer is operated in the Secondary Ion Mass
Spectrometry (SIMS) mode (see section 2.3).

Etching and Abstraction
Because the abstraction reaction product H2 is identical to the source gas, we
replaced hydrogen for the plasma treatment step by deuterium (D2 ). The abstraction reaction product HD is ionized to HD+ in the plasma sheath by charge
transfer reactions. It is extracted to the mass spectrometer system and recognized
as atomic mass unit (amu) 3. Analogically, the etching reaction products SiD4 is
ionized to SiD+
3 and detected as amu 34. The detected species at amu 3 and 34 can
be uniquely attributed to the product of abstraction and etching respectively. The
ionization rates are assumed to be independent of the substrate temperature. No
absolute quantities can be derived from these measurements because the ionization
rates are not quantitatively known. To quantify the temperature dependence of
the abstraction and etching reaction rates, we studied the reaction products during
the deuterium plasma treatment at substrate temperatures in the range of 40–310
◦
C. Figure 3.5 shows the equilibrated positive ion detection rate of atomic mass
unit 3 (HD+ ) and 34 (SiD+
3 ) in arbitrary units. The abstraction rate shows thermally activated behavior with a very low activation energy of Ea = 0.09 ± 0.03eV,
similar to the observation of Agarwal et al. [89]. The etch rate shows a maximum
around 200 ◦ C and a clear decrease at higher temperatures.
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Figure 3.5: The amu 3 and 34 signal measured with mass spectrometry in the SIMS
mode during D2 plasma treatments at diﬀerent temperature, representing the rates for
abstraction and etching.

Diﬀusion
Similar to the Deuterium plasma treatments, in the standard H2 plasma treatment
the products of abstraction are and etching, H2 and SiH4 are ionized in the plasma
+
sheath to H+
2 (amu 2) and SiH3 (amu 31), respectively, and detected by the mass
spectrometer. In addition, hydrogen (and deuterium) can also diﬀuse into the
grown ﬁlm. The etching and in-diﬀusion will create hydrogen loss from the gas
phase. The silicon related species detected during the hydrogen plasma treatment
are a product of the hydrogen treatment, as the ﬂow of silane to the reactor has
been switched oﬀ (only hydrogen ﬂows in).
In the Figure 3.6 a growth cycle was performed before the ﬁrst two treatment
cycles while it was omitted before the latter one. We observe that in that case the
SiH+
3 concentration remains constant at a level during the whole period.
From Figure 3.7 it is clear that the etching has a ﬁrst order exponential decay
in time, manifested in an exponential decay of the concentration of etched silicon
related species. The behavior of the H+
2 concentration with time can be explained
as follows. At each treatment cycle, as soon as the hydrogen plasma is turned on,
there is a sudden drop in the hydrogen concentration in the gas phase. This is
attributed to the loss of a number of hydrogen atoms due to incorporation into the
ﬁlm (and to a much smaller extent by etching). This gives a relatively small value
for the H+
2 intensity in the initial period. With the increase in time, the hydrogen
loss slows down, which we attribute to a slower incorporation of hydrogen into the
ﬁlm, as the ﬁlm becomes progressively hydrogen rich. This causes the hydrogen
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Figure 3.6: The intensity of SiH+
3 as a function of time during 3 subsequent hydrogen
treatment periods where before the ﬁrst and second periods a-Si:H growth had taken
place, whereas not before the last one.

+
Figure 3.7: The intensity of SiH+
3 and H2 as a function of time during a hydrogen
treatment period

density in the plasma to increase, giving rise to an increase in the intensity of
the species. Thus the hydrogen loss in the ﬁrst phase is predominantly due to
hydrogen incorporation into the layer and this occurs within the ﬁrst 50 seconds.
The increase of H+
2 intensity in the second phase can be explained by the decrease
of the hydrogen loss to etching reactions. The etch rate decreases as the sub layer
becomes progressively microcrystalline.
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A rough estimate of the hydrogen loss in the layer due to the diﬀusion process
in the ﬁrst period of the hydrogen plasma treatment is made from the kinetics
of the hydrogen density detected in the mass spectrum. From the molar volume,
the gas density is estimated as 2.69×1015 cm−3 . The loss in the H+
2 intensity,
translates in a loss of 1.34×1015 cm−3 hydrogen in the ﬁrst 10 seconds. Assuming
residence time of the gas phase species as 1 second, hydrogen incorporation in the
order of 3.5×1016 cm−2 is expected. This translates to a hydrogen concentration
in the order of 10% (assuming a penetration depth of 50 nm). The hydrogen
incorporation in the subsurface layer is observed in material studies performed
at diﬀerent groups (see section 3.3) and found to be an essential feature in the
hydrogen induced crystallization process.
The hydrogen diﬀusion model is based on the observation that the hydrogen
content in the subsurface region of the layer increases with time during the ﬁrst
period of the hydrogen plasma treatment. The atomic hydrogen diﬀusion can
reach depths of up to a few tens of nanometers inside the layer. The hydrogen
incorporation is mostly chemical but also physical incorporation into interstitial
space, as was observed for Ar in an argon plasma treatment by Biebericher [90]
cannot be excluded. The chemical incorporation is due to insertion into strained
Si–Si bonds [80,79,78]. This is an exothermal process. By the gained energy, the
activation energy for crystal formation can be overcome and thus crystallization
is induced. Sriraman et al. [80] found that hydrogen insertion into strained Si–Si
bonds gives a bond-centered Si–H–Si conﬁguration. The hydrogen hopping thus
either breaks up the strained bond by forming a Si- dangling bond and a Si–H
bond or modiﬁes the strained Si–Si bond. Combining these two occurrences results
in the relaxation of the structure and thus induces the formation of crystallites,
resulting in the transformation from amorphous to microcrystalline material.
The experimental ﬁndings can be explained following a hydrogen reaction
mechanism where, in the initial phase of the hydrogen plasma treatment, the
in-diﬀused hydrogen is absorbed in the grown ﬁlm, until saturation of hydrogen
in the ﬁlm occurs. In the second phase—besides the continuing reactions of etching and abstraction—hydrogen diﬀusion induced chemical annealing takes place
in the hydrogen saturated growth zone. This process leads to an amorphous to
microcrystalline transition.
In conclusion, we have studied hydrogen reaction processes. There is evidence
of hydrogen in-diﬀusion to the silicon layer in the ﬁrst 50 seconds of hydrogen
exposure. These observations are in agreement with the nucleation model that is
based on hydrogen diﬀusion.

Analysis of the Deposited Material
Thin (around 20 nm), LbL doped layers were deposited on Corning 1737 glass
following the experimental details as described in section 2.2 and schematically
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Figure 3.8: Layer thickness for p- and n-type doped layers deposited with 15 LbL cycles
dependent on the H2 plasma treatment time for diﬀerent temperatures.

depicted in Figure 3.1. Because microcrystalline silicon is known to be very inhomogeneous in the growth direction, the characterizations were performed on thin
layers, with a thickness similar to that used in p-i-n or n-i-p solar cells. The
thickness was determined with the optical method as described in appendix A.
In this series, the number of deposition cycles is kept constant at 15 and the
conditions during the a-Si:H growth were kept constant (except for the substrate
temperature).
Doped layers deposited with LbL at substrate temperatures in the range from
250 to 400 ◦ C were considered. The doped layers were optimized by adapting the
hydrogen treatment times to the lower etch rate at elevated temperatures in order
to keep the eﬀective sub layer thickness (deﬁned as the total thickness of the ﬁlm
divided by the number of cycles) within a small range (see Figure 3.8). It is evident
that the etch rate induced by the hydrogen treatment is monotonically decreasing
with increasing substrate temperature. However, even at high temperature, the
deposited material changes to microcrystalline.
The crystalline ratio Rc was also studied as a function of hydrogen treatment
time. In all cases, the onset of crystallization takes place after a certain time of
hydrogen treatment. The fact that it does not take place until after a certain
time of hydrogen treatment, conﬁrms the hypothesis that during the ﬁrst period
of the hydrogen treatment—in which the hydrogen in-diﬀusion takes place—no
crystallization has yet taken place.
In our experimental conditions no chemical transport was observed. This was
tested by applying a treatment cycle (hydrogen plasma) on a bare Corning glass
substrate. Although the cathode is covered with several micrometers of silicon
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Figure 3.9: The inﬂuence of the use of a ﬁrst layer of double thickness on the treatment
time dependence of the Raman crystalline ratio Rc and the layer thickness after 15 growth
cycles.

deposition, no deposition was observed on the Corning substrate during repeated
hydrogen treatment cycles. It should be noted that this is not a proof of absence,
because the growth might be hindered because of a seed problem.

3.5

Requirements of First Sub Layer

The thickness and structure of the ﬁrst grown a-Si:H sub layer is very important
for the further development of the µc-Si:H thin layer. Especially at high temperatures it was observed that the layer thickness suddenly falls to zero when
the hydrogen treatment time is above a certain threshold value. The fact that
no intermediate layer thicknesses are observed, implies that the mechanism is related to the characteristics of the sub layer grown in the ﬁrst growth cycle. The
structure of the ﬁrst atomic layers of amorphous silicon on glass is less compact
than material that is developed further in the growth direction (incubation in the
amorphous phase [91]). These diﬀerent properties of this initial material make it
(dependent on the substrate on which it is grown) less resistant to the hydrogen
plasma treatment. In case this ﬁrst sub layer does not sustain the ﬁrst hydrogen
treatment, all subsequent sub layers can be considered as the ﬁrst sub layer and
will disappear as well. The tuning of the properties of the material with hydrogen treatment was hindered by this mechanism, when longer hydrogen treatment
times were necessary to obtain a good crystallinity than the maximum time the
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ﬁrst layer can sustain. This problem is overcome by increasing the growth time
of the ﬁrst growth cycle such that the ﬁrst layer just survives the ﬁrst hydrogen
plasma treatment. An experiment was performed in which the deposition time of
the ﬁrst sub layer was doubled. By increasing the thickness of the ﬁrst sub layer,
this layer itself and consequently all subsequent sub layers sustain the hydrogen
treatment cycle. In Figure 3.9 it is shown that with a thicker initial sub layer, microcrystalline silicon layers can be made at a substrate temperature of 350 ◦ C with
longer hydrogen treatment times and therefore with higher crystalline fractions.

3.6

Optical and Structural Properties

As the material under investigation is optimized for device application as very thin
layers (around 20 nm), it is necessary to have an appropriate method to determine
the thickness of µc-Si:H layers in the mentioned thickness range. The thicknesses
reported in this study were obtained as follows. Reﬂection and transmission spectra were recorded in the range 400–1000 nm. Due to the small thickness, the lack
of interference fringes in the visible and near IR spectrum makes it impossible
to determine the thickness of the material by the conventional method of ﬁtting
a continuous refractive index over an extended wavelength range [37]. A good
approximation of the thickness of µc-Si:H layers is obtained when the reﬂection
and transmission spectra are ﬁtted with the O’Leary-Johnson-Lim (OJL) model
[33]. The OJL model describes the optical interband transitions for amorphous
semiconductors. In the spectral range between 400 and 1000 nm (1.2 to 3.1 eV),
however, it still describes the transitions in microcrystalline material well, because
the characteristic strong absorption of the direct band gap of µc-Si:H (at 3.4 and
4.2 eV) is not part of the considered spectrum. Moreover, the amorphous content in the material is relatively large. When the layer thickness is below 40 nm,
the independent information on refractive index and thickness disappears due to
the lack of fringes in the spectrum. In these cases, the refractive index needs to
be predetermined in order to obtain correct thickness information. This refractive index, however, is dependent on the crystalline fraction in the material. By
analyzing thicker layers, we found an experimental correlation between the band
gap parameter E0 (sensitive to direct band gap of a-Si:H, eﬀectively gradually
increasing with the crystalline fraction due to the absorption edge of the direct
band gap of c-Si) and the refractive index. The band gap parameter E0 is determined by the absorbance edge in the absorbance spectrum and thus can be
established independent of the thickness. Using this experimental correlation, a
refractive index parameter is imposed and the thickness can thus be ﬁt for very
thin layers. The validity of this method has carefully been studied and it is shown
to be adequate for thin microcrystalline silicon layers with thicknesses down to 20
nm. See Appendix A for more details.
Because all the photons absorbed in the doped layers of p-i-n or n-i-p solar
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Figure 3.10: Optical absorption spectra of optimized µc-Si:H p-layers and an a-Si:H:C
p-layer, deposited under various conditions.

Figure 3.11: Cross sectional TEM micrographs, comparing the roughness of a CW to
a LbL p-type doped layer deposited at 250 ◦ C showing that the LbL deposited sample
in considerably smoother compared to the CW reference.

cell devices are lost in recombination processes due to the high defect density, the
optical absorption is an important parameter in the optimization of doped layers.
Especially in the blue and UV part of the spectrum, many photons are lost due to
the high absorption coeﬃcient. Figure 3.10 shows the optical absorption spectra
of optimized microcrystalline silicon p-type doped layers deposited under diﬀerent
conditions. All p-type doped layers considered here, are between 20 and 30 nm
thick. The LbL p-type doped layer shows the lowest optical absorption in the
blue and UV part. This is attributed to the fact that, with LbL, the incubation
phase can be made smaller and, accordingly, these layers have higher crystalline
fractions.
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Figure 3.12: Cross sectional TEM micrographs, comparing the structure of LbL p- and
n-type doped layer deposited at 250 ◦ C to p- and n-type doped layer deposited at high
temperatures.

Cross sectional TEM micrographs have been made to study the structural
properties of the thin doped layers. When doped layers deposited with LbL are
compared to those obtained with CW, the most conspicuous feature is that in the
LbL case, crystallites are formed that extend throughout the complete layer in the
growth direction (Figure 3.11), while no sub layers are observed. Apparently, when
the crystallites are formed due to the hydrogen plasma treatment in one cycle, in
the next cycle the crystal formation is epitaxial on the previously grown layer.
Moreover, we observe that the LbL layers are signiﬁcantly smoother than layers
deposited with CW (see Figure 3.11). In the CW case, crystallites that develop
during the growth of the layer are responsible for the roughness. On the other
hand, from the TEM micrograph it is also clear, that these crystallites are also
present in the LbL case. We speculate that due to the etching during the repetitive
hydrogen plasma treatment, the crystallite shape at the surface is smoother.
Figure 3.12 shows the temperature dependence of the structure of the material
for p- and n-layers. It is observed that for both doped layers deposited at high
temperatures, there is a considerable crystalline fraction, however, also an amorphous incubation phase is present. The presence of the incubation phase indicates
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Figure 3.13: Relation between the thickness per cycle and the crystalline fraction for
LbL µc-Si:H p-layers at 250 ◦ C under the variation of the hydrogen treatment time for
diﬀerent TMB ﬂows. The layer thickness is around 100 nm in this case.

that the crystallinity is hindered at high temperatures, suggesting that there is an
optimum at a value below 350 ◦ C. Voids are observed in the LbL n-type doped
layer deposited at 400 ◦ C, indicating that the temperature condition is probably
beyond the optimal condition.

3.7

Doping and Electrical Properties

In the standard CW case it is observed that the addition of dopant gas to the
plasma reduces the crystalline fraction of the material [53,92]. This can be attributed to both distortion of the gas phase processes as well as enhancement
of the compositional disorder in the material. Here, the LbL case is considered.
Figure 3.13 shows that, given an eﬀective sub layer thickness, the crystallinity
of the material is not aﬀected by the concentration of the dopant gas B(CH3 )3
(trimethylboron, TMB) in the plasma. This is in contrast to the CW case. We
attribute this diﬀerence between the LbL and the CW case to the diﬀerence in the
nucleation mechanism. In the CW case growth and nucleation take place at the
same time at the growth surface, due to which the plasma process inﬂuences the
nucleation. In the LbL case, on the other hand, the nucleation, induced by the
hydrogen treatment, takes place in the bulk, whereas the growth takes place under
amorphous conditions, where the layer properties are less critically dependent on
the plasma properties.
Suﬃcient quality structural and electrical properties (as good as device quality
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Figure 3.14: Dark conductivity versus the Raman crystalline ratio for p- and n-layer.
For n-layers we see that percolation through the interconnected crystals occurs at lower
crystalline fraction than for p-layers. The deposition temperatures of the layers vary
between 250 and 400 ◦ C.

CW thin doped layers, as deﬁned in the literature [52]) were achieved when the
layer thickness of the sub layers after treatment (the eﬀective sub layer thickness)
is approximately 1.5 nm or thinner. When thinner sub layers are tried, the ﬁlm
growth fails for reasons mentioned in section 3.5. In that section it was shown
that this can be solved by applying a thicker ﬁrst layer.
The electrical properties of the thin layers made with LbL at high temperatures are listed in Table 3.1. The layer properties are of device quality. In the
optimization process of the layers deposited at higher temperatures, we see some
minor eﬀects due to the addition of the dopant atoms. At high temperatures,
longer hydrogen treatment times are necessary for p-type doped layers than for
n-type doped layers. Accordingly, for p-type material the crystallization is more
adversely inﬂuenced by increasing temperatures than for n-type material. Moreover, in p-type material higher crystalline fractions are needed for good electrical
properties: from Figure 3.14 it is obvious that in n-type material percolation of
charge carriers through the crystallites takes place at a lower crystalline material content than in case of p-type material [93]. It is known from the literature
that the percolation threshold for intrinsic microcrystalline silicon grown by CW
PECVD is much above the value of 33% expected from geometrical considerations.
For example, Kocka et al. [94] observe this threshold at 65 %.
Only four-fold coordinated dopant atoms in the amorphous phase and in the
crystalline phase contribute to the doping of the microcrystalline silicon material.
It is observed that in conventional continuous wave 13.56 MHz Radio Frequency
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(RF) PECVD deposition of p-type doped µc-Si:H, the doping eﬃciency is low (in
the order of 1%). We speculate that this is due to the segregation of dopant atoms
towards the grain boundaries on the growth surface [95]. The doping eﬃciency
of the LbL-grown high-temperature p-type doped layer is as high as 39% (the
boron concentration of 3.0×1019 cm−3 , measured by ERD, is compared with the
hole concentration obtained from the Hall measurement in the Van der Pauw
conﬁguration [96]). We speculate that the doping eﬃciency is high because in the
layer-by-layer grown material, there is less segregation of dopant atoms from the
crystallites as the as-deposited material is in the amorphous phase and thus there
are no grains at the growth surface to facilitate segregation.

3.8

Discussion on Growth and Nucleation Model

In this section, we evaluate the results of the experiments described in the previous
sections in the context of the three models for the LbL growth of µc-Si:H: chemical
annealing, epitaxial growth and hydrogen diﬀusion.
From the etching and abstraction rate experiments using the D2 plasma treatment, we learned that the etch rate has a maximum at 200 ◦ C. This implies
that: (1) The rate of back etching of a-Si:H for the epitaxial growth is reduced
with increasing temperature above this temperature. (2) Since the cathode has a
lower temperature than the substrate on the heated anode, an optimum in chemical transport is expected at a substrate temperature above 200 ◦ C at which the
cathode reaches the optimum temperature for etching. Therefore a maximum in
chemical transport induced crystallization is expected within the studied temperature range. Our observations, however, show a continuous decrease of crystallinity
with increasing temperature.1
The hydrogen diﬀusion in the layer was experimentally observed in terms of
1 (3) A lower etch rate at higher temperatures is virtually retarding the hydrogen diﬀusion
(although marginally) because the hydrogen has to penetrate deeper during the initial phase.

Table 3.1: Structural and electrical properties of layer-by-layer high-temperature microcrystalline silicon p- and n-type doped layers.

property
Ts
d
Rc
Ea
µ
Nc

p-type
350
29
0.26
0.11
0.13
1.2×1019

n-type
400
31
0.12
0.056
0.35
1.0×1020

unit
C
nm

◦

eV
cm2 /Vs
cm−3
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hydrogen loss in the gas phase during the initial phase of the hydrogen treatment.
The hydrogen diﬀusion is faster at higher temperatures. The observation that the
incubation phase is more extended in LbL grown µc-Si:H materials at high temperatures (around 400 ◦ C) while the duration of the hydrogen treatment is necessarily
longer, indicates that the hydrogen diﬀusion induced reconstruction of the silicon
matrix is less eﬃcient at higher temperatures. We speculate that hydrogen atoms
diﬀusing through the silicon network require a certain residence time at the Si–Si
bonds to enable the relaxation of the network when a hydrogen atom leaves the
bond. The residence time is decreasing with increasing temperature, resulting in
an optimum in temperature for hydrogen diﬀusion mediated nucleation.
Considering the thickness dependence of the hydrogen plasma treatment time
for diﬀerent temperatures, chemical transport is not likely to play an important
role since layer thicknesses are being reduced during the treatment in all cases,
excluding deposition due to silicon atoms etched elsewhere.
The observation that the eﬀective sub layer thickness necessary for obtaining
crystalline material is etch rate independent (which means that for all temperatures the etch time has to be adapted to the etch rate), can in principle be
explained by the back etching of a-Si:H in the epitaxial growth model and the
necessary thickness reduction to enable suﬃcient hydrogen diﬀusion, as well as by
the optimum in temperature of the hydrogen diﬀusion induced relaxation of the
silicon network.
We observed that the incorporation of dopants in LbL does not dramatically
reduce the crystallinity of the material, in contrast to the CW case. This suggests that the nucleation process in LbL is diﬀerent compared to that for the case
of CW. This observation excludes any contribution of chemical transport or epitaxial growth to the nucleation and crystallization because in these models the
crystallization takes place during the growth, similar to the CW case.
Hydrogen diﬀusion mediated nucleation thus seems to be the most likely model
to explain our experiments.
The layer-by-layer deposition can be considered as a simpliﬁed model of µcSi:H growth, because growth and hydrogen induced nucleation are systematically
separated. Therefore, with the layer-by-layer model certain aspects can be studied
that are less clear in the CW growth (in which the growth species and the high
hydrogen ﬂux are present at the same time in a highly hydrogen diluted plasma)
where all diﬀerent processes with the diﬀerent timescales are taking place at the
same time. From these experiments we can conclude that for µc-Si:H growth in
general, growth zone processes do contribute to the microcrystallization. However,
from the layer-by-layer experiments it cannot be excluded whether growth surface
processes do play an additional role in the µc-Si:H growth in the CW case, because
the layer-by-layer model does not include the inﬂuence of the hydrogen on the
surface diﬀusion of growth precursors.
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Conclusions

The VHF PECVD layer-by-layer method is shown to be suitable for tuning the
structural properties of thin microcrystalline silicon material in a broad temperature range from 250 to 400 ◦ C. The resistance against hydrogen plasma treatment
of the ﬁrst amorphous silicon sub layer is important for the growth of the total
layer. When dopant atoms are added, the crystallinity can be maintained, also for
high growth temperatures up to 400 ◦ C. In the continuous wave case, on the other
hand, when microcrystalline silicon doped layers are deposited at high temperatures, the crystallinity is hindered because the layer properties are more critically
dependent on the plasma properties than in LbL.
The layer-by-layer experiments at high temperatures show that hydrogen coverage of the growth surface is not a prerequisite for nucleation. We compared our
experimental results with the models in the literature that explain the formation of
µc-Si:H in the LbL process, and we conclude that a nucleation process induced by
hydrogen diﬀusion into the a-Si:H material is responsible for the crystallization. It
was found that during the hydrogen plasma treatment crystallization takes place
after a period of hydrogen in-diﬀusion. The crystallization process is slowed down
at higher temperatures, due to the decreasing residence time of the diﬀusing H
atoms at the Si–Si bonds. The mechanisms speciﬁed as chemical transport and
a-Si:H back etching until the epitaxial growth are excluded to be responsible for
the crystallite formation in the doped a-Si:H layers.
We have shown that it is possible to grow thin doped layers with an incubation
phase that is—if present—thin enough (less than 1 nm) for obtaining low optical
absorption and good electrical properties in a broad temperature range between
250 and 400 ◦ C. The doped layers grown by LbL are smoother than reference
samples grown by CW. The layer-by-layer high temperature p-type doped layer
shows a good doping eﬃciency indicating that many dopant atoms are in the
crystallites. We speculate that in the LbL process, less segregation of dopant
atoms takes place towards the grain boundaries.

