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Chapter 1
This Thesis
1.1
1.1.1

Introduction
Microcrystalline Silicon Based Solar Cells

Solar cells provide clean and renewable energy by converting light (photons) into electricity
(electrons). In the world today, solar cells supply about 0.001% of the world’s energy demand. The classical constraint for large scale application are the rather high cost compared
to electricity produced from fossil fuels. Nonetheless, a factor 30 in cost price reduction
has been achieved over the past 30 years [1]. Costs continue to decrease according to an
80% learning curve, which means that for each doubling of the cumulative production volume the costs decrease by 20% [1]. In the last decade the production volume increased
at an average rate of 40% per year, with for example 45% growth in 2005 [2]. Projecting
the production volume and cost price developments according to realistic scenarios, solar
electricity will meet the retail electricity price around 2015 and should be able to satisfy
essentially 100% of the world’s energy requirements in the second half of this century [3].
Naturally, numerous scientific and technological challenges have to be met in order to fulfill
this projection.
An insightful property of a solar cell is its solar energy conversion efficiency η. The efficiency determines the areal output of a solar cell.† However, the efficiency is not necessarily
the most important factor in realizing low-cost solar electricity. This is illustrated by the
progress of efficiency and cost price during the last 50 years. The first solar cells, prepared in the 1950s using crystalline silicon technology, showed an efficiency of η = 6%
[5]. Active research on various solar cell types resulted in major improvements: a record
solar energy conversion efficiency of η = 39% was reported in 2005 using triple junction
†

Knowing the incident solar power density Plight - in central Europe about 1 kW/m2 on a sunny
summer’s day and 0.2 kW/m2 averaged throughout the year - the power output of a solar cell is given by
η × Plight × A, in which A is the solar cell area. Thus, high-efficiency solar cells are crucial for applications
in which the area is scarce, like e.g. application on vehicles. For example, the solar car ”Nuna” that won
the 3010 km long solar challenge race in Australia three times in a row at an average speed of ∼100 km/hr
was covered with high efficiency triple junction GaAs-type solar cells [4].
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GaInP/GaInAs/Ge technology [6]. Nonetheless, the market in 2005 was still completely
dominated by the crystalline (c-Si) and multi-crystalline silicon (mc-Si) technology [2] with
efficiencies in the 12-20% range. The efficiency of the market-dominating solar cell type
thus increased only by a factor 3 whereas the solar electricity cost price decreased by a
factor 30. The missing factor 10 can be ascribed to various other developments like e.g.
more cost-effective production techniques.
The thin film silicon solar cell technology appeared in the 1970s with the preparation of the
first amorphous silicon (a-Si:H) solar cells by Carlson and Wronski [7]. In this first report
efficiencies up to 2.4% were obtained. The highest reported and confirmed cell efficiency
today is 11.7% [8]. A comparison with the other solar cell types mentioned above learns
that the thin film silicon technology produces rather low record efficiencies. Nonetheless,
it is considered to be one of the most promising technologies for future cost-effective electricity production through its key advantages of low raw materials costs and compatibility
with large area low temperature deposition techniques [9]. The thin film silicon technology did not live up to this promise yet. Partly it failed to keep track with the fast cost
reductions achieved in the crystalline silicon technology. The market share for thin film
silicon solar cells has even been declining in recent years. Driven by an apparent shortage
of crystalline silicon feedstock, adding up to recent advances in up-scaling of a-Si:H deposition equipment, the market share of the thin-film silicon technology was rising again in
2005 and comprised of 4.7% [2].
The heart of a thin film silicon solar cell is the p-i-n junction. An intrinsic absorber layer
(i-layer) is enclosed between a p-type and an n-type doped layer (p-layer and n-layer). The
p-layer functions as window layer through which the light enters. Photons absorbed in
the i-layer create an electron-hole pair. The electric field induced across the i-layer by the
p- and n-layer causes the electrons to drift towards the n-layer and the holes towards the
p-layer. At the doped layers the charge carriers are collected by electrical contacts and
contribute to the output power of the solar cell. The front contact has to be conductive
and transparent. In addition it has to provide light scattering to facilitate light trapping in
the i-layer. The front contact is typically made of a transparent conductive oxide (TCO)
such as ZnO, In2 O3 , SnO2 or TiO2 . The back contact has to be highly reflective and is
typically made of a double layer of TCO and metal. One can either build up the solar
cell from the front side (p-i-n or superstrate configuration) or from the back side (n-i-p or
substrate configuration). The p-i-n configuration of a thin film silicon solar cell on a glass
substrate is shown schematically in Fig. 1.1(a).
The main drawback of the use of a-Si:H as i-layer material is that its electronic properties are already rather poor initially and degrade even further under influence of light
(known as light-induced degradation or Staebler-Wronski effect [10]). The reason for the
poor electronic properties is that the Si-Si bond angles and bonding lengths are slightly
broader distributed than in the case of c-Si. Despite this lack of long-range order one can
still distinguish delocalized and localized states, with a relatively high and relatively low

1.1. Introduction
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(a)

(b)

Figure 1.1: (a) Layout of a p-i-n solar cell consisting of a glass substrate, a transparent conductive
oxide (TCO) front contact with a rough surface morphology to facilitate light trapping, a thin
film silicon p-, i-, and n-layer, and a reflective double-layer back contact consisting of TCO and
metal. (b) Example of a 30 × 30 cm2 thin-film silicon module on glass prepared fully in-house
at the Forschungszentrum Jülich.

charge carrier mobility, respectively. The mobility gap between the delocalized states is of
the order of 1.8 eV, which makes a-Si:H a good blue and green but poor red and infrared
absorber with respect to c-Si that has an indirect band gap of 1.1 eV. The distribution
of bond lengths and angles in a-Si:H allows strained and unsaturated (”dangling”) bonds,
which correspond to mid-gap localized states that act as charge carrier recombination sites.
During light-induced degradation, additional dangling bonds are created in the material
on a typical time scale of 100-1000 hours by a still unresolved mechanism. The best a-Si:H
solar cells show an initial efficiency around 10% and a stabilized efficiency around 8%. The
stabilized efficiency of commercially available modules lies in the range of 5-7%.
The introduction of microcrystalline silicon (µc-Si:H, also known as nanocrystalline silicon
nc-Si:H) as i-layer in the 1990s by Wang et al. [11] initiated the realization of solar cells
with a higher and more stable efficiency. This material is a heterogeneous mixture of aSi:H, voids and c-Si grains with a size of the order of 10 nm. Some distinct features of
µc-Si:H are (i) it shows an enhanced absorption of red and near infrared light with respect
to a-Si:H [11]. The reason is the indirect 1.1 eV gap within the c-Si grains. Absorption
coefficients for a-Si:H and µc-Si:H compared to realized external quantum efficiencies (collected electrons per incident photon) in solar cells are shown in Fig. 1.2. (ii) It shows
enhanced stability against light-soaking with respect to a-Si:H. In 1994 Meier et al. prepared solar cells with µc-Si:H i-layer that did not show any light-induced degradation [12].
Later, Klein et al. demonstrated that µc-Si:H with significant a-Si:H volume fractions of
40% or more may show some light-induced degradation [13] which is, however, still much
less pronounced than in a-Si:H. (iii) It shows improved electronic properties with respect
to a-Si:H. A crucial material property in this matter is the crystalline volume fraction.
Vetterl et al. demonstrated in 2000 that there is an optimum in solar cell performance
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Figure 1.2: (a) Typical spectral absorption coefficient of a-Si:H and µc-Si:H (taken from Ref.
[14]), and (b) realized external quantum efficiencies of single junction solar cells consisting of
a-Si:H (360 nm thickness, taken from Ref. [21]) and µc-Si:H (2 µm thickness, taken from Ref.
[19]).

for material consisting of about 60% c-Si grains, 40% a-Si:H and a minimum amount of
voids [14]. As compared to a-Si:H the recombination at localized states plays a less prominent role in this material. The i-layer can consequently be made thicker without suffering
too much from recombination losses; A typical i-layer thickness is ∼2 µm for µc-Si:H and
∼350 nm for a-Si:H. Note that one actually needs these thicker i-layers in order to benefit from the infrared light for which the absorption coefficient is relatively low, see Fig.
1.2. Already in 1994, Meier et al. prepared spectral-splitting tandem junction solar cells
using a thin a-Si:H top cell for absorption of the blue and green light and a thick µcSi:H bottom cell for absorption of the red and near infrared light [15]. By this a-Si:H /
µc-Si:H tandem approach several laboratories have since then reported energy conversion
efficiencies of cells and modules in the range of 10-13% [14, 16–20]. Several companies in
Japan, Germany and the USA are currently expanding production for this type of solar cell.
The Forschungszentrum Jülich is one of the leading institutes in the world working on thinfilm silicon solar cell science and technology. It covers a scope ranging from fundamental
semiconductor physics to solar cell technology, starting from a glass substrate and ending
with series integrated modules such as depicted in Fig. 1.1(b). For each of the process steps
important scientific challenges are being met. Silicon deposition is of particular interest
because it is currently the most expensive step in the solar cell production process. Due
to the stability against light-soaking and the sensitivity to red and infrared light µc-Si:H is
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Figure 1.3: Schematic diagram showing the prominent microstructural characteristics of µc-Si:H,
after Vetterl et al. [14]. The left-most region corresponds to highly crystallized material deposited
in hydrogen-rich conditions whereas the right-most region corresponds to highly amorphous material deposited in hydrogen-poor conditions. The optimum quality µc-Si:H for solar cells is located
in between, with a crystalline volume fraction of ∼60-70%.

under investigation for other applications as well, such as thin-film transistors [22] and color
sensors [23]. The challenges related to µc-Si:H deposition are discussed more in detail in
the next subsection. More information on the Jülich approach can be found at the website
[24].

1.1.2

Deposition of Microcrystalline Silicon

The general idea of research on µc-Si:H deposition is to understand and control the deposition process, in order to realize the best possible material quality at the lowest possible
preparation costs. A broad range of vacuum techniques has been employed to work towards this goal. In these deposition techniques, film growth takes place through successive
sticking of reactive silicon-containing species called growth precursors. The growth precursors may originate from a source gas or from a solid target. A common feature of all
µc-Si:H deposition techniques is that H2 gas is present in order to tune the material ranging
from a-Si:H to highly crystallized µc-Si:H as illustrated in Fig. 1.3. Atomic hydrogen is
believed to play the decisive role in structuring the Si-Si bonds towards a more crystallized
matrix [25, 26]. The crystallization process evolves in a transient way, giving rise to a
substrate-dependent structure evolution going from an initial amorphous incubation zone
to the more crystalline thicker parts of the film [27, 28].
The most widespread preparation technique for µc-Si:H is parallel plate capacitively coupled plasma deposition using an SiH4 + H2 gas mixture. The parallel plate plasma source
consists of two planar electrodes. One of the electrodes is the substrate itself on which the
silicon film is to be deposited. The other electrode is supplied with an oscillating voltage
signal at a frequency of typically 1-100 MHz. The breakdown voltage for plasma ignition
depends strongly on the pressure and electrode gap. For H2 the breakdown voltage shows
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a minimum of approximately 100 V around 1 Torr cm [29]). For voltages above the breakdown voltage, ionization reactions ensure the creation of free electrons with a temperature
in the range of 104 K and a density in the range of 1010 cm−3 [30–32]. Due to the inefficient
thermal coupling between electrons and the much heavier neutral atoms and molecules, the
substrate and background gas temperatures are hardly affected by the hot electrons. The
fast electrons create a plasma potential with respect to the grounded walls and substrate,
over which positively charged ions can gain an energy of several tens of eV leading to an
ion bombardment of the substrate. Moreover, the hot electrons induce chemical reactions
such as SiH4 + e → SiHx + (4 − x)H + e, thus creating the reactive precursors involved in
film growth. The general growth mechanism and the contribution of the various precursors
to µc-Si:H growth is an active area of research. Under specific conditions, contributions of
SiHx radicals [33], SiH+
x ions [34] and silicon nano-particles [35] have been measured. The
material properties such as crystalline volume fraction are a result of the precursor fluxes
during deposition. The plasma properties such as electron density and temperature are
the result of complex processes like RF power dissipation, inelastic collisions, gas-phase
chemistry and surface chemistry. These processes can be influenced empirically by changing process parameters such as pressure, substrate temperature, RF power, RF frequency,
electrode gap, electrode area, gas flow and gas mixture.
A successful empirically obtained deposition regime for the parallel plate plasma deposition
of µc-Si:H is the so-called ”high pressure depletion” (HPD) regime, a name given in the pioneering work by Matsuda and co-workers [36, 37]. Using this regime, state-of-the-art solar
cell efficiencies [14, 16–20, 25, 38–42], deposition rates up to 1.5 nm s−1 without material
quality deterioration [41], and up-scaling to ∼m2 substrate sizes [19, 42] has been demonstrated. Key aspects of the regime are a ”small” electrode gap (∼1 cm or less), ”high”
pressure (∼5 Torr or more), ”high” power density (∼0.5 W/cm2 or more) and ”high” H2
dilution (∼10% SiH4 in H2 or less). A qualitative view on the µc-Si:H deposition process
has been developed to describe the HPD deposition regime. According to this view, dilution in H2 realizes sufficient atomic hydrogen needed for the crystallization process. A high
RF power and corresponding high dissociation degree in the plasma allows high deposition
rates to be obtained, but a too high RF power gives rise to energetic ion bombardment
inducing defects in the deposited material. A high pressure and corresponding short mean
free path ensures multiple collisions of ions as they are accelerated towards the substrate,
thereby reducing the ion energy and preventing defect formation. A small electrode gap is
required for plasma operation at high pressure.
Besides the parallel plate plasma deposition, several other deposition methods are being
studied. Preparation of µc-Si:H from a solid silicon target has been reported using reactive sputtering from an Ar + H2 gas mixture [43] or etching and re-deposition (chemical
transport) using an H2 plasma [44]. Preparation from an SiH4 + H2 gas mixture has been
reported using various methods to dissociate the gas, e.g. a hot wire [45], an expanding
thermal plasma [46], an inductively coupled RF plasma [47], a microwave plasma [48] and a
DC arc [49]. Preparation of µc-Si:H from source gases besides SiH4 + H2 has been reported
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for e.g. SiCl4 + H2 [50], SiH2 Cl2 + H2 [51] and SiF4 + H2 [52]. More work on these preparation techniques is necessary before it is known what the advantages and disadvantages
are with respect to parallel plate plasma deposition.
The Forschungszentrum Jülich has a long experience with parallel plate plasma deposition
of µc-Si:H solar cells. A number of multi-chamber vacuum systems have been installed over
the years, several on lab-scale fit for 10 × 10 cm2 substrates and one on more industrial
scale fit for 30 × 30 cm2 substrates. Among the treated topics has been the development of
deposition apparatuses and operating regimes that are capable of depositing state-of-theart material and solar cells at high deposition rates and large deposition areas [14, 19, 38–
41]. Within this technological work the deposition process was mainly studied indirectly,
via the deposited material or solar cell properties.

1.1.3

Objective and Outline

This thesis presents an experimental study on the parallel plate plasma deposition of µcSi:H carried out at the Forschungszentrum Jülich in close collaboration with the Eindhoven
University of Technology and financially supported by Helianthos BV. The objective of the
work was to develop suitable diagnostics for real-time monitoring and control of the plasma
deposition process of µc-Si:H as well as to use these diagnostics to explore and understand
the physical limits of the HPD deposition regime.
A limit of the HPD regime becomes evident when developing high rate deposition processes, as a trend of decreasing solar cell performance for increasing RF power during
deposition is generally experienced. A plausible explanation from the literature is that an
increased ion bombardment at elevated RF power causes the defects in the growing film
[25, 41], although no direct measurements have supported this explanation yet. This thesis
considers a novel additional effect: the high RF power dissipated in the plasma could lead
to significant and detrimental plasma-induced substrate heating.
Another limit of the HPD regime is enclosed in the required high dilution with H2 . A
plausible explanation from the literature is that the H2 dilution is needed for sufficient
crystallization of the µc-Si:H [25]. However, some pioneering studies demonstrated that
sufficiently crystallized µc-Si:H can be deposited without the admixture of H2 [53–55].
The general idea in these studies is that H2 can be created upon the depletion of the SiH4
according to the general depletion reaction
SiH4 (g) → Si(s) + 2H2 (g).

(1.1)

This thesis presents a detailed study on the role of the depletion reaction of Eq. (1.1) in
the HPD regime and investigates whether the alternative of deposition without H2 dilution
can be used for the preparation of µc-Si:H solar cells with a state-of-the-art solar energy
conversion efficiency.
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An unsolved aspect of µc-Si:H growth is the occurrence of a gradual change in structural
composition of the film as the growth process evolves. This structure evolution has been
found to occur in the deposition of µc-Si:H films [27, 28] and solar cells [41]. Proposed
mechanisms by which structure evolution takes place are build-up of stress in the film [56]
or expansion of microcrystals through local epitaxy [28, 57]. This thesis considers the novel
additional effect that the structure evolution may partly be caused by drifts in the plasma
properties. The possibility of influencing structure evolution through plasma process control and the potential of obtaining novel materials for advanced solar cell performance is
investigated.
The last topic looked into is how the substrate type affects solar cell and material properties. Although glass functions reasonably well as transparent and relatively low-cost
substrate, flexible substrate technology receives an increasing attention for lowering production costs as deduced from the efforts of companies like UniSolar (USA), VHF Technologies (Switzerland), Helianthos (The Netherlands) and Fuji Electric (Japan) to develop
roll-to-roll production of solar cells on flexible substrate foils. This thesis investigates the
transfer of deposition processes developed for glass to foil and explores which new aspects
should be considered in µc-Si:H growth on these flexible foil substrates.
The diagnostics developed to investigate these research questions will be presented in
the next section, followed by a summary of the key results. The chapter concludes by
discussing an updated qualitative view on deposition in the HPD regime and by drawing
the overall conclusions. Chapters 2 to 8 present more detailed information on the separate
investigations in the form of scientific papers.

1.2

Diagnostics

The experiments were performed in parallel plate plasma reactors of the type schematically shown in Fig. 1.4. Deposition was performed using the industrial standard of 13.56
MHz excitation frequency and SiH4 + H2 process gases. Substrates of 10×10 cm2 were
processed. Typical deposition conditions were a pressure of 10 Torr (13 hPa), a heater
temperature of 200 ◦ C, an electrode gap of 1 cm, an RF power density of 0.5 W cm−2 and
an SiH4 flow density of 0.03 sccm cm−2 . A typical deposition rate was 5 Å s−1 .
The structure of the deposited material was analyzed using the techniques of Raman scattering and transmission electron microscopy. Additional depth-profiled information on
the structure evolution was obtained using the two relatively new techniques of selected
area electron diffraction [58] and depth-profiled Raman spectroscopy [41] that were both
developed at the Forschungszentrum Jülich in preceding work. The deposited intrinsic
µc-Si:H was tested as absorber layer in single and tandem junction solar cells and modules.
Textured ZnO:Al [19, 59] was used as standard TCO. The solar cells were characterized
using dark and illuminated current-voltage measurements and external quantum efficiency

1.2. Diagnostics

9

Figure 1.4: The deposition setup and installed process diagnostics.

measurements. More than a mere demonstration of the performance of the eventual application, the solar cells were regarded as a reliable and extremely sensitive diagnostic of the
intrinsic µc-Si:H material properties.
Among the applied process diagnostics were a pyrometer, an optical spectrometer, a mass
spectrometer and a voltage probe. The pyrometer was installed to record the emission of
the substrate in the infrared (5.14 µm). In order to obtain free optical access to the substrate a small hole of 5 mm in diameter was drilled through the back plate of the substrate
holder. Judging from the local material properties and deposition rate the hole did not
significantly perturb the electric field in the plasma as long as ZnO:Al coated glass was
used as a substrate. A calibration procedure correlated the recorded infrared emission to
the substrate temperature.
The optical spectrometer was installed to record the emission of the plasma in the visible
wavelength range. The light was coupled into the spectrometer via a combination of
mirrors and wide angle lenses to maximize the collected light intensity. The slit width and
grating constant were chosen to obtain a spectral resolution of 0.1-0.2 nm. The chargecoupled device (CCD) camera was cooled to -50 ◦ C to minimize the signal noise. The
wavelength span that could be recorded in one shot was 40 nm. Figure 1.5 presents a
typical emission spectrum. The combination of a multitude of atomic lines, molecular
bands and the continuum emission makes optical emission spectroscopy on the SiH4 + H2
deposition plasma a highly versatile diagnostic with many opportunities for quantitative
analysis. Specifically considered in this work were the Si (3p2 1S-4s1 P0 ) line at 390 nm, the
3 −
SiH (X2 Π - A2 ∆) band around 414 nm, the H2 (2s3 Σ+
g -3p Πu ) ”Fulcher” band around 620
nm and the H (2-n) ”Balmer” series at 656 nm (Hα, n=3), 486 nm (Hβ, n=4), 434 nm
(Hγ, n=5), etc. The Fulcher band around 620 nm was used to determine the H2 rotational
gas temperature by constructing a Boltzmann plot of the first four lines in the (0-0), (1-1)

10

This Thesis

Figure 1.5: A typical emission spectrum of the plasma as recorded by the optical spectrometer.
The labelled wavelengths correspond to the specific atomic lines (arrows) and molecular bands
(bars) used in this work for quantitative analysis.

and (2-2) Q-branch transitions [60–62]. The SiH band around 414 nm and the Si line at
390 nm were correlated to the SiH4 density according to the electron-impact dissociative
excitation reactions [63]
SiH4 + e → SiH* + H2 + H + e, and

(1.2)

SiH4 + e → Si* + H2 + 2H + e.

(1.3)

A calibration procedure correlated the SiH and Si emission intensities to the SiH4 density.
Finally, the H Balmer series was investigated with the intended use of determining the
H2 dissociation degree of the plasma. The Balmer series was indeed recorded from Hα
(n=2) up to Hπ (n=18) and a reasonable comparison with a collisional-radiative model
was obtained [64]. However, the method turned out to be too inaccurate for the required
quantitative precision and was not used in the remainder of this thesis. Alternatives for
obtaining information on atomic hydrogen were considered instead and will be published
in a related thesis [65].
The mass spectrometer was installed to monitor the SiH4 density in the reactor. The
voltage probe was used to record the RF voltage and the time-dependent dc-bias voltage
over the electrodes. Finally, a digital photo camera (not shown in Fig. 1.4) was used to
record the spatially resolved emission intensity. In the analysis a photograph of the plasma
was transformed to greyscale mode and the pixel brightness was used as measure for the
emission intensity.

1.3. Key Results

1.3
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An unsolved problem limiting high rate deposition is that the deposited solar cells show
a trend of decreasing solar energy conversion efficiency for increasing RF power applied
during deposition. Chapter 2 investigates the hypothesis that a high RF power dissipated
in the plasma could lead to significant and detrimental plasma-induced substrate heating. The substrate temperature was monitored by the pyrometer and the rotational gas
temperature by the optical spectrometer. Plasma-induced substrate heating of up to 80
◦
C in 30 minutes was observed for an RF power density of 1.3 W cm−2 . The time scale
for this heating did not depend on the operating conditions. The relative total substrate
temperature increase was found to depend linearly on the applied RF power divided by the
heater power. It is expected that this linear relation can be used to predict the magnitude
of plasma-induced substrate heating in a wider range of deposition reactors and operating
conditions. An investigation into the effect of the substrate temperature on material and
solar cell properties yielded an optimum substrate temperature of 200 ◦ C. For higher substrate temperature, the crystalline volume fraction of the film and the open-circuit voltage
of the solar cell simultaneously decreased. On the basis of this result it is expected that
because of plasma-induced substrate heating the efficiency of solar cells deposited at 11 Å
s−1 is decreased with 1-2% absolute. The conclusion was drawn that in order for higher
rate growth to become successful, active substrate temperature control should be incorporated into the design of deposition reactors. The importance of such an active substrate
temperature control was simultaneously recognized by researchers at the Mitsubishi Heavy
Industries Corp. (Japan), who developed and installed it to obtain a 20 Å s−1 deposition
process for industrial solar cell production [66].
The high H2 dilution required for deposition in the HPD regime is of concern to cost price
reductions because the high total gas flow is accompanied by high source gas costs, tough
specifications on the gas supply design and a large required pumping capacity. Chapters
3-5 report on the exploration of a novel deposition regime without admixture of H2 . In
the investigation the depletion reaction of Eq. (1.1) was monitored using the optical spectrometer and mass spectrometer. The new insight was gained that the depletion of the
SiH4 evolves transiently through diffusion of SiH4 from the surrounding reactor volume
back into the plasma. A self-consistent analytical model was developed that is based on
a lumped particle balance for a processing region and reactor volume that are coupled via
a directive feed gas flow and diffusive transport. Among others, the model indicated that
the transient depletion is particularly vile under conditions of low H2 flow because there
the steady-state depletion is highest due to the long gas residence time. A novel procedure
of tailored initial SiH4 density was developed by which the transient SiH4 depletion could
be prevented. A thorough investigation into film and solar cell properties learned that the
mechanism by which a decreased H2 dilution in the HPD regime leads to a decreased solar
cell performance is the transient SiH4 depletion that induces the formation of a 10-100 nm
thick amorphous incubation layer. Applying the developed procedure of tailored initial
SiH4 density, this transient depletion induced incubation layer did not form and solar cells
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with a state-of-the-art solar energy conversion efficiency could be deposited without the
admixture of H2 during deposition. The newly developed deposition regime decreased the
needed total flow by about a factor 200 and the needed SiH4 flow by about a factor 2.
Structure evolution, i.e. a gradient of crystalline volume fraction along the growth axis
in the deposited film, interferes with the objective of realizing the best possible material
quality in the film. Chapter 6 investigates the hypothesis that the structure evolution
is partly caused by drifts in the deposition process conditions. Indeed, in the optimized
HPD regime four sources of process drifts were identified; powder formation (visible from
diminishing dc-bias and changing spatial emission profile on a timescale of 100 s), transient
SiH4 depletion (visible from a decreasing SiH emission intensity on a timescale of 102 s),
plasma-induced substrate heating (visible from an increasing substrate temperature on a
time scale of 103 s) and a still unresolved long-term drift (visible from a decreasing SiH
emission intensity on a time scale of 104 s). A first attempt to process control was developed
using profiling of the SiH4 flow. To investigate the structure evolution in the deposited
films and solar cells, the relatively new techniques of depth-profiled Raman spectroscopy
and selected area transmission electron diffraction analysis were applied. Both techniques
were able to measure the structure evolution, although both spatial and structural accuracy should be improved for a more successful quantitative analysis. Structure evolution
could not be detected in depositions involving the controlled SiH4 profiling. Control over
the structure evolution gives access to narrower process windows that are expected to become increasingly important as the technological development on microcrystalline silicon
deposition advances.
An example of such a narrow process window is the deposition of microcrystalline silicon close to the transition to amorphous silicon. In this regime a variation of less than
10% in SiH4 flow can tune the crystalline volume fraction to values between 0% and 60%.
Chapter 7 investigates the use of process control to enhance the material quality and solar
cell performance. Applying controlled SiH4 profiling in combination with a novel hot-wire
deposited buffer layer (analogous to Ref. [40]), µc-Si:H solar cells were prepared with an
unusually low crystalline volume fraction of 30% and an open-circuit voltage breaking the
600 mV barrier. This open-circuit voltage lies well above the state-of-the-art for plasma
deposition of ∼530 mV [14, 19, 20, 25, 41] and well above the previous highest reported
value of ∼580 mV obtained by hot wire deposition [67]. The corresponding efficiency for
the 1×1 cm2 single junction solar cell with 1.1 µm µc-Si:H i-layer thickness was 9.8%.
Flexible substrate foils inhibit inherent advantages regarding cost reductions through the
possibilities of roll-to-roll production and direct integration in building materials like roof
tiles. Chapter 8 explores the deposition of µc-Si:H based solar modules on flexible substrate
foils. The solar modules were prepared in the p-i-n sequence on an aluminum foil that is
removed by a wet-chemical etching process after deposition. In this development, the
processes for TCO deposition, wet chemical etching and module series connection were
developed by the Helianthos Corp. (The Netherlands) [68]. Although the a-Si:H modules
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performed well on the flexible substrates, the prepared µc-Si:H modules showed a poor
open-circuit voltage and fill factor. A poor deposition uniformity due to foil bending during
growth was identified and solved by adjusting the deposition regime. A reduction of the
TCO by the H2 -rich deposition plasma was identified and solved by a protective coating on
the TCO. The sensitivity of µc-Si:H growth to the sharpness of the TCO morphology was
identified and elegantly solved by preparing a-Si:H / µc-Si:H tandem structures, for which
it was established that the morphology on which the µc-Si:H bottom cell is grown is mostly
determined by the a-Si:H top cell rather than the TCO. Initial aperture area efficiencies of
3.9%, 8.2% and 9.4% were obtained for fully encapsulated µc-Si:H single junction, a-Si:H
single junction and a-Si:H / µc-Si:H tandem junction modules, respectively. This is the
first report on successful flexible tandem modules in the p-i-n sequence and the solar energy
conversion efficiency shows a comparably good promise as compared to the n-i-p concepts
pursued by others [69–71].

1.4

Discussion

It was demonstrated that the transient depletion may induce the deposition of an additional
initial amorphous film and that the structure evolution within µc-Si:H films is influenced
by plasma process drifts. Despite these new insights, the formation of the amorphous
incubation layer and the occurrence of structure evolution are still far from completely
understood. The transient depletion cannot explain the formation of an amorphous incubation layer under conditions of high H2 dilution. Likewise, the process drifts cannot
explain the substrate dependence of the structure evolution nor the time and thickness
scale on which the the structure evolution takes place. A view on this matter could be
that there is some intrinsic incubation effect that adds up to the transient depletion induced
incubation layer and process drift induced structure evolution to give the full picture on
the incubation and evolution of a µc-Si:H film. The insights gained in this work are a step
towards this full understanding of µc-Si:H nucleation and growth as they partly unravel
the growth process in plasma-induced effects versus growth- or material-induced effects.
On the basis of the experimental results, the qualitative view on the role of the various
process parameters in the deposition of µc-Si:H in the HPD regime can be updated and
expanded. The updated view is based on the hypothesis that the equilibrium crystalline
volume fraction (i.e. after the incubation and structure evolution phase has taken place)
of the deposited film is determined by the H flux per grown monolayer of silicon.
The H2 flow hardly affects the steady-state H2 density in the plasma; even without H2 admixture the plasma consists for >95% of H2 because of the SiH4 depletion. Therefore, the
H2 flow cannot significantly influence the H flux used in film crystallization. Instead, the H2
flow primarily affects the SiH4 depletion processes through its influence on the gas residence
time. For high H2 flow and short gas residence time the SiH4 depletion is relatively weak,
causing the transient depletion induced incubation layer to be thin and the gas utilization
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and deposition rate to be low. This condition of a low deposition rate at unaffected H flux
corresponds to a high crystalline volume fraction. In contrast, for low H2 flow and long gas
residence time the SiH4 depletion is relatively strong leading to a thick transient depletion
induced incubation layer and high gas utilization and deposition rate. This condition of
a high deposition rate at unaffected H flux corresponds to a low crystalline volume fraction.
The SiH4 flow influences the deposition rate linearly as long as the gas residence time and
corresponding gas utilization efficiency are not significantly affected. The H flux remains
mostly unaffected by the SiH4 flow since in the µc-Si:H depositing HPD regime the plasma
consists for >95% of H2 regardless of the applied flows. This makes the SiH4 flow the ideal
parameter to tune the crystalline volume fraction of the deposited film. Additionally, the
SiH4 flow can be used to prevent the formation of the transient depletion induced incubation layer and the occurrence of structure evolution by the procedures of tailored initial
SiH4 density and controlled SiH4 profiling, respectively.
The RF power influences the dissociation degree, the time-dependent substrate temperature, and the ion bombardment. For increasing RF power the H2 dissociation degree and
consequently the H flux increases. The deposition rate is less affected by the RF power
because the SiH4 depletion is already >50% even in conditions of relatively high H2 flow
and/or low RF power. The marginally increasing deposition rate at strongly increasing H
flux leads to films with higher crystalline volume fraction for increasing RF power. The RF
power influences the substrate temperature stability via plasma-induced substrate heating.
Finally, an increasing RF power presumably leads to an intensified ion bombardment at
elevated ion energy, with presumably a detrimental effect on the deposited film.
The substrate temperature should be 200 ◦ C for optimal solar cell conversion efficiency.
The exact role of the substrate temperature in the deposition process remains unresolved.
An increase of the substrate temperature has been reported in the literature to lead to an
increase as well as to a decrease in the deposition rate, and to a corresponding decrease as
well as to an increase in the crystalline volume fraction of the deposited films, respectively.
Other process parameters like pressure, electrode gap, excitation frequency, and electrode
area still need to be investigated in quantitative future research. The current view is that a
high pressure reduces high energy ion bombardment, the electrode gap should be adjusted
in accordance with the pressure in order to keep their product constant, a high excitation
frequency reduces ion energy but leads to an inhomogeneous deposition particularly at
large electrode area, and an increase in electrode area requires a scale-up of the gas flow
and power and a scale-down of the excitation frequency.
From this qualitative view on µc-Si:H deposition in the HPD regime, new guidelines for
obtaining a high rate deposition process with efficient gas utilization can be distilled. A
high rate µc-Si:H deposition condition needs to have both a high H flux and a high deposition rate. The high deposition rate can be reached by increasing the SiH4 flow. The high
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H flux can be reached by increasing the RF power. Problems regarding high energy ion
bombardment and plasma-induced substrate heating need to be solved in order to realize
good material quality for films deposited at high RF power. The H2 flow should be as low
as possible to realize a high source gas utilization efficiency. The procedures of tailored
initial SiH4 density and controlled SiH4 profiling should be applied in order to allow the
H2 flow to be switched off during deposition.

1.5

Conclusions

In order to fully exploit the ability of plasma processing to realize precisely defined material properties, material structure or morphology, it is essential to monitor and actively
control the plasma properties as they may drift outside the required process window during the process. In particular, the temperature needs to be controlled due to the heat
dissipation in the plasma. The drift in temperature can be described using the dissipated
power and a characteristic time constant. The gas composition needs to be controlled
due to consumption and creation of certain gas species in irreversible surface reactions
like growth or etching. The drift in gas composition evolves through diffusive transport
between the processing region and the surrounding reactor volume and can be described
self-consistently by a zero dimensional analytical model involving characteristic time scales
for gas residence, depletion and diffusion.
Process drifts are especially important to the parallel plate plasma deposition of microcrystalline silicon because of the narrow process window close to the abrupt transition to
amorphous silicon growth. The mentioned temperature and gas composition drifts influence the nucleation of and structure evolution within the microcrystalline silicon film. The
amorphous incubation layer in particular is strongly influenced by the transient depletion
of SiH4 . This transient depletion can be prevented by a procedure using a time-dependent
SiH4 flow. This attempt to process control allows to grow microcrystalline silicon in novel
deposition regimes of very small process windows, pushing the experimentally obtainable
limits of material quality, deposition rate and gas utilization.
A new insight regarding the deposition process is that state-of-the-art microcrystalline
silicon solar cells can be deposited without dilution of the SiH4 process gas in H2 . Furthermore, it was established that material with an unusually low crystalline volume fraction
of ∼30% can be used in microcrystalline silicon solar cells and shows superb electronic
properties demonstrated by the unsurpassed high open-circuit voltage of 603 mV at a solar
energy conversion efficiency of 9.8%. A transfer of the deposition process on glass to a
more cost-effective process on flexible foil learned that the surface morphology-dependence
of µc-Si:H growth leads to different behavior between µc-Si:H solar cells grown as single
junction or as bottom cell in a tandem junction. The development additionally yielded
a first demonstration of flexible amorphous silicon / microcrystalline silicon p-i-n tandem
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modules, which showed a solar energy conversion efficiency of up to 9.4%.
To conclude: by investigating the processes occurring beyond the glass windows of a microcrystalline silicon deposition reactor and by considering alternatives beyond the typically
used glass substrates a deeper understanding of the microcrystalline silicon deposition process was gained and a step towards the realization of cost-effective thin film silicon solar
cells was made.
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This Thesis

Chapter 2
Plasma-Induced Substrate Heating
Abstract
A 13.56 MHz parallel plate hydrogen-diluted silane plasma, operated at high pressure
and high power, was used to deposit microcrystalline silicon solar cells with efficiencies
of 6-9% at high deposition rates of 0.4-1.2 nm/s. In this regime new challenges arise
regarding temperature control, since the high plasma power causes the substrate to heat up
significantly during film deposition. We investigated this effect of plasma-induced substrate
heating experimentally by means of pyrometric substrate temperature measurements and
spectroscopic gas temperature measurements. The substrate temperature was observed to
increase by up to 100 K during film deposition, depending on power density and deposition
time. Performance of deposited solar cells decreased whenever the plasma induced heating
caused a drift outside the ideal temperature window, of around 475 K (∼ 200 ◦ C). Further
analysis related this decrease in performance to the substrate temperature’s influence on
film crystallinity and open circuit voltage.

2.1

Introduction

In view of the need for a cost-effective mass production of µc-Si:H based solar cells, it is
essential to develop a technique capable of producing device quality material on large area
substrates with high deposition rates. Previous research at the IPV [1, 2] and elsewhere
[3] showed that these demands could be fulfilled by conventional 13.56 MHz parallel plate
capacitively coupled plasma deposition, as long as the plasma is operated at relatively
high pressure (∼10 hPa), high power (∼0.5 W/cm2 ) and high dilution in hydrogen (silane
concentration ∼1%).
This chapter was presented at the 2005 E-MRS Spring Meeting, Straßbourg, and published as M.N.
van den Donker, R. Schmitz, W. Appenzeller, B. Rech, W.M.M. Kessels and M.C.M. van de Sanden, The
role of plasma induced substrate heating during high rate deposition of microcrystalline silicon solar cells,
Thin Solid Films 511-512 (2006) 562-566, DOI:10.1016/j.tsf.2005.12.167
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Applying these conditions one encounters a new problem: the high powers coupled into
the plasma start to substantially heat up the substrate. This problem was speculated
upon before [2]. Furthermore, recently reported measurements showed that under certain
high power conditions the substrate holder temperature could increase by more than 100
K during film deposition [4]. The relevance of the problem is illustrated by the fact that
the high power conditions are now commonly being applied, and up-scaling of reactors and
processes to m2 size is ongoing, as is discussed in a related paper [5]. These arguments
motivated us to investigate this plasma-induced substrate heating more in detail.
In this matter one has to realize that performing substrate temperature measurements during solar cell deposition is not trivial: thermal contact is generally hard to realize because
of the vacuum environment and the substrate handling, and infrared emission is influenced
by the changing surface emissivity during deposition. Therefore, we developed a special
approach to the optical temperature measurement technique, where infrared radiation from
the glass substrate is monitored from behind the substrate through a hole in the substrate
holder. The analysis is complemented by a spectroscopic gas temperature measurement
technique. Making use of these measurement techniques, we conduct a systematic study
of the plasma-induced substrate heating and its effect on solar cell performance.

2.2

Experimental

For the deposition of intrinsic µc-Si:H layers we used a parallel plate capacitively coupled
plasma reactor, as is schematically drawn in Fig. 2.1. The plasma was ignited between two
electrodes, 150 cm2 in area and 1.0 cm apart, using an adjustable rf power Prf supplied by
a 1000W 13.56 MHz Dressler rf generator. A resistive heater, with adjustable power Phtr of
up to 1000W, was used to elevate the system to the desired temperature. The temperature
Thtr , monitored using a thermocouple mounted in the heater chassis, was used as feedback
in the PID heater control loop. We used two different deposition conditions, referred to as
the ”standard” and the ”high rate” condition. Both conditions used a heater temperature
of 475 K (∼200 ◦ C), a pressure of 13.3 hPa, and a total flow of ∼3.7×10−8 mol/s (500
sccm). The ”standard” condition applied a power of 60 W and a dilution of 0.6% silane in
hydrogen. The deposition rate was about 0.5 nm/s in this case. The ”high-rate” condition
applied a power of 200 W and a dilution of 1.3% silane in hydrogen. In this case, the
deposition rate was about 1.1 nm/s. The silane dilutions were optimized with respect to
the transition of microcrystalline to amorphous growth [6] at 475 K. In the ”standard”
series, an extra deposition at 400 K and 60 W was carried out using an increased dilution
of 0.7% silane in hydrogen.
Additionally, Fig. 2.1 shows how the substrate temperature Tsub was optically measured.
An Impac IN 5/5 pyrometer, monitoring infrared light at a wavelength of 5.14 µm, was
mounted on top of the vacuum chamber. The glass was exposed to the pyrometer through
a hole drilled in the heater chassis and a hole drilled in the back plate of the substrate
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Figure 2.1: The reactor layout. The pyrometer collected infrared light originating from the
substrate. The resistive heater was elevated to a temperature Thtr measured by a thermocouple.
The plasma was ignited between the substrate and the rf electrode by supplying the rf power Prf .
Gases entered the chamber via the gas inlet and were supplied to the plasma via a showerhead
design. The plasma’s optical emission was monitored through a window on the side of the chamber
by means of a spectrometer equipped with a CCD camera.

holder. Because for light in this wavelength range the absorption length in glass (∼0.3
mm) is slightly smaller than the thickness of the substrate (0.7 mm), the measured signal
should be considered an average value of the glass substrate with negligible influence of
the ZnO coating and deposited silicon film on the front side. We carefully calibrated the
pyrometer in the temperature range of 340-550 K, yielding a root mean square accuracy
of 3 K.
The equipment for performing optical emission spectroscopy is also depicted in Fig. 2.1.
Using a combination of mirrors and lenses the plasma was imaged onto the entrance slit
of an Oriel MS257 spectrometer equipped with a 2400 l/mm grating blazed at 500 nm,
and an air cooled Andor DU420-OE CCD camera. We operated the camera in full vertical
binning mode and applied integration times between 5 and 60 seconds. Figure 2.2 shows
an example of the measured (2-2) Q-branch transition in the Fulcher band. Because of the
small wavelength span of only 5 nm, no correction for spectral response of the system was
necessary. We followed a standard procedure [7–10] to determine the rotational temperature from the relative intensities of the designated peaks, using the appropriate molecular
constants for the involved excited hydrogen states [11]. The accuracy in the temperature
determination procedure is expected to be about 10% at best [8]. The absolute value of
the rotational temperature should thus not be over-interpreted. However, we regard the
relative increase or decrease of the rotational temperature in time to give a good indication
of the actual behavior of the gas temperature.
Deposited layers were analyzed in a p-i-n solar cell structure. ZnO:Al coated glass [5, 12]
served as a substrate. The p-type doped, intrinsic, and n-type doped silicon layers were
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Figure 2.2: A typical recorded spectrum around the H2 Fulcher (2-2) transition. The measured
spectrum is represented by dots connected by a solid line. The five considered transitions are
indicated separately by open triangles, and a name tag is written next to them.

deposited in a multi-chamber diode-type PECVD reactor (the same as used in Refs. [1,
2]), of which the i-chamber is depicted in Fig. 2.1. A sputtered ZnO/Ag back reflector
served as the back contact and defined the solar cell area of 1 cm2 . Solar cell performance
was characterized by illuminated current-voltage measurements using a class A double 2
source solar simulator. Raman spectroscopy was performed on a specific position on the
”standard” condition deposited solar cells, after etching off the n-layer with potassium
hydroxide. Excitation was carried out using 647 nm laser light with an expected probing
depth of about 1 µm. The ratio of the crystalline to the amorphous contribution was used
as measure for the film crystallinity [13]. The layer thickness was measured by a step
profiler. It was kept between 1.3 and 1.7 µm, since it is known that solar cell properties
change only little within this interval [6].