Chapter 4

Solar Cells With
Layer-by-layer Deposited
µc-Si:H Doped Layers
To demonstrate the temperature stability and the resistance to high atomic
hydrogen ﬂuxes of the µc-Si:H doped layers deposited with the LbL technique at high substrate temperatures, test solar cells have been made. HotWire CVD (HWCVD) and VHF PECVD deposited µc-Si:H i-layers were
deposited on top of the high temperature LbL µc-Si:H n-type doped layer
in an n-i-p conﬁguration on a stainless steel substrate. A high open circuit
voltage of Voc = 0.56 V and a ﬁll factor of FF = 0.7 show the high doping
eﬃciency and crystallinity of the n-layer and the resistance to the impinging
atomic hydrogen during the HWCVD deposition. In n-i-p solar cells with
an a-Si:H absorber layer deposited with HWCVD at high rate (rd = 1.6
nm/s) and high substrate temperature (Ts = 430 ◦ C) the best Voc and FF
were obtained with a µc-Si:H n-layer deposited at high temperature using
the LbL process. This shows the temperature stability of the LbL deposited
n-layer.

4.1

Introduction

For n-i-p solar cells, we choose to use µc-Si:H as n-layer material, because of the
favorable optoelectronic properties. In order to make the doped layers resistant
to the high deposition temperatures and hydrogen ﬂuxes of the i -layer deposition process, the n-layer has to be deposited at a high temperature because the
temperature stability of a layer is dependent on the deposition temperature of
the layer [58]. Therefore n-type doped µc-Si:H was developed at high substrate
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Figure 4.1: Schematic cross-sectional view of the device conﬁguration of the n-i-p solar
cell.

temperatures of around 400 ◦ C.
In chapter 3, we showed that such high-temperature doped layers can successfully deposited with a layer-by-layer (LbL) process by means of very high frequency
plasma-enhanced chemical vapor deposition (VHF PECVD) [69]. Good optical
and electrical properties have been obtained for the LbL doped layers deposited
at substrate temperatures up to 400 ◦ C.

4.2

Solar Cells with VHF PECVD and HWCVD
i -layers

Microcrystalline silicon n-i-p solar cells have been deposited to demonstrate the
quality of the LbL microcrystalline silicon n-type doped layers deposited at hightemperature compared to a standard CW n-layer. In the same deposition run for
the i -layer and p-layers, two identical solar cells have been made on plain stainless
steel with a standard CW n-layer and a high-temperature LbL n-layer, respectively
(see Figure 4.1). The results show that the LbL n-layer behaves slightly better.
The external solar cell parameters for the CW n-layer are: eﬃciency η = 3.8%,
Voc = 0.45 V, and FF = 0.53; and for the LbL n-layer: η = 4.2%, Voc = 0.45 V,
and FF = 0.57. The eﬃciency of the devices with high-temperature LbL n-type
layer was further optimized to 5.6% by improving the i -layer. The structure is as
follows: plain stainless steel (SS) / LbL µc-Si:H n-layer, 400 ◦ C (50 nm at 0.01
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Figure 4.2: IV characteristics of a n-i-p solar cell with a µc-Si:H i-layer showing the
quality of the electrical properties of the doped µc-Si:H n-layer.

nm/s, eﬀectively) / VHF µc-Si:H i -layer, 250 ◦ C (1000 nm at 0.1 nm/s) / VHF
CW µc-Si:H p-layer 200 ◦ C (20 nm at 0.04 nm/s) / ITO / Au grid. No back
reﬂector was used to enhance the optical absorption in the i -layer and no buﬀer is
used at the p/i interface. The i -layer was made at a very high hydrogen dilution
(unlike the type of material made at gas phase conditions near the transition to
amorphous, see chapter 6) and the material has a high crystalline volume fraction
(crystalline ratio Rc = 0.65). The open circuit voltage Voc of the cell is 0.48 V
(which is a high value considering the high crystallinity of the i -layer) and the ﬁll
factor is 70%. These values show that the doping eﬃciency of the high-temperature
n-type doped layer is high. The eﬃciency of 5.6% is limited by the short circuit
current Jsc . It has the potential to be at least 40% higher when eﬃcient light
trapping by means of a back reﬂector is used [97].
A diﬀerent type of n-i-p solar cell has an HWCVD microcrystalline silicon i layer [98]. It has been made to demonstrate the resistance of the high-temperature
LbL microcrystalline silicon n-type doped layer to high atomic hydrogen ﬂuxes.
The structure is plain stainless steel (SS) / LbL µc-Si:H n-layer, 400 ◦ C (50 nm at
0.01 nm/s) / HWCVD µc-Si:H i -layer, 250 ◦ C (1000 nm at 0.4 nm/s) / VHF CW
µc-Si:H p-layer 200 ◦ C (20 nm at 0.04 nm/s) / ITO / Au. The i -layer is made at a
gas phase condition close to the transition to a-Si:H. The eﬃciency is 5.1% without
back reﬂector. The Voc is 0.564 V (high due to the use of transition-type material)
and the ﬁll factor is 68%. These values demonstrate that the high-temperature
n-type doped layer maintains its good properties even when exposed to the atomic
hydrogen rich deposition of a HWCVD µc-Si:H i -layer.
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Solar cells with HWCVD i -layers Deposited
at High Growth Rate

Hot wire chemical vapor deposition (HWCVD) of amorphous (a-Si:H) and microcrystalline silicon (µc-Si:H) is a promising technique because of the high deposition rates that can be obtained (without the disturbing inﬂuence of ions) and
the eﬃcient silane (SiH4 ) source gas usage. Silane and hydrogen are thermally or
catalytically decomposed at the hot ﬁlaments. Contrary to, for example, plasmaenhanced decomposition of silane, in HWCVD the SiH4 molecules are completely
decomposed in atoms at wire temperatures above 1600 ◦ C:
SiH4 (g) → Si (g) + 4H (g)

(4.1)

This implies that four atomic hydrogen atoms are created initially in the gas
phase per silicon atom. Atomic hydrogen is known to be highly reactive with
TCOs [41] and diﬀusive in a-Si:H and µc-Si:H. Device structures are damaged by
these processes in the following cases:
(1) In the case of p-i-n structures, the Transparent Conductive Oxide (TCO)
is reduced in the presence of atomic hydrogen. For tin oxide (SnO2 ) TCO, this
leads to the formation of SnO and solid Sn:
SnO2 (s) + 4H (g) → Sn (s) + 2H2 O(g).

(4.2)

Moreover, in the presence of a silicon network the redundant oxygen forms Si–O
bonds, which might lead to an electronic barrier in the solar cell device.
(2) The doped layer on top of which the i-layer is deposited can be aﬀected by
the presence of atomic hydrogen. In the initial growth phase etching can occur
whereas during the growth of the i-layer the diﬀusing atomic hydrogen might
change the doping eﬃciency (the presence of hydrogen inﬂuences the activation of
dopants) and/or induces the diﬀusion of the dopant atoms such as boron.
(3) In the case of n-i-p structures, on for example a stainless steel (SS) substrate, particles from the substrate can diﬀuse into the n-layer and the i -layer,
which leads to the presence of undesired metallic impurities.
These three processes are enhanced with increasing temperature. In order to
increase the deposition rate, the catalatic area can be increased, the wires can be
mounted closer to the substrate, or the wire temperature can be increased. In
all cases the substrate temperature increases. Therefore, the deposition of high
growth rate a-Si:H i -layer by HWCVD involves high substrate temperatures and
high atomic hydrogen ﬂuxes. It has already been shown for p-i-n solar cells that
SnO2 :F TCOs can be protected against atomic hydrogen by sputtering a 5 nm thin
ZnO:Al protection layer on the SnO2 :F [99]. This study focuses on the stability
of the n-layer in n-i-p solar cells for which it is essential to survive the extreme
deposition conditions of the i -layer.
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Solar cells in n-i-p conﬁguration have been deposited on plain stainless steel
strips of 5 × 10 cm2 in the conﬁguration shown in Figure 4.1 with a-Si:H i -layers.
Four types of n-layers (phosphorous doped) have been tested. The i -layers and
the subsequent layers of the solar cell structure are deposited identically on the
four diﬀerent n-layers, leading to four strips of test solar cells. The performance
of the test solar cells is compared.
In the multi chamber system ASTER [27] using VHF PECVD at an RF frequency of 50 MHz, µc-Si:H n-layers have been deposited at a substrate temperature
of 350 ◦ C using the layer-by-layer process and as a reference at 200 ◦ C in the standard continuous deposition mode. The subsequent layers of the solar cells based on
these two n-layers have been deposited in one run for the two substrates together.
Furthermore, a standard µc-Si:H n-layer at 200 ◦ C as well as an a-Si:H n-type
doped layer at 430 ◦ C [57] have been made as references in the multi chamber
deposition system PASTA [100] by RF PECVD (13.56 MHz).
The a-Si:H deposition of the intrinsic layers was done by HWCVD in PASTA.
A conﬁguration with two series connected tantalum ﬁlaments was implemented
for the deposition on a 10 x 10 cm2 substrate area. A current of 11 A was used
to resistively heat the wires to a temperature of approximately 1900 ◦ C. The
substrate temperature was 430 ◦ C due to radiative heating from the wires. The
growth rate was 1.6 nm/s, which implies that the a-Si:H i -layer was deposited in
5 minutes. As p-layer, a standard boron doped µc-Si:H layer was deposited at 160
◦
C by RF PECVD in PASTA. The top contact is made of evaporated Indium Tin
Oxide (ITO) supplied with a grid of evaporated gold.
Figure 4.3 shows the IV characteristics of the n-i-p solar cells, whereas the
external solar cell parameters are listed in Table 4.1. For all cells, the current
is limited due the poor reﬂection of ﬂat stainless steel and the absence of light
scattering. An increase in current of at least 40 % is expected when a textured
back reﬂector is used. The type of n-layer is signiﬁcantly inﬂuencing the device
performance. The solar cell with the RF PECVD µc-Si:H n-layer is of poor quality
(Voc = 0.75 V, FF = 0.45); the high-temperature RF PECVD a-Si:H n-layer shows
a considerably better ﬁll factor (Voc = 0.72 V, FF = 0.54). The cell with the
continuous wave VHF n-layer deposited at 200 ◦ C shows still a higher ﬁll factor
(Voc = 0.79 V, FF = 0.59), whereas the cell with the LbL n-layer that is deposited
at 350 ◦ C shows the best performance (Voc = 0.82 V, FF = 0.63, η = 6.0%).
It is observed that the n-type doped µc-Si:H layer deposited by LbL VHF at
high substrate temperature is the most resistant against the extreme deposition
conditions of the high growth rate HWCVD a-Si:H i -layer at 430 ◦ C substrate
temperature. It conﬁrms that the stability of an underlying layer at high temperature is related to the deposition temperature of the underlying layer. Obviously,
the use of VHF compared to RF PECVD causes a considerable improvement in
Voc and FF which we attribute to a more compact structure due to the low energy
ion bombardment. Nevertheless, the improvement with LbL n-layer at 350 ◦ C is
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Figure 4.3: IV characteristics of n-i-p solar cells on plain stainless steel with an HWCVD
a-Si:H i-layer deposited at 1.6 nm/s with a substrate temperature of 430 ◦ C, comparing
the results of the use of diﬀerent n-layers.

still signiﬁcant, and it is expected that this diﬀerence will be more obvious when
less moderate i -layer conditions are used such as for µc-Si:H.
The a-Si:H n-layer deposited at 430 ◦ C shows results that are not as good as
the LbL deposited µc-Si:H n-layer. It might be due to the fact that—despite the
high temperature stability of this layer which is demonstrated in [57] by showing
that the hydrogen bonding structure is not changed during annealing at 430 ◦ C—
the a-Si:H n-layer is less resistant to the i -layer deposition conditions than the
LbL µc-Si:H n-layer.
In order to have a suﬃcient thick diﬀusion barrier in all cases, in this experiment
the thickness for all n-layers was chosen to be 75 nm, which is considerably thicker
than the thickness needed for building up a proper ﬁeld over the i -layer in the n-i-p

Table 4.1: External solar cell parameters for n-i-p solar cells with diﬀerent n-layers.

n-layer
◦

a-Si:H RF 430 C
µc-Si:H RF 200 ◦ C
µc-Si:H VHF 200 ◦ C
µc-Si:H LbL VHF 350 ◦ C

η
Jsc
(%) (mA/cm2 )
3.9
10.0
3.6
10.7
5.3
11.3
6.0
11.6

Voc
(V)
0.72
0.72
0.79
0.82

FF

Rs
(Ωcm2 )

0.54
0.45
0.59
0.63

14
19
10
8

Rp
(kΩcm2 )

0.78
0.21
1.1
1.2
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structure. The optimum thickness for device performance is expected to be smaller
(reducing the optical losses in the n-layer) for layers that are better resistant to
the i -layer deposition such as the 350 ◦ C VHF LbL n-layer.
Obviously, it is essential to optimize the deposition process of the doped layers,
to improve the temperature stability leading to a better protection against diﬀusion
of hydrogen at high temperatures and its harmful consequences for the device
performance. High deposition temperatures as well as the use of µc-Si:H for the nlayer on SS seems to be key parameters in this optimization. Using the optimized
doped layers, the HWCVD technique providing advantageously high deposition
rates, can optimally be utilized in solar cells.

4.4

Conclusions

The quality of the high-temperature n-type doped layer is demonstrated in µcSi:H n-i-p solar cells with i -layers grown by diﬀerent methods (VHF PECVD and
HWCVD) deposited on top of the high-temperature LbL µc-Si:H n-type doped
layer. The solar cells show better open circuit voltages and ﬁll factors than with
conventional doped layers. The n-type doped µc-Si:H layer grown by LbL is shown
to be resistant to the atomic hydrogen ﬂux of a HWCVD i -layer.

Chapter 5

Plasma Conditions for High
Growth Rate µc-Si:H
Plasma conditions involving high pressures and high RF powers (high-pressure depletion (HPD) regime) for high-rate deposition by VHF PECVD of
microcrystalline silicon are explored by studying the optical emission spectra
(OES) of the plasma. The behavior of pressure, RF power and gas ﬂow in
an adapted electrode conﬁguration with a shower head gas inlet and a small
electrode distance are compared to a conventional electrode conﬁguration.
The use of the small interelectrode separation allows the use of high process
pressures. In this regime, µc-Si:H can be deposited at high deposition rates.
It was found that the deposition rate of the material is reﬂected in the Si*
optical emission intensity. The amorphous to crystalline transition of the
deposited material can be correlated to the Hα /Si* intensity ratio. With
increasing pressure, the ratio and the crystallinity of the layer decrease due
to the decrease in electron density. Source gas depletion is found to be
favorable to reduce the loss of atomic hydrogen to abstraction reactions in
the gas phase at high pressures, which is conﬁrmed by plasma modelling.

5.1

Introduction

The high-pressure depletion HPD [101] has been used by several groups to make device quality microcrystalline silicon ﬁlms at high growth rate [10,102,103,104,105].
High pressures are favorable conditions for a reduced ion energy bombardment. A
study of plasma properties under these conditions for the case of standard radio
frequency (13.56 MHz) PECVD has been presented [101]. The method has also
been applied in very high frequency (VHF) PECVD [10,106]. The requirement
for high pressures to reduce the ion energy is less strong at higher RF frequencies
νrf : as explained in section 2.1, when higher RF frequencies are used, a lower RF
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voltage Vrf is needed to couple a certain power into the plasma. This results in
a lower plasma potential due to which the energies of the bombarding ions are
lower. At high RF frequencies (VHF), the average electron temperature Te is
lower, while the electron density Ne is higher due to which the concentration of
atomic hydrogen is relatively high. Experimental diﬀerences between these two
frequency regimes have been reported, such as the eﬀect of high power [107].
In the current study, we report on the plasma properties in two diﬀerent electrode conﬁgurations. The ﬁrst case is a standard conﬁguration with an electrode
distance of de = 27 mm [108] in which pressures are used up to p = 3 mbar and
powers up to P = 50 W. In the second case, we used a new electrode conﬁguration with a variable electrode distance (down to 5 mm) and a shower head
gas inlet. Herewith homogeneous depositions using high total gas ﬂows, pressures
up to p = 10 mbar, and powers of hundreds of Watts can be made. With the
new conﬁguration we focused on conditions characterized by small electrode distances, high pressures and high powers. The results are presented parallel to the
results with the standard electrode conﬁguration without shower head so that we
can distinguish between the common physics and the dependency on the type of
conﬁguration.
Material properties such as deposition rate and crystalline fraction are correlated to the plasma conditions. The nucleation in the initial growth phase of
microcrystalline silicon is crucial for the layer properties of the rest of the layer.
Therefore we mostly focussed on the inﬂuence of the plasma process on the nucleation behavior by analyzing thin layers.
We used the combination of optical emission spectroscopy (OES) as a plasma
diagnostics tool and one-dimensional (1D) plasma modelling to obtain an understanding of the growth process under the high growth rate conditions. The
simulations were performed on a radio-frequent continuous wave (CW) SiH4 /H2
discharge, using a one-dimensional ﬂuid model. In the model, quantities such as
ﬂuxes, densities and electric ﬁeld are calculated self consistently [109].
The results and insights obtained in this chapter were a basis for the choice of
the deposition regimes that were used for the µc-Si:H layers and devices that are
described in Chapters 6 and 7 respectively.

5.2

Electrode Conﬁgurations

In order to prepare the ASTER system for the deposition of microcrystalline silicon
at high deposition rate and therefore using high RF powers, one of the reactor
chambers was equipped with a new cathode that is movable with respect to the
grounded electrode at which the substrate is clamped. The minimum electrode
distance that can be reached is de = 5 mm. The gas inlet is of “shower head” type,
containing a large number of equally spaced holes with equal diameters in the
cathode. There is a ceramic ring surrounding the cathode to prevent discharges
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Figure 5.1: Schematic cross-section of electrode conﬁguration A and B.

to the grounded shield. The cathode is connected to a P = 1000 W, νrf =
60 MHz power supply through an L-type matching network. This whole set of
equipment is referred to as electrode conﬁguration B in the following, whereas
electrode conﬁguration A refers to the previous conﬁguration. The properties of
both conﬁgurations are summarized in Table 5.1. Figure 5.1 shows the crosssections for electrode conﬁguration A and B.

Table 5.1: Properties of the old and new electrode conﬁguration in one of the reactors
in the ASTER system and the standard deposition parameters used in this chapter.

gas inlet type
cathode heating
electrode distance (de )

electrode area
RF frequency (νrf )
plasma power (P )
pressure (p)
hydrogen dilution (dH )

conﬁguration A
from side
no
27 mm (ﬁxed)

150 cm2
10–100 MHz variable
(standard 50 MHz)
1–50 W
(standard 15 W)
0.1–3 mbar
(standard 1.1 mbar)
standard 100

conﬁguration B
cathode shower head
by hot oil circuit
5–27 mm variable
(standard 6 mm;
for transport 27 mm)
170 cm2
60 MHz (ﬁxed)
5–500 W
(standard 100 W)
0.1–10 mbar
(standard 9 mbar)
standard 28
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Figure 5.2: Example of OES spectra under typical conditions without SiH4 and with
10% SiH4 in H2 for electrode conﬁguration A. The important spectral lines are Si* at
289 nm, SiH at 414 nm, Balmer β (Hβ ) at 486 nm, and Balmer α (Hα ) at 656 nm.

5.3

Interpretation of Optical Emission Spectra

Inelastic impacts of electrons with source gas molecules lead to dissociation. The
optical emission intensity IOES spectrum of the plasma is dependent on the distribution of the electron density and electron energy as well as of the presence of
molecular species that are excited by electron impact. By analyzing the spectral
lines that are related to the optical transition of the excited species to lower energetic states, an estimate of the excitation rates and concentration can be made.
The reactions taking place at the growth surface are dependent on these concentrations and therefore the characteristic lines from the emission spectrum can be
related to the µc-Si:H ﬁlm growth [101] (and solar cell performance [110]).
The amount of neutral growth precursors present near the substrate predominantly determines the deposition rate (although also in the case of µc-Si:H, there
is a contribution of ions to the growth [111]). For a SiH4 /H2 plasma, SiH3 is
considered to be the predominant growth precursor for the growth of a-Si:H and
also for typical µc-Si:H growth conditions [59,112,113]. SiH3 is a reaction product
of electron impact dissociation of SiH4 , with a threshold energy is 8.75 eV.
SiH4 + e− → SiH3 + H + e−

8.75 eV.

(5.1)

Dissociation of SiH4 also leads to excited states: SiH* (10.33 eV) and Si* (10.53
eV), e.g.
SiH4 + e− → Si* + H2 + 2H + e−

10.3 eV.

(5.2)
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Si* emits a photon at the optical transitions to lower energetic states. The intensity
of the emission lines IOES of SiH* and Si* (see Figure 5.2) is considered to be
proportional to their concentrations [SiH*] and [Si*]. These concentrations are
determined by the dissociation rate of SiH4 . Since the SiH4 dissociation rate
is proportional the silane concentration [SiH4 ] and the electron density Ne (of
electrons with an energy above the threshold energy), IOES (Si*) is given by
IOES (Si*) ∝ [SiH4 ]Ne .

(5.3)

Although dissociation of SiH4 is not the only reaction that produces SiH3 —the
rate of abstraction reactions (equation 5.6) with the numerously present hydrogen
atoms is probably higher—the Si* line intensity is experimentally shown to be
indicative of the deposition rate under various deposition conditions for standard
RF (13.56 MHz) PECVD [101]. In this study, we will correlate the deposition rate
to the Si* intensity in diﬀerent conditions.
Dissociation of molecular hydrogen H2 by an electron impact can lead to
H*(n=3) [114,115]:
H2 + e− → H*(n=3) + H + e−

16.6 eV.

(5.4)

The energy threshold for this reaction is 16.6 eV [115]. This reaction is followed by
Hα Balmer emission H*(n=3→2), which line can be detected by OES (see Figure
5.2). Similar to the argument for IOES (Si*), the Hα intensity is proportional to
the H2 concentration and the density of electrons above the energy threshold:
IOES (Hα ) ∝ [H2 ]Ne .