2.3

Results

Figure 2.3 shows the temperature development of gas (T gas ), substrate (T sub ) and heater
(Thtr ) during a film deposition applying Thtr = 420 K and Prf = 200 W for a period of 1800
s. This time period is typical for deposition of a 1.5 µm film. The figure shows that as soon
as the plasma was ignited a quick increase of the gas temperature took place, followed by
a slower substrate temperature increase.
For longer deposition times t → ∞, the substrate temperature will saturate at some point.
The saturated substrate temperature increase, denoted by 4T , was determined by extrapolating the recorded temperature profiles, in a way that is discussed in Section 2.4. Figure
2.4 shows that within the studied parameter range there exists a linear relation with a
slope of 0.36 ± 0.01 between the dimensionless plasma power Prf /Phtr and the dimension-
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Figure 2.3: The monitored gas (open triangles), substrate (open circles) and heater (solid squares)
temperature evolution during 1800 s of plasma deposition at 200 W.

less temperature increase ∆T /(T0 − Tenv ). Here, we defined the environment temperature
as Tenv = 280 K, which corresponded to the temperature of the water-cooled pyrometer
attached to the reactor. The heater power Prf was determined after thermal stabilization
for at least 30 minutes with the process gases running and the plasma switched off. The
linear relation of Fig. 2.4 can be used as rule-of-thumb to estimate the magnitude of the
plasma-induced substrate heating for a given heater temperature and RF power. This is
further discussed in Section 2.4.
A deposition series was carried out to investigate the effect of i-layer deposition temperature
on solar cell performance. In this deposition series i-layers were grown at the ”standard”
condition and at the ”high rate” condition. The deposited solar cell structures are thoroughly analyzed using the techniques described in Section 2.2. Some of the measured
quantities are shown in Fig. 2.5. In each figure, the temperature development during
deposition is represented by the horizontal bars, while the data point itself is placed at the
time-averaged substrate temperature. The deposition rate as a function of the substrate
temperature is shown for both conditions in Fig. 2.5(a). A linear relation is observed that
crosses 0 nm/s at around 0 K.
Figure 2.5(b) shows the i-layer crystallinity as function of deposition temperature for the
”standard” condition. This figure shows that layer crystallinity decreased monotonously
with substrate temperature. Furthermore, it shows that at the deposition carried out at
400 K using an increased silane flow, the crystallinity was successfully re-optimized to the
optimal value of 0.6. The inset in this figure shows the sample that was deposited at
600 K substrate temperature, to illustrate the inhomogeneous way in which the material
transition takes place.
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Figure 2.4: The dimensionless increase of the substrate temperature against the dimensionless
applied rf power. The solid line is a linear fit to the data points.

Figure 2.5(c) shows the open circuit voltage Voc of the best cell on the sample, obtained
under AM 1.5 measurement in the solar simulator. The figure shows that for the ”standard” condition the highest Voc is obtained around 475 K. For temperatures below 475 K,
a high Voc could still be obtained, as is shown by the deposition carried out at increased
silane flow (grey filled circle). However, for temperatures above 475 K, the Voc decreased
notwithstanding the lower film crystallinity, indicating poor material quality. In the ”high
rate” series, results were somewhat less reproducible. In general, the Voc of ”high rate”
cells decreased with substrate temperature.
Figure 2.5(d) shows the solar cell efficiency as it is obtained from the solar simulator
measurements. The presented efficiency refers to the best microcrystalline silicon 1×1 cm2
solar cell on each substrate, the microcrystalline type thereby judged from the voltage lower
than 550 mV and current higher than 20 mA/cm2 . In the figure a temperature process
window is indicated in which the best solar cells at the ”standard” condition were grown.
The best ”high rate” cells fit in the same process window, indicating that this optimum
temperature is generic.

2.4

Discussion

The temperature difference between substrate and gas, shown in Fig. 2.3, is fixed at a value
of 50-100 K from about 30 s after plasma ignition and onwards. A tentative explanation
for this temperature difference can be given by considering a certain heat flow from the
center of the plasma towards both electrodes, via two parallel slices of hydrogen, 150 m2 in
cross section and 0.5 cm in length. Using the hydrogen thermal conductivity of 0.2 W/mK
and a power coupling efficiency of 50% [15], we compute a difference of 80 K. This estimation only takes into account the heat conduction, and leaves out possible contributions of
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Figure 2.5: Temperature dependent solar cell deposition series, showing sample properties (a)
deposition rate rd , (b) Raman crystallinity IcRS , and best-cell properties (c) open circuit voltage
Voc , and (d) solar energy conversion efficiency η. In each figure, the ”standard” series is given
by filled circles and the ”high rate” series by open circles. The grey filled circle represents a
”standard” condition deposited at higher silane flow. The inset in figure (b) shows a digital
camera picture of the sample deposited at 600 K, in which the center had become amorphous but
the edges were still microcrystalline. All solid lines are a guide to the eye.
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e.g. convection, radiation, ion bombardment, atomic hydrogen recombination. However,
a more detailed simulation on heat dissipation and transport from literature finds similar
temperature differences [16].
Next, we discuss the time dependent increase of the substrate temperature. The data
points of Fig. 2.3 can be fitted within 0.5 K root-mean-square deviation using two heat
capacities that are filled in parallel by the plasma power, according to
Tsub = T0 + ∆T (1 −

1
1
exp[−t/τ1 ] − exp[−t/τ2 ]),
2
2

(2.1)

where we used the characteristic time scales τ1 = 210 s and τ2 = 2700 s. The fast heat
capacity represents the substrate and substrate holder, while the slow one represents the
rest of the setup, including heater chassis, rf electrode and vacuum vessel. We used equation (2.1) as empirical fit to calculate ∆T , which apparently is possible with good accuracy.
The linear relation of Fig. 2.4 means that an increase of the total heat supplied to the
substrate from Phtr to Phtr + Prf , leads to a proportional substrate temperature increase
from (T0 − Tenv ) to (T0 − Tenv ) + ∆T . The exact slope of the empirical relation may be
determined by several factors such as the power coupling efficiency, the PID control loop
decreasing Phtr during deposition in order to keep Thtr constant, and the growing importance of the radiative heat transport component with increasing substrate temperature.
Because of this PID control loop we determined Phtr before plasma ignition; after plasma
ignition Phtr is no longer constant and it is thus not well-defined. We expect these effects
to have a similar relative importance on other reactors. The rule-of-thumb giving the relative substrate temperature increase as 0.33 × Prf /Phtr should thus be applicable to other
parallel plate plasma reactors as well.
Figure 2.5 allows a comparison of the ”standard” and the ”high rate” deposition series.
The deposition rate is shown in Fig. 2.5(a). There is no conclusive picture about this in
literature; Our linearly increasing relation is consistent with experiments of Hamers et al.
[17] and Vetterl [18] but inconsistent with experiments of Matsuda [19]. The deposition rate
increase may for example be related to an enhanced (surface-) diffusion [19] or a changing
surface composition in terms of bonded hydrogen and dangling bonds [20], leading to an
increased sticking probability [17]. Also, the flux of growth precursors may be influenced
by e.g. changing gas density or changing diffusion constant with temperature. In any case,
the measurements indicate that the gradual increase of substrate temperature might lead
to a continuously increasing deposition rate in time during deposition.
Figure 2.5(b) shows the i-layer crystallinity. Again, there is no conclusive picture about
this in literature. Our observation is inconsistent with Matsuda’s experiments [19] but
consistent with experiments of Ray et al. [21]. Because of the plasma-induced heating, the
typical deposition starts at low substrate temperature, favoring highly crystalline growth,
and ends at high substrate temperature, favoring more amorphous growth. This means
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that deposition conditions with respect to the phase transition are not constant, possibly
leading to a crystallinity gradient within the i-layer. This gradient would be particularly
large for the ”high rate” condition because in that case the substrate temperature gradient
during deposition is the highest. The drop of Voc for temperatures above 475 K, shown in
Fig. 2.5(c), may be related to a deterioration of the p-i interface, as has previously been
reported for a-Si:H solar cells [22]. It might also be related to an increase in defect density
of the i-layer material [19, 23]. In either case, the plasma induced heating clearly prevents
achievement of the best possible Voc .
From the above it follows that plasma induced heating is a significant issue. Via the temperature’s influence on the film crystallinity and open circuit voltage, the non-constant
temperature leads to a non-ideal deposition condition that hinders or prevents successful
high-rate deposition of device-quality material. Regarding the effect of temperature on
crystallinity, a solution could be to adopt a different silane flow at each substrate temperature. However, a better solution is to equip the deposition reactor with an active substrate
temperature control, involving both heating and cooling.

2.5

Conclusions

A non-invasive technique for optical measurement of the substrate temperature was installed in a parallel plate PECVD reactor. The technique allowed the substrate temperature measurement during film deposition within a root-mean-square statistical error of 3
K. The technique was applied to microcrystalline silicon solar cell deposition to investigate
possible heating of the substrate during deposition. Spectroscopic gas temperature measurements were carried out to independently confirm this plasma induced heating effect.
During typical deposition at 0.5 nm/s the substrate heats up by 25 K. However, when the
deposition regime is adjusted to a rate of 1.1 nm/s the substrate heats up by 80 K, which
severely hinders material quality and solar cell performance optimization. A simple ruleof-thumb is derived that estimates the substrate temperature increase for a given heater
power and rf power. This rule-of-thumb is expected to be applicable to a wider range of
reactors.
The temperature increase during deposition leads to non-constant growth conditions, due
to the substrate temperature’s effect on deposition rate, film crystallinity and open circuit
voltage. Consequently, the solar cell performance of cells deposited at high rates, expressed
by the solar energy conversion efficiency, is hindered by the plasma induced heating.
On the basis of these results, it becomes clear that plasma reactor design should be adjusted
to allow a better substrate temperature control in order to be able to deposit efficient
microcrystalline silicon solar cells at high deposition rates.
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Chapter 3
Deposition from Pure SiH4
Abstract
A time-resolved optical emission spectroscopic study identified transient behavior of the
excited SiH emission in a parallel plate SiH4 /H2 plasma. The transient behavior could be
prevented by filling the background gas with H2 prior to plasma ignition. Applying this
condition, state-of-the-art microcrystalline silicon (µc-Si:H) could be deposited irrespective
of the applied H2 flow, ultimately demonstrated by a 9.5% efficient solar cell deposited from
pure SiH4 . The results are discussed in terms of SiH4 back diffusion: an initial diffusion
flux of SiH4 from the reactor’s dead volume back into the plasma.

Letter
Plasma deposition of the intrinsic microcrystalline silicon (µc-Si:H) film is a key process
in the fabrication of highly efficient thin-film silicon solar cells. High quality µc-Si:H is deposited in a narrow regime close to the phase transition to amorphous growth [1] generally
tuned by the feed gas dilution ratio R = [H2 ]/[SiH4 ] [1–5]. Commonly applied dilution ratios range between approximately 10 and 300. These high values reflect the important role
of H in the growth process [6]. Nonetheless, recent studies [7, 8] revealed that it is possible
to deposit µc-Si:H at much lower R by using the H that is created upon dissociation of
SiH4 . However, solar cells prepared under these conditions showed poor performance [7].
Roschek et al. tried to solve this by grading the process flows during deposition [8], but
still could not achieve state-of-the art devices. These studies indicated that high R is an
essential prerequisite for obtaining high quality material.
In this letter, we will demonstrate that state-of-the-art µc-Si:H solar cells can be deposited
from a pure SiH4 flow. We will make plausible that the previously reported drop of perThis chapter was published as M.N. van den Donker, B. Rech, F. Finger, W.M.M. Kessels and M.C.M.
van de Sanden, Highly efficient microcrystalline silicon solar cells deposited from a pure SiH4 flow, Appl.
Phys. Lett. 87 (2005) 263503, DOI:10.1063/1.2152115
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formance at low R was in fact caused by an initial diffusion flux of SiH4 from the reactor’s
dead volume back into the plasma. Our findings are important from a fundamental point
of view, demonstrating that the common belief that a high feed gas dilution ratio R is
essential for obtaining high-quality µc-Si:H needs reinterpretation. Moreover, the newly
developed process makes ultimate effective use of the SiH4 and strongly reduces the need
for H2 as additional process gas, with obvious cost reduction promises for industry.
We conducted our study in the 13.56 MHz high pressure depletion regime, which has been
developed recently for parallel plate plasma reactors to allow deposition of high quality
material at high rates [9–11]. The reactor used for intrinsic µc-Si:H deposition, described
in more detail elsewhere [12], encompassed a showerhead electrode for gas injection, and
consisted of a volume of 11 liter, an electrode gap of 1.0 cm and an electrode area of 150
cm2 . We applied a power of 0.5 W/cm2 , a pressure of 10 Torr (1.3×103 Pa), an SiH4 flow
of up to 3.3 sccm (1.0 standard cm3 min−1 or sccm equals 7.4×10−7 mol s−1 ) and an H2
flow of up to 1000 sccm. The substrate was kept at 196 ± 12 ◦ C [12]. These parameters,
in particular the SiH4 flow, were optimized beforehand in a deposition series in order to
make sure that the conditions were close to the phase transition to amorphous growth
[1, 5, 8]. A spectrometer equipped with a CCD camera was used to measure the time
resolved emission intensities of certain spectral lines.
Figure 3.1(a) shows the recorded emission intensity at 414.3 nm, originating from SiH*
created by electron impact dissociation of SiH4 [13], during the first minute after plasma
ignition for various values of R. We also measured the emission at 390.5 nm, originating
from Si*, which showed the same behavior in all cases. One clearly observes a transient
behavior, namely the initial SiH* emission intensity is higher than the stable one. This
effect is particularly large for low R, and it occurs on a typical timescale of ∼60 s. Fig.
3.1(b) shows the time resolved optical emission intensity for a special case that will be
discussed later.
We explain the transient behavior in terms of a transformation of the gas composition, as
sketched in Fig. 3.2. Before plasma ignition [Fig. 3.2(a)] the entire reactor is filled with
the SiH4 /H2 gas mixture, whereas in the stable situation after plasma ignition [Fig. 3.2(e)]
the SiH4 is heavily depleted [8–11] and the reactor is predominantly filled with H2 . During
the transformation, the SiH4 depletion in the plasma zone [Fig. 3.2(b)] drives a diffusion
flux of SiH4 from the reactor’s dead volume back into the plasma [14] [Fig. 3.2(c)]. A
high R limits the timescale on which this SiH4 back diffusion may take place by purging
[Fig. 3.2(d)]: For the R = 0 condition at ∼2 sccm total flow we roughly estimate the gas
residence time (via gas density at room temperature × reactor volume / gas flow) to be
as long as 4×103 s. For the R = 300 condition at ∼1000 sccm total flow we estimate it to
be only 8 s. The SiH4 diffusion flux should be proportional to the initial SiH4 density, so
this effect should be largest for low R. Thus, it is our tentative view that the SiH4 back
diffusion is responsible for the initial enhancement and subsequent relaxation of the SiH*
emission.
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Figure 3.1: Recorded SiH* emission as function of time for various values of the H2 dilution ratio
R, in (a) the standard process and (b) the H2 background gas condition that prevents SiH4 back
diffusion. Data is shown for R = 0 with total flow ∼2 sccm (closed circles), R = 50 with total
flow ∼50 sccm (open circles), R = 90 with total flow ∼130 sccm (closed triangles), R = 150 with
total flow ∼360 sccm (open triangles) and R = 300 with total flow ∼1000 sccm (closed stars). In
(a), the R = 0 case could not be recorded because the plasma did not ignite.

Figure 3.2: Schematic representation of the sequence of processes that occur after plasma ignition:
(a) stable situation before plasma ignition, (b) plasma ignition and initial SiH4 depletion in the
plasma zone, (c) SiH4 back diffusion, (d) purging, (e) stable situation after plasma ignition.
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Sorokin et al [14] already discussed the effect of the SiH4 back diffusion on the dust formation process in the plasma. Since our conditions are very close to the phase transition
to amorphous growth, the SiH4 back diffusion mainly affects film crystallinity: Either the
first minute of deposition occurs on the amorphous side of the transition, or the deposition
after the first minute occurs too far inwards on the microcrystalline side of the transition.
Both cases lead to poor film quality: the former because of thick amorphous incubation
layers [4, 7] and the latter because of the too high crystallinity [1].
A background gas consisting predominantly of H2 would prevent the SiH4 back diffusion
from happening. We realized this experimentally by first filling the entire reactor with H2 .
Then, after flushing the reactor for a short time period with the process flows of dilution
R, the plasma was ignited. The flushing time was crucial to this method. If it was too
short, a pure H2 plasma would be ignited. In this case the SiH* emission would gradually
increase to its stable value. If it was too long, the SiH4 back diffusion process would be
observed again to some degree. The time resolved optical emission spectroscopy was used
in this matter as process control tool to determine the correct flushing times: using values
varying from 2 s at R = 300 to 30 s at R = 0, we obtained the stable SiH* emission
signals of Fig. 3.1(b). It shows only the first 60 s after plasma ignition, in which initial
SiH* emission enhancements of more than a factor two were prevented. On longer time
scales, the SiH* emission intensity decreased further by about 20%. We compensated this
by proportionally increasing the SiH4 flow during deposition.
Note that in the R = 0 case the reactor consisted almost completely of H2 upon plasma
ignition, since the flushing time was negligible compared to the gas residence time. The
SiH* emission, hence SiH4 density, remained stable at this low value after ignition notwithstanding the applied pure SiH4 flow. This confirms our previous statement about the heavy
SiH4 depletion.
Solar cells are very sensitive to changes in structure or opto-electronic properties of the
µc-Si:H film and its interfaces. Therefore, to test the H2 background condition deposited
material, intrinsic µc-Si:H layers were incorporated in p-i-n solar cell structures with an ilayer thickness of 1.0 ± 0.1 µm. Texture-etched ZnO:Al coated glass substrates [15] served
as transparent front contact, while several 1×1 cm2 Ag back contacts defined the solar
cell area. We applied the same deposition conditions as were used in the recording of Fig.
3.1(a) (the standard process) and Fig. 3.1(b) (the H2 background gas condition).
Figure 3.3 shows the solar cell properties obtained at various H2 dilution ratios R. For the
standard process, solar cells deposited at R < 100 showed poor performance, mainly due
to lower fill factor and open circuit voltage, consistent with previous observations [7]. In
contrast, high-quality solar cells could be deposited at all H2 dilutions, down to R = 0,
when the H2 background gas condition was applied. We provided one sample, deposited
at 0.4 nm/s, R = 0 and a total gas flow of only 2.0 sccm, with a ZnO/Ag back contact for
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Figure 3.3: Optimized solar cells deposited at various SiH4 and H2 flows represented by their
efficiency η against H2 dilution ratio R, for the standard process (closed circles), for the H2
background gas condition (open circles) and for the H2 background gas condition after which the
solar cell was provided with a ZnO/Ag back reflector (open triangles). The dashed and dotted
lines are guides to the eye. The inset shows a table containing the dilution ratio (R) and total
flow for some characteristic depositions, plus the resulting solar cell parameters efficiency (η), fill
factor (FF ), open circuit voltage (Voc ), and short circuit current (Jsc ).

better light trapping. The cell showed excellent electronic performance with an open circuit voltage of 564 mV and a fill factor of 74.8%. Together with the short circuit current of
22.5 mA/cm2 the solar energy conversion efficiency was 9.5%. Depth-profiled Raman spectroscopy measurements [5] revealed an homogeneously structured film crystallinity around
60 ± 10 %.
In summary, the aforementioned results lead to a reinterpretation of the role of H2 dilution:
The high H2 flow generally applied during deposition of µc-Si:H is needed to suppress SiH4
back diffusion. When it is suppressed in other ways, e.g. by applying an H2 background
prior to plasma ignition, high-quality µc-Si:H can be deposited irrespective of the applied
H2 flow.
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Chapter 4
Transient Depletion
Abstract
Transient depletion of source gases can play an important role in materials processing,
particularly during the initial phase of thin film synthesis in which nucleation takes place
and the interface is formed. In this paper we present a zero order analytical model that
allows an estimation of the magnitude and time scale of transient depletion. The model
is based on a lumped particle balance for a processing region and reactor volume that
are coupled via a directive feed gas flow and diffusive transport. To illustrate the model
an experimental case study is presented on transient depletion during the parallel plate
radio-frequency SiH4 + H2 plasma deposition of microcrystalline silicon for solar cells. The
SiH4 steady-state depletion was measured by mass spectrometry and estimated from the
deposition rate and optical emission spectroscopy. The transient depletion of the SiH4 was
measured by time-resolved optical emission spectroscopy. Model and experiment are in
good agreement. The implications for materials processing and thin film synthesis, as well
as methods to control transient depletion, are discussed.

4.1

Introduction

The processing of materials, such as thin film deposition, etching, grafting and modification of surfaces is extremely important to present day industrial manufacturing. The
ability to realize precisely defined material properties, morphology or structures relies on
the reproducibility and stability of the conditions under which the processing takes place.
In particular, many devices rely on the precise control of the initial processing conditions.
One aspect of the initial processing stage is interface formation. Especially in nanotechnology where device structures are ultra thin a good control of the interface properties is
This chapter is in preparation for publication as M.N. van den Donker, B. Rech, W.M.M. Kessels and
M.C.M. van de Sanden, Transient Depletion of Source Gases during Materials Processing: a Case Study
on the Plasma Deposition of Microcrystalline Silicon
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essential. A good example is the interface control in heterojunction solar cells, in which a
∼5 nm thick amorphous silicon film is deposited on top of a crystalline silicon wafer [1, 2].
The properties of the crystalline silicon - amorphous silicon interface are decisive to the
eventual solar cell performance in terms of e.g. the efficiency of the conversion of light into
electric energy.
Another aspect of initial processing stage is nucleation. The conditions under which crystallites form in the nucleation layer can influence the eventual properties of the entire
bulk material deposited on top of this nucleation layer. Examples in which the nucleation
plays an essential role are plasma-deposited nanofibres [3] and plasma-deposited nanotubes
[4, 5]. Another example is deposition of microcrystalline silicon for solar cells, of which the
nucleation phase is an extensively studied subject [6].
For this latter example of microcrystalline silicon deposition, we recently reported on an
inherent drift during the initial processing conditions [7]. We identified that the gas composition in the plasma region changed dramatically during roughly the first minute of
processing due to the time-dependent or transient depletion of the SiH4 source gas. This
instable process during the initial stage of deposition interfered with successful crystallite
nucleation and consequently had far-reaching implications on the performance of deposited
microcrystalline silicon solar cells.
In our previous work [7] we provided only a preliminary and qualitative explanation for
the transient depletion phenomenon. The purpose of the current paper is to understand
the physics of this phenomenon with the help of a simple zero dimensional model that will
be described in section 4.2. Analytical results from this model can be used to estimate the
importance of transient depletion under arbitrary processing conditions. In section 4.3 we
will compare these analytical expressions with an experimental case study on the plasma
deposition of microcrystalline silicon. Finally, the implications of transient depletion to
materials processing are discussed.

4.2
4.2.1

Model
General formulation

In this paper we have not the intention to make a full scale model of the transient depletion phenomenon. Instead the aim is to develop a simple model which captures all the
relevant physics. In this respect it is sufficient to simplify the plasma reactor we want to
model into a region which we will call the processing region and a volume that surrounds
this processing region. Our approach is zero-dimensional, which in principle means that
we can not describe diffusion processes induced by spatially resolved partial pressures or
flows induced by spatially resolved pressure differences. However, as we shall see it is still
possible to treat these processes in a simplified and meaningful way.
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(b)

(c)

Figure 4.1: Schematic representation of transient depletion in a cylindrical parallel plate plasma
(a) gas composition before plasma ignition, (b) transient depletion processes after plasma ignition,
and (c) steady-state gas composition after plasma ignition. In (b) the various source and loss
terms of the source gas density in the processing region and the reactor volume are indicated.

The processing region is defined as the region in which the depletion and creation of the
gas species of study and the corresponding materials processing or thin film synthesis takes
place. The reactor volume is defined as a ”dead” region in which no processing takes place.
In most applications the interface between processing region and reactor volume is determined by diffusion (of electrons, precursors, etc.) and is consequently not very strict. In
our first order approximation we assume a uniform source gas density in the processing
region and a uniform source gas density in the reactor volume. The interface between
the two regions is strict. A discontinuity in the density of the gas species of study may
therefore take place at this border.
Without loss of generality we consider the situation of a single source gas species diluted
in chemically inactive gases and being depleted in a cylindrically symmetric parallel plate
plasma illustrated in Fig. 4.1. The processing region, with corresponding volume Vp and
source gas density np , is located between the two electrodes, which in turn are located
within the reactor volume with corresponding volume Vr and source gas density nr . The
processing of materials leads to a consumption and consequent depletion of the source gas
in the processing region. This depletion loss term is given by Ldepl . The source gas is
supplied through a feed gas line, which may exit in the reactor volume (source term Sr-feed )
or directly in the processing region (source term Sp-feed ). The coupling between processing region and reactor volume takes place via a directive flow (Sflow = Lflow ) towards the
pump mediated by a pressure difference and via diffusive transport (Sdiff = Ldiff ) due to
the difference in source gas density between reactor volume and processing region. Source
gas may leave the reactor volume via a connected pump line (loss term Lpump ).
The model we develop here is based on a particle balance similar to the particle balance
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used in a numerical model by Nienhuis et al. [8]. In particular, the source gas densities
nr and np are described by a set of two coupled time-dependent particle balances, one for
the processing region and one for the reactor volume, that take into account the various
source and loss terms. For the situation illustrated in Fig. 4.1(b) we obtain
Vp

∂np
= Sp-feed + Sdiff − Ldepl − Lflow ,
∂t

(4.1)

∂nr
= Sr-feed + Sflow − Ldiff − Lpump ,
(4.2)
∂t
where t is the time. Processing starts at t = 0 and is characterized by an instantaneous
increase of Ldepl . Note that Eqs. (4.1)-(4.2) only describe the source gas density. However,
the model can easily be expanded for multiple gas species. Chemically inactive dilution
gases can simply be included through their effect on gas residence time and diffusion coefficient, as we will later use to include the H2 dilution gas in the SiH4 + H2 plasma.
Other source gas species of study could be included by expanding the model with two
balance equations, one for the processing region and one for the reactor volume, for each
gas species. Gas species that are generated rather than depleted in the processing could be
included by a negative depletion loss term, that could be linked to the (positive) depletion
loss term of an other process gas.
Vr

To derive explicit analytical solutions for various starting conditions and input parameters
we will need expressions for the source and loss terms (in particles s−1 ) of Eqs. (4.1)(4.2) in terms of the source gas density and characteristic time scales. The first two
straightforward terms are the feed gas flow of source gas in to the reactor volume Sr-feed
and into the processing region Sp-feed . In most cases Sr-feed is present and Sp-feed is absent,
or vice versa. Nonetheless, our description is in principle also valid for simultaneous gas
supply in processing region and vacuum reactor. If a feed gas flow is applied into the
processing region and pumping takes place from the reactor volume we need to include the
loss of source gas from the processing region due to the directed flow towards the pump,
denoted by Lflow and equalling Sflow by definition. This term can be expressed in terms of
np using a characteristic residence time of the source gas in the processing region τp-res
Sflow =

np Vp
.
τp-res

(4.3)

The gas residence time can be estimated using the initial equilibrium source gas density
n0 , i.e.
τp-res =

n0 Vp
.
Sp-feed

(4.4)

Here we neglect possible residence time changes that may arise if more than one rest
product molecule is created upon the depletion of one source gas molecule. Source gas
is lost from the reactor volume to the pump given by Lpump . This loss term depends on
the source gas density in the reactor volume and can therefore be calculated in a similar
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way as Lflow , substituting Vr , nr , τr-res and (Sp-feed + Sr-feed ) for Vp , np , τp-res , and Sp-feed ,
respectively, yielding
Lpump =
with
τr-res =

nr Vr
,
τr-res

(4.5)

n0 Vr
.
(Sp-feed + Sr-feed )

(4.6)

An important loss term, the cause for both the materials processing as well as the transient
depletion effect, is given by Ldepl . Similar to the other source- and loss terms we express
this loss term by means of a characteristic timescale for depletion τdepl , i.e.
Ldepl = 0 for t < 0, and Ldepl =

np Vp
for t > 0.
τdepl

(4.7)

This timescale for depletion τdepl depends on the consumption mechanism and can not be
defined in a general way. For example, in chemical vapor deposition (CVD), where the
source gas is dissociated at the surface, transport of source gases to the substrate may limit
the time scale according to the linearized Fick’s second law of diffusion
d
,
(4.8)
D
where d is a characteristic processing region dimension along which the diffusion takes
place (i.e. normal to the substrate) and D is the diffusion coefficient of the source gas.
During hot wire deposition (HW-CVD) dissociation of the source gas on the filament may
limit the time scale, and the timescale for depletion might be expressed as
τdepl =

√

τdepl ∝

2πmkB T
,
exp[−EA /kB TF ]

(4.9)

in which m is the mass of the source gas, kB is Boltzmann’s constant, T is the gas temperature, EA is the activation energy for the dissociation of the source gas and TF is the
filament temperature [9]. In plasma deposition (PE-CVD) in which electron kinetics dominate the dissociation and ionization of the source gas, electron-impact dissociation of the
source gas may limit the timescale, according to
τdepl ≈ (ne · kdiss )−1 ,

(4.10)

where ne is the electron density in the processing region (in this case we consider only
electrons to be present in the processing region) and kdiss is an effective dissociation rate
of the source gas leading to consumption of that source gas.
The last source term we need to discuss is the diffusive transport of source gas from the
reactor volume back into the processing region Sdiff and which by definition acts as a loss
term for the reactor volume Ldiff . For our purpose, that is to get insight into the transient
depletion process, we linearize the diffusive process using Fick’s first law of diffusion, by
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only considering the difference between the density in the reactor volume and the processing
region, i.e.
AD(nr − np )
Vr
=
(nr − np ),
(4.11)
R
τdiff
where R is a characteristic dimension of the processing region along which diffusion takes
place (i.e. normal to the interface between reactor volume and processing region, cf. Fig.
4.1(b) the direction lateral to the electrode), A is the interface area between processing
region and reactor volume through which the diffusion takes place, and τdiff is defined as
Ldiff ≈

RVr
.
(4.12)
AD
In principle, one should use an upstream diffusion coefficient if a feed gas flow in the
processing region is applied and the diffusive transport takes place in a directive flow environment. This might be an important aspect if strong dilution of the source gas is used.
This situation is characterized by a limiting case in which τp-res  τdiff . We will show below
that in this limit (the so-called ”local depletion” limiting case) the diffusive transport from
reactor volume into processing region is negligible anyway. Therefore, the upstream effect
in the diffusion coefficient does not need to be considered.
τdiff =

To complete the set of time-dependent linear differential equations we need starting conditions. We want to discuss the case of transient depletion in a standard, uncontrolled process
and the case in which we actively control the initial source gas density to such an extent
that we can avoid most of the transient depletion effects. The first case is characterized
by given initial densities, i.e.
np (t = 0) = nr (t = 0) = n0 .

(4.13)

This initial equilibrium density n0 is given by
n0 =

Sp-feed + Sr-feed
p
×
,
Q
kB T

(4.14)

where Q is the total flow in the reactor (the source gas of study, plus additional source or
diluting gases), p is the pressure in the reactor, kB is Boltzmann’s constant and T is the
gas temperature. The analytical solution of Eqs. (4.1)-(4.2) using this starting condition
is discussed in Section 4.2.3. The second case describes the situation in which the source
gas density is zero at a certain time tdelay before processing starts, i.e.
np (t = −tdelay ) = nr (t = −tdelay ) = 0

(4.15)

As we will show in Section 4.2.4 this enables the source gas density in the processing region
to be controlled in a predictive manner.
Eqs. (4.1)-(4.2) with substitutions from Eqs. (4.3)-(4.12) provide a set of coupled differential equations that can be numerically solved. Results of a numerical solution using a
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finite element approach with adaptive discrete time steps ∆t which realizes a 0.1% change
in np or nr per step will be presented in Section 4.3.3.

4.2.2

Analytical solutions: Steady-state solution for t → ∞

The steady state solution of the coupled differential equations Eq. (4.1)-(4.2), i.e. np (t →
∞) and nr (t → ∞) is obtained for ∂np /∂t = ∂nr /∂t = 0 and is given by
τdepl (Vp τdiff + Vr τp-res )
, and
Vp (τp-res τdiff + τp-res τr-res + τdepl τdiff ) + Vr τdepl τp-res

(4.16)

Vr Vp τp-res τdiff + Vr2 τp-res τdepl − Vp2 τr-res τdiff + Vr Vp τdiff τdepl
.
Vr Vp (τp-res τdiff + τp-res τr-res + τdepl τdiff ) + Vr2 τdepl τp-res

(4.17)

np (t → ∞) = n0 ×

nr (t → ∞) = n0 ×

Insightful quantities related to the steady-state source gas densities are the steady-state
depletion fdepl
np (t → ∞)
,
n0
and the steady-state source gas utilization efficiency ηgas
fdepl = 1 −

ηgas =

Ldepl (t → ∞)
Vp τr-res np (t → ∞)
=
×
.
Sp-feed + Sr-feed
Vr τdepl
n0

(4.18)

(4.19)

The expressions (4.16)-(4.19) can be significantly simplified in the situation that the source
gas flows solely into the processing region (i.e. the ”showerhead electrode” we use in the
experiments described in Section 4.3). In this case, by putting Sr-feed = 0 in Eq. (4.6), we
get
np (t → ∞) = nr (t → ∞) = n0 × τdepl /(τp-res + τdepl ),

(4.20)

and Eqs. (4.18)-(4.19) simplify to
ηgas = fdepl = τp-res /(τp-res + τdepl ).

(4.21)

The interpretation of the latter equation is straightforward: the longer the gas resides in
the processing region where it can be consumed, the higher the depletion and source gas
utilization. In section 4.3.2 we will further discuss this particular case.

4.2.3

Analytical solutions: The initial phase and transient depletion

In this subsection we investigate the time-dependent solutions to Eqs. (4.1)-(4.2) using as
a starting condition a partial source gas pressure which follows from the partial flow, i.e.
np (t = 0) = nr (t = 0) = n0 (cf. to Eq. (4.14)). The time-dependent solution describes
the gas composition after processing has started but before a steady state is reached. We
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consider three limiting cases of this transient depletion, all for significant steady state
depletion fdepl > 0.
1. The ”local depletion” limit for τr-res  τdiff and τdepl  τdiff . We use the concept of
local transient depletion to indicate that Eq. (4.2) which describes the source gas
density in the reactor volume does not affect the processes occurring in the processing
region in any way. In the local depletion limit Ldepl is the dominant term. Therefore
Eq. (4.1) can be rewritten as
Vp

np Vp
∂np
= −Ldepl = −
,
∂t
τdepl

(4.22)

with the solution
np (t) = n0 exp[−t/τdepl ], 0 < t <∼ τdepl .

(4.23)

Note that for t  τdepl , the steady-state is obtained and np is given by Eq. (4.16).
2. The ”complete mixing” limit for τdiff  τdepl  τr-res . In this limit the diffusive
transport from the reactor volume into the processing region is very fast and realizes
almost equal source gas density in the processing region and reactor volume, i.e.
np ≈ nr . Consequently, the depletion reaction in the processing region is limiting the
transient depletion of the reactor volume
Vr

∂nr
np Vp
= −Ldepl = −
,
∂t
τdepl

(4.24)

with the solution
np (t) = n0 exp[−Vp t/Vr τdepl ], 0 < t <∼ Vr τdepl /Vp .

(4.25)

Again, note that for t  Vr τdepl /Vp the steady-state is obtained and np is given by
Eq. (4.16).
3. The ”back diffusion” limit for τdepl  τdiff  τr-res . In this limit the processing region
gets initially (t < τdepl ) locally depleted according to Eq. (4.23). After local depletion
has created a density difference between the processing region and reactor volume
(np < nr ), the diffusive transport from the reactor volume back into the processing
region starts. Since generally the reactor volume is much larger than the processing
region (Vr  Vp ), the reactor volume depletion through this back diffusion process
has a higher impact on the materials processing than the initial local depletion.
During this back diffusive transport phase we can describe the source gas density in
the processing region by the quasi steady-state balance Sdiff ≈ Ldepl which leads to
np (t) =

Vr τdepl
nr (t), t  τdepl ,
Vr τdepl + Vp τdiff

(4.26)
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where we used Eq. (4.1). In Eq. (4.2) Ldiff is the dominant term, and we can describe
the transient depletion of the reactor volume by
Vr

∂nr
Vp Vr
nr(t) .
= −Ldiff =
∂t
Vp τdiff + Vr τdepl

(4.27)

Equation (4.27) can be solved analytically leading to

nr (t) = n0 exp[−Vp t/(Vp τdiff + Vr τdepl )], 0 < t <∼ (Vp τdiff + Vr τdepl )/Vp .

(4.28)

Once more, note that for t  (Vp τdiff +Vr τdepl )/Vp the steady-state solution is obtained
with np given by Eq. (4.16).

4.2.4

Analytical solutions: Tailored initial source gas density

As we have seen in the discussion of the analytical solutions for the initial phase the source
gas density in the processing region varies with time in all limiting cases considered. As
we demonstrated in Ref. [7] it is possible to control this initial variation by using other
initial starting conditions. In this subsection we investigate time-dependent solutions to
Eqs. (4.1)-(4.2) using as a starting condition zero source gas density at a certain time tdelay
before processing starts, i.e. nr (t = −tdelay ) = 0.
The procedure of tailored initial source gas density minimizes the transient diffusive transport Ldiff of source gas from the reactor volume into the processing region. It is a successful
procedure to control transient depletion in the ”complete mixing” and ”back diffusion” limits where the transient diffusive transport plays a prominent role. In the ”local depletion”
limit the transient diffusive transport is not important.
The procedure of tailored initial source gas density works as follows. For the mentioned
starting condition of nr (t = −tdelay ) = 0, using Vr  Vp and Ldepl = 0 one obtains from
Eq. (4.2) an increasing source gas density in the reactor volume according to
nr (t + tdelay ) = n0 × (1 − exp[−(t + tdelay )/τr-res ]), tdelay < t < 0.

(4.29)

Equation (4.29) demonstrates that the initial source gas density in the reactor volume
nr (t = 0) no longer follows the partial flow of Eq. (4.14), but can be varied between
0 < nr (t = 0) < n0 by tuning tdelay . Tailoring the initial source gas density by choosing
a tdelay for which nr (t = 0) = nr (t → ∞) holds one can minimize transient depletion of
the reactor volume. The value of tdelay for which this tailored initial source gas density is
obtained follows from Eq. (4.29) and is given by


1
tdelay = τr-res ln
,
(4.30)
1 − nr (t → ∞)/n0
in which nr (t → ∞)/n0 can be calculated using Eq. (4.17).
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Summary

We developed an engineering model by which the source gas density is described as it
decreases from the situation before processing starts (np = n0 ) towards the steady-state
situation during processing (np = n0 × (1 − fdepl )). Characteristic time scales are derived
(τp-res , τr-res , τdepl , τdiff ) for the various processes and analytical solutions of limiting cases.
The limiting cases, christened ”local depletion”, ”complete mixing”, and ”back diffusion”,
were each characterized by their particular timescale ordering. The model can be used to
illustrate the effect of transient depletion and most importantly it can be used to minimize
this effect by exploiting the starting conditions in order to tailor the initial source gas
density.

4.3
4.3.1

Experiments in an SiH4 - H2 plasma
Experimental

To illustrate the consequences of the engineering model presented in Section 4.2, in this
section we will discuss an experimental study on plasma deposition of microcrystalline silicon. Figure 4.2 provides a sketch of the used plasma source, consisting of two horizontally
aligned electrodes in a cylindrical reactor. The reactor volume was Vr = 13 liter. The
lower electrode was circular with a radius of R = 7 cm. The upper electrode, positioned
d = 1.0 cm above the lower electrode, was approximately 12×12 cm2 and consisted of a
carrier holding a 10×10 cm2 substrate. The volume of the processing region can thus be
estimated by Vp = R2 d = 0.15 liter whereas the interface area between processing region
and reactor volume is approximately A = 2πRd = 44 cm2 . The substrate was elevated
to a temperature of T = 200 ◦ C using an electrical heater installed in the vacuum. The
pressure in the reactor volume was kept at p = 1330 Pa using a butterfly valve in the
pump line. The SiH4 + H2 source gas flow was regulated via mass flow controllers and
supplied directly to the processing region (Symbol: Sp-feed ) through showerhead holes in
the lower electrode. The mass flow controllers had a response time of a few seconds, which
means that the procedure of tailored initial source gas density of Section 4.2.4 was only
experimentally accessible for tdelay  1 s. The used SiH4 flow was Sp-feed = 2 sccm if not
specifically stated otherwise (1 sccm or standard cm3 min−1 equals 4.5 × 1017 particles
s−1 ). The used H2 flow was (Q − Sp-feed ) = 20 sccm if not specifically stated otherwise. A
13.56 MHz sinusoidal voltage signal with an input power of 60 W was capacitively coupled
onto the lower electrode. Corresponding typical voltages were an rf amplitude of 150 V
and a dc-bias of -5 V. The operating conditions followed from successive optimization steps
presented in previous work [7, 10–12] and can be used for high-rate (∼0.5 nm/s) deposition
of high efficiency (∼9.5%) microcrystalline silicon solar cells.
A differentially pumped mass spectrometer (U.T.I., type 100c) was connected to the reactor
in order to measure the steady-state depletion of SiH4 . We followed the standard procedure
[13–15] to determine the steady-state depletion from the intensity ratio of the mass 30 peak
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Figure 4.2: Schematic representation of the deposition reactor equipped with a mass spectrometer
and optical emission spectrometer.

with the plasma on (Ion ) and with the plasma off (Ioff ), after correcting for the background
signal. Since we applied only a feed gas flow into the processing region, nr (t → ∞) =
np (t → ∞) (cf. Section 4.2.3, Eq. (4.21)). Therefore, mass spectrometry actually yields
fdepl given by
fdepl = 1 −

np (t → ∞)
nr (t → ∞)
Ion
=1−
=1−
.
n0
n0
Ioff

(4.31)

An alternative way of estimating the steady-state source gas utilization can be done by
using the deposition rate. The deposition rate rd was determined by means of ex-situ
thickness measurement using a step-profiler. The relation between deposition rate and
source gas utilization, under the assumption of uniform deposition on both electrodes, is
given by
rd =

ηgas Sp-feed
,
2πR2 nµc

(4.32)

where nµc = 5 × 1028 m−3 (taken from Ref. [16]) is the atom density in the deposited
silicon film. Since we applied the feed gas flow directly into the processing region the SiH4
gas utilization and SiH4 depletion are equal (cf. Section 4.2.3, Eq. (4.21)).
In addition, optical emission spectroscopy was used to measure the transient and steadystate depletion. Emission spectroscopy is well suited for this purpose since the time resolution is fast enough to follow the transient effects. The plasma was imaged onto the
entrance slit of an Oriel MS257 spectrometer, equipped with a 2400 l/mm grating blazed
at 500 nm and an air cooled Andor DU420-OE CCD camera. The window through which
the plasma was monitored was shielded from deposition by a 10 cm long 1.5×1.5 cm2 wide
tube. An integration time of 1 s was used in the experiments which will prove to be well
suited to follow the ”back diffusion” phase. SiH (X2 Π - A2 ∆) emission at 414.3 nm is used
to follow the SiH4 gas density transients in the processing region [7, 20–22]. The measured
SiH emission intensity is quantified in terms of the absolute SiH4 density using a careful
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calibration procedure† .
The steady-state depletion was obtained using the procedure of tailored initial source gas
density presented in Ref. [7]. The reactor volume was first filled with pure H2 . The
SiH4 flow was switched on. A time tdelay later, the plasma was ignited. This delay was
empirically tuned to realize a situation in which the SiH emission is stable right form the
start. In this situation Eq. (4.30) applies. Using the substitutions of Eq. (4.21), one
obtains straightforwardly
fdepl = exp[−tdelay /τr-res ].