(5.5)

The rate of hydrogen induced surface reactions such as etching and abstraction as
well as the diﬀusion of hydrogen in the growth zone of the material are dependent
on the concentration of atomic hydrogen near the growth surface. These hydrogen
mediated processes induce nucleation and crystallization of the growing ﬁlm. It
is expected that a certain dose of atomic hydrogen per deposited silicon atom is
required for obtaining a crystalline layer.
Although there are other reaction paths than reaction 5.4 that result in atomic
hydrogen, experimental results indicate that the ratio of the Hα and the Si* line
intensity correlates with the crystallinity of the layer [101]. The crystallinity of
a layer is dependent on both the nucleation and the subsequent development of
crystals during the continuing growth. Our hypothesis is that Hα /Si* determines
the nucleation behavior. The crystalline fraction of thicker layers, however, is
not only dependent on the nucleation but also on the development of the crystals
during growth and on the thickness of the layer. Therefore, we expect a threshold
in crystallinity at a certain Hα /Si* rather than a correlation between the Hα /Si*
ratio and the crystalline fraction Xc .
From equations 5.3 and 5.5, it is clear that the electron energy distribution has
an important inﬂuence on the proportionality relations, because Ne , the density
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a)

b)

Figure 5.3: a) Deposition rate rd for various Si* intensities at various plasma conditions
in the α and γ’ regime using electrode conﬁguration A. b) rd versus Si* for a rd series
using electrode conﬁguration B.

of electrons above the threshold energy of the speciﬁc reaction, critically depends
on it.
The emission from the plasma was detected from the pre-sheath region near the
substrate. This is expected to have a good correlation with the species reaching
the growing surface because it is is very close to the substrate and the emission intensity is high enough to have a fast and accurate detection. However, in electrode
conﬁguration B, where small electrode distances were used, it was not possible to
probe the emission from the pre-sheath region without having a contribution from
the bulk. Therefore our data in electrode conﬁguration B might be disturbed by
eﬀects (as observed by other groups) such as the shift of the peak in emission
intensity from close to the center at relatively high dH towards the cathode with
decreasing dH [110].

5.4

Deposition Rate

As mentioned, the Si* intensity is proportional to the SiH4 dissociation rate and
therefore, a correlation with the deposition rate can be expected. Layers were
deposited using a wide range of plasma conditions using electrode conﬁguration
A. Figure 5.3a shows the intensity of Si* peak for various plasma conditions which
result in diﬀerent deposition rates. These plasma conditions were varied by pressure, RF power, SiH4 and H2 gas ﬂows (fSiH4 and fH2 ) and H2 /SiH4 ratio dH . The
plasma condition was either in the so-called α regime or the “dusty” γ’ regime (see
section 5.7). Figure 5.3b shows the deposition rate versus the Si* intensity for a series of samples deposited in electrode conﬁguration B. The higher deposition rates
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Figure 5.4: a) Optical emission intensities of the Si* and Hα /Si* peaks for diﬀerent
dilutions for electrode conﬁguration A. b) Idem for electrode conﬁguration B

are obtained by adapting the pressure, the total gas ﬂow as well as the power. We
speculate that all depositions were in the γ’ regime (see also section 5.7).
It is observed that the intensity of Si* species in the OES spectrum of the
plasma at 289 nm can be correlated to the deposition rate both in the α as well as
γ’ regime. This correlation behavior, however, is signiﬁcantly diﬀerent in these two
cases: the deposition rate is higher for a certain Si* intensity in the γ’ regime. Also,
for the higher deposition rate (high pressure, high power, depletion) conditions
using electrode conﬁguration B, the deposition rate follows the trend of the Si*
intensity. The absolute Si* intensities as measured in electrode conﬁguration A
and B cannot be compared directly as the optical system is diﬀerent for both
conﬁgurations.
It is concluded that within a plasma regime in which etching is not dominant,
the Si* emission intensity from the plasma predicts the deposition rate of the grown
layer, independent of the type of electrode conﬁguration and depletion condition.

5.5

Hydrogen Dilution

A series of optical emission spectra was measured in which the hydrogen dilution (dH = fH2 /fSiH4 ) was varied within the range from 10 to 300 using electrode
conﬁguration A and B. Figure 5.4a and b show that the Hα /Si* intensity ratio
increases with hydrogen dilution for electrode conﬁguration A and B respectively,
reﬂecting the increasing concentration of atomic hydrogen, whereas the Si* intensity decreases following the trend of the silane concentration. It is expected
that above a certain Hα /Si* ratio, enough atomic hydrogen is available to induce
nucleation.
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Figure 5.5: Correlation of Raman crystalline ratio of a ﬁlm (around 50 nm thick)
with the Hα /Si* ratio of the plasma emission during deposition using various plasma
conditions in electrode conﬁguration A.

For several plasma conditions using electrode conﬁguration A, layers have been
deposited in order to ﬁnd a correlation between the Hα /Si* ratio and the nucleation
of crystallites in the deposited material. Figure 5.5 shows the correlation between
the crystalline ratios Rc of deposited thin ﬁlms versus the Hα /Si* ratio obtained
from OES under various plasma conditions.
The crystalline ratios were measured on thin (50 nm) samples, in order to study
the nucleation behavior. The observation of crystallinity in these ﬁlms therefore
reﬂects the nucleation phase rather than the development of crystallinity during
the growth. The growth of crystallinity in thicker ﬁlms might follow a diﬀerent
trend.
It is observed that the amorphous to microcrystalline transition occurs when a
threshold of Hα /Si* is crossed. The variations of the ion density and ion energies
at the various parameters of deposition were evaluated from plasma modelling.
Microcrystalline growth is present in both α as well as γ’ regimes, irrespective of
the plasma conditions i.e. ion density, ion energy, and deposition rate (thus silicon
precursor density). Also depletion of silane is not necessary for nucleation. It is
speculated that suﬃcient intensity of hydrogen treatment per deposited species is
the most important requirement for nucleation.
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Figure 5.6: a) Pressure dependence of the optical emission intensities of the Si* peak
for diﬀerent RF powers electrode conﬁguration A. b) idem for electrode conﬁguration B.

5.6

Process Pressure

Si* Intensity
The inﬂuence of the process pressure on the plasma properties as well as on the
layer properties was investigated. Figure 5.6a shows the Si* intensity as a function of pressure for electrode conﬁguration A, whereas Figure 5.6b show the Si*
intensity at various pressures up to 9 mbar using electrode conﬁguration B, where
the SiH4 and H2 gas ﬂows were ﬁxed at 1.2 and 100 sccm respectively. The power
was varied between 15 and 100 W. It is observed that increasing pressure shows
initially an increase in Si* emission. However the intensity reaches a maximum at
a pressure of around 1 and 1.5 mbar for electrode conﬁguration A and B respectively, above which pressure the Si* intensity decreases. The trend is similar for
the diﬀerent plasma powers.
The optimum can be understood considering equation 5.3. Plasma modelling
[109] showed that with increasing pressure the silane density increases, and—
due to the increasing number of collisions—the electron density distribution shifts
to lower energy (for example, the electron temperature is reduced by 0.5 eV in
the bulk of the plasma when the pressure is increased from 1.1 to 2.2 mbar for
electrode conﬁguration A) resulting in a reduction of the electron density Ne with
an energy above the threshold value for reaction 5.2. Considering these changes
with pressure the increasing [SiH4 ] and the decreasing Ne compete each other in
determining IOES (Si*).
Thus a balance between the increase in dissociation rate due to increased silane
partial pressure and decrease of dissociation due to reduced electron temperature
limits the maximum of Si* intensity. Based on this, a maximum in deposition rate
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a)

b)

Figure 5.7: a) Pressure dependence of the optical emission intensity ratio Hα /Si* for
electrode conﬁguration A. b) Hα /Si* versus pressure for diﬀerent powers using electrode
conﬁguration B.

is expected at a pressure around 1.5 mbar in electrode conﬁguration B. This will
be discussed later (at Figure 5.9).
The diﬀerence in pressure at which the Si* intensity maximum occurs between
electrode conﬁguration A and B can be explained in terms of electrode distance.
At the smaller electrode distance, the decrease of vth with increasing pressure
due to the increasing number of collisions is lower, because the mean free path of
electrons relative to the electrode distance is larger.

Hα /Si* Intensity Ratio
Figure 5.7a and b show that, for both electrode conﬁgurations A and B, the Hα /Si*
intensity ratio decreases monotonically with increasing pressure. In this case, for
electrode conﬁguration A, the silane ﬂow is 2 sccm and H2 ﬂow is 100 sccm and for
electrode conﬁguration B, comparable conditions are used: typical conditions for
(highly crystalline) µc-Si:H deposition using a high hydrogen dilution dH . Plasma
modelling [109] was used to calculate particle ﬂuxes to the growing surface. For
both the electrode conﬁgurations and accompanying pressure regimes, it was observed that both the absolute ﬂux to the substrate of atomic hydrogen as well as
the H/SiH3 concentration ratio decrease with increasing pressure. This is consistent with the OES results. In conformity with our arguments presented in the
beginning of section 5.3, the decreasing Hα /Si* ratio indicates that the nucleation
is expected to be retarded at higher pressures.
In order to understand the decrease of the Hα /Si* intensity ratio with increasing pressure, we used the one-dimensional plasma model [109]. The loss of atomic
hydrogen in the gas phase was studied by calculating the creation rate of atomic
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Figure 5.8: The hydrogen balance in the reactor, calculated by plasma modelling:
the atomic H creation and loss to abstraction reactions are plotted spatially resolved
perpendicular to the electrode. a) The ﬁxed parameters for electrode conﬁguration A are
P = 15 W, fH2 = 100 sccm, de = 27 mm, the conditions 1, 2, and 3 are speciﬁed in the
ﬁgure; b) for electrode conﬁguration B, P = 50 W, fH2 = 150 sccm, de = 6 mm.

hydrogen and the loss rate to abstraction reactions
H + SiH4 → SiH3 + H2

(5.6)

in the gas phase. The diﬀerence between the creation and abstraction rates represent H atoms that diﬀuse to the walls, abstract another H atom from the growing
layer, and returns as H2 .
Modelling results for electrode conﬁguration A are plotted in Figure 5.8a. It
shows that the loss of hydrogen concentration due to abstraction is negligible as
long as the silane ﬂow is low (comparing Figure 5.8a, condition 1 and 2). Although
the hydrogen creation rate is reduced at high pressures (Figure 5.8a condition 2),
the creation rate is still substantially higher compared to the hydrogen loss due
to abstraction. This can be explained by the large disproportionality between the
silane and atomic hydrogen concentrations. However, if the silane concentration
is high (as for example fSiH4 = 7 sccm, in case of deposition near the amorphous
to microcrystalline transition at dH = 14), the decrease of the atomic hydrogen
concentration due to abstraction becomes signiﬁcant (Figure 5.8a condition 3) and
thus the H abstraction reactions with SiH4 will contribute to the loss of atomic
hydrogen at higher pressures. We speculate that in this condition, depletion of
SiH4 can reduce this loss of atomic hydrogen. It can be concluded that abstraction reactions are not the only mechanism responsible for the loss of the Hα /Si*
intensity ratio at high pressures, contrary to the understanding of Guo et al. [101].
Figure 5.8b shows the modelling results for electrode conﬁguration B, involving
the small electrode distance and the accompanying pressure regime. Similar to the
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behavior in electrode conﬁguration A, it is observed that with increasing pressure
(comparing Figure 5.8b conditions 1 and 2), the hydrogen creation rate is reduced
but still signiﬁcantly higher compared to the increased abstraction rate. In these
conditions an increase of the SiH4 ﬂow resulting in a step from dH = 28 to dH =
15 (which is even beyond the transition to a-Si:H), leads to an additional increase
of the abstraction rate (compare Figure 5.8b conditions 2 and 3). Contrary to
the conditions on electrode conﬁguration A, the decrease in dH does not lead to
an abstraction rate in the same order as the creation rate. We attribute this to
the higher degree of source gas depletion. It can be concluded that the HPD
conditions in electrode conﬁguration B are favorable for µc-Si:H growth, as less
atomic hydrogen is lost in gas phase reactions (see also section 5.7).
Another process that reduces the Hα /Si* ratio is the following. The monotonous
decrease of Hα /Si* with increasing pressure can be attributed to the decrease of
the electron temperature with increasing pressure, because the energy required
for the excitation of H to H*(n=3) (equation 5.4) is higher than the energy to form
Si* by silane dissociation reactions (equation 5.2). Moreover, there are indications
that—depending on the dilution ratio dH —the formation of H*(n=3) requires two
electron impact reactions [114,116,117], while Si* is formed directly by dissociation
of SiH4 .
The results have the following implications: The high pressure condition, that
is primarily applied to reduce the ion energy to have a favorable inﬂuence on the
growth of grains and defects in the layer, leads to a reduction of Hα /Si* ratio
for both electrode conﬁguration A and B. It is experimentally found that this
is correlated to retarded nucleation and thus a thick incubation phase at higher
pressures for a certain dilution condition.

Correlation to Material Properties
To correlate the pressure dependent behavior of Si* and Hα /Si* to material properties, layers have been made at diﬀerent pressures with electrode conﬁguration
B. It is observed that at higher pressures the deposition rate rd is higher, in
spite of the decreasing trend of the Si* intensity (see Figure 5.9a). This can be
attributed to the decreasing trend in Hα /Si*: a decrease in Hα /Si* leads to less
etching reactions, due to which the eﬀective growth rate is higher. Another explanation could be that at higher pressures, the contribution of higher silanes to the
ﬁlm growth increases, while these species are not reﬂected in the Si* emission. At
0.5 mbar there was no deposition at all, which is attributed to the high etching
rate in combination with the low dissociation rate.
In order to separate the inﬂuences of the decreasing Hα /Si* ratio and the
decreasing Si* intensity at higher pressures, a series was made in which for each
pressure the dilution was chosen such that the Hα /Si* ratio is constant (at a
moderate value of Hα /Si* = 9) by decreasing the hydrogen dilution for lower
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Figure 5.9: Optical emission intensity of the Si* peak and the Hα /Si* ratio and deposition rates under selected conditions for diﬀerent pressures using electrode conﬁguration
B with (a) constant hydrogen dilution, (b) the hydrogen dilution adapted such that the
Hα /Si* ratio is constant.

pressures. The physical interpretation of this series is that the dilution is adapted
such that—following the Hα /Si* interpretation of Guo et al.—in the gas phase the
ratio of the atomic hydrogen and silicon related growth precursors is constant for
all pressures. Figure 5.9b shows that the deposition rate now follows the trend
of Si* from 1 to 6 mbar (except for the case of 0.5 mbar where a combination of
high etching rate and low dissociation rate still prevents deposition). At higher
pressures, however, rd is still higher than expected from the Si* behavior. This
can be partially attributed to the faster decrease of the density of electrons Ne
with an energy above the threshold for equation 5.2 compared to reaction 5.1 upon
the shift of the electron energy distribution function to lower energies due to the
increasing pressure. Another explanation could be that the contribution of higher
radicals to the ﬁlm growth increases with increasing pressure.
The Raman crystalline ratios Rc of the layers made with electrode conﬁguration B (for which the deposition rates are plotted in Figure 5.9a) follow the
decreasing Hα /Si* trend with increasing pressure as shown in Figure 5.10 for the
series dH = 83. The Raman crystalline ratio Rc is divided by the thickness of
the layers to make a comparison of layers with diﬀerent thicknesses possible to
some extent (this Rc /d only gives a reliable and thickness independent indication
of the development of crystallinity with continuing layer growth, as long as the
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Figure 5.10: Crystalline ratio Rc over layer thickness d versus pressure for two diﬀerent
hydrogen dilution conditions using electrode conﬁguration B.

crystallinity in the total layer is not fully developed (Rc ∼ 0.8), which is the case
for these layers). For an additional pressure series made at lower dH (in the regime
where the transition-type µc-Si:H is grown) a similar trend of decreasing Rc with
increasing pressure is observed (Figure 5.10 series dH = 30). Layers made at the
constant Hα /Si* pressure series, all showed a similarly high crystalline fraction of
approximately Rc = 0.75 for layer thicknesses of around d = 300 nm.
The Raman crystalline ratio of µc-Si:H layers, deposited with electrode conﬁguration B, follows the Hα /Si* behavior in a broad pressure regime up to 9 mbar.
In this section we only considered material properties rd and Rc . In this perspective, we could make similar materials by varying the hydrogen dilution and
pressure following one line in the parameter space (deﬁned by Hα /Si* = 9). In
practice, when making device quality material or devices (in which case for example the inﬂuence of defect densities and the inﬂuence of the deposition conditions
on underlying layers are crucial) the roles of process pressure and hydrogen dilution are expected to be very much diﬀerent and should be separately chosen
in order to tune the ion bombardment and the crystallinity independently. The
question whether high pressure is necessary in VHF should be answered taking
into account the solar cell performance. It was observed by Matsui et al. that
high pressures have a beneﬁcial inﬂuence on the grain boundary structure [118].
It is shown by plasma modelling that high pressures are favorable for the spatial
conﬁnement of the plasma [119].
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Figure 5.11: Spatially resolved hydrogen balance for diﬀerent total gas ﬂows.

5.7

Gas Flow Rates

Total Gas Flow and SiH4 Depletion
Another parameter that plays a major role in the deposition rate and the crystallinity of the layer is the total gas ﬂow and especially the SiH4 ﬂow rate, because
it has an important inﬂuence on the silane depletion. The ratio between the
dissociation rate (mainly dependent on the RF power P ) and the gas ﬂow rate
determines the degree of depletion. The silane depletion D is deﬁned as the ratio
of the amount of SiH4 that is consumed and the available total amount:
D=

fSiH4 in − fSiH4 out
.
fSiH4 in

(5.7)

The depletion is reﬂected in the SiH4 gas utilization because the degree of depletion
determines the available number of silicon atoms that can contribute the ﬁlm
growth. The gas utilization ratio Rg is deﬁned as
Rg = cd /cd,max ,

(5.8)

where the gas utilization parameter cd is the deposition rate per silane ﬂow unit
cd = rd /fSiH4 and cd,max is the maximum possible deposition rate per silane ﬂow
unit when all silicon atoms from the considered gas ﬂow are deposited.
As discussed in the previous section, the silane depletion determines the loss
of atomic hydrogen in abstraction reactions. Plasma modelling clearly shows the
increasing loss of atomic hydrogen with increasing total ﬂow (Figure 5.11). This
loss adversely inﬂuences the crystallinity of the layer.
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Figure 5.12: a) Variation of Si* intensity as a function of silane ﬂow using electrode
conﬁguration A. The hydrogen dilution dH is ﬁxed for each series. The RF Power is kept
constant at P = 15 W, the pressure at p = 1.1 mbar, dH is indicated. b) Variation of
Si* intensity and Hα /Si* ratio as a function of silane ﬂow (dH is constant) for diﬀerent
powers using electrode conﬁguration B.

The total gas ﬂow was varied for a number of very low dH conditions using electrode conﬁguration A. Figure 5.12a shows that there is no increase of Si* intensity.
Therefore, no increase of rd is expected from increasing the total ﬂow under these
conditions. Apparently, under these conditions, the SiH4 concentration is larger
than that can be dissociated with the applied RF power: the silane ﬂow is not depleted, and thus no additional dissociation takes place with increasing ﬂow. Only
small eﬀects are expected to take place: the increase of the total gas ﬂow results
in decrease of the residence times and therefore the plasma regime is expected to
be less dusty; modelling showed that an increase of the total ﬂow leads to a small
reduction of the electron temperature and the subsequent reduction of Hα /Si*
might result in slightly delayed nucleation.
For plasma conditions aiming for transition-type µc-Si:H material at high rd
(relatively high silane concentrations) in electrode conﬁguration B, the total ﬂow
was varied for diﬀerent RF powers. Figure 5.12b1 shows that for lower total
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ﬂows at each power the Si* intensity increases linearly with increasing total ﬂow,
which is an indication that the SiH4 is highly depleted. This is conﬁrmed by
a calculation of the mass balance in which the silane ﬂow is compared to the
deposition rate (see section 7.5), from which it is concluded that the gas utilization
ratio Rg is in the order of 100% (cd ∼ cd,max , the uncertainty is in the assumption
that the deposition is homogeneous in all directions for the calculation of cd,max )
in the case of the P = 50 W, fSiH4 = 5 sccm condition. Furthermore, it is
observed, that in the highly depleted conditions (for example P = 100 W at
fSiH4 = 10 sccm) the increase of Si* with power doubling is extremely sub-linear,
which is an extra conﬁrmation of the fact that the silane is highly depleted. Figure
5.12b2 shows the Hα /Si* behavior with power, from which it is clear that in the
conditions of high depletion (at low gas ﬂows at each power) the relative atomic
hydrogen concentration is higher, whereas it decreases at higher total gas ﬂows.
This decrease is attributed to the loss of atomic hydrogen to abstraction reactions
with silane (equation 5.6). This decrease of Hα /Si* at higher total ﬂows coincides
with a loss of crystallinity (presented in section 7.5).
We speculate that using these high gas ﬂows close to the total source gas depletion condition, the shower head gas inlet is essential for homogeneity of plasma
and layer properties.
From Figure 5.5 it was concluded that depletion of silane is not necessary for
the microcrystalline growth as long as a suﬃcient intensity of hydrogen treatment
per deposited silicon atom is present. On the other hand, Kondo et al. [107] state
that depletion is necessary for obtaining microcrystalline material. We add here
that, indeed at these depletion conditions, the crystallinity is sensitive to the total
gas ﬂow for a certain hydrogen dilution and that an incorrect choice of deposition
parameters (away from depletion) can lead to reduction of crystallinity.
We conclude if the SiH4 is depleted at a certain dH that is chosen to obtain a
material with a certain crystallinity, the total ﬂow is of important inﬂuence on the
Hα /Si* ratio in the gas phase. It can be stated that at low dH the crystallinity
increases by increasing the degree of depletion.

Dusty Regime (γ’)
Two diﬀerent plasma regimes can be distinguished: the dust-free α regime and the
dusty γ’ regime. The γ’ regime originates when negatively charged dust particles
are formed in the plasma bulk by the coagulation of charge-neutral nanometersized particles above a certain concentration. In the γ’ regime, the electron density
in the plasma is lower due to the loss of electrons by impacts at the particles. To
sustain the plasma the electron temperature of the remaining electrons increases
to compensate for the decreasing electron density. The power that is coupled into
the plasma is higher in the γ’ regime, because the current and the voltage are less
than 90◦ out of phase (the plasma is more resistive).
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Figure 5.13: Phase of material grown at diﬀerent powers and SiH4 ﬂows (fH2 = 100
in all cases) and α/γ’ plasma regime transitions as detected by visual inspection () in
electrode conﬁguration A.

Plasmas in the α and γ’ regimes can be distinguished by means of visual
inspection (γ’ plasmas show a higher photon emission intensity from the bulk)
and by the drop in DC self-bias (related to the increased resistivity of the plasma)
that is seen in a transition from α to γ’. In the case of small electrode distances,
such as used in electrode conﬁguration B, the visual inspection is not possible.
Using electrode conﬁguration A, we investigated the transition from α to γ’
by inspecting the plasma and characterizing the layers (Raman spectroscopy) for
varying hydrogen dilution dH and power P . Figure 5.13 shows that the γ’ regime
occurs at high powers and low hydrogen dilutions (high silane concentrations).
The phase of the material is independent of this transition: amorphous and microcrystalline silicon occur both in the α and the γ’ regime. Furthermore, it is
observed that at dH = 25 an amorphous to microcrystalline transition occurs when
the power P is increased from 30 to 40 W. This is attributed to the depletion of
silane due to which less atomic hydrogen is lost in abstraction with silane.
Following the trend observed in Figure 5.13, we can conclude that in the high
power high-pressure depletion conditions (HPD) with high silane concentrations
as used in electrode conﬁguration B (see Table 5.1) for the high deposition rate
transition-type µc-Si:H, the plasma is in the γ’ regime. Visual inspection of the
bulk plasma emission is not feasible due to the small distance between the electrodes. However, when the reaction chamber is opened after several depositions,
orange dust is visible in the region around the electrode, which indicates that the
plasma is in the γ’ regime.