4.3.2

(4.33)

Application of the model

In this subsection we will compare the analytical expressions derived in Section 4.2 to
results obtained under the experimental conditions discussed in Section 4.3.1. We will calculate the relevant timescales τdepl , τdiff , τp-res and τr-res in order to evaluate the steady-state
depletion and to characterize which of the limiting cases discussed in Section 4.2.3 applies.
The depletion time scale τdepl can be calculated from Eq. (4.10), where kdiss is estimated
from the integral over the electron energy E
Z
kdiss =

r
σdiss (E)

2E
fe (E)dE,
me

(4.34)

by inserting the effective dissociation cross section σdiss given in Ref. [23], assuming a
Maxwellian electron energy distribution function fe at the temperature of about 20000 K
typical for medium pressure H2 discharges [24], and taking an electron density of ne = 1016
m−3 that is again a typical value for medium pressure H2 discharges [25]. Using these
numbers we arrive at τdepl ≈ 0.12 s. Because of the uncertainties in electron temperature,
electron density, and cross section we expect the uncertainty in τdepl to be about a factor
two. Our estimate is consistent with numerical simulations by Amanatides et al. [26],
who arrive at values between 0.03 s and 0.30 s for the depletion timescale under similar
†

The SiH emission was calibrated to SiH4 density by a linear relation between two points: (i) The
steady-state emission at 414.3 nm with the corresponding steady-state SiH4 density that follows from Eq.
(4.33) after empirical determination of tdelay , (ii) the steady-state background emission at 414.3 nm in a
pure H2 plasma. A linear relation between SiH emission and SiH4 density can indeed be assumed, since
excited SiH (denoted as SiH*) originates from electron-impact dissociative excitation of SiH4 [17, 18]. The
SiH* density balance is consequently governed by
nSiH* = kSiH* τSiH* ne nSiH4 ,
where nSiH* is the SiH* density in the processing region, kSiH* the rate constant, ne the electron density and
τSiH* the SiH* lifetime. To ensure a constant τSiH* the partial pressure of SiH4 was kept below the critical
value for quenching (about 250 Pa [19]). To ensure constant (kSiH* × ne ) the calibration was performed at
a low SiH4 density below 1% so one can assume the plasma characteristics like electron temperature and
density to be dominated by H2 .
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conditions as we used.
The back diffusion takes place through the area forming the interface between the cylindrical parallel plate plasma and the reactor volume, given by A = 2πRd, where R is the
electrode diameter of 7 cm and d is the electrode gap of 1.0 cm. Substituting in Eq. (4.12)
yields the electrode-radius-independent relation
τdiff = Vr /2πdD.

(4.35)

We calculated the diffusion constant D according to the Chapman-Enskog formalism for
which the data for SiH4 + H2 gas mixtures is given in Ref. [23]. For SiH4 diffusing in a pure
H2 background gas at 1330 Pa and 200 ◦ C this gives a diffusion constant of D ≈ 10−2 m2
s−1 . The assumed pure H2 background is applicable because under the high depletion conditions the partial SiH4 pressure is low (<10% initially, <1% in the steady-state, compare
n0 and np (t → ∞) with p/kB T in Table 4.1). Considering uncertainties in temperature
distribution, diffusion constant, reactor volume, etc. the uncertainty in the timescale for
diffusive transport is about a factor two.
Equations (4.4) and (4.6) can be used directly for the calculation of τp-res and τr-res , respectively. Considering uncertainties in exact reactor volume, temperature distribution, mass
flow controller calibration, etc. the uncertainty in the gas residence time is about 20%.
Table 4.1 lists all relevant input values and the results of the calculations.
From Tab. 4.1 it follows that under the conditions of Section 4.3.1 we have almost full
depletion since fdepl ≈ 97%. In addition, from τdepl  τdiff  τr-res we must conclude that
we are dealing with the limiting case in which back diffusion is dominant. Therefore it
should be possible to prevent the back diffusion by switching on the SiH4 flow by about 10
s before plasma ignition as follows from Eq. (4.30).

4.3.3

Results

Figure 4.1 shows the the steady-state depletion fdepl as function of the H2 flow. The steadystate depletion was experimentally determined by the three mentioned methods of mass
spectroscopy, optical emission spectroscopy and the deposition rate. The analytical result
Eq. (4.21) is also shown using the dashed line. Considering the uncertainties in the model
(through the calculation of the relevant timescales (Tab. 4.1)) and in the measurements,
a relatively good agreement is observed.
Next we investigate the transient depletion after plasma ignition. Figure 4.4 presents the
results of the time dependent OES measurements using the SiH emission. Additionally,
Fig. 4.4 shows the numerically obtained exact solution and the analytic solutions for the
local depletion and back diffusion limiting cases (cf. Section 4.2). Recall from Tab. 4.1
that the experimental condition was expected to fall within the back diffusion limit, for
which it should obey the local depletion behavior of Eq. (4.23) for t < τdepl and the back
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Table 4.1: Input and output calculated quantities, applying the model of Section 4.2 on the
conditions of Section 4.3.1

Figure 4.3: The steady-state SiH4 depletion fdepl versus the H2 flow at fixed SiH4 flow of 2
sccm, determined using mass spectrometry (closed circles), optical emission spectroscopy (open
triangles) and deposition rate (open stars). The dashed line is the prediction of the depletion
model using Eq. (4.21).
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Figure 4.4: SiH4 density in the processing region np , normalized to its initial value n0 , measured
by time resolved optical emission spectroscopy (open circles) and modelled using numerical solving
(dashed line), and analytical solving in the local depletion (solid line) and back diffusion (solid
line) limit, versus the time. The inset shows the numerically solved and measured SiH4 density
after subtraction of the steady-state value on single logarithmic scale to facilitate a comparison
of experimental and modelled timescales.

diffusion behavior of Eqs. (4.26), (4.28) for τdepl  t < (Vp τdiff + Vr τdepl )/Vp . A good
correspondence between measurement, numerical model, and analytical model is obtained,
demonstrating the suitability of the model to predict the occurrence of the transient depletion phenomenon.
Finally, Fig. 4.5 shows the normalized SiH4 density as function of time as monitored using
the time dependent OES. Figure 4.5 clearly shows the effect of the procedure of the tailored
initial source gas density to control the transient depletion (cf. Section 4.2.5): By varying
tdelay in order to prevent the transient depletion a value of 12 s was found which was closest
to the situation in which the SiH4 density in the processing region did not vary anymore.
This value lies close to the 10 s predicted by the model calculations in Tab. 4.1.

4.4

Discussion: Implications for materials processing

In the presented case study of microcrystalline silicon deposition, there is a higher SiH4
density in the plasma during the initial phase of deposition. A higher initial growth rate
can therefore be expected. More generally formulated, an initially enhanced growth rate
would mean that the material deposited during the transient depletion phase is likely to
have different properties than the material deposited during the steady-state phase. It is
important to realize that during this initial period nucleation of crystallites takes place
and the interface properties of the deposited film are formed. A related paper treats in
detail this effect of the transient depletion on the structural composition of microcrystalline
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Figure 4.5: Normalized time-resolved SiH4 density in the processing region np / n0 , measured by
time resolved optical emission spectroscopy, for an equilibrium initial SiH4 density (open circles)
and tailored initial SiH4 density using tdelay = 0 s (open stars), tdelay = 12 s (closed circles) and
tdelay = 20 s (open triangles).

silicon films and on the performance of the corresponding solar cells [27].

Besides the deposition of microcrystalline silicon, transient depletion should be of importance to materials processing applications with (i) a high gas utilization, ensuring an
intense transient depletion phase, and (ii) a small process window, ensuring a sensitivity
of the application performance to the transient in gas composition. We expect that as the
materials processing field advances, and increasingly complex structures are processed by
increasingly cost-effective preparation methods, these two prerequisites become more and
more pronounced and the control over transient depletion becomes essential to an increasing amount of applications.

An alternative method to prevent transient depletion from affecting the materials processing could be to shield the substrate with a shutter during the initial processing. However,
shutters themselves usually act as a perturbation of the processing conditions. For example
in plasma processing the electrode gap is locally decreased when the shutter is closed as
the plasma burns between powered electrode and shutter. In addition, a shutter is difficult
to realize experimentally in the large area deposition reactors frequently used in industry.
In conclusion, if a sufficiently fast gas composition regulation is available by means of fast
responding mass flow controllers, the presented method of tailored initial source gas density
is the method-of-choice to prevent transient depletion.

4.5. Summary

4.5
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Summary

The effect of transient depletion of the source gas under materials processing conditions was
investigated, for a processing reactor consisting of a processing region and a surrounding
reactor volume. A zero-dimensional model was developed and exact analytical solutions
describing three limiting cases, ”local depletion”, ”complete mixing”, and ”back diffusion”,
were discussed. It was shown both analytically and experimentally that in the case of ”back
diffusion” and ”complete mixing”, the transient depletion of the source gas in the entire
reactor volume affects the materials processing in the initial phase. These conclusions
were further elucidated by discussing the deposition of microcrystalline silicon deposition
using a parallel plate rf SiH4 + H2 plasma. The steady-state depletion was measured by
mass spectroscopy, optical emission spectroscopy, and film thickness measurements.. The
values for the steady-state depletion varied between 60% and 100%, depending on the
applied total flow and were in good agreement with the analytical solutions of the zerodimensional model. Furthermore, a good agreement with the model predictions was found
for the transient depletion as measured using time-resolved optical emission spectroscopy.
In addition the effect of transient depletion on initial film growth was demonstrated using
time-resolved film thickness measurements. Finally, the resulting implications of transient
depletion to materials processing were discussed.
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Chapter 5
Transient Depletion Induced
Incubation Layer
Abstract
During plasma deposition of p-i-n microcrystalline silicon (µc-Si:H) solar cells under conditions of low H2 dilution, the transient depletion of the SiH4 source gas induces the
formation of an amorphous incubation layer that prevents successful crystallite nucleation
in the i-layer and leads to poor solar cell performance. The effect of the transient depletion induced incubation layer on solar cells was made visible through dedicated solar cell
deposition series and selected area electron diffraction measurements. Applying a novel deposition ignition procedure of tailored initial SiH4 density, µc-Si:H solar cells of up to 9.5%
efficiency were prepared using an undiluted source gas flow consisting solely of SiH4 . Additional quantum efficiency and solar simulator measurements indicate that state-of-the-art
solar cells and material can be prepared in this novel pure SiH4 deposition regime.

5.1

Introduction

Microcrystalline silicon (µc-Si:H) receives increasing attention in the photovoltaic community as it can be used to build stable, efficient and cost-effective thin film silicon solar cells
[1, 2]. The highest reported efficiencies for single junction µc-Si:H solar cells are slightly
above 10% [3–5]. Combining µc-Si:H with amorphous silicon (a-Si:H) and/or amorphous
silicon germanium (a-SiGe:H) in a tandem or triple structure, initial efficiencies up to 15%
have been reported [6, 7]. A main prerequisite for obtaining µc-Si:H in a thin film silicon
deposition process is the presence of atomic hydrogen, which is believed to be the species
responsible for film crystallization [8, 9]. In solar cell deposition processes the atomic hydrogen rich deposition regime is usually obtained by diluting the SiH4 source gas in the
This chapter is submitted to Prog. Photovoltaics as M.N. van den Donker, B. Rech, F. Finger, L.
Houben, W.M.M. Kessels and M.C.M. van de Sanden, Deposition of highly efficient microcrystalline silicon
solar cells under conditions of low H2 dilution: The role of the transient depletion induced incubation layer
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additional process gas of H2 [10–13].
Current emphasis in deposition of µc-Si:H lies on the so-called high-pressure depletion
regime of a parallel plate plasma reactor, since this preparation method is capable of producing device quality material at high growth rates and large substrate areas [14–17]. In
this deposition regime the large total gas flow related to the dilution in H2 leads to several
problems. First of all, a large total gas flow and corresponding short gas residence time
leads to a low gas utilization efficiency. Indeed, in the mentioned high pressure depletion
regime, Roschek et al. [18] experimentally found the gas utilization efficiency to decrease
with increasing H2 flow. A second problem is the engineering challenge of realizing uniform
deposition conditions for small electrode distances and large substrate areas. For example, Matsumoto et al. [19] developed a special electrode design to deal with the large H2
gas flow, in which both supply and pumping of the gas takes place through a showerhead
electrode. Finally, one can imagine that the costs of a large H2 gas flow - both direct costs
of the H2 gas used and indirect costs of the required pumping capacity - play a role in
the solar energy cost price. The challenge of reducing the H2 dilution underline that it is
worthwhile to explore deposition conditions of strongly reduced, or even absent, H2 flow.
Already in 1979, Usui and Kikuchi [20] reported on the deposition of doped µc-Si:H films
without H2 using a gas mixture of Ar + SiH4 + PH3 . In the study, a high density microwave plasma was used to deposit films of ∼5 µm thickness. It was reported that a
gradual change from amorphous to microcrystalline structure took place with increasing
film thickness. Koynov et al. [21] developed a special approach to deposit µc-Si:H without
H2 by using a cyclic method called closed chamber deposition. In their process, first a
thin layer of a-Si:H was deposited from SiH4 . Then, pumping and gas supply were stopped
while the RF power was still being applied to the plasma. In the closed chamber a plasma
treatment took place that crystallized the a-Si:H film. After several minutes this cycle was
repeated by starting with the deposition of a new thin a-Si:H film. An interesting feature
of this investigation was the use of optical emission spectroscopy (OES) to monitor the
kinetics of the process. During the closed chamber step, it was observed that the emission from excited SiH, at 414 nm, slowly decreased on a timescale of about one minute.
Feitknecht et al. [22] further investigated the deposition of µc-Si:H without H2 flow, and
for the first time applied the material into µc-Si:H solar cells. In their study, deposition
took place from a small SiH4 flow of about 1 sccm. Time resolved OES was used to
monitor the kinetics after plasma ignition. Similar to the closed chamber deposition step,
they found a transient SiH emission intensity after ignition of the plasma. The solar cells
showed absorption in the infrared indicating a significant crystalline volume fraction. The
solar energy conversion efficiency was 2.5%. This low efficiency was ascribed to the initial
amorphous and subsequent gradual change to microcrystalline silicon growth found earlier
by Usui and Kikuchi [20]. Roschek et al. [18] investigated the effect of H2 flow on the
performance of µc-Si:H solar cells. Deposition without H2 was part of the studied parameter range. It was tried to prevent the initial amorphous growth by temporarily feeding
the plasma with H2 during the plasma ignition phase. This approach led to a solar energy
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conversion efficiency of 7.3%, considerably higher than Feitknecht et al. [22] accomplished.
However, the solar energy conversion efficiency was still lower than the 9.0% which was
obtained under conditions with a high H2 flow throughout the deposition. Apart from the
studies mentioned above, deposition of µc-Si:H without H2 was reported by Scheib et al.
[23] and Ray et al. [24]. In these studies no information on a possible initial amorphous
and subsequent gradual change to microcrystalline growth was given.
The literature review given above reveals that it is in principle possible to deposit µc-Si:H
from a feed gas mixture consisting solely of SiH4 (Hereafter: a pure SiH4 flow). Associated with the deposition from a pure SiH4 flow is a transient SiH emission and a strong
structure evolution within the film; starting with initial a-Si:H growth the newly deposited
material gradually transforms to µc-Si:H of increasing crystalline volume fraction as the
film growth evolves. From the literature it is still unclear why, how and in what parameter
range µc-Si:H may be obtained from pure SiH4 . Furthermore, it is not clear whether the
initial a-Si:H growth and following structure evolution can be prevented.
Recently, we reported on significant progress in µc-Si:H deposition from a pure SiH4 flow
[25]. We considered the possibility that the transient SiH emission reported earlier by
Koynov et al. [21] and Feitknecht et al. [22] was caused by a transient depletion of the
SiH4 source gas. On the basis of this insight, we developed a procedure of tailored initial
SiH4 density to prevent transient SiH4 depletion from occurring, in which the reactor is
first filled with H2 , and the SiH4 flow is only switched on shortly before plasma ignition.
Figure 5.1 illustrates this procedure and its presumed effect on the transient SiH4 density.
Using this plasma ignition procedure µc-Si:H solar cells with a state-of-the-art efficiency
of 9.5% were deposited from a pure SiH4 flow [25].
In this paper, we report on a thorough investigation of the effect of the H2 flow on the
deposition of highly efficient µc-Si:H solar cells. We compare films and solar cells deposited
under conditions of low to high H2 flow, using a process with standard initial SiH4 density
or applying the procedure of tailored initial SiH4 density. We will make plausible that
during deposition of µc-Si:H under conditions of low H2 flow, an incubation layer is formed
that hampers the realization of high solar cell efficiencies. The procedure of tailored initial
SiH4 density prevents the formation of this incubation layer and allows deposition of stateof-the-art µc-Si:H solar cells from a pure SiH4 flow in which hydrogen is provided by the
consumption of SiH4 gas.

5.2

Experiment

We performed our experiments in a multi-chamber vacuum system consisting of five deposition chambers and three load-and-transfer locks. For i-layer deposition we used a
deposition chamber consisting of two horizontal electrodes, 150 cm2 in area and 1.0 cm
apart. The upper electrode was grounded and mounted with a 10×10 cm2 sized substrate.
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Figure 5.1: Schematic illustration of the two methods for plasma ignition, using standard initial
SiH4 density (solid line) and tailored initial SiH4 density (dashed line) in the reactor. The
equilibrium SiH4 density without plasma is denoted by n0 , the steady-state SiH4 density during
deposition is denoted by n1 , and the delay between switching on the SiH4 flow and switching on
the power is denoted by tdelay .

A plasma was ignited by applying rf power to the lower electrode. The SiH4 and H2 gas
flows, supplied through a showerhead in the lower electrode, were regulated via mass flow
controllers. The pressure was regulated via a butterfly valve in the pump line. We used
a pressure of 10 Torr, a SiH4 flow between 1 and 4 sccm, an H2 flow between 0 and 500
sccm, and an rf power between 60 and 80 W. The substrate temperature, monitored by
an Impac IN 5/5 Pyrometer, was kept constant within 200 ± 15 ◦ C [26]. An Oriel MS257
spectrometer was used for time-resolved optical emission spectroscopy (OES) [25, 26]. The
used conditions realized a deposition rate of 0.4-0.5 nm/s for µc-Si:H close to the transition
to a-Si:H growth.
Solar cells were constructed in the p-i-n sequence using texture-etched ZnO:Al coated
glass [27, 28] as substrate. An evaporated Ag back reflector served as the back contact
and defined the solar cell area of 1 cm2 . Some samples were provided with a ZnO/Ag
back reflector for improved light trapping. The solar cell performance was characterized
by current-voltage measurements at 25◦ C and under AM 1.5 illumination (100 mW/cm2 )
using a class A double 2 source solar simulator (Wacom-WXS-140S-Super-type). From
the solar simulator the parameters solar energy conversion efficiency (η), fill factor (FF ),
open-circuit voltage (Voc ) and short-circuit current density (Jsc ) were obtained. Of certain
selected solar cells the external quantum efficiency (EQE) was measured.
The material structure was investigated using selected area electron diffraction. Specific
areas in a cross-sectional transmission electron microscopy (TEM) image were selected.
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From their electron diffraction pattern the crystalline volume fraction IcED was calculated
[29]. Additionally, after etching off the n-layer with potassium hydroxide, Raman scattering experiments were performed using 647 nm laser light with an expected probing depth
of about 1 µm. The relative area of the crystalline peak around 520 cm−1 was used as
measure for the crystalline volume fraction IcRS . This relative area was obtained by subtraction of an amorphous reference spectrum [30].
In the experiments we compared deposition conditions ranging from low H2 flow (i.e. 0
sccm) to high H2 flow (i.e. 500 sccm). Additionally, we compared the standard process with
standard initial SiH4 density to a plasma ignition according to the procedure of tailored
initial SiH4 density. The standard initial SiH4 density was obtained by flushing the process
flows for at least three times the gas residence time before the plasma was ignited. The
tailored initial SiH4 density was obtained by igniting the plasma at a delay tdelay after
switching on the SiH4 flow, as illustrated in Fig. 5.1. The SiH4 flow setting was used as
variable in order to influence the crystalline volume fraction of the material [13]. We use the
term ”optimized SiH4 flow” to refer to the SiH4 flow at which the optimum in crystalline
volume fraction was obtained, giving the best solar cell performance for a certain fixed
condition of H2 flow and initial SiH4 density.