Plasma Conditions for High Growth Rate µc-Si:H
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Conclusion

Optical emission spectroscopy (OES) can be used to analyze plasma conditions
during deposition and make predictions about the deposition rate and ﬁlm properties. The deposition rate of the material shows a correlation with the Si* emission
intensity, although, at high pressures the deposition rate is higher than expected
from the Si* intensity. The crystallinity of the material follows the trend of the
Hα /Si* intensity ratio in most of the cases, attributed to the expected minimum
atomic hydrogen dose per deposited silicon atom that is necessary for nucleation.
With increasing pressure, both Hα /Si* and crystallinity of the deposited material
decrease. The ion energy, ion density, and deposition rate are not crucial factors
determining the phase transition.
The reactions leading to the emission are not necessarily similar to the reactions that form the species that contribute to the layer growth. This can cause
discrepancies when the material properties are correlated to emission lines from
SiH4 and H2 dissociation. Moreover, it makes the correlation very sensitive to
changes in the electron energy distribution, that might lead to changes in the
emission spectrum, that can not be directly correlated to the behavior of the layer
growth.
We studied and compared plasma conditions in electrode conﬁguration A (focus
on “traditional” low rate highly crystalline µc-Si:H) and the shower head electrode
conﬁguration B (focussed on high deposition rate transition-type µc-Si:H). Using
electrode conﬁguration B with the smaller electrode distance and the shower head,
it was possible to extend the plasma regime to higher pressures, higher total ﬂows
and higher powers. Nevertheless, the trends that were observed with electrode conﬁguration B followed the trends that were observed using electrode conﬁguration
A, although much higher pressures and higher total ﬂows were used. This is attributed to (1) the small electrode distance enabling the maintenance of a plasma
at high pressures and (2) the shower head facilitating homogeneous deposition
when high gas ﬂows are necessary that are depleted using high RF powers.
It was observed that for high deposition rate high RF powers are necessary to
have a suﬃciently high SiH4 dissociation rate. High pressures are used in standard
RF PECVD (13.56 MHz) in order to suppress the energy of the ion bombardment
that is generally associated with the high RF powers. Possibly this requirement
is less strong at higher RF frequencies. It was observed that at high pressures
the crystallinity is reduced when the SiH4 is not suﬃciently depleted. Thus, the
results in this chapter conﬁrm the suitability of the high-pressure depletion regime
using VHF PECVD using the shower head electrode conﬁguration B for µc-Si:H.
It is shown that high pressures are favorable for high deposition rates.
It is shown that in the regime of high-rate deposition of µc-Si:H, a certain relative concentration of atomic hydrogen to that of silicon precursors at the growing surface is the most dominant parameter for nucleation of the microcrystalline
phase. It is concluded that when high deposition rates—and therefore high plasma
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powers—are required, the regime of high pressure and relatively low hydrogen dilution dH are appropriate conditions to deposit µc-Si:H close to the transition
to the amorphous phase. This type of transition material made with electrode
conﬁguration B is studied in chapters 6 and 7.

Chapter 6

Material Properties of
µc-Si:H Deposited at High
Growth Rate
The optoelectronic properties of microcrystalline silicon layers with diﬀerent
crystalline fractions have been studied with the aim to develop an intrinsic
material for i-layer application in p-i-n solar cells. It is observed that µcSi:H deposited with low hydrogen dilution (close to the transition to a-Si:H)
shows the best intrinsic behavior and the highest photo-to-dark conductivity
ratio in this study with coplanar contacts. At higher crystalline fractions,
the dark conductivity increases while the dark conductivity activation energy
Ea decreases. This is attributed to an oxygen doping level in the crystallites
that dominates the conductivity at higher crystalline fractions. The oxygen
concentrations in the diﬀerent layers (with or without a-Si:H capping layer)
are all in the range of 1019 cm−3 .

6.1

Introduction

Microcrystalline silicon (µc-Si:H) is a promising material for solar cell applications
because of the stability under light soaking and its apparent low optical band gap.
The electrical properties of µc-Si:H, however, are poorly understood. It consists
of a mixture of crystalline grains, grain boundaries, amorphous regions and also
voids. It has many appearances depending on thickness, hydrogen dilution, process
temperature, substrate type, doping level, etc. Microcrystalline silicon is generally
inhomogeneous in the growth direction because of the incubation, nucleation, and
crystal development processes (Figure 1.3) that are necessary to form µc-Si:H
during the growth.
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Generally, we can state that the transport of charge carriers in µc-Si:H is inﬂuenced by (1) the crystalline fraction, (2) electronic barriers due to diﬀerence in
mobility gaps of crystalline grains and grain boundaries or amorphous tissues between grains, (3) doping due to impurities such as oxygen, and (4) grain boundary
defects.
Grain boundaries play a major role in the properties of µc-Si:H . Interconnected voids adjacent to grain boundaries can act as diﬀusion path for impurities
after as well as during deposition such as oxygen (acting as an n-type dopant)
[107,120,121]. Matsui et al. [122] studied electron and hole transport in separate
devices and concluded that µc-Si:H becomes more n-type at higher crystalline
fractions leading to low activation energies of dark conductivity. Elsewhere, it was
found that with higher crystalline fractions, the grain boundary defect density is
higher [123].
The purpose of the work described in this chapter is to develop µc-Si:H with
optimum optoelectronic properties for solar cell applications. The focus is on the
promising regime of µc-Si:H material that is close to the transition to a-Si:H (referred to as transition-type µc-Si:H). In the literature the phase transition [17]
and the change in transport properties of the transition-type µc-Si:H materials
[94] have been studied. In the current study, material properties are studied for
µc-Si:H layers with diﬀerent crystalline fractions. The aim is to develop a transition material that has optoelectronic properties that are optimal for solar cell
applications. In this chapter, the electrical properties are tested with coplanar
contacts (perpendicular to the growth direction). Although there are some reports on a high degree of isotropy in µc-Si:H [124,125], it is expected—especially
in the case of low crystalline fractions—that the electrical properties parallel to
the growth direction are diﬀerent than in the perpendicular direction (observed
by many groups, for example [126,127]). In chapter 7, the electrical properties in
the growth direction are studied by implementing the µc-Si:H i -layer in p-i-n solar
cells. There, the dependency of the defect density Nd on the growth conditions
has been studied in solar cells.

6.2

Experimental

The intrinsic absorber layers (i -layers) were deposited using electrode conﬁguration B with an electrode distance de of 6 mm (see section 5.2). From Figure 6.1 it
is clear that the thickness uniformity is suﬃcient (±10% within a circle with a diameter of 8 cm) to obtain similar material on 3 or 4 substrate strips of 2 × 10 cm2
in a single deposition. The following substrates were used for the experiments
described in this chapter: HF dipped and mechanically roughened Corning 1737
glass, polished crystalline silicon [100] oriented wafer with native oxide, and commercially available SnO2 :F coated glass of Asahi “large area” U-type. The HF dip
of the Corning glass improves the adhesion of the µc-Si:H layer to the substrate.
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Figure 6.1: Relative thickness (in %) over the area of a µc-Si:H layer on a 10 × 10 cm2
glass substrate deposited using electrode conﬁguration B with P = 200 W, p = 7 mbar,
fSiH4 = 16 sccm, fH2 = 800 sccm, de = 5 mm, and νrf = 60 MHz.

For layers close to the transition even this chemical roughening was sometimes
not suﬃcient. In these cases, in addition, mechanical roughening with 1 µm sand
powder wetted with water was applied (which did not result in visible haze). The
native oxide is deliberately not removed from the c-Si wafer to prevent epitaxial
growth. When using a small electrode distance (especially when conducting substrates are used), it is observed that it is essential for thickness homogeneity to ﬁll
the complete substrate holder with substrates of similar thickness in order not to
disturb the plasma by creating a step in the eﬀective electrode distance.
A hydrogen dilution (dH ) series was made at a power of 50 W and a pressure of
9 mbar. The hydrogen ﬂow fH2 was kept constant at 150 sccm, whereas fSiH4 was
varied from 4 to 6.5 sccm, leaving the total ﬂow essentially constant. The layers
have thicknesses between 750 and 1000 nm; the deposition rate rd on glass varied
between 0.9 and 1.7 nm/s. In chapter 7, solar cells are presented with deposition
rates up to rd = 4.5 nm/s.

6.3

Crystalline Structure

The materials from the hydrogen dilution series were characterized by Raman
spectroscopy to study the a-Si:H to µc-Si:H transition. The Raman crystalline
ratios of the layers on the HF dipped Corning glass have been derived from the
Raman spectra following the method described in Appendix B. The TO peak of
the Stokes shift is plotted in the inset of Figure 6.2. The Raman crystalline ratios
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Figure 6.2: Raman crystalline ratio as a function of hydrogen dilution of layers with
a thickness around d = 1 µm on Corning glass (closed symbols) and on Asahi U-type
SnO2 :F (open symbol). The inset shows the Raman spectroscopy spectra from which the
ratios are derived.

Rc derived from these spectra are plotted as a function of hydrogen dilution in
Figure 6.2. Obviously, at dH of 28 and higher, the ﬁlms grow as µc-Si:H, whereas
at lower dilutions there is amorphous growth. Materials grown with a crystalline
ratio Rc in the range between 0.3 and 0.5 are referred to as transition-type µcSi:H. The lower boundary is determined by the percolation limit. The nucleation
behavior appears to be diﬀerent on diﬀerent substrates: for example the layers
deposited with dH = 26 contain small crystalline fraction when it is grown on
Asahi U-type SnO2 :F whereas it is amorphous when made in the same deposition run on Corning glass. Moreover, the nucleation behavior on Corning glass is
very sensitive to run-to-run variations, especially for the transition-type µc-Si:H.
Therefore the transition-type material on Corning glass is diﬃcult to reproduce.
For transition-type materials the relative atomic hydrogen ﬂux (both inﬂuencing
the nucleation and the development of crystallites during the continuing growth) is
just high enough for inducing nucleation and the crystalline fractions remain very
low. Whether the formation of nuclei occurs under these deposition conditions,
can be very sensitive to small deviations in, for example, roughness or contaminations of the Corning glass substrate. Moreover, small variations in the electrode
conﬁguration (such as variations in number and type of used substrates, in the
positioning related to the electrode distance, or the clamping and grounding of
the substrates and the substrate holder) may inﬂuence the plasma. The use of
highly crystalline seed layers provides a remedy for this eﬀect because, in that
case, the nucleation has already taken place and the hydrogen dilution inﬂuences
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Figure 6.3: X-ray diﬀraction for samples with diﬀerent hydrogen dilutions.

only the development of the crystallites. However, a seed layer would inﬂuence the
optoelectronic material characterization. When the µc-Si:H i -layer is implemented
in a p-i-n solar cell, the µc-Si:H p-layer acts as such a seed layer, due to which the
process is more reproducible.
From the trend in Figure 6.2 it is concluded that the sample with dH = 28
is of the transition-type µc-Si:H. On diﬀerent substrates similar behavior is expected to be found in the relation between Rc and dH , for which the hydrogen
dilution dH of the transition material may vary due to the substrate dependence
of the nucleation behavior. As a ﬁrst order approximation, it is expected that
under similar deposition conditions, the optoelectronic properties of the transition
materials that we measure on Corning glass are comparable to materials with a
similar crystalline fraction on diﬀerent substrates independent of the dH at which
it occurs. Therefore, after full characterization of the dH series, an indication can
be obtained of the solar cell performance of a solar cell with a µc-Si:H i -layer with
a certain crystalline fraction. However, eﬀects inﬂuencing the nucleation such as
growth on µc-Si:H and the inﬂuence of texture of the substrate might change the
grain boundary structure and therefore the defect density. For these reasons optimization of the µc-Si:H i -layer in the solar cell is required (see chapter 7, also for
a study of defect densities).
Crystal orientations have been studied by analyzing the X-ray diﬀraction (XRD)
of the samples. The recorded angular spectra and the corresponding crystal orientations (see section 2.5) for the µc-Si:H samples of the dH series are plotted in
Figure 6.3. Obviously, the preferential orientation for the highly crystalline µc-
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Si:H layers is [110], while [111] is also present. For the transition sample deposited
on rough Asahi U-type SnO2 :F, the crystal orientation is distributed between both
the [110] and [111] direction. The grain size dg determined using the Scherrer formula (equation 2.8) are dg = 12 and 10 nm respectively. When analyzing XRD
spectra recorded on µc-Si:H solar cells, it was also found that for the transitiontype µc-Si:H the orientation is [110] and [111], while for higher crystalline fractions
the [110] contribution increases considerably. There are several indications in the
literature that a [110] orientation of grains gives rise to less grain boundary defects
and therefore less recombination of charge carriers [128,129].
Using the grain size, the crystalline fraction Xc can be calculated correcting
for the diﬀerence in Raman scattering cross section for a-Si:H and c-Si following
the procedure as described in section 2.5. For dg = 11 nm, m = 0.74; this leads
to Xc = 0.44 for the transition type µc-Si:H, whereas the uncorrected Raman
crystalline ration Rc = 0.40.

6.4

Compressive Stress

The layers deposited near the transition from amorphous to microcrystalline exhibit a considerable amount of compressive stress, the force of which often exceeds
the adhesive force of the layer to the substrate, resulting in peeling oﬀ of the
layer. This eﬀect limits the possibilities of characterization. Layers deposited on
a polished [100] oriented c-Si wafer with native oxide layer peel oﬀ within seconds
after the exposure to ambient circumstances, whereas the sticking on HF-dipped
Corning glass sometimes lasts for hours. On rough Asahi U-type SnO2 :F there
is no sticking problem. The deposition run of the transition material is repeated
on mechanically roughened Corning glass and c-Si [100] wafer which improves the
sticking considerably. The amount of compressive stress is estimated by measuring the deﬂection of the c-Si wafer measured with a step proﬁler and using
the assumptions and formulas given by Glang et al. [130]. The stress σ in the
transition-type µc-Si:H layer is σ = 1×104 MPa. It should be remarked that the
stress in this conﬁguration is partially released by using the roughened substrate;
hence the given value is a lower limit.
It is known from literature that stress and nucleation are strongly related.
Stress is also seen as a prerequisite for nucleation [78]. The continuing growth
and collisions of conical shaped grain-columns might also contribute to the stress.
When this material is implemented as i -layer in p-i-n solar cells (chapter 7) no
stress-related problems were encountered.
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Figure 6.4: Schematic band diagram of a cross section of a grain boundary area in µcSi:H with an a-Si:H tissue. The insets show the density of states in the c-Si grains, the
a-Si:H tissue, and the grain boundaries (GB), respectively. Electron conduction paths a
and b represent emission over (a) and tunnelling through (b) the barrier.

6.5

Electrical properties

For the application as absorber layer in a solar cell, important requirements are
that the dark conductivity σd is low and that the material is intrinsic, which means
that the Fermi-level is in the middle of the mobility band gap. This is the case
when the activation energy of the dark conductivity Ea is approximately half the
band gap. A smaller activation energy can be an indication of (unintentional)
doping. This leads to a higher dark conductivity σd due to thermal generation
and in a p-i-n junction it leads to a sub-optimal electrical ﬁeld distribution: in the
case of n-type doping, there is only a strong ﬁeld at the p/i interface whereas the
ﬁeld at the i/n interface is very low.

Expected Eﬀects of Doping in µc-Si:H
At a suﬃciently high volume fraction Xc , the conduction path for electrons in µcSi:H is a percolation path through the crystallites (because of the higher mobility in
the crystalline fraction). A minimum number of grain boundaries (GB) is crossed.
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Figure 6.5: Schematic temperature dependence of dark conductivity showing the 3
conduction regimes. 1: intrinsic behavior, 2: doping behavior, and 3: variable range
hopping.

The grain boundaries act as potential barriers in the conduction band (see Figure
6.4). The width of the amorphous tissue at these grain boundaries is dependent on
Xc . It is observed by Liu et al. [131] that depending on the width of these barriers
the electrons can tunnel through the barriers (temperature independently). This
is the case for barrier widths of ∼ 3 nm and smaller.
The dark conductivity σd is determined by the mobility and the density of electrons in the conduction band. When the potential barriers at the grain boundaries
are small enough for tunnelling, conduction takes place at the energy level of the
conduction band in the c-Si fraction (path b in Figure 6.4). In case the electrons
have to be emitted over the barrier (path a) σd is determined by the density of
electrons at the energy level of the conduction band of the a-Si:H fraction.
In the following, the expected eﬀects of doping (n-type doping is assumed,
although the same principles also hold for p-type doping) on the electrical properties of µc-Si:H layers are summarized. Whether the dopants are in the crystallites
themselves or at the grain boundaries, is left open. It can be expected that a
doping level in the crystalline fraction can be created by dopants at the grain
boundaries.
For a material with a certain Xc and a certain density of active dopant atoms
with a doping level close to the conduction band of c-Si, at diﬀerent temperatures
three regimes can be expected in the behavior of the dark conductivity σd in
which diﬀerent conduction mechanisms dominate the conductivity (see Figure 6.5).
(1) A regime of intrinsic behavior at high temperatures, (2) doped behavior at
intermediate temperatures, and (3) variable range hopping at temperatures that
are too low to emit electrons to the conduction band.
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Figure 6.6: Activation energy of the dark conductivity as a function of hydrogen dilution. The inset shows the Arrhenius plots from which the energies are derived.

Regime 1: At high temperatures (> 400 ◦ C), the dark conductivity, determined by the charge carrier density in the conduction band, is thermally activated
by excitations from the valence band. Activation energies with values of half the
mobility band gap are expected. When the barriers are too wide for tunnelling,
the activation energy is expected to be increased with the value of the band oﬀset
(∼ 0.15 eV) to facilitate the emission over the barrier.
Regime 2: In a lower temperature range (that includes room temperature Tr )
the charge carrier density in the conduction band can be dominated by a shift of
the Fermi level is towards the doping level. This shift is dependent on the density
of mid-gap states (in turn dependent on Xc ) and the density of doping states. The
arrow in Figure 6.5 indicates an increasing Xc for a constant doping density, or an
increasing doping density for a constant Xc . Also here, dependent on the barrier
width, Ea is ∼ 0.15 eV higher if no tunnelling is possible.
Regime 3: At very low temperatures, the dominating conduction mechanism
is through a hopping path below the conduction band by means of variable range
1
hopping (VRH) [132,133]. A ln σd = c/T 4 behavior is expected.

Dark Conductivity
The temperature dependence of the dark conductivity σd of the diﬀerent samples
belonging to the dH series was measured with coplanar contacts from 160 ◦ C to
room temperature. The conductivity is shown in Arrhenius plots (see inset Figure
6.6) from which it is clear that the σd is thermally activated. The activation
energies Ea for the diﬀerent samples are calculated around room temperature.
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The relation between Ea and the hydrogen dilution is plotted in Figure 6.6. It
is observed that for the a-Si:H samples, the Ea ∼ 0.85 eV, which can be associated
with a Fermi level Ef slightly above the middle of the a-Si:H mobility gap. The
dark conductivity σd at room temperature of the transition-type µc-Si:H sample
is higher compared to a-Si:H by almost four orders of magnitude, indicating that
the transport is not limited by the amorphous phase. This is due to percolation
transport through crystallites. The µc-Si:H samples—except for the transitiontype µc-Si:H (dH = 28) that has an activation energy of Ea = 0.6 eV—have low
activation energies (of below Ea = 0.25 eV, down to Ea = 0.15 eV) that can
be associated with a Fermi level shift towards the conduction band (described as
regime 2). The dH = 30 material shows a low activation energy of Ea = 0.25 eV
that is rather constant in the temperature range from 150 to 430 K, which is an
indication for a high density of doping states.
It is concluded that for the high Xc material, the low Ea and high σd at room
temperature are due to a high Fermi energy level Ef close to the conduction band,
most probably induced by a doping level that is—assuming n-type doping—close
to the conduction band of c-Si.
In our dH = 28 transition-type µc-Si:H material, the inﬂuence of a doping
level doping at room temperature is very small, this means that the density of
states in the doping level is so low that it is not dominating the conduction band
occupancy at room temperature. This is attributed to the pinning of the Fermi
level at the relatively high density of mid-gap states, and/or due to a low dopant
atom concentration, and/or to a low doping eﬃciency (caused by either the large
a-Si:H fraction or passivation of dopants by hydrogen).
In this study with coplanar contacts, probably only the upper part of the layer
contributes to the current because it is the most crystalline as a result of the
growth process.

Photoconductivity
The photoconductivity σph under simulated AM1.5 condition has been measured
for the samples of the dH series. A high photo-to-dark conductivity ratio (σph /σd )
and a low dark conductivity at room temperature are essential properties of device
quality photovoltaic material since a low σd leads to a stronger ﬁeld and a low diode
current in the solar cell and a high σph /σd indicates a low recombination rate of
charge carriers through mid-gap states. Figure 6.7 shows the dependence of σph /σ
d on the hydrogen dilution dH . The transition-type µc-Si:H sample with dH = 28
has a photoresponse of 92. The decrease in photoresponse by 3 to 4 orders of
magnitude with the transition from a-Si:H to µc-Si:H is mainly due to the increase
of σd . Moreover, σph is slightly lower due to the lower optical absorption of the
c-Si fraction. For higher crystalline fractions made at higher hydrogen dilution
dH , the photoresponse monotonically decreases with dH .
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Figure 6.7: The photo-to-dark conductivity ratio at room temperature as a function of
hydrogen dilution.

Diﬀusion Length
The minority charge carrier diﬀusion length for the sample with dH = 30 is measured by means of Steady State Photocarrier Grating (SSPG). The diﬀusion length
for the minority charge carriers (the holes) perpendicular to the growth direction
is 70 nm, which is considerably longer than the grain size as measured with XRD.

6.6

Contamination

From the discussion on the low Ea of the dark conductivity observed in the µcSi:H samples with higher crystallinity, it is clear that contamination with dopant
atoms can signiﬁcantly inﬂuence the electrical properties of µc-Si:H. The presence
of contaminating atoms was studied with FTIR and ERD.
From the FTIR measurements on the dilution series deposited on c-Si it was
deduced that there is an increasing trend of the absorption of the Si–O stretching
mode at 1100 cm−1 with increasing crystallinity. In the highly crystalline samples
the grain boundary structure might allow for a higher post-deposition oxidation
rate, giving rise to the high σd and low Ea values observed.
The oxygen concentration in the bulk of the transition-type µc-Si:H layer was
measured with ERD. The dH = 28 sample grown on Corning glass has [O]bulk =
8×1019 cm−3 ; on c-Si wafer it has [O]bulk = 2×1019 cm−3 . A reproduction of this
layer was made with a 20 nm thick a-Si:H capping layer on top of it, i.e. a compact
layer preventing post-deposition oxidation. Various substrates were used in one
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deposition run: Corning glass (mechanically roughened), c-Si wafer (mechanically
roughened), and ﬂat ZnO:Al. Also a p-i-n stack on Corning glass (deposited in
the same run with a solar cell on SnO2 :F) was considered, where the amorphous
n-layer acts as a capping layer. In all the cases [O]bulk = (8 ± 2)×1019 cm−3 . The
concentration of carbon [C]bulk is at least one order of magnitude smaller.
We speculate that the oxygen impurities are responsible for the doping eﬀects
that are observed in the electrical properties. In the literature, there are indications
that oxygen can act as an n-type dopant in c-Si [134,135,136] with doping levels at
around 0.15 eV an 0.38 eV below the conduction band. Considering the electrical
measurements (section 6.5) we can conclude that for the transition-type µc-Si:H,
this high oxygen concentration does not lead to deteriorated electrical properties.
In studies by other groups, it is observed that the electrical properties of µcSi:H deteriorate at oxygen concentration [O]bulk > 1×1018 cm−3 [137,138]. Most
probably the transition-type µc-Si:H was not considered. Apparently, whether
oxygen is an active donor depends very much on the structural properties of the
material.
The upper part of the layer, that is probed by the electrical measurements in
the coplanar direction, will have the highest oxygen concentration because it is
closest to the ambient interface. Possibly the eﬀect of oxidation is less pronounced
when the transport in the growth direction is considered, which is the transport
direction in solar cells.