5.3
5.3.1

Results and discussion
The Transient Depletion Induced Incubation Layer

We first demonstrate how time resolved optical emission spectroscopy supported the development of the procedure of tailored initial SiH4 density. Figure 5.2(a) shows the SiH
emission intensity at 414 nm for a setting of 2 sccm SiH4 and 20 sccm H2 (i.e. low H2
dilution), and Fig. 5.2(b) for a setting of 3 sccm SiH4 and 200 sccm H2 (i.e. high H2
dilution). Using standard initial SiH4 density, an initially enhanced SiH emission intensity
was observed for both settings. This initial enhancement and subsequent decrease of the
SiH emission intensity, referred to as transient depletion, was particularly pronounced for
the 20 sccm H2 setting. For comparison, the SiH emission is included for the case of zero
initial SiH4 density obtained by filling the chamber with H2 and simultaneously igniting
the plasma and switching on the SiH4 flow (i.e. the procedure of Fig. 5.1 with tdelay = 0
s). For this zero initial SiH4 density the plasma showed an initially absent and subsequent
increase of the SiH emission intensity. By empirical variation of tdelay the situation of tailored initial SiH4 density is obtained that yields a stable SiH emission intensity directly
after plasma ignition. In summary, the procedure of tailored initial SiH4 density can be
used as a means to study the effect of the initial SiH4 density and unstable initial SiH
emission on the deposited films and solar cells under conditions of both high and low H2
flow.
Figure 5.3 shows the film thickness versus deposition time for a setting of 2 sccm SiH4
and 20 sccm H2 . For standard initial SiH4 density the deposition rate was ∼1.2 nm s−1
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Figure 5.2: SiH emission intensity as a function of the time after plasma ignition for conditions
with an H2 flow of (a) 20 sccm and (b) 200 sccm. Data are shown for standard initial SiH4 density
(solid line), tailored initial SiH4 density with empirically optimized tdelay (dashed line) and zero
initial SiH4 density with tdelay = 0 (dotted line).

during the first 40 s whereas it was ∼0.4 nm s−1 during the remainder of deposition. We
refer to the initial part of the film, grown under conditions of elevated deposition rate, as
the transient depletion induced incubation layer. The y-intercept of the linear fit on the
data points after the first 40 s is ∼33 nm and can be used as a measure of the thickness of
this transient depletion induced incubation layer. Using the tailored initial SiH4 density,
no transient depletion induced incubation layer was observed and the deposition rate was
stable at ∼0.4 nm s−1 directly after plasma ignition.

5.3.2

Effect of the Incubation Layer on Solar Cells

To investigate what potential effect an initial amorphous growth of the i-layer would have
on solar cells we prepared µc-Si:H p-i-n solar cells with an a-Si:H buffer layer of varying
thickness between the p-layer and the i-layer. To prevent that the transient depletion
induced incubation layer influenced the experiments the i-layer was deposited using the
tailored initial SiH4 density. Figure 5.4 shows the result of this series. Very thin buffer
layers of thickness below ∼3 nm did not have a detrimental influence on solar cell efficiency.
However, thicker a-Si:H buffer layers clearly led to a deteriorated solar cell performance,
mainly via a decrease in Jsc and FF. Furthermore, the Voc increased to ∼700 mV for the
largest buffer layer thickness of 60 nm. This behavior - decreasing Jsc and FF, and increasing Voc - is very similar to the effect on solar cells of an i-layer with decreasing crystalline
volume fraction [13].
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Figure 5.3: Film thickness as a function of deposition time for standard initial SiH4 density (solid
circles) and tailored initial SiH4 density (open circles). The dashed lines serve as a guide to the
eye.

Next, we investigated the effect of the transient depletion induced incubation layer on solar
cell performance. Figure 5.5 shows two SiH4 flow deposition series, both carried out at an
H2 flow of 75 sccm, one using a standard and one using a tailored initial SiH4 density. For
increasing SiH4 flow the efficiency increased, due to an increase in fill factor FF and opencircuit voltage Voc , up to a certain critical SiH4 flow. Above this flow a sudden decrease
of Jsc and FF marked the transition to a-Si:H growth. The critical flow above which the
transition to a-Si:H is observed was higher in case of the tailored than in the case of the
standard initial SiH4 density. This effect of the transient depletion induced incubation layer
on solar cells - i.e. decreased Jsc and FF and increased Voc - is very similar to the effect of
an a-Si:H buffer layer (Fig. 5.4) and to the effect of an i-layer with decreasing crystalline
volume fraction [13]. We conclude that the transient depletion induced incubation layer
consists of a-Si:H.
To gain a deeper insight in the growth of µc-Si:H in solar cells deposited at optimized
SiH4 flow, selected area electron diffraction and Raman scattering were performed on the
best cell of both series of Fig. 5.5. Figure 5.6 shows the results. The Raman scattering
analysis, probing the average structure of the µc-Si:H, gave a slightly higher IcRS for the
solar cell deposited with the standard initial SiH4 density. The electron diffraction analysis, probing the spatially resolved structure within the µc-Si:H film, showed a significantly
higher IcED for the solar cell deposited with standard ignition. Moreover, a gradient of
increasing crystalline volume fraction in the growth direction was observed in the solar cell
deposited with standard initial SiH4 density. Such a gradual increase in crystalline volume fraction is known as structure evolution and is in fact commonly observed for µc-Si:H
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Figure 5.4: Solar cell parameters (a) efficiency η, (b) fill factor FF, (c) open-circuit voltage Voc ,
and (d) short-circuit current Jsc versus the a-Si:H buffer layer thickness deposited between the
microcrystalline p-layer and i-layer. The dashed lines are guides to the eye.

Figure 5.5: Solar cell parameters (a) efficiency η, (b) fill factor FF, (c) open-circuit voltage Voc ,
and (d) short-circuit current Jsc plotted as a function of the applied SiH4 flow for an H2 flow of
75 sccm using a standard (solid circles) and a tailored (open circles) initial SiH4 density. The
lines are guides to the eye. The two marked solar cells were used in the analysis of Fig. 5.6.
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Figure 5.6: Depth profiles of the crystalline volume fraction for solar cells deposited at optimized
SiH4 flow according the standard (closed circles) and tailored (open circles) initial SiH4 density,
next to the red-laser Raman spectroscopy results that probe the average structure of the film.
The dotted lines are guides to the eye. As an example, the inset shows the cross-sectional TEM
of the solar cell deposited with standard initial SiH4 density. The circles numbered (a) to (f)
depict the areas that were used for selected area electron diffraction.

films grown on an a-Si:H substrate [12, 31]. Counter intuitively, the Raman scattering and
electron diffraction analyses thus show that the amorphous transient depletion induced incubation layer leads to more crystalline films in solar cells deposited at optimized SiH4 flow.
Combining Figs. 5.4, 5.5 and 5.6, we conclude that the transient depletion induced incubation layer promotes an amorphous initial i-layer growth. The initial amorphous growth can
be prevented in optimized solar cells by choosing a decreased SiH4 flow. However, as the
film growth evolves the effect of the initial amorphous growth on the newly grown material
diminishes and a gradual increase in crystalline volume fraction takes place. This structure
evolution leads to a high crystalline volume fraction with poor electronic properties in the
bulk of the i-layer. The corresponding solar cells show a poor FF and Voc . In contrast,
when applying the procedure of tailored initial SiH4 density there is no initial amorphous
growth. Consequently, structure evolution is much less pronounced, a homogeneous crystalline volume fraction around ∼60% can be obtained and the deposited solar cells show a
high solar energy conversion efficiency.

5.3.3

Effect of the H2 flow on Solar Cells

The previous section dealt with the specific setting of 75 sccm H2 . We performed similar
solar cell optimization experiments (such as shown in Figure 5.5) for a range of H2 flows.
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Figure 5.7: Solar cell parameters (a) efficiency η, (b) fill factor FF, (c) open-circuit voltage Voc ,
and (d) short-circuit current Jsc versus the H2 flow admixed during the deposition of the µc-Si:H.
Shown are samples deposited using standard (closed circles) and tailored (open circles) initial
SiH4 density. The used SiH4 flow is written next to selected data points in (a). The lines are
meant as a guide to the eye.

Figure 5.7 shows the performance of the selected best solar cells as a function of the H2
flow. Using the standard initial SiH4 density, the solar cell performance was found to deteriorate continuously with decreasing H2 flow, mainly due to decreased FF and Voc . In
contrast, using the tailored initial SiH4 density there was no influence of the H2 flow on
solar cell performance whatsoever.
The decreased FF and Voc for solar cells deposited at low H2 flow using standard initial
SiH4 density have been subject to several investigations in the literature. Roschek et al.
[18] tentatively ascribed the decreased solar cell performance to powder formation. Meillaud et al. [32] conducted a detailed analysis of the J-V curves and tentatively ascribed the
decreased performance to an increased i-layer defect density and to oxygen incorporation.
Our experiments indicate that the poor FF and Jsc of solar cells deposited at low H2 flow
can instead be ascribed to the formation of a transient depletion induced incubation layer.
Namely, in section 5.3.2 it was demonstrated that a transient depletion induced incubation
layer leads to poor FF and Voc , whereas section 5.3.1 indicated that the transient depletion
induced incubation layer is more pronounced at low H2 flow. Moreover, Fig. 5.7 shows
that by using a tailored initial SiH4 density the decrease of FF and Voc with decreasing H2
flow can be prevented altogether.
From the values of the SiH4 flow indicated in Fig. 5.7(a) a beneficial effect of µc-Si:H
deposition using a pure SiH4 flow becomes clear: The optimized SiH4 flow is lower for

5.4. Conclusions

67

conditions of low H2 flow than for conditions of high H2 flow (2 sccm SiH4 at 0 sccm H2
versus 3.5 sccm SiH4 at 400 sccm H2 ), whereas the deposition rate is similar (∼0.4- 0.5
nm/s in all conditions, not shown). This means that the SiH4 gas utilization is almost
two times higher in the SiH4 deposition regime than in the highly H2 diluted deposition
regime, a finding in agreement with preceding work of Roschek et al. [18].
The fact that µc-Si:H solar cells can be deposited from a pure SiH4 flow means that popular
characterization quantities like the dilution ratio R = H2 flow / SiH4 flow and the silane
concentration SC = SiH4 flow / (SiH4 flow + H2 flow) should be considered in a different
perspective. We propose as more insightful and reactor-independent quantity the SiH4 flow
density, i.e. the ratio between the SiH4 flow and the substrate size or electrode area. We
found this quantity to be in the range of 0.02-0.04 sccm cm−2 for 0.5 nm s−1 deposition of
µc-Si:H by several preparation techniques and in several deposition regimes.

5.3.4

Performance of Solar Cells Deposited from a Pure SiH4
Flow

In this section, we explore the potential of solar cells deposited from a pure SiH4 flow. To
obtain a maximum performance we applied a ZnO/Ag back reflector. Furthermore, we
gradually increased the SiH4 flow during deposition by about 20% (SiH4 flow profiling)
[25, 33]. The AM 1.5 illuminated and dark IV parameters of this solar cell together with
its external quantum efficiency are summarized in Fig. 5.8. The state-of-the-art electronic
properties of the deposited i-layer are evident from the high FF = 74.8% and Voc = 564
mV, low diode quality factor n = 1.29 and the low reverse bias saturation current density
J0 = 8 × 10−8 mA/cm2 . The practically equal quantum efficiency for 0 V and -0.5 V bias
further supports that the solar cells are not limited by photo-generated carrier collection.
We conclude that the novel pure SiH4 deposition regime is capable of producing state-ofthe-art material and solar cells and shows no inherent disadvantage as compared to the
commonly applied H2 diluted deposition regime.

5.4

Conclusions

The depletion of the SiH4 source gas leads to uncontrolled initial deposition conditions
in the parallel plate plasma deposition of µc-Si:H, especially under conditions of low H2
dilution. The resulting transient depletion induced incubation layer can be of the order
of 10-100 nm thick and influences the nucleation and growth of the µc-Si:H film. In optimized solar cells the transient depletion induced incubation layer leads to a continuously
increasing crystalline volume fraction with increasing film thickness resulting in a poor fill
factor and open-circuit voltage of corresponding solar cells.
A procedure of tailored initial SiH4 density was developed to prevent the formation of the
transient depletion induced incubation layer. Applying this procedure, films with a homo-
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Figure 5.8: External quantum efficiency versus wavelength for the best solar cell deposited from
a pure SiH4 flow, measured under 0 V bias (solid line) and -0.5 V bias (dashed line). The
corresponding AM 1.5 integrated current densities are denoted in the legend. The inset shows
the parameters as deduced from the illuminated and dark J-V measurement: Efficiency η, fill
factor FF, open-circuit voltage Voc , short-circuit current Jsc , open-circuit resistance Roc , shortcircuit resistance Rsc , diode ideality factor n, reverse bias saturation current density J0 , series
resistance Rs and parallel resistance Rp .

geneously structured crystalline volume fraction along the growth axis were deposited. In
addition, state-of-the-art solar cells were deposited in a novel regime with a pure SiH4 feed
gas flow. An advantage of the novel deposition regime with respect to the highly H2 diluted
deposition regime is the two times more effective gas utilization. A detailed analysis of a
solar cell with 9.5% efficiency prepared in the pure SiH4 deposition regime indicated that
there are no observable disadvantages of the novel deposition regime.

On the basis of the experimental results we suggest the following guidelines for µc-Si:H
solar cell optimization with respect to the SiH4 and H2 gas flow. A tailored initial SiH4
density should be applied to minimize the effect of the transient depletion induced incubation layer. Under this condition, the H2 flow can be set as low as possible to obtain a
maximum in source gas utilization and a minimum in required pumping capacity.

Finally, the SiH4 based deposition process of µc-Si:H should be actively monitored and controlled - for example by optical emission spectroscopy - in order to achieve µc-Si:H films
with homogenously structured and device-quality material properties and corresponding
high solar cell efficiencies.
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Chapter 6
Process Stability & Process Control
Abstract
Applying in situ process diagnostics, we identified several process drifts occurring in the
parallel plate plasma deposition of microcrystalline silicon (µc-Si:H). These process drifts
are powder formation (visible from diminishing dc-bias and changing spatial emission profile on a timescale of 100 s), transient SiH4 depletion (visible from a decreasing SiH emission intensity on a timescale of 102 s), plasma heating (visible from an increasing substrate
temperature on a time scale of 103 s) and a still puzzling long-term drift (visible from a
decreasing SiH emission intensity on a time scale of 104 s). The effect of these drifts on the
crystalline volume fraction in the deposited films is investigated by selected area electron
diffraction and depth-profiled Raman spectroscopy. An example shows how the transient
depletion and long-term drift can be prevented by controlled SiH4 flow profiling. Solar cells
deposited using SiH4 profiling show enhanced performance. Options for process control of
plasma heating and powder formation are discussed.

6.1

Introduction

Microcrystalline silicon (µc-Si:H) receives increasing attention as suitable material for application in thin-film solar cells [1, 2], thin-film transistors [3] and various other thin-film
devices. Several methods for preparation of microcrystalline silicon have been employed,
see e.g. Refs. [4–6]. Regarding material quality and large-area deposition the most successful technique thus far is parallel plate plasma deposition, either from excitation frequencies
in the radio-frequency (rf) [7, 8] or in the very-high-frequency (vhf) [1, 2, 9, 10] range.
For solar cells, an important material property is the crystalline volume fraction. Optimal
material quality is obtained for a crystalline volume fraction of ∼60-70% [2, 11]. Collins et
This chapter was presented at the 2006 E-MRS Spring Meeting, Nice, and is accepted for publication
in Thin Solid Films as M.N. van den Donker, T. Kilper, D. Grunsky, B. Rech, L. Houben, W.M.M. Kessels
and M.C.M. van de Sanden, Microcrystalline silicon deposition: Process stability and process control
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al. [12] showed that a gradual increase of crystalline volume fraction with thickness occurs
if one grows a film in a µc-Si:H deposition regime on an amorphous silicon (a-Si:H) substrate. Mai et al. [9] showed that changes in crystalline volume fraction also occur during
deposition of µc-Si:H solar cells. Yan et al. [13] empirically tested H2 dilution profiling
schemes to counteract this structure evolution.
The literature survey above makes clear that in order to realize films with constant crystallinities in the 60-70% range it is essential to have a highly stable and well-controlled
deposition process. In this contribution, we give a status report of our investigation into
the stability of µc-Si:H deposition in a lab-scale reactor used for solar cell deposition. In
parallel, work in a large-area reactor was carried out and is published elsewhere [14]. The
encountered drifts in process conditions are expected to play a role in other deposition
techniques and devices as well.

6.2

Experimental details

The microcrystalline silicon was prepared by parallel plate capacitively coupled plasma
deposition from SiH4 + H2 gas mixtures. The used system consists of five deposition
chambers and three load/transport locks. The electrode area was 150 cm2 and the substrate size 10×10 cm2 . The gas flow entered the chambers via the powered showerhead
electrode. A resistive heater regulated the process temperature. The ”highly diluted high
pressure depletion” regime was used for deposition of the µc-Si:H films with process parameters heater temperature 200 ◦ C, excitation frequency 13.56 MHz, rf power 60 W, electrode
gap 1.0 cm, pressure 1330 Pa, SiH4 flow 3 sccm and H2 flow 500 sccm. This regime was obtained in previous work by solar cell optimization and yields a rate of 0.4-0.5 nm s−1 [15–17].
Several in situ diagnostics were installed. Optical emission spectroscopy (OES) was applied
to measure the spectrally resolved plasma emission in the visible range. Most attention
was given to SiH emission at 405-420 nm, H2 Fulcher emission at 600-640 nm, and the
hydrogen Balmer series of Hα at 486 nm and Hβ at 656 nm. The spatially resolved plasma
emission intensity was obtained from the pixel intensity of greyscale digital camera pictures. A pyrometer was applied to monitor the substrate temperature. A voltage recorder
was applied to monitor the dc-bias during deposition. The configuration of spectrometer
and pyrometer is described more in detail in Ref. [17].
Material relevant to solar cells was investigated. For this purpose texture-etched ZnO:Al
[8, 18, 19] coated with a p-type doped µc-Si:H seed layer was used as substrate. The
crystalline volume fraction of the deposited intrinsic µc-Si:H film was measured using
Raman spectroscopy [11, 20] with 488 nm laser light excitation. The crystallinity gradient
in the film was visualized by etching craters using KOH droplets [9]. Additionally, selected
area electron diffraction [11, 21] was used. Solar cells were constructed using an n-type
doped a-Si:H layer and either an Ag or an ZnO/Ag back contact. The solar cells were
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Figure 6.1: Recorded (a) dc-bias, (b) SiH and Hα emission intensity, and (c) substrate temperature
as a function of time during deposition. Standard conditions were used, with a variation of (a)
SiH4 flow, (b) H2 flow and (c) rf power. The conditions are written next to the lines or shown
as legend. The positions in (a) denoted ”A”, ”B” and ”C” correspond to the conditions of which
the spatially resolved emission intensity is shown in Fig. 6.2. The various instabilities named
”powder formation”, ”transient depletion”, ”plasma heating” and ”long-term drift” are written
next to the relevant sections.

characterized at 25 ◦ C under AM 1.5 illumination by a double-source solar simulator.

6.3

Process stability

We investigated the stability of the deposition process by recording the measured signals
from the in situ diagnostics as function of time during deposition. The mentioned highly
diluted high pressure depletion regime was used, with separate variations of SiH4 flow,
H2 flow and rf power. Fig. 6.1(a)-(c) show the results for dc-bias, SiH and Hα emission
intensity, and substrate temperature, respectively. Several instabilities can be observed,
which are attributed as ”powder formation”, ”transient depletion”, ”plasma heating” and
”long-term drift”. They are treated separately in the subsections below.
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Figure 6.2: Spatially resolved optical emission intensity for a pure H2 plasma (dash-dotted line),
an SiH4 - H2 plasma (solid line), and a pulsed SiH4 - H2 plasma (dashed line), at otherwise
standard conditions. The conditions correspond to the ”A”, ”C”, and ”B” positions in Fig.
6.1(a), respectively.

6.3.1

Powder formation

The ”powder formation” instability occurred on a timescale of 100 s. In Fig. 6.1(a) this
instability is visible from dc-bias: In a pure H2 plasma the dc-bias was stable right from the
start whereas for higher SiH4 flow it evolved during the first second after plasma ignition.
Figure 6.2 shows spatially resolved emission intensity measurements for comparison. In the
pure H2 plasma most emission originated from two sheaths, consistent with Refs. [22, 23].
In contrast, most emission originated from the plasma bulk for the admixture of only 3
sccm SiH4 . A pulsed SiH4 + H2 plasma showed prominent sheath emission as in the pure
H2 case. Thus, judging from Fig. 6.1(a) and Fig. 6.2, an SiH4 + H2 plasma resembles a
pure H2 plasma directly after ignition, and then transforms into something different. Both
bulk emission [24, 25] and dc-bias diminishing [26–28] may indicate powder formation. We
reported before on bulk emission [29] and visible powder upon opening of the reactor [8] for
deposition of µc-Si:H in the high pressure depletion regime. It thus seems plausible that
powder formation takes place during deposition of µc-Si:H for solar cells. The effect on
the deposited film is not clear. Since the transition occurs within one second, its transient
effect is limited to the interface and first ∼0.5 nm of film.