6.7

Hydrogen Bonding

Hydrogen plays a crucial role in optoelectronic properties of µc-Si:H as it passivates grain boundary defects because it tends to bind to dangling bonds at surfaces. The hydrogen bond conﬁguration reﬂects the microstructure of the material.
The hydrogen bond vibrations are studied using FTIR in the absorbance mode.
Especially the Si–H and Si–Hx bonds at 2000 and 2100 cm−1 respectively are of
interest. The 2000 cm−1 mode in the vibrational absorption spectrum is attributed
to amorphous-like Si–H bonds and Si–H bonds at compact grain boundary sites.
The 2100 cm−1 band, on the other hand, can be attributed to Si–H2 bonds or to
Si–H bonds at grain surfaces or large internal voids indicative of a more porous
structure.
The inset of Figure 6.8 shows that, for the dH = 28 sample, the 2000 cm−1
mode is predominant, as in the case of a-Si:H material. The main graph in Figure 6.8 shows that the microstructure factor R* of the transition-type µc-Si:H is
around R* = 0.1. The 2100 cm−1 mode is associated with silicon-hydrogen bonds
on open crystalline surfaces. Therefore, the presence of predominantly a 2000
cm−1 mode (as observed for the transition sample) is an indication for less open
grain boundary environments, which is a favorable material property for device
applications. However, the sample grown at higher dilutions show a considerable
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Figure 6.8: Microstructure factor R* as a function of hydrogen dilution. The inset shows
the infrared vibrational absorption spectra showing the Si–H stretching mode from which
R* are derived.

2100 cm−1 mode (up to R* = 0.4). This is an indication that, in this growth
regime, highly crystalline samples have a open grain boundary structure.
The absolute absorption in Figure 6.8 is underestimated because, due to stress
in the layer, the surface coverage of the c-Si wafer was reduced. The hydrogen concentration [H] is determined using a reproduced dH = 28 sample on mechanically
roughened c-Si from the intensity absorbance by the rocking mode (640 cm−1 ). It
was found that [H] = 13 at%.

6.8

Conclusions

A series of µc-Si:H i -layers on Corning glass was deposited under high-pressure
depletion conditions with a varying hydrogen dilution ratio. The optoelectronic
properties were measured. It was concluded that the transition-type µc-Si:H is a
promising material for solar cell application because in such a material, the electrical properties are not aﬀected by doping behavior due to oxygen impurities. An
activation energy of the dark conductivity of Ea = 0.6 eV (indicating the intrinsic nature) was obtained for a material with considerable oxygen concentration of
[O]bulk = 8×1019 cm−3 . The material properties of transition-type µc-Si:H are
summarized in Table 6.1. At higher crystalline fractions, the material is more
aﬀected by oxygen doping. Solar cells have been made using this material as the
i -layer. The material is further optimized in the device; the results are presented
in chapter 7.
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The material properties of the transition-type µc-Si:H depend much on small
run-to-run variations when grown on a ﬂat Corning glass substrate because they
are very much dependent on the formation and density of nucleation centers. When
implemented in p-i-n solar cells (µc-Si:H i -layer is grown on a µc-Si:H p-layer) the
nucleation is more controlled and moreover the material is expected to be more
homogeneous in the growth direction as the incubation phase and nucleation phase
are reduced. When the material is characterized in the perpendicular direction, the
inﬂuence of the most crystalline upper layer and the post deposition oxidation are
dominating the measurement results. For these reasons, it is useful to characterize
the i -layer as grown in a similar conﬁguration. Moreover, the solar cell is an
ideal conﬁguration to learn about the electrical properties in the growth direction.
However, the measurements with coplanar contacts on Corning glass indicate the
trend that can be used for the ﬁnal optimization in solar cells.

Table 6.1: Material properties of the transition-type microcrystalline silicon.

property
Rc
Xc
Ea of σd
σd
σph /σd
R*
[H]
[O]
crystal orientation

value
0.40
0.44
0.6
1.5×10−7
92
0.10
13
8×1019
[110] and [111]

unit

eV
Ω−1 cm−1

at%
cm−3

Chapter 7

Microcrystalline Silicon
i -layers in Solar Cells
Microcrystalline silicon based single junction p-i-n solar cells are deposited
by VHF PECVD at high pressures and under depletion conditions using a
shower head cathode. The i-layers (standard thickness of d = 1 µm) made
near the transition from amorphous to crystalline are optimized in solar cells.
It was found that—especially at high crystalline fractions—the Voc and FF
are very sensitive to the TCO morphology. At an i-layer deposition rate
of rd = 0.45 nm/s an eﬃciency of η = 9.9% is obtained (Voc = 0.52 V,
FF = 0.73) on texture-etched ZnO:Al; the performance is stable under light
soaking. In spite of the presence of oxygen contamination a good infrared
response is obtained. The i-layer deposition rate was increased up to rd =
4.5 nm/s by increasing the RF power and the total gas ﬂow such that the
depletion condition remains similar. At this high deposition rate a cell was
made with η = 6.4% (Voc = 0.45 V, FF = 0.63) on texture-etched ZnO:Al.
The performance decreases at high deposition rates due to the increasing
defect density in the i-layer. This is attributed to the increased energy of the
ion bombardment. It was observed that the performance of cells deposited
at these high rates improves upon light soaking.

7.1

Introduction

Microcrystalline silicon based thin-ﬁlm solar cells (single junction µc-Si:H and
“micromorph” tandem a-Si:H/µc-Si:H) are advantageous compared to cells solely
based on a-Si:H, because µc-Si:H has a lower apparent band gap, due to which the
optical absorption in the infrared region is higher. In combination with a-Si:H an
extended part of the solar energy spectrum can be used with less thermal losses per
photon (see Figure 1.5). Moreover, µc-Si:H is stable under light soaking conditions
97
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[22,23], whereas a-Si:H shows degradation (increasing defect density) due to the
Staebler-Wronski eﬀect [5].
In chapter 5 it is shown that µc-Si:H can be deposited at high deposition rates
with VHF PECVD using a shower head electrode conﬁguration and high-pressure
depletion gas phase conditions, and in chapter 6 it is shown that transition-type
µc-Si:H has promising optoelectronic properties for absorber layers applications.
The performance of solar cell devices based on transition-type microcrystalline
silicon is based on the principle that the considerable amorphous silicon content
passivates the grain boundary defects of the grains, whereas the crystalline fraction
is high enough for suﬃcient near IR absorption. This principle is contrary to the
“poly-crystalline” type of material [128,139], which has no a-Si:H content and
large [110] oriented crystals that extend from the top to the bottom of the i -layer,
with a low grain boundary defect density.
The optoelectronic properties of µc-Si:H are sensitively dependent on the structure of crystallites and grain boundaries. Dangling bonds give rise to localized
states that are eﬀective recombination centers for charge carriers. Most of the
defects are concentrated at the grain boundaries and in the amorphous phase.
Dangling bond densities Nd can be as low as for a-Si:H, but especially in the low
temperature regime (below Ts = 180 ◦ C) [103] Nd is reported to be higher.
The presence of oxygen in concentrations above 1×1018 cm−3 may decrease the
electric properties of the layers considerably [137]. Due to segregation of impurities
(such as the n-type dopant atom oxygen) to the grain boundaries, these might give
rise to n-type doping of the crystallites (see chapter 6) and lead to an unfavorable
ﬁeld distribution in p-i-n solar cells. It is a challenge to develop the material with
such a grain boundary structure and compactness that impurities, such as oxygen,
do not deteriorate the transport mechanism.
The charge carrier transport mechanism is still under discussion; many models and concepts that correlate the Voc to material properties can be found in
the literature. Kocka et al. [127] claims that the Voc is decreased when large grain
boundaries introduce barriers in the conduction path. Droz et al. [140] experimentally observe a strong correlation between the Voc and the estimated crystalline
fraction of the i -layer. Yan et al. describe the Voc with a two-diode model. Werner
et al. [129] correlated the Voc to the the grain size and they conclude that the grain
boundary recombination velocity in small grain size (∼10 nm) is very low.
Microcrystalline silicon single junction and µc-Si:H/a-Si:H tandem solar cells
have been made by IMT Neuchâtel and later by several groups [102,103,141,142,143]
using diﬀerent types of deposition conﬁgurations and plasma regimes. This current study is the ﬁrst European eﬀort in which a combined approach of VHF
PECVD, HPD conditions, and a shower head gas inlet. These subjects have been
separately studied by other groups in e.g. the following references: VHF PECVD
[10,102,103,104,105], HPD [101,104,105,107], and shower head [107,144].
We have studied p-i-n solar cells based on the transition-type µc-Si:H i -layers
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Figure 7.1: Schematic cross-sectional view of the device conﬁguration of a p-i-n solar
cell. The texture of the TCO (that extends through the whole p-i-n stack) is not drawn.

developed in chapter 6 using the mentioned combination of VHF PECVD, the
HPD regime, and a shower head electrode (as described as “electrode conﬁguration
B” in section 5.2). In order to improve the performance of the solar cell, the
deposition conditions were optimized by iterative adaptations based on the analysis
of the devices. Diﬀerent power and pressure conditions have been explored in
order to investigate the possibilities of high deposition rate; the temperature is
varied in order to ﬁnd the optimum between high defect density and oxygen donor
passivation. In all cases the dilution was adapted to tune the crystallinity in the
optimum range. Cell performance on diﬀerent TCOs are compared. The cell
performance is correlated to the dangling bond defect densities, measured in cells
by means of Fourier-transform photocurrent spectroscopy (FTPS)

7.2

Device Design

Single junction p-i-n solar cells have been made with µc-Si:H absorber layers deposited under a variety of conditions. The standard cell structure that was used
for most of the experiments is schemetically depicted in Figure 7.1 and described
below (in the order of the deposition). The cells were deposited on substrates of
2 × 10 cm2 area. Five such substrates can be loaded in one deposition.
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glass substrate + front TCO (Transparent Conductive Oxide) Asahi Utype “large area” ﬂuorine doped tin oxide (SnO2 :F) coated glass (transmittance = 82–83%, R = 9–11 Ω/sq, haze = 13–16%) and texture-etched
ZnO:Al [145,146] on glass made at FZ Jülich, Germany. At the long sides
of the substrate silver grid lines were made by metal evaporation to reduce
the series resistance loss for the cells in the center part of the substrate, as
these cell are far away from the probe contact of the front side.
ZnO:Al protection layer to protect the SnO2 :F. The standard thickness of the
in-house RF magnetron sputtered aluminum doped zinc oxide protection
layer is d = 10 nm. See for further details section 7.7.
µc-Si:H p-layer d = 24 nm deposited in 450 s, TMB as dopant gas, Ts = 180 ◦ C,
rd = 0.05 nm/s, Rc = 0.35, Ea = 0.063 eV, σd = 0.1 Ω−1 cm−1 .
µc-Si:H i -layer d = 1000–1500 nm (measured by step proﬁler), Rc ∼ 0.4. The
main part of this chapter focuses on the optimization of the i -layer.
a-Si:H n-layer d = 30 nm. The n-layer is chosen to be amorphous to let it be
a better “capping layer” to prevent post-deposition oxidation of the i -layer.
Because of the low conductivity of an a-Si:H n-layer compared to a µc-Si:H
n-layer, the cell area is much better deﬁned.
ZnO:Al back reﬂector d ∼ 100 nm. The ZnO:Al back reﬂector is deposited by
RF magnetron sputtering without a mask. The back reﬂector can increase
Jsc by 3 to 4 mA/cm2.
Ag/Al evaporated through a mask deﬁning the cell size (4 × 4 mm2 as a standard
in order to have a large number of cells to improve the statistics). There are
30 cells on each substrate. The ZnO:Al from the area between the cells is
etched away by 5% HCl in water using the metal contact pads as a mask.
There is always variation in the performance among the 30 test cells on a
substrate due to slight inhomogeneities in all the layers. As a standard, the parameters from the IV measurements are averaged over the 10 cells with the—thus
far—highest eﬃciencies in order to make the comparison between cells made at different conditions statistically valid. In some cases the best test cell on a substrate
is reported in order to indicate the potential of a certain condition.

7.3

Hydrogen Dilution

At the deposition conditions for the transition-type µc-Si:H as developed in chapter
6 (P = 50 W (corresponding to a power density of 0.30 W/cm2 ), p = 9 mbar,
Ts = 180 ◦ C, fSiH4 = 5.3 sccm, fH2 = 150 sccm, de = 6 mm using electrode
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Figure 7.2: Solar cell parameters (average best 10) of a µc-Si:H i-layer hydrogen dilution
series in the as deposited (closed symbols) and light soaked (open symbols) state (the
light soak time is 400 hours). The deposition rate of the i-layers is around 1.5 nm/s.
These cells have a simple Ag/Al back contact.

conﬁguration B, and νrf = 60 MHz), the i -layers of p-i-n solar cells have been
made at a thickness of around 1.2 µm. The hydrogen dilution dH was ﬁne-tuned
by making a dH series in cells in order to ﬁnd the optimum dilution for the solar
cell performance. Figure 7.2 shows the solar cell parameters as a function of dH for
the i -layer in both the as deposited as well as the light soaked state. It should be
noted that in these cells, contrary to the general design, no ZnO:Al back reﬂector
is used but a simple Ag/Al contact which is less reﬂective, due to which Jsc is not
as high as possible. The deposition rates of the i -layers vary between 1.34 and
1.55 nm/s.
The light-induced degradation was performed during 400 hours at 50 ◦ C in
open circuit condition under “ﬁltered light”. The light is ﬁltered with an a-Si:H
layer deposited on Corning glass such that the spectral intensity on the µc-Si:H
cell is comparable to that reaching the bottom cell in a tandem device.
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Figure 7.3: Raman spectra of the i-layer dilution series solar cells measured through
the n-layer (left) as well as through the glass, the SnO2 :F TCO, and the p-layer.

It is observed (open symbols in Figure 7.2) that the cell performance improves
after light soaking. In 400 hours, the FF improves from 0.67 to 0.70 and the
diode quality factor n from 1.81 to 1.72. This is attributed to post deposition
equilibration of a fast deposited transition material. Other groups report stable
behavior [22,23] or improvement of Voc due to the disappearance of small grains
under light soaking [147].
In Figure 7.3, the Raman spectra, measured at the p-layer and the n-layer
side of the solar cells, are plotted. Because a considerable contribution of the
Raman signal is due to the doped layers (penetration depth is a factor 2 to 4
larger than the typical doped layer thickness), it should be mentioned that in both
cases the signal is inﬂuenced by the doped layers. At the µc-Si:H p-layer side,
this is in most cases probably leading to an overestimate of the transition-type
µc-Si:H i -layer crystalline fraction, whereas an underestimation is expected when
the i -layer is probed through the a-Si:H n-layer. Moreover, the interpretation
of the p-layer side is especially diﬃcult because the signal of the SnO2 :F (with
the ZnO:Al protection layer on top) shows a minimum at 520 cm−1 (the energy of
crystalline contribution of the silicon TO peak), leading to an underestimation of
the crystalline fraction. For these reasons, no Rc values are ascribed to the spectra
and spectra recorded at the p-layer side and n-layer side should not be directly
compared to each other. It is clear that the variations in crystalline fraction among
the diﬀerent layers are very small due to the narrow range of dH . The solar cells
parameters, however, show a clear trend that can be described as follows:
With increasing dH , the Jsc increases due to the increasing red absorption of
the increasing crystalline fraction. The Voc decreases with increasing dH as a result
of the decrease of the eﬀective mobility band gap of the absorber material leading

Microcrystalline Silicon i-layers in Solar Cells

103

to a higher dark current. The FF shows an optimum following the trend of the
diode quality factor n (which is also reﬂected in Rp and Rs ) which is attributed
to an optimum in defect density. The dark saturation current density J0 increases
with increasing crystalline fraction reﬂecting the increase of the dark conductivity.
The diode quality factor n has the lowest value for the best cell. The conversion
eﬃciency η shows an optimum as a result of the behavior of Jsc , Voc , and FF .
It is concluded that the solar cell parameters are sensitive to small changes in
hydrogen dilution. At these conditions for both the initial and the light soaked
state the optimum hydrogen dilution for the i -layer is 28, corresponding to the
transition-type µc-Si:H material. It is speculated that the decrease of the performance with increasing crystalline fraction Xc is related to and increase in the
grain boundary defect density. Moreover, the structure at high Xc might be more
open due to which the in-diﬀusion of impurities is enhanced.
In section 7.7, the substrate dependency of the optimum in hydrogen dilution
will be discussed, comparing the results on Asahi U-type SnO2 :F and textureetched ZnO:Al.

Graded Hydrogen Dilution
In order to control the material properties in the growth direction, the hydrogen
dilution of silane in the gas phase is graded following a nonlinear proﬁle.
Naturally, the crystalline fraction of µc-Si:H increases with thickness. This
results in the case of a p-i-n solar cell in a higher crystalline fraction at the i/n
interface compared to the p/i interface. The aim of the graded dilution for the
deposition of the i -layer is to improve the Voc an FF by preventing the higher
crystalline fraction at the end of the i -layer. Grading to prevent high crystalline
fractions at one side of the i -layer might be more necessary for n-i-p cells [148] than
for p-i-n cells, since the Voc and FF are most sensitive to the i -layer properties at
the p/i interface.
Obviously, the hydrogen dilution (dH ) should be decreased during the i -layer
deposition. This was done following a parabolic proﬁle based on the following
argument. Using a very simple model for the increasing crystallinity of a layer
(cone shaped crystallites [149] that start at thickness d = 0 nm with a diameter
of 0 nm and linearly increase in cross-section with increasing thickness) it can
be assumed that the crystalline fraction increases quadratically with increasing
thickness, until the cones touch each other and the crystalline fraction saturates.
In our case the crystalline fraction at the end of the layer is typically around 40%,
from which it is concluded that saturation is not yet reached. Assuming that,
within the small range over which we vary the dilution, the growth rate of the cone
cross-sections is proportional to the dilution, we could conclude that, in order to
keep the crystalline fraction constant, the dilution should be reduced quadratically
with deposition thickness. Obviously, if higher crystalline fractions are required
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Figure 7.4: Hydrogen dilution proﬁle: following the model (dotted) and in steps as
implemented experimentally (solid).

the crystalline faction saturates at a certain thickness and the parabolic proﬁle is
not valid.
The parabolic dilution proﬁle as a function of thickness d is deﬁned as follows:
the start and the end values of the dilution are chosen using previous experiments
in which the inﬂuence of the dilution on the crystallinity on both sides of the i layer is determined. An additional condition is that the derivative of the dilution
d(dH )
dd = 0 at d = 0.
Figure 7.4 shows an example of a parabolic proﬁle that is used in section 7.4.
The discrete steps show how the grading was implemented in practice. In the
next sections the concept of parabolically graded dilution is used in cases of very
inhomogeneous i -layers.

7.4

i -layer Thickness

The optimum i -layer thickness for device performance is determined by the balance
between the loss in electrical properties due to the decreasing ﬁeld (due to which—
depending on the defect density—the recombination rate increases) and the gain
in optical absorption at increasing thickness. Obviously, the optimum is shifted to
smaller thickness when the optical absorption is increased by other means such as
light trapping, by improving the reﬂection of light at the back side of the cell (using
a so called back reﬂector) and improving the texture of the TCO [145,146,150,151].
At plasma conditions that result in a lower deposition rate (rd = 0.6 nm/s) of
the i -layer material (P = 34 W, p = 5 mbar, Ts = 180 ◦ C, fSiH4 = 4.5 sccm,
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Figure 7.5: Thickness dependence of solar cell parameters (average best 10) for i-layers
deposited with a constant as well as a graded hydrogen dilution at around rd = 0.6 nm/s.

fH2 = 100 sccm, de = 6 mm using electrode conﬁguration B, and νrf = 60 MHz),
an i -layer thickness series was made. ZnO:Al/Ag back reﬂectors were implemented
in these cells.
The closed symbols in Figure 7.5 show the cell parameters as a function of
thickness. For the i -layers with constant dilution it is clear that the cell performance dramatically decreases with increase in thickness. This is attributed to the
inhomogeneity of µc-Si:H in the growth direction, leading to the increase in crystalline fraction with increasing thickness, conﬁrmed by the Raman spectroscopy
measurements as shown in Figure 7.6. The cell performance is reduced due to the
high crystalline fraction and the low electrical ﬁeld in the bulk of the i -layer due
to the larger thickness.
Graded hydrogen dilutions have been applied to correct for the inhomogeneity
of the crystalline fraction in the growth direction and cells with comparable thicknesses have been deposited. The open symbols in Figure 7.5 show the performance
of the cells with the graded dilution. The performance of the 2 µm cell increased
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Figure 7.6: Raman spectra of the thickness series with constant and graded hydrogen
dilution measured through the n-layer (left) as well as through the glass, the SnO2 :F
TCO, and the p-layer.

considerably. The cell with the 2 µm i -layer showed the following cell parameters: η = 7.6%, Jsc = 20.7 mA/cm2 , Voc = 0.52 V, FF = 0.69, Rs = 2.96 Ωcm2 ,
Rp = 1.2 kΩcm2 .
The lower curves in Figure 7.6 show the crystallinity at the n-layer and p-layer
side of the graded i -layer cell from which it is clear that the crystallinity at the
front and back side of the thicker cell is comparable to those of the thinner cell.
It is concluded that, especially for the thicker cells, the inhomogeneity of µcSi:H in the growth direction results in too high crystalline fractions at the end of
the cell. In this case, the graded hydrogen dilution is a solution to improve the
cell parameters by making the i -layer properties more homogeneous in the growth
direction.

7.5

Deposition Rate

The performance of thin-ﬁlm solar cells is generally lower at higher deposition
rates rd . The most important reason is that the i -layer quality is poorer when
the material is deposited at higher rd . This can be attributed to smaller diﬀusion
and relaxation times for growth precursors at the growth surface and the higher
energy ion bombardment at higher plasma power, both leading to a higher defect
density. It cannot be excluded that an increase of deposition rate inﬂuences the
p/i interface due to the stronger ion bombardment and the higher ﬂux of atomic
hydrogen.
The HPD regime is very suitable for high deposition rates because high silane
dissociation rates can be obtained while the use of high pressures reduces the ion
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energy (by decreasing the mean free path of ions due to an increased collision rate
with neutral species). In addition, the use of high RF frequencies also leads to
lower ion energies due to the lower plasma potential.
Several groups report that the optimum deposition rate for µc-Si:H solar cells is
around rd = 0.5 to 1 nm/s [152]. Deposition rates above 2 nm/s can be considered
as “high rate” and the obtained eﬃciencies reported in the literature decrease
monotonically with rd . Reasonably good cell performances are reported up to a
deposition rate of 7 nm/s, for example η = 8.1% at rd = 2 nm/s [153], and η = 4%
at rd = 7 nm/s [154]. A single i -layer with a low defect density deposited at 6
nm/s with triode conﬁguration was reported by Kondo et al. [155].
In our experiments, it is observed that with increasing deposition rate rd , the
conversion eﬃciency η is decreasing. The best cell made in our laboratory was
made at 0.45 nm/s on texture-etched ZnO:Al and it has the following cell parameters from the IV measurement: η = 9.9%, Jsc = 25.9 mA/cm2 , Voc = 0.52 V,
FF = 0.73, Rs = 1.4 Ωcm2 , Rp = 0.56 kΩcm2 (see section 7.7). It is comparable
to eﬃciencies reported by other groups. For example, Mai et al. [156] recently
achieved η = 9.8% at rd = 1 nm/s .

High Deposition Rates at Constant Depletion Condition
The depletion of silane (see also section 5.7) is deﬁned as the fraction of the
SiH4 molecules that is converted to other species (growth precursors) by means
of dissociation reactions. The number of SiH4 dissociation reaction can be estimated by measuring the optical emission intensity IOES of the Si* line (ce =
IOES (Si*)/fSiH4 ), whereas the growth rate rd per SiH4 ﬂow and the gas utilization
parameter cd = rd /fSiH4 (nm/s/sccm) gives an indication of the available density
of growth precursors. Both methods give indirect information on the degree of
depletion.
A series of µc-Si:H based p-i-n solar cells has been made in which the plasma
power for the deposition of the µc-Si:H i -layer is increased for each cell in order to
increase the deposition rate. In ﬁrst instance, the total gas ﬂow ft = fSiH4 + fH2 is
increased with the same ratio as the power with the intention to keep the depletion
constant. The dilution dH is kept constant.
The cells have been characterized and the solar cell parameters are plotted as
a function of rd in Figure 7.7. The cell with the rd = 1.5 nm/s was deposited at
an RF power 50 W; the cell with the deposition rate of 2.3 nm/s was deposited
at 100 W (0.60 W/cm2 ). An increase of RF power and ft with another factor of
two, resulted in the data plotted with round symbols in the ﬁgures at rd = 3.9
nm/s. Figure 7.8 shows the gas utilization parameter cd and the Raman crystalline
fraction Rc measured at the n-layer side (underestimated due to the a-Si:H n-layer)
as function of the deposition rate for this series. Obviously, the rd = 3.9 nm/s
cell is amorphous. On the left axis of Figure 7.8, the gas utilization parameter
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Figure 7.7: Solar cell parameters (best cell) for µc-Si:H cells with on Asahi U-type
SnO2 :F and texture-etched ZnO:Al versus the deposition rate rd of the i-layer. The
half-open symbol represents a cell without a ZnO:Al back reﬂector.

cd is given. It it is calculated that the maximum cd (where all Si atoms are
deposited) based on geometrical considerations is around cd = 0.29 nm/s/sccm.
It is clear that in the 3.9 nm/s case, cd is lower, attributed to a lower degree of
depletion. Therefore, the loss in crystallinity is attributed to the loss of atomic
hydrogen through abstraction reactions with SiH4 (reaction 5.6). This is also
reﬂected in the OES results in section 5.7: Figure 5.12b2 shows the Hα /Si* IOES
ratio as a function of total ﬂow using diﬀerent RF powers. At each power, an
increase of Hα /Si* with decreasing total gas ﬂow is observed for each power. The
increase becomes more pronounced when the total ﬂow is below a certain threshold,
reﬂecting the decrease of the loss of atomic hydrogen to abstraction reactions with
increasing silane depletion.
The cells with the deposition rates of 3.5 and 4.5 nm/s are made at 200 and
400 W respectively. The total ﬂows are adjusted to the deposition rate in order
to maintain a suﬃcient degree of depletion (i.e. a suﬃciently high cd ) in order to
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Figure 7.8: Gas utilization parameter for the i-layer deposition and Raman crystalline
ratio measured on the cell (n-layer side) versus the i-layer deposition rate rd .

maintain a suﬃcient atomic hydrogen ﬂux. The cells made under these conditions
were microcrystalline (as plotted on the right axis of Figure 7.8).
From these experiments, it is obvious that the deposition rate is not proportional to the RF power that is supplied by the generator when the ﬂow is increased
by an equal factor. Figure 5.12b1 shows that when power and total gas ﬂow ft are
increased with equal ratios, the Si* optical emission intensity IOES from the presheath of the plasma is proportional with the power, which indicates that the silane
dissociation rate scales with the applied power, from which it can be concluded
that the power losses are proportional to the power (relative loss is constant).
The decrease in cd with increasing power and total ﬂow in steps with equal
factors (the data at rd = 1.5, 2.3 and 3.9 nm/s in Figure 7.8) can be attributed to
the lower sticking probability of the growth precursors due to the shorter residence
time tr (the step from 100 W, 310 sccm to 200 W, 621 sccm implies a change of tr
from 0.1 s to 0.05 s). It is remarkable that when the indirect depletion parameter
cd —that is based on the sticking and deposition of growth precursors rather than
the gas phase reactions—is used to tune the total ﬂow, the deposited material has
more or less similar crystalline fractions. However, when ce is used, the material
obviously becomes amorphous at higher powers. In other words, higher degrees of
depletion are necessary for crystalline growth at high rates. However, because Rc
increases with P , we speculate that when the approach using cd is followed, the
increase of depletion with power is higher than necessary for maintaining similar
Rc at higher rd . Due to this eﬀect, one could conclude that a diﬀerent gas mixture
(dH ) is necessary (like in [156]), while a slight increase of the total gas ﬂow ft to
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Figure 7.9: Cell parameters versus light soaking time for cells deposited at diﬀerent
deposition rates (indicated).

adjust the level of depletion has the same result.
In the depositions of the cells with the i -layers deposited at P = 200 and 400 W
with constant cd , also texture-etched ZnO:Al on glass was added as a substrate,
which lead to considerably better cell performance. This eﬀect is discussed in
section 7.7. The best cell deposited on texture-etched ZnO:Al at the highest rate
of rd = 4.5 nm/s using an RF power of 400 W (2.4 W/cm2 ) has the following
IV parameters: η = 6.4%, Jsc = 22.3 mA/cm2 , Voc = 0.45 V, FF = 0.63, Rs =
2.27 Ωcm2 , Rp = 0.20 kΩcm2 . Most probably η can be improved by ﬁne-tuning
Rc by varying dH .
FTPS measurements show that the increase in Nd upon increasing the growth
rate from rd = 0.45 to rd = 4.5 nm/s on Asahi U-type SnO2 :F, is slightly more
than one order of magnitude (see Figures 7.20 and 7.21). These results are further
discussed in section 7.8.
The solar cells with the high-rate µc-Si:H i -layers have been exposed to top cell
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Figure 7.10: Performance versus deposition rate for µc-Si:H based single junction solar
cells. Solar cells from the present studies are compared to results published by other
groups (based on [14] and recent reports).

ﬁltered light at 50 ◦ C after the initial measurements. The solar cell parameters
have been checked under AM1.5 light at room temperature on a logarithmic time
scale. The results are given in Figure 7.9. It can be seen that the solar cells
deposited at high-rate improve upon light soaking. This is mainly due to the
improving FF , which can be partially explained by the decrease of the series
resistance and also to post-deposition defect equilibration of the material deposited
at high rates, induced by the temperature and/or the light exposure.
The initial cell eﬃciencies obtained for the cells with high i -layer deposition
rates, are compared to similar results obtained by other groups in Figure 7.10. It
shows that, in a deposition rate regime that is not yet well-explored, we obtained
excellent results with i -layers deposited in our reactor with VHF PECVD under
HPD condition with showerhead electrode.

Ion Bombardment
The use of high RF powers to obtain high deposition rates, leads to an increased
ion energy of the positive ions bombarding the substrate (see section 2.1). If the
ion energies are too high and the material can be adversely inﬂuenced (increasing
defect density, decreasing crystallinity) [59,157]. An increase of the energy per
ion induces more damage than an increase of the ﬂux, because due to the growth
contribution of the ions, the ion energy per deposited ion is less in the second
case [55,157]. In µc-Si:H growth, the contributions of ions to the deposition can
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be much higher than in the a-Si:H case [111]. Nevertheless, as long as the energy
is not too high, ion bombardment can also be beneﬁcial for the layer properties
[158], especially in the beginning of the deposition to enhance the nucleation [159].
The increase of the ion bombardment might play a role in the decrease of
performance with increasing rd using high RF power densities as observed in Figure
7.7, although the use of VHF PECVD and high pressures are already contributing
to a relatively low ion energy bombardment. However, because the electrode
conﬁguration B has an eﬀective symmetry factor aeﬀ of close to 1 due to the
small electrode distance, the DC self bias voltage Vdc is low, due to which the
plasma potential Vpl amounts a considerable fraction of Vrf /2 (see section 2.1).
By monitoring the RF voltage and the DC self bias voltage, an estimate of the
upper limit of the energy of the ions that bombard the substrate at the grounded
electrode can be made.
A series of solar cells was made with the i -layers deposited at 200 W, varying
the DC bias voltage Vdc . The DC self bias is −7 V in these conditions. By ﬁxing Vdc
to a lower negative value, using an external voltage source, the ion energy can be
reduced. This may improve the quality of the µc-Si:H layers and the performance
of the solar cells. Solar cells were deposited with i -layers with Vdc at the DC self
bias, at −20 and −40 V respectively.
The three cells had very similar deposition rates of rd = 3.5 nm/s. Figure 7.11
shows the solar cell parameters from the AM1.5 IV measurements plotted versus
the −Vdc for cells deposited on Asahi U-type SnO2 :F and texture-etched ZnO:Al
in the same deposition runs. It is observed that the Voc decreases and the Jsc
increases with increasing −Vdc . This is an indication for increasing crystallinity.
Raman spectroscopy measurements performed on the n-layer side of the solar
cell conﬁrm this hypotheses. In the self bias case the maximum FF is 0.67 on
texture-etched ZnO:Al. With increasing −Vdc , an improvement is observed: for
the Vdc = −20 V cell, the FF is 0.69.
It can be concluded that the application of Vdc = −20 V is beneﬁcial for the
cell performance. FTPS measurements (see section 7.8) show that—in spite of
the higher crystallinity, that generally leads to a higher defect density (see Figure
7.21)—the mid-gap defect density Nd is almost a factor of 2 lower for the sample
with Vdc = −20 V compared to the self-bias condition (see Figure 7.21). The
increase in crystallinity might be explained by the decreased distortion by ions
during crystal evolution. Optical emission spectroscopy experiments under such
bias change showed that the gas phase reactions reﬂected in the Hα /Si* IOES ratio
are hardly inﬂuenced by the applied DC bias. It can be concluded that the ion
bombardment does play a limiting role in the performance of cells with i -layers
deposited at high rate, even if high RF frequencies and high pressures are used.
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Figure 7.11: Solar cell parameters (best cell) for cells with i-layers deposited at a growth
rate rd = 3.4 nm/s at 200 W on Asahi U-type SnO2 :F and texture-etched ZnO:Al with
diﬀerent values of Vdc (The self bias is at Vdc = 7 V).

7.6

Process Temperature and Oxygen Impurities

The optoelectronic properties of µc-Si:H are sensitive to the oxygen concentration
[137,138,160,161] (also see section 6.6). However, it is observed that p-i-n solar
cells are less sensitive to post deposition oxidation compared to single µc-Si:H
i -layers [162]. In the literature several processes are described due to which the
material properties of µc-Si:H are less aﬀected by the oxygen impurities: reducing
the oxygen concentration [O] in the layer by improving the background pressure
[138]; reducing [O] in the layer by puriﬁcation of the source gases [160] (a great
improvement in red collection eﬃciency was observed when [O] was reduced from
2×1020 cm−3 to lower than 1×1019 cm−3 ); reducing [O] in the layer by depositing
the layer at high rate [163]; reducing the (post deposition) [O] by densiﬁcation of
the grain boundary structure ([110] orientation) by depositing the µc-Si:H layer at
higher pressures [164]; and passivation of the oxygen donors by depositing the layer
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Figure 7.12: Solar cell parameters (average best 10) for i-layers deposited at Ts =
180 ◦ C (as reference) and 150 ◦ C at diﬀerent hydrogen dilution conditions: the dilution
in the case of the open  is graded but plotted versus the average dilution.

at low process temperature [103,107]. In this section we explore the deposition of
µc-Si:H at a lower temperature.
The optimum substrate temperature for the deposition of µc-Si:H is dependent on the balance between defect density and hydrogen induced passivation of
unintentional doping. The temperature of 250 ◦ C is the optimum for having a
minimum disorder and therefore minimum defect density in the layer [165,103].
On the other hand, when impurities are present in the material (for example oxygen, acting as a donor in the silicon network) lower temperatures (down to around
100 ◦ C) are favorable because more hydrogen is incorporated in the ﬁlm, due to
which the dopants are passivated [166,167] and the material is more intrinsic [107].
A number of cells with an i -layer thickness of around 1 µm was made at 150
◦
C in order to explore the possibilities to beneﬁt from the enhanced hydrogen
incorporation. Decreasing the substrate temperature from 180 to 150 ◦ C at the
dilution dH = 22 leads to a decrease in cell performance (see Figure 7.12) that
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Figure 7.13: Raman spectra diﬀerent hydrogen dilution conditions deposited at Ts =
180 (as reference) and 150 ◦ C, measured through the n-layer (left) as well as through the
glass, the SnO2 :F TCO, and the p-layer.

could be related to the increased amorphous content in the ﬁrst part of the i -layer
(Figure 7.13). It should be remarked that this cell was 40% thicker compared
the Ts = 180 ◦ C reference due to an unexpectedly higher deposition rate. To
compensate for the increased amorphous content and the increased thickness at
the same time, in a next experiment dH was increased from 22 to 30 after which the
deposition rate was back at around 0.6 nm/s, while the crystalline fraction had
exceeded the transition type µc-Si:H value—especially at the end of the i -layer
(n-layer side, see upper left graph in Figure 7.13).
In order to reduce the crystalline fraction at the n-layer side leaving the crystalline fraction at the p-layer side constant, the dilution was graded starting with
the dilution of 33 and following the parabolic proﬁle graded to the dilution of 22.
In Figure 7.13 it is clear that in this case (referred to as “28.3 e” (eﬀective)) at
both sides of the cell the crystallinity is very much like the Ts = 150 ◦ C standard
cell. The solar cell parameters, however (open . in Figure 7.12) are not as good
as those of the standard cell at 180 ◦ C. The FF is of special interest in this case
because it is sensitive to the defect density and the intrinsic nature of the i -layer:
at 150 ◦ C, FF = 0.63 while at 180 ◦ C, FF = 0.67.
FTPS measurements (see section 7.8) showed that the defect density for the
150 ◦ C cell is slightly higher compared to the 180 ◦ C cell (see the “decr. T” trend
in Figure 7.21).
It is concluded the lower temperature does not enhance the performance of the
cells even if special care is taken to let the crystalline fraction at the back and
front side as close as possible to those of the standard cell at 180 ◦ C. Apparently
FF has decreased due to the higher Nd at lower temperatures, while there is
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no larger beneﬁt from the passivation of impurities due to additional hydrogen
incorporation.
The µc-Si:H p-layer is deposited at 200 ◦ C, therefore, at 180 ◦ C, the p/i interface is not expected to be aﬀected by the temperature of the i -layer deposition.
Hence, we do not expect any improvement of the p/i interface at lower substrate
temperatures.
One important conclusion can be drawn: Although the oxygen concentration
in the solar cells is as high as [O]bulk = (8 ± 2)×1019 cm−3 , the number of incorporated impurities that act as donor is low enough in our system using the described
conditions for cells made at Ts = 180 ◦ C (in agreement with the optimum deposition temperature that is found by Kondo et al. [168]). This might be related to
the passivation due to the high hydrogen concentration of [H] = 13%, measured
on the Ts = 180 ◦ C i -layer.

7.7

Inﬂuence of the TCO

Asahi U-type SnO2 :F Reduction
SnO2 :F is known to react with hydrogen. The reduction reactions lead to the
formation of solid Sn and moreover to silicon oxides near the interface. The solid
Sn reduces the transparency of the TCO layers and silicon oxides cause an electrical
barrier at the TCO/p interface [169], while the p/i interface might also be aﬀected
[170,171].
A µc-Si:H standard p-i-n (of which the deposition starts with the highly crystalline µc-Si:H p-layer, involving high atomic hydrogen ﬂuxes) has been made in
one deposition run on Asahi U-type SnO2 :F protected by a 5 nm thick layer of
sputtered ZnO:Al (as used in all standard experiments) and unprotected Asahi
U-type SnO2 :F.
The cell parameters are listed in Table 7.1. It is clear that without the ZnO:Al
protection layer all cell parameters are inferior. With the protection layer, the cell
shows the kind of performance that is expected for µc-Si:H based p-i-n solar cells.

Table 7.1: The inﬂuence of a ZnO:Al protection layers on solar cell parameters (average
best 10) for a µc-Si:H based standard p-i-n deposited on Asahi U-type SnO2 :F (i-layer
deposited at Ts = 150 ◦ C at rd = 0.6 nm/s).

dZnO:Al
(nm)
0
5

η
Jsc
(%) (mA/cm2 )
3.15
14.18
7.42
21.27

Voc
(V)
0.40
0.52

FF

Rs
(Ωcm2 )

0.55
0.67

5.85
2.36

Rp
(kΩcm2 )

0.29
0.40

Microcrystalline Silicon i-layers in Solar Cells

117

Figure 7.14: Raman spectra measured through the n-layer (left) as well as through the
glass, the SnO2 :F TCO, and the p-layer(right) for the cells with i-layers deposited at
dH = 24.5 and dH = 27.6.

It is concluded that sputtered ZnO:Al appears considerably more stable under
the hydrogen rich deposition conditions of the µc-Si:H based standard p-i-n compared to Asahi U-type SnO2 :F and that a thin layer of ZnO:Al very eﬀectively
protects the SnO2 :F against reduction.

Texture-Etched ZnO:Al
Texture-etched aluminum doped zinc oxide (ZnO:Al) [145,146] made at IPV of
FZ Jülich (Germany) was used as an alternative substrate. A for Asahi Utype (protected) optimized cell (P = 25 W (corresponding to a power density
of 0.15 W/cm2 ), p = 5 mbar, Ts = 180 ◦ C, fSiH4 = 3.0 sccm, fH2 = 74 sccm,
de = 6 mm, and νrf = 60 MHz) with an i -layer deposition rate of rd = 0.45 nm/s,
was deposited on protected Asahi U-type SnO2 :F (+ 10 nm ZnO:Al protection
layer) and texture-etched ZnO:Al in the same deposition run. Moreover, on both
substrates, a cell with an i -layer deposition at a higher hydrogen dilution dH was
made. Raman spectra were measured for both cells on the Asahi TCO. These
spectra, depicted in Figure 7.14, show that the increase in crystalline fraction
with increasing dH is considerable.
The IV parameters are plotted in Figure 7.15. It is observed that at the lower
dH the cell parameters are not strongly dependent on the type of TCO, especially
the FF . At the higher dilution, however, the solar cell performance is much more
sensitive to the substrate on which the cell is deposited. FTPS measurements (see
section 7.8) show that for both substrates the defect density increases with a factor
of two upon increasing dH (see Figure 7.21). In both cases the trend in Voc is to
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Figure 7.15: Solar cell parameters (best cells) for the cells with i-layers deposited at
dH = 24.5 and dH = 27.6 on Asahi U-type SnO2 :F protected with 10 nm ZnO:Al and
texture-etched ZnO:Al.

decrease and in Jsc is to increase due to the increasing crystalline fraction with
higher dH . The cell on Asahi U-type SnO2 :F + 10 nm ZnO:Al becomes worse
at the higher dilution, mainly due to the drop in FF , while the FF of the cell
deposited on texture-etched ZnO:Al even increases—in spite of the increasing Nd .
Moreover, Jsc and Voc are also higher on texture-etched ZnO:Al. This leads to an
excellent cell performance of η = 9.9% with a high ﬁll factor of FF = 0.729 and
a low series resistance of Rs = 1.43 Ωcm2 . The dark and AM1.5 IV curves are
plotted in Figure 7.16 (initial performance and after 170 hours light soaking). It
is observed that the cell does not degrade under light; after 170 hours soaking the
FF has even increased to FF = 0.737, resulting in an eﬃciency of η = 10.0%. It
is observed that there is no crossing of dark and light IV, which is indicative for a
diﬀusion-type charge transport. The performance under ﬁltered light (simulating
the conditions of a bottom cell in a tandem cell) was measured and plotted as
a dotted line in Figure 7.16. It is observed that the diﬀerence in Voc between
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Figure 7.16: Dark and AM1.5 IV curves of a µc-Si:H solar cell on texture-etched ZnO:Al:
initial (solid curves) and after 170 hours light soaking (dashed curves). The inset show the
dark IV curves on a logarithmic scale. The deposition rate of the i-layer rd = 0.45 nm/s.
Initial cell parameters are η = 9.9%, Jsc = 25.9 mA/cm2 , Voc = 0.516 V, FF = 0.729,
Rs = 1.43 Ωcm2 , Rp = 0.56 kΩcm2 , n = 1.36, J0 = 8.02×10−9 A/cm2 . After after 170
hours light soaking, η = 10.0% and FF = 0.737. The initial cell parameters under ﬁltered
light (dotted curve) are Jsc = 14.8 mA/cm2 , Voc = 0.492 V, FF = 0.723, Rs = 2.3 Ωcm2 ,
Rp = 0.78 kΩcm2 .

the AM1.5 and ﬁltered light is ∆Voc = 24 mV. The ﬁll factor under ﬁltered light
amounts FF = 0.723.
The external collection eﬃciency ECE of the cells on both TCOs is shown in
Figure 7.17. It is seen that the cell on texture-etched ZnO:Al has slightly lower blue
response below 450 nm. This is attributed to the diﬀerence in band gap between
SnO2 :F and ZnO:Al. The diﬀerence in the infrared region (above λ = 600 nm) has
much more inﬂuence on the integrated current due to the higher photon ﬂux in the
AM1.5 spectrum (plotted in the right axis). This diﬀerence is attributed to a more
favorable light trapping due to a better texture of the texture-etched ZnO:Al. The
diﬀerence between the integrated current of the ECE convoluted with the AM1.5
spectrum (tabulated in [21]), gives a lower value than the Jsc as measured with the
solar simulator. An diﬀerence of 10% is frequently observed and is attributed due
to integration errors, diﬀerences in the spectra, and the missing wavelength range
in the ECE above λ = 1050 nm. Loss of light due to wave guiding in TCO [172]
might also reduce the ECE signal. The rest of the diﬀerence might be explained
by peripheral current collection outside the cell area, which is reduced as much as
possible by using an a-Si:H n-layer rather than a µc-Si:H one.
Figure 7.18 shows an Bright-ﬁeld cross-sectional transmission electron (X-
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Figure 7.17: External collection eﬃciency under approximated AM1.5 bias light intensity of a 1.5 µm thick µc-Si:H based p-i-n structure deposited at 0.45 nm/s on Asahi
U-type SnO2 :F and texture-etched ZnO:Al.

TEM) micrograph of the solar cell with η = 9.9% on texture-etched ZnO:Al.
The dark part is the bottom is the texture-etched ZnO:Al and the contrast-poor
layer on top is the a-Si:H n-layer. The contrast in the middle part is caused by
the diﬀerent crystal orrientations of the various crystallites. From this picture, it
is clear that the material grows crystalline from the µc-Si:H p-layer and that the
crystallites are directed perpendicular to the diﬀerent facets of the texture-etched
ZnO:Al.