6.3.2

Transient depletion

We reported on the occurrence of the ”transient depletion” instability in Refs. [8, 30].
Operating on a time scale of 102 s, it is visible from the SiH emission intensity shown
in Fig. 6.1(b). For an H2 flow of 400 sccm the SiH emission was stable from the start
whereas for an H2 flow of 20 sccm it was initially enhanced. In contrast, the Hα emission
was stable from the start in both conditions. The decrease of SiH emission indicates a
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decrease of SiH4 density, or in other words a depletion of SiH4 . The effect on the deposited
film is that, due to the initially enhanced and subsequently decreasing SiH4 density in the
plasma, a ”transient depletion”-induced amorphous incubation layer is formed. Growing
on this amorphous incubation layer will introduce a positive crystallinity gradient in the
deposited film, as was shown by Collins et al. [12]. We describe the effect of the ”transient
depletion”-induced incubation layer in Ref. [31]. Furthermore, we give analytical modelling
to assess transient depletion in a wide range of reactors and deposition conditions in Ref.
[32].

6.3.3

Plasma heating

We reported on the occurrence of this instability in Refs. [8, 17]. Furthermore it was
reported by Yamauchi et al. [10]. Operating on a time scale of 103 s, the drift is visible
in the substrate temperature shown in Fig. 6.1(c): For 60 W the substrate temperature
increased by 25 ◦ C and for 200 W by 80 ◦ C during the first 103 s. Comparing the rf
power of up to 200 W with the power coupled in the resistive heater of ∼100 W, it can be
understood that the plasma is a substantial heat source that should influence the substrate
temperature. The effect on the deposited film is that a higher substrate temperature leads
to more amorphous films [17], so a negative crystallinity gradient is expected to be present
in the deposited film.

6.3.4

Long-term drift

Operating on a time scale of 104 s, this instability is visible both from the dc-bias in Fig.
6.1(a) and the emission intensity in Fig. 6.1(b). The time scale for deposition of a 1 µm
thick film is normally only 103 s. We had to perform an exceptionally long deposition of
5 hours to record the long-term drift. The underlying cause for this drift is still lacking.
We excluded several possibilities in a number of additional experiments. It is unlikely to
be a specific hardware problem (e.g. malfunctioning mass flow controllers), since it also
took place in other reactors (see e.g. Ref. [14]). It is unlikely to be transient depletion,
because the lack of dependence on H2 flow and the time scale which differs by two orders
of magnitude. It cannot be a drift in power coupling efficiency since other spectral lines
- e.g. Hα in Fig. 6.1(b) - stayed constant. It cannot be plasma heating since the effect
on crystalline volume fraction is opposite. It can not be the deposition of a dielectric film
on a conducting substrate since we found the same - and not opposite - drift in dc-bias
to occur during etching with an H2 plasma. We can only speculate that it is some sort of
mechanism that slowly decreases the SiH4 density in the plasma (by about 20% during the
typical deposition time of 103 s), thereby making the deposited film more crystalline. A
remaining possibility could therefore be heating of the reactor wall, leading to a decreased
gas density and gas residence time, possibly without affecting the substrate temperature.
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Figure 6.3: Examples of crystallinity gradients measured by depth-profiled Raman spectroscopy
(closed symbols) and selected area electron diffraction (open symbols) for otherwise standard
deposition conditions with 60 W, 2 sccm SiH4 and 75 sccm H2 (circles), 200 W, 6.5 sccm SiH4
and 500 sccm H2 (triangles), 60 W, 2.5 sccm SiH4 and 75 sccm H2 using process control at ignition
(squares) and 60 W, 2 sccm SiH4 and 0 sccm H2 using process control throughout film growth
(stars). The ideal window of 60-70% crystallinity is indicated. The inset shows the corresponding
1×1 cm2 solar cell parameters - efficiency (η), fill factor (FF ), open-circuit voltage (Voc ) and
short-circuit current (Jsc ) - together with the used back contact (BC) for the four conditions.

6.4

Crystallinity gradient & Process control

This section investigates the influence of the process drifts on the structure evolution of
the µc-Si:H film. Thus far, we found the powder formation and long-term drift instabilities
to be always present during deposition of µc-Si:H in the high pressure depletion regime.
Because it takes place on a much shorter timescale, it is unlikely that the transient powder formation will affect the structure evolution. In contrast, the long-term drift occurs
slow enough to cause a continuous positive crystallinity gradient within the deposited film.
Transient depletion becomes more important for conditions of low H2 flow, so a larger
positive crystallinity gradient is expected in such conditions. Plasma heating becomes
important for high rf power conditions, so a negative crystallinity gradient may be experienced there.
We employed the techniques of selected area electron diffraction and depth-profiled Raman
spectroscopy to investigate the gradient in film crystallinity. The techniques proved to be
suitable, although the scatter in crystallinity and film thickness is still an issue. Thus far,
we did not obtain a conclusive picture on how exactly - i.e. what thickness scale and what
magnitude - the separate drifts influence the crystallinity. Instead, in Fig. 6.3 we give
four examples of crystallinity profiles we encountered. One can see that for deposition at
low H2 flow (75 sccm), a significant positive crystallinity gradient is observed. This leads
to a drift outside the ideal crystallinity window around 60-70%. The corresponding solar
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cell showed a poor open-circuit voltage and fill factor. Deposition at high rate (1.1 nm/s
at 200 W) showed an increase in film crystallinity for the first 600 nm of deposition. In
the last part of the film the crystallinity decreased. This could be explained by transient
depletion occurring on a fast timescale and causing a positive crystallinity gradient in the
first part of the film followed by plasma heating occurring on a slow time scale and causing
a negative crystallinity gradient in the last part of the film. Again, a drift outside of the
ideal crystallinity window around 60-70% is experienced, and the corresponding solar cell
performance is poor. These two examples make clear that due to the drifts in process
conditions a crystallinity gradient is introduced in the films, which leads to poor solar cell
performance in these specific regimes of low H2 flow or high rf power.
The third and fourth example in Fig. 6.3 show the crystallinity of films for which process
control was applied during deposition. For the third example process control was applied
at ignition: The reactor was first filled with pure H2 , and the plasma was ignited shortly
after switching on the SiH4 flow. This way, transient depletion does not occur [30]. Comparing the series at 75 sccm H2 with and without process control at ignition, one can see
that the crystallinity gradient is already reduced significantly. The fourth example was
prepared at an H2 flow of 0 sccm and an average SiH4 flow of 2 sccm SiH4 . In addition
to the procedure at ignition, the SiH4 flow was increased gradually during deposition by
about 20% to counteract the long-term drift. By this controlled SiH4 profiling, a constant
SiH emission (less than 10% variation) was realized throughout the deposition. One can
see that the crystallinity gradient is mostly absent in this deposition. The performance of
the corresponding solar cell was good.
For ultimate process control, the drifts of powder formation and plasma heating should
be counteracted as well. Figure 6.2 shows that powder formation can be prevented by
pulsing the plasma. However, previous work indicated that pulsing the plasma did not
bring improvement to the solar cell performance, and in fact decreased the deposition
rate because of the lower duty cycle [16]. To prevent the transient powder formation
process without pulsing the plasma one would have to make sure that powders are already
present before the plasma is ignited. For the moment this is out of our experimental reach.
Plasma heating could be counteracted by actively cooling the substrate, as was successfully
demonstrated for uniform high rate large area deposition in Ref. [10]. It is a challenge to
realize active substrate cooling with a short response time in order to cope with high rate
deposition conditions and corresponding fast temperature increases. We are considering
this for future work.

6.5

Conclusions

The parallel plate plasma deposition of µc-Si:H from SiH4 + H2 gas mixtures is not stable.
Drifts in the deposition conditions may take place via powder formation, transient depletion, plasma heating and a long-term drift. The drifts in deposition conditions cause the
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film crystallinity to drift outside the ideal window around 60-70%, leading to poor solar
cell performance. Identifying the underlying cause of the drifts, it is possible to design a
process control scheme to make the deposition process stable. With active process control
previously inaccessible deposition regimes like e.g. deposition from pure SiH4 source gas
or deposition at high rate become accessible.
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Chapter 7
Enhanced Open-Circuit Voltage
Abstract
Microcrystalline silicon solar cells with an open-circuit voltage breaking the 600 mV barrier were obtained by using an hot wire deposited p-i interface and controlled SiH4 flow
profiling during RF parallel plate plasma deposition of the i-layer bulk. This careful design of bulk and interfaces facilitated charge carrier collection from an i-layer of unusually
low crystalline volume fraction of approximately 30%, realizing a solar energy conversion
efficiency of 9.8% at an open-circuit voltage of 603 mV.

Short Communication
Microcrystalline silicon (µc-Si:H), a heterogeneous mixture of crystalline silicon (c-Si)
grains and amorphous silicon (a-Si:H), receives increasing attention as stable absorber
layer in cost-effective thin-film silicon solar cells [1, 2]. The performance of a solar cell can
be expressed by the fill factor (FF ), short-circuit current (Jsc ) and open-circuit voltage
(Voc ). Werner et al. presented an insightful overview clarifying the relation between the
Voc , the c-Si grain size and the grain boundary recombination velocity, for a broad range
of silicon solar cells [3]. From the small µc-Si:H grain size of 10 nm [4], we may conclude
that grain boundary passivation is of utmost importance to the Voc in µc-Si:H solar cells.
Figure 7.1 shows the progress made in p-i-n (i.e., a stack of a p-type layer - intrinsic layer
- and n-type doped layer) µc-Si:H solar cell technology over the years in terms of the Voc .
The first µc-Si:H solar cells, prepared in the 1990s with a crystalline volume fraction of
typically 80%, showed a Voc around 400 mV [5–8]. In 2000, Vetterl et al. presented µc-Si:H
solar cells with a lower crystalline volume fraction of 60%, showing an improved Voc of 520
mV [9]. In the study, and in numerous following studies, it was demonstrated that for
even lower crystalline volume fraction the Voc increases further, but a sharp drop in FF
and Jsc takes place that leads to deteriorated solar cell performance [2, 9–12]. A plausible
explanation is that the c-Si grain boundaries are increasingly well passivated by the a-Si:H
volume fraction up to a certain threshold fraction. When passing this threshold fraction
81
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Figure 7.1: The progress made in the best-cell Voc of µc-Si:H solar cells for plasma deposition
(closed symbols), hot-wire deposition (open symbols) and combined hot-wire deposition of a
buffer layer and plasma deposition of the i-layer (half-open symbols). Data between 1990 and
1999 concerns the initial efforts on µc-Si:H solar cells (squares, Refs. [5–8]), whereas the data
between 2000 and 2006 concerns solar cells with µc-Si:H material of optimized crystalline volume
fraction (squares, Refs. [2, 9–14]). The data using a profiled SiH4 flow (circles) refer to Refs.
[15, 16] and this work.

the opto-electronic properties of the material become a-Si:H dominated instead of µc-Si:H
dominated with a corresponding low hole mobility and low infrared absorption.
For several years it appeared that the Voc at which maximum solar energy conversion efficiency is obtained, the so-called best-cell Voc , was limited to the 520 mV. However, in
2002 a best-cell Voc of 580 mV was reported for µc-Si:H solar cells prepared by hot wire
deposition [13]. For very high frequency (VHF) plasma-deposited solar cells a best-cell Voc
around 570 mV was reported in 2005 by the application of a hot wire (HW) deposited
buffer layer between the p-layer and i-layer [14]. For radio-frequency (RF) plasma deposition, a best-cell Voc around 560 mV was reported in 2005 using a novel SiH4 flow profiling
scheme to enhance the stability of the plasma deposition process as monitored by optical
emission spectroscopy [15]. Using a similar SiH4 profiling technique, a best-cell Voc around
570 mV was reported in 2006 for modified VHF deposition [16]. It is still unclear how
these recent achievements affect the view on ”ideal” film crystallinity and the maximum
obtainable Voc of state-of-the-art µc-Si:H solar cells.
In this contribution we report on µc-Si:H solar cells with a Voc that breaks the 600 mV
barrier. The best-cell Voc of 603 mV was obtained by a combined approach: (i) control-
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ling the p-i interface formation using a HW deposited buffer layer and (ii) controlling the
i-layer bulk growth using optical emission spectroscopy based SiH4 flow profiling during
RF parallel plate plasma deposition. With the presented development the Voc of µc-Si:H
solar cells comes closer to the values of the best mono-crystalline (706 mV [17]), amorphous/crystalline heterojunction (702 mV [18]) and multi-crystalline (664 mV [19]) silicon
solar cells. It is therefore a new step towards highly efficient thin film silicon solar cells.
The solar cells were fabricated on texture-etched ZnO:Al coated glass (size 10×10 cm2 )
[2, 20]. A multi-chamber setup was used for preparation of µc-Si:H p- and i-layers and
a-Si:H n-layers by 13.56 MHz RF parallel plate plasma deposition [21, 22]. An additional
multi-chamber system was used for the deposition of µc-Si:H p-layers by VHF parallel
plate plasma deposition and µc-Si:H buffer layers by hot wire deposition [14]. The i-layer
thickness was 1.0-1.5 µm. ZnO/Ag back contacts (size 1×1 cm2 ) defined the collection
area of the solar cells. A class A double-source solar simulator was used for solar cell
characterization. Raman scattering was performed with 647 nm light after etching off the
n-layer with potassium hydroxide to obtain the semi-quantitative measure IcRS for the average crystalline volume fraction of the i-layer. The contribution of the c-Si grains to the
Raman scattered signal was determined by subtracting an a-Si:H reference spectrum [23].
The results of the solar cell deposition studies are depicted in Fig. 7.2. The figure shows
η, FF and Jsc plotted versus Voc , for four series of depositions designated as ”reference”,
”hot wire buffer”, ”SiH4 profiling”, and ”buffer + profiling”. The different values for Voc
in each series were obtained by using different (time-averaged) SiH4 flows during i-layer
deposition. The measured solar cell and film properties at the best-cell Voc are stated in
the legend. The ”reference” series was prepared without vacuum break in the H2 diluted
RF high pressure depletion regime [21, 22]. In the ”hot wire buffer” series a hot wire deposited buffer layer of 15 nm in thickness was prepared under low pressure, low deposition
rate, low filament temperature conditions [14], while after transport through air the i- and
n-layer were deposited under equal conditions as for the reference series. Since the VHF
deposited p-layer in these cells was slightly thinner than the p-layer in the reference series,
the current for this series was slightly higher and the fill factor slightly lower. The ”SiH4
profiling” series was deposited in the pure SiH4 deposition regime (all RF, no vacuum
break) using a profiled SiH4 flow that increased by 20% during deposition in order to keep
the plasma’s optical emission intensity constant [15]. In the ”buffer + profiling” series,
deposition of the p-layer and HW buffer layer took place under equal conditions as the
”hot wire buffer” series whereas the deposition of the i- and n-layer took place under equal
conditions as the ”SiH4 profiling” series (including vacuum break).
In Fig. 7.2 one can clearly distinguish a best-cell Voc at which maximum efficiency is
obtained for each series. The results show that application of a HW buffer layer and
application of controlled SiH4 profiling both enhance the best-cell Voc , from 533 mV for
the reference series to 550 mV and 564 mV for the HW buffer and SiH4 profiling series,
respectively. The Raman scattering experiments indicate that in both series the enhanced
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Figure 7.2: Solar cell parameters efficiency η, fill factor FF and short-circuit current Jsc versus
open-circuit voltage Voc , in a reference series using RF plasma deposition (closed circles), incorporating a hot wire deposited buffer layer (crosses), incorporating controlled SiH4 flow profiling
(open triangles) and incorporating both a hot wire deposited buffer layer and controlled SiH4
flow profiling (open stars). The trends of the four series around the best-cell Voc are indicated by
solid lines as a guide to the eye. The legend summarizes the best-cell parameters.

REFERENCES

85

best-cell Voc is accompanied by a decrease in best-cell IcRS , from 64% for the reference series
to 43% and 51% for the HW buffer series and SiH4 profiling series, respectively. Notwithstanding these similarities, the enhanced Voc and decreased IcRS must be of different origin:
A HW buffer alters the p-i interface, so in order to explain the enhanced Voc one has to
conclude that this p-i interface facilitates charge carrier collection at decreased IcRS . The
SiH4 flow profiling on the other hand locally lowers the IcRS of the thicker part of the i-layer
close to the n-layer, which means that it has to reduce charge carrier recombination in this
region of the i-layer.
By simultaneously applying an HW buffer and controlled SiH4 profiling a best-cell Voc of
603 mV was obtained with a best-cell IcRS of 32%. The reasonably good red and near
infrared absorption (Jsc = 22 mA/cm2 ) and excellent electronic transport properties (FF
= 74%) indicate that the opto-electronic properties of this material were still determined
by the c-Si rather than the a-Si:H volume fraction.
Finally, Fig. 7.2 indicates that in all four series there is a trend of decreasing Jsc with increasing Voc . From this trend we conclude that the increase in Voc , tentatively ascribed to
the decreased recombination velocity following from an enhanced c-Si grain boundary passivation, is accompanied by a simultaneous decrease of the absorption coefficient. When a
method would be found to maintain the high effective absorption coefficient, the combination of high Voc (603 mV, ”buffer + profiling” series) and high Jsc (25 mA/cm2 , ”reference”
series) would allow for an efficiency of single junction µc-Si:H solar cells above 11%.
In summary, µc-Si:H solar cells with a best-cell Voc of 603 mV were obtained through a
combination of a hot wire buffer layer (affecting the p-i interface) and controlled SiH4 flow
profiling (affecting the bulk i-layer). This result shows that material with an unusually low
crystalline volume fraction of ∼30% shows superior electronic properties and can be used
for µc-Si:H applications. The high Voc paves the way to highly efficient thin film silicon
solar cells but at the same time makes light-trapping an even more important issue.
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Chapter 8
Flexible Modules
Abstract
Encapsulated and series-connected amorphous silicon (a-Si:H) and microcrystalline silicon
(µc-Si:H) based thin film silicon solar modules were developed using an aluminum foil as
temporary substrate during processing and a commodity polymer as permanent substrate
in the finished module. For the development of µc-Si:H single junction modules, aspects
regarding TCO conductivity, TCO reduction, deposition uniformity and substrate temperature stability were addressed. It was established that the substrate surface morphology
relevant to µc-Si:H growth as bottom cell in a tandem junction is mostly determined by
the a-Si:H top cell rather than the TCO. Initial aperture area efficiencies of 8.2%, 3.9%
and 9.4% were obtained for fully encapsulated amorphous silicon (a-Si:H) single junction,
microcrystalline silicon (µc-Si:H) single junction and a-Si:H / µc-Si:H tandem junction
modules, respectively. Possibilities for future developments on light trapping, stability
against light soaking, and the plasma deposition process of the µc-Si:H are discussed.