Asahi U-type SnO2 :F versus Texture-Etched ZnO:Al
There can be two reasons for the diﬀerence in performance (mainly FF ) between
the two substrates: The 10 nm ZnO:Al protection layer on the SnO2 :F is not
thick enough at this high hydrogen dilution, due to which the aforementioned
reduction eﬀects still play a role; or the grain boundary structure could be diﬀerent
(more favorable) when the µc-Si:H i -layer is grown on the texture-etched ZnO:Al
compared to the Asahi U-type SnO2 :F. The conﬁguration in which the grains
that start to grow at the diﬀerent facets of the TCO collide with each other,
depends on the TCO morphology [173,174,175,176,177]. To answer this question
unambiguously, the cell with the highly diluted i -layer was deposited on a thickness
series of the ZnO:Al protection layer on Asahi U-type SnO2 :F.
The ZnO:Al was deposited by means of RF magnetron sputtering aiming for
thicknesses 10, 30 and 100 nm. The growth is assumed to be conformal to the
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ZnO:Al
Figure 7.18: Bright-ﬁeld X-TEM image of a p-i-n solar cell on texture-etched ZnO:Al.

texture of the substrate. This means that the three samples have the same Asahi
texture, while the SnO2 :F is protected with diﬀerent thicknesses. The cell with
the highly hydrogen diluted i -layer was deposited on this series of substrates.
The resulting AM1.5 IV cell performance parameters are plotted in Figure 7.19.
As a reference, the same cell deposited on texture-etched ZnO:Al is plotted with
open symbols. From the plot it is clear that the variations as a result of the
thickness variation of the protection layer are very small. From this experiment
two important conclusions can me drawn: 10 nm ZnO:Al is thick enough as a
protection layer; and the cell performance on ZnO:Al protected Asahi U-type
SnO2 :F is limited by the type of roughness. It is speculated that the texture
inﬂuences the grain boundary structure and properties.
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Figure 7.19: Solar cell parameters (average of best 10 cells) for µc-Si:H cells with
i-layers deposited at dH = 27.6 on Asahi U-type SnO2 :F versus the thickness of the
ZnO:Al protection layer (closes symbols) and on texture-etched ZnO:Al (open symbol).
The dotted line refers to the situation without protection layer, see Table 7.1.

7.8

Defect Densities

Fourier-Transform Photocurrent Spectroscopy (FTPS) has been performed by M.
Vanecek in Prague [50]. The absorption coeﬃcient α in a broad wavelength range
is measured in solar cells by analyzing the generated current. The α spectra
are calibrated to the c-Si absorption spectrum at 1.4 eV (see Figure 7.20). The
absorption coeﬃcient α at 0.8 eV can be considered to be proportional to the midgap defect density of states. To obtain α at 0.8 eV, an average curve between the
minima and maxima of the interference fringes is used. If the transmission and
scattering of the TCO are not too strongly energy dependent between 0.8 and 1.4
eV, the proportionality constant of α(0.8 eV) = 0.12 cm−1 corresponding to Nd =
2×1016 cm−3 [51] can be used. The data that are plotted in Figure 7.21 are based
on this constant. Because no correction is applied for the wavelength dependency
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Figure 7.20: Sub band gap absorption measured by FTPS on µc-Si:H solar cells on
Asahi U-type SnO2 :F deposited at diﬀerent deposition rates from rd = 0.45 to 4.5 nm/s.

of the optical TCO properties, there might be an oﬀset in the absolute Nd value.
When comparing diﬀerent TCOs, also the transmission and scattering properties
between the TCOs should be similar. This possibly leads to an additional relative
error when comparing the TCOs in Figure 7.21.
Figure 7.20 shows the sub band gap absortion spectra of a cell deposited on
Asahi U-type ZnO:Al at rd = 0.45 nm/s. An increase in deposition rate of one
order of magnitude leads to an increase in Nd of roughly one order of magnitude.
The decrease of the solar cell performance can be explained by this decrease of the
i -layer quality.
Figure 7.21 shows the correlation between the solar cell parameters and the
FTPS Nd for a large collection of solar cells. The cells deposited at low rate
show very low defect densities. The deposition rates rd and speciﬁc details for the
various experiments are indicated in the ﬁgure. The overall trend shows a strong
correlation between the solar cell parameters and Nd . This suggests that the cell
performance is limited by the number of mid-gap states in the i -layer. This can be
explained as follows: A higher Nd causes a higher σd due to thermal generation,
which leads to an increased dark saturation current density J0 . A higher J0 leads
to a lower Voc . The diode quality factor n is higher and FF is lower due to the
increased recombination rate through the mid-gap defect states.
It is observed that the defect density for high-rate i -layers is reduced when
the plasma potential is reduced by applying an external Vdc . From this, it can be
concluded that the increase of Nd at high rd is at least partially due to the high
ion bombardment energy.
On the texture-etched ZnO:Al, increase in Nd with increasing dH is not reﬂected
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Figure 7.21: Solar cell parameters versus FTPS defect density for µc-Si:H solar cells
made at various rd , dH , Ts , Vdc and on diﬀerent substrates (indicated).

in FF . On this TCO, at high crystalline fractions the cell performance seems to
be less aﬀected by the mid-gap defect density in the i -layer.

7.9

Tandem a-Si:H/µ
µc-Si:H

A tandem solar cell is a stack of two individual (single junction) solar cells that
share the solar spectrum. A tandem with sub cells that have their own electrical
contacts, is a four terminal device; when the cells are electrically connected in
series or grown on top of each other, it is a two terminal device, which means
that the current generated in the two sub cells should match. We will consider
two terminal tandems. This section deals with multibandgap tandems constructed
with a-Si:H top cells and a µc-Si:H bottom cells (as developed in the earlier part
of this chapter).
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Device Design
The top cell is the sub cell most directly facing the light, it is deposited directly
on the TCO. In the current study a top cell is used that is based on an “undiluted”
(i.e. made using pure SiH4 ) 400 nm thick i -layer and Ag back contact. The IV
parameters (initial and after 120 hours of light soaking) are listed in Table 7.2.
When implemented in the tandem cell, this top cell is 100 to 130 nm thinner and
there is no longer any eﬀective back reﬂector due to the presence of the bottom
cell. Therefore the Jsc will be lower in the top cell as incorporated in tandem
cells. Depending on the current matching, the values for the FF and Voc will be
reﬂected in the performance of the tandem solar cell device. It is observed that
the FF decreases considerably under light soaking. In order not to let this FF
dominate the tandem cell behavior, the bottom cell (µc-Si:H, with a higher stable
FF ) should be made slightly current limiting (by adapting the layer thicknesses
of the i -layers). The top cell consists of the following layers:
Asahi U-type SnO2 :F coated glass
a-Si:H:C p-layer d ∼ 9 nm (optimum between blue response and voltage loss
[178])
a-Si:H i -layer d ∼ 270 to 300 nm dH = 1, rd = 0.8 nm/s
a-Si:H n-layer d ∼ 3.5 nm
µc-Si:H n-layer d ∼ 23 nm
The tunnel recombination junction (TRJ) can be identiﬁed as the interface
region between the n-layer and the p-layer. In the TRJ, the holes generated in the
bottom cell should recombine with the electrons generated in the top cell, to make
an ohmic contact between the cells. Therefore, a defect-rich interface is necessary
at the junction. For that purpose, the sample is exposed to air for a short moment
at process temperature after the n-layer deposition of the top cell.
The bottom cell is deposited on top of the top cell following the scheme
described in section 7.2 (beginning with the p-layer).

Table 7.2: IV parameters of the top cell with an i-layer thickness of 400 nm and an Ag
back contact initial and after 120 hours of light soaking

tLS
(hrs)

0
120

η
Jsc
(%) (mA/cm2 )
9.0
15.5
7.8
14.9

Voc
(V)
0.81
0.81

FF

Rs
(Ωcm2 )

0.72
0.64

4.3
5.8

Rp
(kΩcm2 )

1.5
0.80
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Figure 7.22: Dark and AM1.5 IV curves of a a-Si:H/µc-Si:H tandem solar cell on
Asahi U-type SnO2 :F: initial (solid curve) and after 100 and 340 hours light soaking
(dashed and dot-dashed curve). The inset show the dark IV curves on a logarithmic
scale. The deposition rate of the µc-Si:H bottom cell i-layer rd = 0.45 nm/s. Initial cell
parameters: η = 12.1%, Jsc = 13.9 mA/cm2 , Voc = 1.28 V, FF = 0.68, Rs = 9.1 Ωcm2 ,
Rp = 1.1 kΩcm2 , n = 3.57, J0 = 6.85×10−9 A/cm2 .

Results
A tandem solar cell was made on unprotected Asahi U-type SnO2 :F using the
best µc-Si:H single junction cell (see Figure 7.16). The AM1.5 and dark IV data
are presented in Figure 7.22. It is observed that the Voc value is very close to
the sum of the Voc of the top cell (0.81 V) and bottom cell on Asahi (0.48 V).
A diﬀerence of 24 mV can be attributed to the light intensity dependence of the
bottom cell Voc . In that case the Voc of the tandem cell is even better than expected
form the performance of the single junction on Asahi. This can be attributed to
the reduced performance of this cell on ZnO:Al protected Asahi U-type SnO2 :F
(which was attributed to the morphology). On top of the top cell the performance
improves, because the morphology is smoothened after the 300 nm CVD-like top
cell growth.
The ECE measured under blue and orange bias light (giving the bottom and
top cell response respectively) is presented in Figure 7.23. The integrated currents
are indicated. It is observed that the top and bottom cell currents are almost
matched. There is a considerable discrepancy with the Jsc as obtained by the light
IV measurements. Additional to other the possible explanations as mentioned in
section 7.7, possibly the current collection from outside the contact area by the
top cell (that would become less current limiting by consequence) contributes to
the discrepancy.
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Figure 7.23: External collection eﬃciency of an a-Si:H/µc-Si:H tandem solar cell. The
values denote the integrated current densities in mA/cm2 of the bottom cell, dark, and
top cell response respectively.

The tandem cell shows light-induced degradation. After 340 hours of light
soaking, the FF is decreased from 0.68 to 0.635. This is attributed to the degradation of the top cell. If the subcell thicknesses are adapted such that the tandem
is slightly bottom cell limiting, the FF of the tandem will be less determined by
the degrading a-Si:H top cell but rather by the µc-Si:H stable bottom cell.

7.10

Conclusions

Using VHF PECVD in the high-pressure depletion (HPD) regime with electrode
conﬁguration B as explored in chapter 5, we developed p-i-n solar cells on textured
TCOs based on transition-type µc-Si:H i -layers as described in chapter 6.
The cell performance is strongly dependent on the crystalline fraction of the
layer and therefore dilution series have been made to optimize the i -layer properties for solar cell performance at each new deposition condition or thickness.
The optimum crystallinity for the solar cell performance can be considered as the
consequence of the balance between infrared response and recombination in grain
boundary defects
It is found that the optimum is strongly substrate dependent: on texture-etched
ZnO:Al it is possible to fabricate high performance cells at a higher crystalline
fraction than on ZnO:Al protected Asahi U-type SnO2 :F. We speculate that this
is due to the more favorable texture of the texture-etched ZnO:Al that allows the
grain boundary structure to develop better. In spite of the considerable oxygen
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concentration of 8×1019 cm−3 , our material is not adversely inﬂuenced by oxygenrelated donor states. This was also conﬁrmed by the high red response of the
best cell. A lower deposition temperature Ts = 150 ◦ C has been explored in order
to ﬁnd the optimum between the increasing defect density and the passivation of
donors such as oxygen. It was found that there was no beneﬁt from the lower
temperature deposition in cell performance, also conﬁrming the absence of any
serious contamination problem.
The inﬂuence of dH , rd , and TCO morphology on the defect density in he i layer is studied with FTPS. It is concluded that the cell performance on Asahi
U-type SnO2 :F is determined by the mid-gap defect density in the i -layer. On
texture-etched ZnO:Al, the cell performance (FF ) seems to be less limited by Nd
at high Xc .
On texture-etched ZnO:Al, a p-i-n cell has been made at Ts = 180 ◦ C with an
i -layer deposition rate of rd = 0.45 nm/s: η = 9.9%, Voc = 0.52 V, FF = 0.73. The
cell is stable under light soaking conditions. A tandem solar cell has been made by
stacking this cell in series with an a-Si:H top cell on Asahi U-type. The parameters
are: η = 12.1%, Voc = 1.28 V, FF = 0.68. The Jsc might be overestimated due to
a peripheral current collection.
By increasing the power and adapting the total ﬂow such that the depletion
condition (gas utilization) is kept constant, it was possible to make good cells at
deposition rates up to rd = 4.5 nm/s with η = 6.4%, Voc = 0.45 V, FF = 0.63,
which is better that other groups reported in literature. The decrease in FF follows
the trend of the increasing Nd with rd . Reducing the ion bombardment by applying
an extra DC bias helps to decrease the defect density, indicating that ions are at
least partly responsible for the decrease of the cell performance with increasing
rd . It is observed that the cells deposited at high deposition rates improve under
light-induced degradation, which we attribute to post deposition equilibration of
a fast deposited transition material.

Appendix A

Optical Thickness
Determination of Thin
µc-Si:H Layers
In thin-ﬁlm silicon research, it is essential to have an accurate and fast
method for the determination of the thickness and material properties of
layers down to 20 nm thick. We report on the interpretation of optical
measurements by spectroscopy of reﬂection and transmission in the range
400–1000 nm. A method is developed to ﬁt these spectra based on the
O’Leary-Johnson-Lim (OJL) model and material properties obtained from
thicker layers. These results are correlated with the results obtained from
other techniques for accurate thickness measurements. We conclude that a
reliable ﬁt of the optical measurements is possible down to a layer thickness
of 20 nm.

For the development of thin, doped silicon layers (type of which used for thinﬁlm solar cells), it is necessary to have an accurate and fast method to determine
the geometrical thickness and material properties of amorphous silicon (a-Si:H) or
microcrystalline silicon (µc-Si:H) layers down to 20 nm thick, because the growth
rate is not constant in the initial stage of the layer growth and the material properties (both structural and electronic) are thickness dependent. In particular, thin
µc-Si:H layers may have thickness dependent properties (incubation phase) or even
show a delayed onset of growth.
For samples that are in a thickness range in which there are interference fringes
in the reﬂection/transmission spectrum, full information on the refractive index
and the thickness can be extracted from the spectra using either a model for the
dielectric function and a numerical ﬁt to the dispersion equation (reviewed in reference [179]), or a direct method of solving the Maxwell equations for coherent
light in the layer stack as for example OPTICS [37] based on references [35,36].
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Figure A.1: Correlation between the silicon areal density in silicon atoms per cm2
measured with RBS and the thickness as reconstructed from the TEM micrographs of
thin µc-Si:H layers from group B.

However, for layers that are so thin that there are no interference fringes in the
reﬂection/transmission spectra, there is too little information to resolve the thickness and refractive index independently: they show compensating behavior in the
absorbing range.
The µc-Si:H layers under investigation are deposited on Corning 1737F glass
substrates by VHF PECVD, using a Layer-by-Layer technique at various substrate
temperatures in the range 250–400 ◦ C [69]. Two sets of samples are used in this
study: a reference group of around 100 nm thick µc-Si:H layers (group A) and a
set of 20–35 nm thick µc-Si:H layers (group B).
Raman spectroscopy is used to determine the crystallinity of the material using
the ﬁtting method as described in appendix B. To study the structure of the
material, Cross-Sectional Transmission Electron Microscopy (X-TEM) is used in
the bright ﬁeld conﬁguration. The atomic composition of the materials is studied
by Rutherford Back Scattering (RBS). For the RBS measurements, the samples
are exposed to a 2 MeV He beam using the conﬁguration as shown in the inset in
Figure A.1. An energy spectrum is recorded from those He ions that are scattered
from atoms in the sample in the direction of the detector. The reﬂection and
transmission spectra are recorded with two 512 pixel diode-array spectrometers in
the range 400–1000 nm. Two methods are used to ﬁt the optical data:
(1) The interband transition O’Leary-Johnson-Lim (OJL) model [33] as implemented in the program ‘SCOUT’ [34]. In the OJL model the shape of the
conduction and valence band densities of states (DOS) are mathematically deﬁned as a function of energy by predominantly the parameters E0 (deﬁning the
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gap between the band edges), mass (a scaling factor determining the shape of
the DOS) and γ (reﬂecting the width of the exponential band tails). The optical
absorption as a function of photon energy is calculated using the joint density of
states function that is derived from the conduction and valence band DOS. The
Kramers-Kronig relation is used to calculate the refractive index n as a function
of energy from the optical absorption.
(2) Solving the Maxwell equation for the coherent light in the layer and the
substrate for each wavelength using the requirement that the obtained dielectric
function and one of its derivative are continuous in the considered wavelength
range [35,36] as implemented in the program OPTICS 2 [38].
Figure 3.11 shows XTEM images of two of the thin µc-Si:H layers from group
B. The geometrical thicknesses are estimated from the micrographs using the scale
bar (about 3% accuracy) and by measuring the distance between the substrate and
the top surface, averaging over the roughness. The depicted layers are 22 and 19
nm thick. RBS measurements are done in order to determine the areal density of
the layers. The Corning glass contains Ba and the position (in keV) of the resulting
Ba feature in the RBS spectra is approximated as proportional to the silicon areal
density of the µc-Si:H layer (about 2.5% accuracy). This surface approximation is
valid for thicknesses up to several hundreds of nanometers [180]. Figure 2 shows
that the silicon areal density of silicon atoms correlates very well to the thickness
measured by X-TEM. This means that the considered materials from group B have
similar densities. From the ratio of the areal density and the geometrical thickness,
the density of the thin layers from group B is calculated to be (3.75 ± 0.1)×1022 Si
atoms cm−3 . This is 15% lower than expected for bulk µc-Si:H. The inﬂuence of
the diﬀerence in density on the optical thickness determination is discussed below.
The dielectric function of µc-Si:H is modeled by the OJL interband transition
model [33]. Although this model is designed to describe the optical interband transitions for amorphous semiconductors, in the considered spectral range (excluding
the sharp direct band gap features at 3.4 and 4.2 eV) also the transitions in thin
µc-Si:H layers (containing a considerable amorphous fraction and small grain sizes)
are described accurately. With increasing crystalline fraction, the absorption edge
in the 1-R-T spectrum is shifting to higher energy (due to the increase of the grain
size and the shift of the eﬀective direct band gap from roughly 2 eV for a-Si:H to
4 eV for c-Si), which increases E0 . Moreover, the absorption edge becomes ﬂatter
(due to the absorption at lower energies of the indirect 1.1 eV band gap), which
is reﬂected in an increased valance and conduction band tails γv and γc . Even for
the thin layers from group B (around 20 nm) for which there are no interference
fringes in the reﬂection/transmission spectra, these parameters are well deﬁned.
This is illustrated in Figure A.2 in which the inﬂuence of variations in E0 on
the model are plotted. It is shown that the modelled reﬂection and transmission
spectra (of in this case a layer from group B) are sensitive for changes in E0 .
It is clear that the position of the absorption edge in the measured reﬂection and
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Figure A.2: Reﬂection and transmission spectra of a thin (18.4 nm) layer (in solid
lines); the spectra ﬁt to these data (with E0 = 17045 cm−1 ; the middle dashed lines);
and modelled spectra in which E0 is varied in steps of 1000 cm−1 from 15045 to 19045
cm−1 and the other parameters are kept constant (outer dashed lines).

transmission spectra (most noticeable in the R+T spectrum) determines the value
of E0 . Obviously, the ﬁt is sensitive to changes in E0 of several hundreds cm−1 .
The E0 parameter is experimentally determined for µc-Si:H layers from group
A and B. Figure A.3 shows that the Raman crystalline ratio Rc and the E0 direct
band gap OJL parameter are linearly correlated. The scattering of the data is
attributed to the uncertainty in the determination of the Raman crystalline ratio
at low crystalline ratios as well as to the fact that Raman is more surface sensitive
than the optical method, due to which a change in gradient of the crystalline ratio
in the growth direction leads to a diﬀerent correlation.
In the OJL model, the refractive index n as a function of energy is predominantly determined by the parameter mass that determines the shape of the
conduction- and valence band DOS. When analyzing the optical data of the samples from group B, this parameter is manipulated in order to add the necessary
information to the optical data to obtain the correct thickness. The mass parameter determined for µc-Si:H layers from group A and its dependence on the E0
parameter are studied in order to apply the results obtained for thick layers on
thinner layers. The main frame of Figure A.4 shows that for higher E0 values,
higher values for the mass are found. The mass to E0 correlation for group A is
used to ﬁnd the correct mass for the thin layers from group B. The correct mass
is put into the model as an input parameter. The linear relationship is related to
the decay function in the OJL model, that reduces the spectral weight at higher
energies in order to make the KKR integral over all frequencies ﬁnite.
The advantage of using the proposed method is that no errors are introduced

Optical Thickness Determination of Thin µc-Si:H Layers

133

Figure A.3: E0 can be correlated to the Raman crystalline ratio for data from group A
and B.

Figure A.4: The correlation between the E0 and the mass OJL parameters determined
on µc-Si:H layers from group A.

due to the fact that the dielectric function is dependent on the highly thickness
dependent crystalline fraction of the material, because using this method for the
thin layers, the dielectric function is deﬁned by the directly obtained E0 and the
corresponding mass. The alternative of ﬁxing the complete shape of the dielectric
function introduces these errors because the dielectric function obtained for a thick
layer can not be used for a thinner layer that have a lower crystalline fraction.
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Figure A.5: Reﬂection and transmission data and accompanying ﬁts to the OJL model
for layers from group B.

However, possible errors due to inhomogeneity in density in the growth direction cannot be excluded. In the case of a layer with for example an overestimated
density (due to a higher void density in thinner layer), the resulting thickness will
be underestimated by the same factor due to the compensating behavior of the
refractive index and the thickness in the optical model.
The proposed optical method is applied on group B. The reﬂection and transmission spectra as well as the corresponding ﬁts to the OJL model are plotted in
Figure A.5. Figure A.6 shows the correlation between the thicknesses obtained
with this optical method and the thicknesses from the X-TEM images. It is concluded that there is a correlation but generally the thicknesses obtained with the
optical method are lower compared to the results from X-TEM. We speculate that
this discrepancy is due to the higher density of the thicker layers from group A
compared to the thinner layers from group B. This is conﬁrmed by calculating
the dielectric function by solving the Maxwell equations with OPTICS 2 using as
input the reﬂection/transmission spectra and the thickness from the TEM result.
For the samples in group B, the resulting refractive index is around 15% percent
lower (n2eV = 3.35) than for the thicker samples from group A, showing the lower
density of thinner layers from group B. This conﬁrms independently the diﬀerence
in density of the group B layers compared to bulk material that was found by
comparing the RBS and X-TEM results.
The diﬀerence in density between the thin and thick layers is due to the fact
that the material grows diﬀerent (less dense) in the initial phase. Moreover, the
initial layer is expected to become denser in the growth zone when further depo-
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Figure A.6: Thicknesses determined by the optical method compared to the material
thickness as reconstructed from the X-TEM images of thin µc-Si:H layers from group B.

sition takes place on top of it.
In conclusion, an optical method for thickness determination of very thin µcSi:H layers is proposed: ﬁtting the UV-VIS-NIR reﬂection/transmission spectra
thin µc-Si:H layers on glass to the OJL model where the mass parameter is set to
a value dependent on the band gap parameter E0 . The method is ﬂexible enough
to allow the shape of the dielectric function change with band gap. It is a fast
method that, if the density is known, provides correct thickness information for
layer thicknesses down to 20 nm. Moreover, it provides accurate information on
the crystalline fraction by its correlation with E0 .

Appendix B

Fitting the TO peak of the
Raman Spectra
Obtaining a crystalline fraction from Raman spectroscopy data involves (1) a good
measurement, (2) a good background subtraction, (3) a good ﬁt, (4) a model to
interpret the outcome of the ﬁt. Here we focus on the third part: the ﬁtting of
the TO peak for silicon in the Raman spectrum.
The complete amorphous contribution is ﬁt in the range from 250 to 480 cm−1
with 3 Gaussians: the LA peak at 330 cm−1 , the LO peak at 440 cm−1 , and the TO
peak at 480 cm−1 . The mentioned range is chosen such that the crystalline contribution is not considered. Subsequently this amorphous contribution is subtracted,
after which a ﬂat spectrum remains apart from the crystalline contribution around
510 and 520 cm−1 . This remaining peak is ﬁtted with two Gaussians, representing the contributions from diﬀerent crystallite sizes. The conventional method
of ﬁtting all contributions in one step, induces a higher risk of compensating behavior between the diﬀerent contributions. Due to this two-step ﬁt method, the
crystalline contribution is well deﬁned, even at low crystalline ratios.
An alternative subtracting method would be to subtract an experimentally
obtained a-Si:H spectrum [181]. The method we propose seems to be more correct
because the amorphous part of the spectrum might diﬀer from sample to sample.
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Figure B.1: Raman spectrum of a thin µc-Si:H layer (scattered data) to which a)
the amorphous contribution is ﬁtted in the range from 250 to 480 cm−1 with three
Gaussians for the LA and LO peaks at 330 and 440 cm−1 respectively (dotted lines), and
the amorphous contribution to the TO peak at 480 cm−1 (dashed). b) The crystalline
contribution to the TO peak (scattered data) ﬁtted to two Gaussians at 510 and 520
cm−1 (dashed line). c) The ﬁtted peaks from a and b (LA and LO dotted; TO dashed)
and the sum (solid line) compared to the measured data.
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Abstract
Microcrystalline silicon (µc-Si:H) is a material that is promising for application in
solar cells and that has interesting material properties. This thesis reports on the
study of the plasma properties in the growth process, the optoelectronic material
properties, and the device application of both doped and intrinsic µc-Si:H.
Microcrystalline silicon p- and n-type doped layers have been developed by
layer-by-layer (LbL) deposition using very high frequency chemical vapor deposition (VHF PECVD) at high temperatures Ts . The LbL deposition consists of
alternating boron or phosphorus doped amorphous silicon depositions and crystallization by hydrogen plasma treatments. Device quality (as deﬁned in [52]) µc-Si:H
p- and n-type doped thin (∼ 20 nm) layers have been developed in a temperature
range from 250 to 400 ◦ C, whereas in standard continuous PECVD—with a high
hydrogen dilution of silane—the addition of a dopant gas reduces the crystallinity.
The doping eﬃciencies in the LbL deposited layers are structurally higher than
those in continuous wave (CW) µc-Si:H deposition: for p-layers a doping eﬃciency
of 39% in case of LbL, compared to 1% for CW. The LbL growth and nucleation
mechanism as well as the incorporation of dopant atoms in the µc-Si:H layers have
been studied. Etching, abstraction and hydrogen diﬀusion are analyzed and it is
concluded that our observations support the nucleation model that is based on
hydrogen diﬀusion in the growth zone of the material.
To demonstrate the temperature stability and the resistance to high atomic
hydrogen ﬂuxes of the µc-Si:H doped layers deposited with the LbL technique
at high substrate temperatures, test solar cells have been made. Hot-Wire CVD
(HWCVD) and VHF PECVD deposited µc-Si:H i -layers were deposited on top of
the high temperature LbL µc-Si:H n-type doped layer in an n-i-p conﬁguration on
a stainless steel substrate. A high open circuit voltage of Voc = 0.56 V and a ﬁll
factor of FF = 0.7 show the high doping eﬃciency and crystallinity of the n-layer
and the resistance to the impinging atomic hydrogen during the HWCVD deposition. In n-i-p solar cells with an a-Si:H absorber layer deposited with HWCVD at
high rate (rd = 1.6 nm/s) and high substrate temperature (Ts = 430 ◦ C) the best
Voc and FF were obtained with a µc-Si:H n-layer deposited at high temperature
using the LbL process. This shows the temperature stability of the LbL deposited
n-layer.
Plasma conditions involving high pressures and high RF powers (high-pressure
depletion (HPD) regime) for high-rate deposition by VHF PECVD of microcrystalline silicon are explored by studying the optical emission spectra (OES) of the
plasma. The behavior of pressure, RF power and gas ﬂow in an adapted electrode
conﬁguration with a shower head gas inlet and a small electrode distance are compared to a conventional electrode conﬁguration. The use of the small interelectrode
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separation allows the use of high process pressures. In this regime, µc-Si:H can
be deposited at high deposition rates. It was found that the deposition rate of
the material is reﬂected in the Si* optical emission intensity. The amorphous to
crystalline transition of the deposited material can be correlated to the Hα /Si* intensity ratio. With increasing pressure, the ratio and the crystallinity of the layer
decrease due to the decrease in electron density. Source gas depletion is found to
be favorable to reduce the loss of atomic hydrogen to abstraction reactions in the
gas phase at high pressures, which is conﬁrmed by plasma modelling.
The optoelectronic properties of microcrystalline silicon layers with diﬀerent
crystalline fractions have been studied with the aim to develop an intrinsic material for i -layer application in p-i-n solar cells. It is observed that µc-Si:H deposited
with low hydrogen dilution (close to the transition to a-Si:H) shows the best intrinsic behavior and the highest photo-to-dark conductivity ratio in this study with
coplanar contacts. At higher crystalline fractions, the dark conductivity increases
while the dark conductivity activation energy Ea decreases. This is attributed to
an oxygen doping level in the crystallites that dominates the conductivity at higher
crystalline fractions. The oxygen concentrations in the diﬀerent layers (with or
without a-Si:H capping layer) are all in the range of 1019 cm−3 .
Microcrystalline silicon based single junction p-i-n solar cells are deposited by
VHF PECVD at high pressures and under depletion conditions using a shower
head cathode. The i -layers (standard thickness of d = 1 µm) made near the
transition from amorphous to crystalline are optimized in solar cells. It was found
that—especially at high crystalline fractions—the Voc and FF are very sensitive
to the TCO morphology. At an i -layer deposition rate of rd = 0.45 nm/s an
eﬃciency of η = 9.9% is obtained (Voc = 0.52 V, FF = 0.73) on texture-etched
ZnO:Al; the performance is stable under light soaking. In spite of the presence of
oxygen contamination a good infrared response is obtained. The i -layer deposition
rate was increased up to rd = 4.5 nm/s by increasing the RF power and the total
gas ﬂow such that the depletion condition remains similar. At this high deposition
rate a cell was made with η = 6.4% (Voc = 0.45 V, FF = 0.63) on texture-etched
ZnO:Al. The performance decreases at high deposition rates due to the increasing
defect density in the i -layer. This is attributed to the increased energy of the ion
bombardment. It was observed that the performance of cells deposited at these
high rates improves upon light soaking.

Algemene Samenvatting
Dit proefschrift beschrijft de ontwikkeling van dunneﬁlmzonnecellen met een hoog
rendement en een studie naar de onderliggende processen. Het actieve deel van
dit type zonnecellen bestaat uit microkristallijn silicium dat met behulp van een
plasmaproces vanuit de gasfase op een dragend substraat aangebracht is. De dikte
van de actieve lagen is slechts 1 micrometer. Dit is een factor 200 tot 400 dunner dan conventionele zonnecellen op basis van kristallijn silicium. De zonnecellen
kunnen op ﬂexibele substraten worden gedeponeerd, waardoor het productieproces
goedkoper en eenvoudiger wordt (het kan op een rol) en de toepassingsmogelijkheden worden vergroot. In het Utrecht Solar Energy Laboratory (USEL) zijn met
dit materiaal in de eindfase van het beschreven onderzoek testzonnecellen gemaakt
met een hoog stabiel rendement van 10%.
Deze dunneﬁlmzonnecellen bestaan uit drie lagen die op elkaar gedeponeerd
zijn. In de middelste laag, de intrinsieke laag (i -laag), worden de fotonen uit
het zonlicht geabsorbeerd, waardoor vrije ladingsdragers ontstaan met een hoger
energienivo. Deze ladingsdragers worden uit de zonnecel getransporteerd onder
invloed van een elektrisch veld, gegenereerd door p- (positief) en n-type (negatief)
gedoteerde lagen boven en onder de i -laag. De gedoteerde lagen zijn veel dunner
dan de i -laag. De zonnecellen kunnen worden gedeponeerd in beide volgordes
van gedoteerde lagen: we onderscheiden de n-i-p en de p-i-n conﬁguratie1 . De
contacten aan de p- en n-kant van de cel kunnen op elkaar worden aangesloten via
een extern circuit. Er komt dan energie vrij doordat de ladingsdragers terugvallen
naar hun oorspronkelijke energienivo via het externe circuit.
Microkristallijn silicium is een materiaal dat bestaat uit twee fases. Het bestaat
enerzijds uit kristallieten (kristallijn silicium) met een afmeting van enkele tientallen nanometers, waarin de atomen volgens een regelmatig patroon gerangschikt
zitten. Anderzijds zijn er gebieden in het materiaal waarin de atomen ongeordend op elkaar gepakt zitten: amorf silicium. De onderlinge verhouding tussen de
twee fases en de vorm en de verdeling van de kristallieten, is afhankelijk van de
depositieprocesparameters2 .
In het eerste deel van het proefschrift (hoofdstukken 3 en 4) wordt de ontwikkeling van gedoteerde lagen van microkristallijn silicium beschreven, die gemaakt
zijn met een alternatief depositieproces. Met behulp van plasmageı̈nduceerde
chemische damp depositie (PECVD) opgewekt met een hoog frequente (VHF)
wisselspanning, zijn er p- en n-type gedoteerde lagen ontwikkeld van microkristal1 Figuren 4.1 and 7.1 vertonen een schema van de opbouw van n-i-p en p-i-n zonnecellen uit
verschillende lagen.
2 Figuur 1.3 geeft de schematische doorsnede van µc-Si:H aan bij verschillende waarde van
procesgasverdunning met waterstof.
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lijn silicium (µc-Si:H). De lagen zijn gedeponeerd met behulp van een “laagje voor
laagje” (Layer-by-Layer: LbL) techniek, waarbij telkens dunne lagen amorf silicium (a-Si:H) worden gedeponeerd uit een plasma in een gasmengsel van silaan en
waterstof, en vervolgens behandeld met een waterstofplasma. Het a-Si:H wordt
gedoteerd met fosforatomen om n-type dotering te krijgen en met boor voor ptype dotering. Het amorf silicium kristalliseert onder de invloed van het waterstofplasma tot microkristallijn silicium. We hebben dunne (∼ 20 nm), gedoteerde
lagen van een hoge kwaliteit met een hoge kristallijne fractie gemaakt in het temperatuurbereik van 250 tot 400 ◦ C, terwijl bij gebruikelijke continue depositie van
µc-Si:H de toevoeging van doteringsatomen leidt tot een afname van de kristallijne
fractie. In de lagen die met de LbL techniek zijn gedeponeerd, zijn minder doteringsatomen nodig voor het bereiken van een doteringseﬀect: voor p-type gedoteerd µc-Si:H is het doteringsrendement 39% met de LbL techniek, vergeleken met
1% voor de continue groei. We hebben het mechanisme van de kristalvorming tijdens het LbL depositieproces en ook de inbouw van doteringsatomen in de µc-Si:H
lagen bestudeerd. Tijdens het waterstofplasma wordt atomair waterstof gevormd
dat interacties heeft met de gegroeide a-Si:H laag. Het atomair waterstof reageert
aan het oppervlak, waardoor er silicium afgeëtst wordt en het vervolgens met
waterstof aan het oppervlak reageert tot moleculair waterstof in de gasfase (waterstofabstractie). Ook diﬀundeert het atomair waterstof in de laag. Op basis
van de experimentele gegevens over deze processen, kunnen we concluderen dat
een model waarbij de kristalvorming zich in de zone onder het groeioppervlak
afspeelt, het kristallisatieproces het best beschrijft.
Voor zonnecellen waarbij de intrinsieke laag bij een hoge temperatuur en in de
aanwezigheid van een hoge concentratie van atomair waterstof gemaakt is—zoals
bijvoorbeeld bij de depositie van polykristallijn silicium met hetedraad chemische
damp depositie (HWCVD)—worden er hoge eisen gesteld aan de kwaliteit van de
gedoteerde laag waar bovenop gedeponeerd wordt. We verwachtten dat de gedoteerde lagen die gedeponeerd zijn met de LbL techniek bestand zijn tegen deze
omstandigheden, omdat deze gedoteerde lagen onder gecontroleerde omstandigheden en bij een hoge procestemperatuur gedeponeerd zijn. Er zijn testzonnecellen
gemaakt in de n-i-p conﬁguratie op een roestvrij staal substraat met intrinsieke
lagen die gedeponeerd zijn met HWCVD en VHF PECVD. Een hoge open klem
spanning van 0.56 V en een goede vulfaktor van de IV-kromme van 70% tonen
aan dat de LbL gedeponeerde gedoteerde laag zijn kwaliteit behoudt onder de extreme omstandigheden van de i -laag depositie. Bij een vergelijkende test tussen
zonnecellen met verschillende types n-type gedoteerde lagen, waarop een HWCVD
i -laag is gedeponeerd met hoge groeisnelheid (1.6 nm/s) en bij hoge temperatuur
(430 ◦ C), kwam de µc-Si:H n-type gedoteerde laag gedeponeerd met de LbL techniek als beste uit de bus.
In het tweede deel van het proefschrift (hoofdstukken 5 tot en met 7) worden de
verschillende aspecten van de depositie van de intrinsieke µc-Si:H lagen beschreven:
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het plasma depositieproces, de eigenschappen van het materiaal en de toepassing
in zonnecellen. Plasma’s met een relatief hoge procesdruk (tot 10 mbar) en een
zodanig hoog vermogen dat bijna al het geı̈njecteerde gas ontleed wordt (HPD
condities), worden veelal gebruikt voor depositie op hoge snelheid van µc-Si:H.
Er is een nieuw type elektrode geı̈nstalleerd, waarbij het procesgas door een groot
aantal kleine gaatjes—zoals bij een douchekop—in de plasmazone wordt verdeeld3 .
De plasmaeigenschappen zijn bestudeerd door het meten van de kleursamenstelling van het door het plasma uitgezonden licht (optische emissie spectroscopie,
OES): de frequenties van de fotonen die door het plasma worden uitgezonden,
reﬂecteren de aard van de chemische reacties die zich in het plasma afspelen. De
optische emissie van plasma’s met verschillende waarden voor de druk, het vermogen en de stroomsnelheid van de gassen, is vergeleken met de eigenschappen van
de gedeponeerde lagen. De groeisnelheid van de laag vertoont een correlatie met
de intensiteit van de emissie van de Si* spectraallijn, terwijl de kristallijniteit een
correlatie vertoont met verhouding van de intensiteit van de alfa Balmer emissie
Hα met deze Si* intensiteit. Deze correlaties kunnen nuttig gebruikt worden voor
bijvoorbeeld procesbewaking. We hebben gevonden dat met toenemende procesdruk de lagen minder kristallijn worden, wat we toeschrijven aan een afname
van de elektronendichtheid in het plasma. Voorts blijkt het gunstig te zijn het
silaangas grotendeels te ontleden om het aantal reacties van silaan moleculen met
atomair waterstof te beperken, waardoor er meer atomair waterstof overblijft voor
interacties met de groeiende laag, die leiden tot de vorming van de kristallijne fase.
We hebben een serie µc-Si:H lagen gemaakt, die met verschillende waterstofconcentraties in het plasma gedeponeerd zijn, waardoor de kristallijne fractie per laag
verschilt. De opto-elektronische eigenschappen van deze lagen zijn bestudeerd met
het doel de optimale condities te vinden. Het is gebleken dat µc-Si:H, gedeponeerd
met een relatief lage waterstofverdunning (en daardoor dicht bij de overgang van
µc-Si:H naar a-Si:H), de beste elektrische eigenschappen heeft voor de toepassing
in zonnecellen: het vertoont het meest een intrinsiek gedrag dat gepaard gaat
met een lage geleidbaarheid in het donker. Hoewel er een hoge zuurstofconcentratie aanwezig is in deze laag (0.16 at%), speelt pas bij hogere kristallijne fracties
de dotering door zuurstofatomen een verstorende rol, die leidt tot een hogere
donkergeleiding.
Er zijn zonnecellen gedeponeerd op glas in de p-i-n conﬁguratie met de geoptimaliseerde i -lagen, gedeponeerd in het HPD regime met de douchekop elektrode.
De i -lagen hebben een standaard dikte van 1 µm. De i -laag is verder geoptimaliseerd door zonnecellen te maken onder kleine variaties in verschillende procesparameters. Het blijkt—vooral bij hoge kristallijne fracties—dat het rendement
van de zonnecel in hoge mate afhankelijk is van de morfologie van het substraat.
Er worden ruwe substraten gebruikt omdat die het licht beter “vasthouden”, zo3 In Figuur 5.1 worden de conventionele (A) en de aangepaste elektrodeconﬁguratie (B) met
elkaar vergeleken.
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dat er meer stroom wordt gegenereerd. We hebben twee types ruwe substraten
vergeleken: ruw SnO2 :F geproduceerd door Asahi in Japan en ZnO:Al met getste
textuur gemaakt bij FZ Jülich, Duitsland. Het texture-etched ZnO:Al zorgt niet
alleen voor meer stroom doordat het licht beter verstrooid wordt, maar ook tot
een betere open klem spanning en vulfactor, doordat het µc-Si:H op een gunstigere
manier aanhecht, waardoor er minder elektronische defecten ontstaan. Op dit
substraat is met een i -laag depositiesnelheid van 0.45 nm/s een zonnecel met een
omzettingsrendement van 9.9% gemaakt4 . Dit rendement is stabiel tijdens blootstelling aan zonlicht. Door deze cel te combineren met een zonnecel met andere
optische eigenschappen (bijvoorbeeld met een amorf silicium of protokristallijn
silicium i -laag) kan een groter deel van het zonnespectrum benut worden5 . Op
deze manier is een zogenaamde tandem zonnecel gemaakt met een rendement van
12.0%.
Door het vermogen en de stroomsnelheid van de gassen op te voeren, hebben
we de groeisnelheid van de i -laag verhoogd. De bestudeerde depositieconﬁguratie
blijkt zeer geschikt te zijn de depositiesnelheid te verhogen. Hierbij is het cruciaal
dat de kwaliteit van het materiaal zo min mogelijk verslechtert. Bij een snelheid
van 4.5 nm/s, is een omzettingsrendement van 6.4% behaald, hetgeen, vergeleken
met andere groepen in de wereld, een erg goed resultaat is6 .

4 Figuur 7.18 laat een afbeelding van de doorsnede van de zonnecel zien, die gemaakt is met
elektronenmicroscopie.
5 In Figuur 1.5, wordt de toegevoegde waarde van een tandemzonnecel met verschillende ilagen geı̈llustreerd. Het zonnespectrum (bovenste lijn) wordt vergeleken met de absorptiegebieden van een a-Si:H zonnecel (ﬁjn gearceerde gebied) en een tandemzonnecel bestaande uit een
combinatie van a-Si:H en µc-Si:H (het totale gearceerde gebied).
6 In Figuur 7.10 zijn de rendementen van de zonnecellen die in het kader van dit onderzoek
zijn gemaakt bij verschillende depositiesnelheden, vergeleken met resultaten van andere groepen.
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A. Gordijn, J. Löﬄer, W.M. Arnoldbik, F.D. Tichelaar, J.K. Rath, and R.E.I.
Schropp, Thickness Determination of Thin (∼ 20 nm) Microcrystalline Silicon
Layers, accepted for publication in Sol. Energ. Mat. Sol. C.
A. Gordijn, J.K. Rath and R.E.I. Schropp, Thickness Determination of Very Thin
Amorphous and Microcrystalline Silicon Layers using Reﬂection/Transmission Measurements, Appl. Phys. Lett. 85 (21), 5096-5098 (2004).

Other Publications
A. Gordijn, R. Jimenez Zambrano, J.K. Rath and R.E.I. Schropp, Highly Stable
Hydrogenated Amorphous Silicon Germanium Solar Cells, IEEE Trans. Elec. Dev.
49 (5), 949–952 (2002).
M. Fonrodona, A. Gordijn, M.K. van Veen, C.H.M. van der Werf, J. Bertomeu, J.
Andreu and R.E.I. Schropp, Shutterless Deposition of Phosporous Doped Microcrystalline Silicon by Cat-CVD, Thin Solid Films 430, 145–148 (2003).
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ben. “Wetenschap is nooit af”, zegt onze universiteit tegen de buitenwereld. Technologie is ook nooit af. Voor de belangstellenden: in de rest van het proefschrift
(dat is nu wel af) ga ik in op mijn onderzoek. Er zijn meer dingen veranderd in
de directe werkomgeving. Eerst hadden we “sheets” om teksten en afbeeldingen
te projecteren bij. We noemden ze transparanten. Later hadden we een permanente reservering voor de beamer en nu hebben we er zelf een aan het plafond.
Eerst hadden we werkelijk geen mobiele telefoons. Nu spreekt Jatin Nederlands.
Nu voorzien ze bij Akzo honderden meters folie achtereen van goedwerkende zonnecellen! Eerst hadden we Paars II. Eerst hadden ze Clinton. Nu hebben ze Bush
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Nu ga ik mensen bedanken. Eerst mijn promotor Ruud Schropp. Ik ben bijna
alle dagen met plezier naar mijn werk gegaan. Ik heb het altijd een prettige groep
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jaren (ik zou er een heel boek over kunnen schrijven) en de bijdragen die jullie
geleverd hebben aan mijn werk. De koﬃe- en lunchpauzes waren altijd erg gezellig. Jeroen, wat ﬁjn dat je al die laagjes voor mij gedeponeerd hebt en de ASTER
steeds hebt aangepast aan de opeenvolgende plannen. Het verschijnsel op de foto
op de voorkant is door jou ontdekt: een sterk staaltje serendipiteit. Ik het was
altijd leuk als we iets samen gingen doen. Ik denk dat dat komt omdat wij in
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principe niet praktisch kunnen samenwerken. Ik weet bijvoorbeeld nog goed hoe
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we op dezelfde dag gaan promoveren. Het wordt vast een heel mooie dag. Je
hebt mijn werk van dichtbij met veel belangstelling gevolgd. Ik wil je bedanken
voor je inbreng. Paula, bedankt voor alle nuttige en leuke discussies over zonnecellen en andere dingen. Veel succes! Robert en Hongbo, jullie ben ik extra
dank verschuldigd omdat jullie mij in de drukke tijd voor Kerst hebben geholpen
met het meten van mijn zonnecellen. Ronald, bedankt voor de zinkoxide laagjes.
Die hebben me goed vooruit geholpen. Ik vond het leuk dat we collega’s waren.
Hanno, bedankt dat je er ook was. Vasco, dat ik de laatste maanden voortdurend
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