8.1

Introduction

Thin film silicon solar cells are one of the most promising options for providing clean and
cost-effective solar electricity. Tandem junctions consisting of an amorphous silicon (aSi:H) top cell and a microcrystalline silicon (µc-Si:H) bottom cell are of particular interest
since by this concept stable solar energy conversion efficiencies of cells and modules well
above 10% have been demonstrated [1–6]. It is an important challenge to transfer this
lab-scale technology on glass to more cost-effective processes and materials. One route is
up-scaling the glass technology to ∼m2 size and beyond [3, 5, 7]. Another possible route
is to use flexible substrate foils in combination with roll-to-roll deposition technology.
This chapter is submitted to Sol. Energy Mater. Sol. Cells. as M.N. van den Donker, A. Gordijn,
H. Stiebig, F. Finger, B. Stannowski, R. Bartl, E.A.G. Hamers, R. Schlatmann, G.J. Jongerden and B.
Rech, Flexible amorphous and microcrystalline silicon tandem solar modules in the temporary superstrate
concept
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The typical method of fabricating thin film silicon solar cells on glass is the superstrate
configuration. In this configuration light enters the solar cell from the glass-side. Because
of the low hole mobility in a-Si:H the p-type doped layer usually acts as window layer and
the sequence in deposition of the doped and intrinsic layers is p-i-n. A transfer of the glass
p-i-n solar cell technology to substrate foils would be successful if the substrate foil would
fulfill the three main requirements of (i) optical transparency, (ii) temperature compatibility and (iii) cost-effectiveness. Lambertz et al. investigated to what degree polycarbonate
could fulfill these requirements and realized an efficiency of 4.9% for an a-Si:H p-i-n single
junction deposited at temperatures below 160 ◦ C [8].
One approach to relax on the transparency requirement of the substrate foil is the substrate or n-i-p configuration. The AIST research center realized an initial solar energy
conversion efficiency of 6% for a small area single junction microcrystalline silicon µc-Si:H
n-i-p solar cell on a polymer substrate foil [9]. The IMT Neuchâtel used a polymer substrate foil and obtained a stabilized solar energy conversion efficiency of 7% for a single
junction a-Si:H n-i-p solar cell and 8.3% for a small area tandem junction a-Si:H/µc-Si:H
solar cell [10]. Fuji Electric Corp. developed a roll-to-roll process on a polymer substrate
foil, and reported on 9% stable efficiency for 0.12 m2 cells using an a-Si:H / amorphous
silicon-germanium (a-SiGe:H) tandem junction [11]. United Solar Ovonic Corp. developed
a roll-to-roll process on a stainless steel substrate foil [12], and reported various record
performances (∼13% stable efficiency) for individual small-area triple junction solar cells
(a-Si:H/a-SiGe:H/a-SiGe:H, a-Si:H/a-SiGe:H/µc-Si:H and a-Si:H/µc-Si:H/µc-Si:H) [4, 13–
15]. In addition to the research reviewed above, companies like PowerFilm (USA) and
VHF Technologies (Switzerland) work on the commercialization of flexible solar cells in
the n-i-p concept. A challenge for the flexible n-i-p concept is to find cost-effective lowtemperature compatible transparent front contacts and to develop methods of monolithical
series connection.
Another approach to relax on the transparency requirement of the substrate foil is the
temporary superstrate concept. This approach was introduced several years ago by the
Helianthos consortium [16], at that time consisting of Akzo Nobel, Delft University, Eindhoven University, Utrecht University and TNO. This concept uses an aluminum substrate
foil during processing that is removed in a later process step, as depicted in Fig. 8.1(a).
A commodity polymer substrate is laminated onto the solar cell before aluminum removal
and takes over the carrier function. In this concept, a p-i-n structure can be applied even
though the substrate foil is not transparent. The temporary superstrate concept allows
for monolithic series interconnection and deposition of the transparent front contact at
temperatures above 500 ◦ C. As this concept combines the general advantages associated
with flexible solar cell technology (i.e. continuous roll-to-roll processing, cost-effective
substrates, light-weight modules with low transportation and installation costs, possibility of direct integration in building materials) with the advantages of the technology for
thin film silicon solar cells on glass (i.e. low-cost high rate front TCO, large area silicon
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(a)

(b)

Figure 8.1: The temporary superstrate concept shown (a) schematically and (b) in a photograph.

deposition technology, low silicon consumption, monolithic series connection) it promises
considerable cost reductions as compared to the technologies available on the market today.
In 1998, the pioneering work proved the feasibility of the concept and produced the promising result of a single junction amorphous silicon (a-Si:H) solar cell with an initial conversion
efficiency of 6% [17]. Continuous further developments led to 60 cm2 aperture area series
connected modules with a stabilized efficiency of 6.5% for a-Si:H single junctions and over
7% for a-Si:H/a-Si:H tandem junctions [18]. Meanwhile, a roll-to-roll production pilot line
is being completed for 35 cm wide aluminum foil. In this pilot line a SnO2 :F Transparent
Conductive Oxide (TCO) is applied by roll-to-roll atmospheric pressure chemical vapor
deposition (APCVD). An amorphous silicon (a-Si:H) p-i-n junction is deposited by means
of roll-to-roll plasma enhanced chemical vapor deposition (PECVD). After stepping roll-toroll monolithic series interconnection of separate cells into a module, the foil is roll-to-roll
laminated onto a commodity polymer substrate. Finally, the temporary aluminum substrate is removed by roll-to-roll wet chemical etching. These roll-to-roll processed modules
thus far reached initial efficiencies around 6% for an aperture area of 0.084 m2 [19].
In this paper we present an overview of the novel development of a-Si:H / µc-Si:H tandem
modules in the temporary superstrate concept, for which the silicon deposition took place
at the Forschungszentrum Juelich GmbH and the module fabrication at Helianthos BV
[20]. We address the properties of flexible thin film a-Si:H top, µc-Si:H bottom, and a-Si:H
/ µc-Si:H tandem modules. Particular attention is paid to the µc-Si:H growth, for which
it was established that in a tandem junction the surface morphology relevant to the solar
cell performance is determined by the a-Si:H top cell rather than the TCO. The flexible
tandem modules, of which an example is shown in Fig. 8.1(b), reached initial aperture
area efficiencies up to 9.4%. To our knowledge this is the first successful demonstration of
flexible a-Si:H / µc-Si:H tandem modules in the p-i-n configuration.
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Experimental details

The configuration of the flexible solar cells is sketched in Fig. 8.1(a). Starting from an
aluminum foil, all layers - TCO front contact, silicon p-i-n solar cell, ZnO/Al back contact,
and permanent substrate - were subsequently applied. As last step, the aluminum foil was
removed in a wet-chemical etching process, opening up the solar cell to light. In some
reference experiments the TCO, p-i-n, and back contact were applied on glass.
On the flexible foil the SnO2 :F was deposited in a roll-to-roll APCVD process [16, 21]. Tintetra-chloride (TTC) was used as tin precursor and HF as doping gas. Pieces of 10×10 cm2
were later cut out of the roll of foil. For comparison with cells on glass we used commercially available SnO2 :F (Asahi U-type) and texture-etched sputtered ZnO:Al [5, 22, 23].
The silicon p-i-n structures were deposited in a 30×30 cm2 parallel plate PECVD reactor described in detail elsewhere [24]. This system consisted of one load lock and two
deposition chambers, both equipped with showerhead electrodes for homogeneous gas distribution. Deposition took place from SiH4 and H2 source gases using 13.56 MHz excitation
frequency, for the µc-Si:H in a regime of high pressure and high power yielding rates of
0.5 nm s−1 [25]. Doped layers were obtained by admixture of either B(CH3 )3 (p-layer)
or PH3 (n-layer). Up to four 10×10 cm2 substrates could be fitted at the same time in
the 30×30 cm2 substrate carrier. In a single experiment mentioned specifically in section
8.3.3 we used a 10×10 cm2 reactor equipped with a pyrometer [26] to study the substrate
temperature during deposition. Sputtered ZnO/Al was used as back contact on the flexible
samples. Cells were defined by a laser scribe patterning process. Eight cells made up one
module. Reference cells on glass were provided with evaporated Ag or sputtered ZnO/Ag
back contacts.
The TCO was characterized by Atomic Force Microscopy (AFM), Scanning Electron Microscopy (SEM), and Hall measurements. The electrical characterization was possible by
laminating the TCO on the commodity polymer and etching away the conducting aluminum. The solar cells and modules were characterized by current-voltage (J − V ) measurements under AM 1.5 illumination and 25 ◦ C, yielding the parameters of solar energy
conversion efficiency (η), fill factor (FF ), open-circuit voltage (Voc ), short-circuit current
density (Jsc ), open-circuit resistance Roc and short-circuit resistance (Rsc ). Both a double
source class A DC solar simulator and a flasher were used. In preceding work the DC
solar simulator and the flasher were found to differ less than 2% relative from each other
and from independent reference measurements at NREL [27]. In each characterization we
checked whether the results of the two solar simulators were in agreement. If not specifically stated otherwise, the results obtained with the DC simulator will be mentioned. To
be able to compare module and cell results the voltage of the modules was divided by the
number of cells in a module and is expressed in the unit V/cell. The current of the modules was multiplied by the number of cells and divided by the module aperture area and is
expressed in the unit mA/cm2 . Similarly, the series and parallel resistance are expressed
in the unit Ω cm2 .
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External quantum efficiency (EQE) measurements were performed on some modules. The
AC probe beam had a diameter larger than the module size so that the entire module could
be probed. Red and blue bias light was applied to measure the EQE of the top- and bottom
cell separately. Light soaking of the a-Si:H / µc-Si:H tandem modules was carried out at
50 ◦ C, AM 1.5, 100 mW/cm2 under open circuit conditions. On some specific samples,
Raman spectroscopy was performed to determine the crystalline volume fraction of the
material. Excitation was carried out using 488 nm laser light with an estimated probing
depth of about 100-200 nm.

8.3
8.3.1

Results: Tandem development
Substrates

The APCVD process allows deposition of SnO2 :F with a broad range of surface morphologies. Key deposition parameters in the deposition process are the temperature (> 500 ◦ C)
and the precursor gas mix. Two examples of TCO morphologies are shown in Fig. 8.2(a)(b). TCO (a) was deposited at 24 nm/s and exhibited elongated grains with a typical
length of 400 nm. The root-mean-square (RMS) roughness measured by AFM was 55 nm,
the Hall mobility was 22 cm2 /Vs and the sheet resistance 8 Ω . TCO (b) was deposited
at 15 nm s−1 and obtained a pyramidic morphology with a typical lateral dimension of
250 nm. The RMS roughness was 43 nm, the Hall mobility 30 cm2 /Vs and the sheet resistance 6 Ω . Additional optical characterization of the TCO regarding light scattering was
not straightforward because of the opaque aluminum substrate foil and lack of contrast in
refractive index with the permanent polymer substrate after lamination. The most suitable option for investigating the optical performance of the TCO remains the application
in solar cells. In the solar cell depositions from this study both TCO types led to solar
cells of quite similar performance. The pyramid morphology gave slightly higher currents,
although more statistics are needed to definitively demonstrate this. The best a-Si:H and
µc-Si:H modules, discussed in Section 8.3.2 and 8.3.3, respectively, were prepared on the
type (a) TCO. The best a-Si:H / µc-Si:H tandems, discussed in Section 8.3.4, were prepared on type (b) TCO morphology. Variation of TCO morphology in combination with
light trapping is further discussed in Section 8.4.1.

8.3.2

a-Si:H modules

Single junction a-Si:H solar cells and modules were applied in the temporary superstrate
concept before [17, 18]. We prepared fully encapsulated single junction a-Si:H modules
in this investigation in order to (i) test the transfer of the silicon deposited in our batch
reactor to the commodity polymer substrate and (ii) verify the a-Si:H top cell performance
independently before application into an a-Si:H / µc-Si:H tandem. The best modules (60
cm2 aperture area, 8 cells) reached an initial performance of efficiency of η = 8.2 %, FF
= 68 %, Voc = 0.89 V/cell and Jsc = 13.5 mA/cm2 . Although the Jsc and FF were still
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(a)

(b)

Figure 8.2: Scanning Electron Microscope (SEM) images of two types of Roll-to-Roll SnO2 :F
TCOs on aluminum foil: (a) elongated grain structure, (b) pyramid structure.

slightly lower than in the best modules on glass, this result was quite satisfactory since
the transfer to the polymer substrate functioned well and no fundamental problems were
encountered. Encouraged by these results we decided to focus on the µc-Si:H deposition
in the remainder of the experiments.

8.3.3

µc-Si:H modules

The deposited µc-Si:H modules showed a low efficiency of a few percent. After several
optimization steps, that will be described below, the best µc-Si:H module showed an aperture area performance of η = 3.9%, FF = 48%, Voc = 0.42 V/cell and Jsc = 19.4 mA/cm2 .
The FF and Voc of this module were still low compared to what is typically achieved for
the same deposition process on ZnO:Al coated glass substrates (FF = 72% and Voc = 0.53
V, see e.g. Ref. [25]). Therefore, the efficiency (3.9%) is low compared what has been
obtained for 64 cm2 aperture area single junction µc-Si:H modules on glass (8.1 %, Ref. [5]).
On the flexible µc-Si:H modules we measured an ohmic series resistance of 3.5 Ω cm2 , as
deduced from the dark J − V characteristic in the limit of a high forward voltage. Note
that this series resistance is a combination of TCO sheet resistance and the interconnection
resistance. We simulated the effect of the series resistance using a photodiode model with
input values for typical cells on glass: a diode ideality factor n = 1.4 and a dark current
density of J0 = 5×10−6 mA/cm2 . A series resistance of 1 Ω cm2 gave FF = 73% and Voc =
0.54 V. A series resistance of 3.5 Ω cm2 resulted in FF = 64% and Voc = 0.54 V. Although
we did not solve this problem, we conclude that the too high series resistance cannot fully
explain the low FF of 48% of the best µc-Si:H module.
The high power and H2 -rich plasma typically used for deposition of the µc-Si:H p-layer
and intrinsic layer could cause reduction of SnO2 :F, leading to a deterioration of optical
and electrical properties of the TCO. A thin coating of ZnO:Al was applied to protect the
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Figure 8.3: Fill factor and open circuit voltage of µc-Si:H single junction solar cells prepared on
SnO2 :F on glass as function of the thickness of the ZnO:Al protective coating.

SnO2 :F on glass (Asahi-U type) from the plasma during deposition. Figure 8.3 shows the
effect of the protective coating thickness on FF and Voc of the corresponding µc-Si:H solar
cells. Bare SnO2 :F yielded only FF = 59% whereas solar cells prepared on SnO2 :F with
a protective ZnO:Al coating reached values up to FF = 69%. The effect of the protective
coating thickness on Voc was very small. In the best µc-Si:H module we applied a protective
ZnO:Al coating of 40 nm thickness. We conclude that the TCO reduction cannot explain
the low FF of the best µc-Si:H module.
Another cause could be non-uniform growth of the material on flexible substrates. Figure
8.4 shows a picture of a p-i-n junction applied on foil after the silicon was deposited and
before it was supplied with a back contact. The deposition conditions for this sample corresponded to the optimum used for µc-Si:H solar cells on glass. Judging from the Raman
spectra, the central part of the sample consisted of transition-type µc-Si:H whereas the
outer regions consisted of pure a-Si:H. It could be that this kind of non-uniformity existed due to bending of the foil substrate during deposition, leading to a locally decreased
electrode gap and bad thermal and electrical contact of the substrate with the grounded
electrode. A decrease of the electrode gap is indeed known to promote more crystalline
growth [28]. The non-uniform growth was no longer measurable when the SiH4 flow was
decreased by 5%. An SiH4 flow decrease this small is expected to affect Voc and FF only
marginally. A rough estimation based on data presented in Refs. [2, 25] gives a variation
in Voc of ∼0.01 V and in FF of ∼1% upon a decrease in SiH4 flow ∼5% from the optimum value. Thus, this non-uniform growth and the resulting adaptation of the deposition
regime cannot fully explain the low FF and Voc of the best µc-Si:H module.
Related to the foil bending and potentially poor thermal contact we examined the possibility that the temperature distribution on the flexible substrates resulted in a low device

94

Flexible Modules

Figure 8.4: Raman spectroscopy performed on two positions on the substrate, (1) in the center
yielding a crystalline volume fraction of 20% and (2) on the edge yielding a crystalline volume
fraction of 0%. The inset shows the photograph of the µc-Si:H film on the flexible substrate with
the two positions indicated.

performance. One of the differences between a-Si:H and µc-Si:H deposition conditions is
that the ∼10 times higher plasma power may significantly heat up the substrate during
deposition [26]. We exerted several depositions in the 10×10 cm2 reactor, using a pyrometer from the back side of the substrate to monitor the substrate temperature [26].
The thermal emissivity of the aluminum proved to be too low to be accurately measured
by the pyrometer. For this reason we put the substrates upside-down: Deposition took
place on the aluminum side and the pyrometer monitored the TCO side. The pyrometer
was carefully calibrated for this substrate type beforehand using thermocouples. Figure
8.5 shows the temperature development during 40 minutes of deposition at a rate of ∼0.5
nm/s, on an aluminum foil substrate and on a glass substrate. Some differences between
the substrate temperature can be seen, however they are smaller than about 10 ◦ C and
therefore not significant with respect to material properties [26]. Thus, the different thermal conductance and plasma-induced substrate heating cannot explain the low FF and
Voc of the best µc-Si:H module.
Finally, we propose the hypothesis that the sharp morphology of the TCO affects the µcSi:H growth. It has been reported that surface morphology may interfere with the columnar
growth of µc-Si:H [29] and lead to poor FF and Voc [30, 31]. We found differences in solar
cell performance on different TCO morphologies: Voc = 0.42 V/cell and FF = 48% is
obtained on the elongated grain ZnO-covered roll-to-roll SnO2 :F, Voc = 0.51 V and FF =
69% is obtained on ZnO-covered Asahi-U (Fig. 8.3, whereas Voc = 0.53 V and FF = 73%
are typical values for deposition on texture-etched ZnO:Al (see e.g. Ref. [25]).
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Figure 8.5: Substrate temperature during 40 minutes of deposition at a rate of ∼0.5 nm/s on a
glass substrate and on an aluminum foil substrate.

In summary, it is a challenge to develop single junction µc-Si:H modules in the temporary
superstrate concept. Problems regarding TCO conductivity, TCO reduction, deposition
uniformity, substrate temperature stability and TCO morphology were addressed. We
achieved single junction µc-Si:H modules with an initial aperture area efficiency of 3.9%.

8.3.4

Tandem modules

A series of a-Si:H / µc-Si:H tandems was deposited following the guidelines developed for
µc-Si:H deposition, except for the protective ZnO:Al coating which was not applied. Figure 8.6 shows typical aperture area J − V characteristics of the encapsulated and series
connected a-Si:H single junction, µc-Si:H single junction, and a-Si:H / µc-Si:H tandem
modules. The best tandem module showed an initial apertures area performance of η =
9.4%, FF = 67%, Voc = 1.34 V/cell and Jsc = 10.5 mA/cm2 (DC solar simulator) and η =
9.5%, FF = 68%, Voc = 1.35 V/cell and Jsc = 10.3 mA/cm2 (flasher). The tandem modules performed much better than what was expected considering the status of the single
junction µc-Si:H modules. The Voc of 1.34 V/cell is about 0.03 V/cell higher than the sum
of the Voc -s of the best separately prepared a-Si:H (0.89 V/cell) and µc-Si:H (0.42 V/cell)
modules. Also, the FF of 68% is higher than what would be expected on grounds of the low
single junction µc-Si:H module FF of only 48%. The difference in performance between
the µc-Si:H bottom cell grown on the a-Si:H top cell and the single junction µc-Si:H cell
grown directly on the TCO might be attributed to a difference in surface morphology.
Figures 8.7(a)-(b) show SEM images of 400 nm thick a-Si:H top cells grown on the TCO
types of Fig. 8.2(a)-(b), respectively. The corresponding RMS roughness was 51 nm for
sample (a) and 31 nm for sample (b). Comparing Figs. 8.2 and 8.7, it is evident that
the application of an a-Si:H top cell significantly alters the surface morphology and lateral
structure size on which the µc-Si:H is grown, although the difference in RMS roughness
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Figure 8.6: Aperture area J − V curves of the best a-Si:H single junction, µc-Si:H single junction,
and tandem junction modules prepared on flexible foil substrates. The inset table shows the
corresponding J − V parameters.

between the two TCO types is mostly retained upon application of the a-Si:H top cell.
We ascribe the difference in performance between a µc-Si:H single junction and a µc-Si:H
bottom cell to this effect. This result indicates that research regarding optimization of the
TCO morphology should be carried out using an a-Si:H / µc-Si:H tandem test cell rather
than a single junction µc-Si:H solar cell.
The stability of the flexible modules was tested under open-circuit conditions for AM 1.5
illumination at 50 ◦ C. A slightly top-limited module deposited on the granular TCO of Fig.
8.3(a) was selected for the light soaking, with the J-V parameters η = 8.6%, Voc = 1.37 V,
FF = 68%, and Jsc = 9.6 mA/cm2 . Figure 8.8 shows that after 1000 hr light soaking the
efficiency decreased to 7.2%, mostly due to the degradation of the FF. EQE measurements
performed at various times during the degradation indicated a decrease in top cell current
in the range < 550 nm while the the bottom cell current remained constant. Annealing
at 155 ◦ C was possible by preventing plastic deformation through a proper support of
the module in a frame. The annealing step only led to a partial recovery of the module
efficiency to 8.0%.

8.4

Discussion: Status and perspectives

The realization of working a-Si:H / µc-Si:H tandem modules demonstrates that the costeffective process using the temporary aluminum substrate is compatible with the high
efficiencies that the a-Si:H / µc-Si:H tandem technology promises. Moreover, the developed
reproducible tandem process allows systematic future research and development to improve
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(b)

Figure 8.7: Scanning Electron Microscope (SEM) images of a 400 nm thick a-Si:H film grown on
two types of roll-to-roll SnO2 :F morphologies on aluminum foil: (a) elongated grain structure,
(b) pyramid structure. The insets show cross-sectional images.

Figure 8.8: Effect of light soaking at AM 1.5 illumination and a temperature of 50 ◦ C and of
annealing at 155 ◦ C on. Measurement temperature is 25 ◦ C. Shown is (a) the efficiency η and
the fill factor FF, (b) the open-circuit voltage Voc and short-circuit current Jsc , and (c) the
open-circuit resistance Roc and short-circuit resistance Rsc .

98

Flexible Modules

Figure 8.9: Individual EQE of the top- and bottom junction of a flexible tandem module. The
quantum efficiency multiplied with the standard AM 1.5 spectrum gave the denoted current
densities. The dashed line holds data of an optimized µc-Si:H solar cell on ZnO:Al coated glass
[5].

aspects like light trapping, module stability and silicon deposition.

8.4.1

Light trapping

The Jsc of all three module types in Fig. 8.6 was still about 10-20% lower than what is
achieved for the best solar cells on ZnO:Al coated glass. Figure 8.9 illustrates this by comparing the EQE of a flexible tandem module under red and blue bias light to that of a single
junction µc-Si:H cell on glass with texture-etched ZnO:Al front TCO and ZnO/Ag back
contact. Our tandem collects a total current of 10.0 + 10.3 = 20.3 mA/cm2 , whereas the
single junction µc-Si:H solar cell on ZnO:Al coated glass may collect up to 26.8 mA/cm2
[5]. Three aspects are particularly important regarding current collection: The light scattering properties of the TCO, the reflective properties of the back contact, and the dead
area due to interconnection.
The light scattering properties of the TCO depend mostly on the surface morphology. A
quantitative model on the relation between surface morphology, light scattering and solar
cell performance still has to be developed. In the mean time, the method-of-choice to
investigate the properties of various TCO morphologies is to test them in deposited solar
cells. The different behavior of µc-Si:H bottom cells with respect to single junction µc-Si:H
cells, caused by the altered morphology upon application of an a-Si:H top cell, prevents the
successful testing of TCO morphologies in single junction µc-Si:H cells. The only method
left to assess a TCO morphology thus remains to be the application in a-Si:H / µc-Si:H
tandem cells or modules.

8.5. Summary
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Module stability

Improvement of the light trapping should lead to higher initial efficiencies. In order to
realize high stable efficiencies the stability of the solar modules has to be better understood
and improved. Figure 8.8 shows that the degradation of the tandem module was not
typical: The open-circuit resistance increased upon light soaking, did not saturate and
did not recover upon annealing. In contrast, typical Staebler-Wronski degradation should
be almost fully reversible upon annealing [32]. This indicates that a different type of
degradation, e.g. in the TCO, interconnect or back contact, might play a role in the
module degradation besides the Staebler-Wronski effect in the a-Si:H top cell.

8.4.3

Deposition process

Standard 13.56 MHz deposition processes obtained in earlier optimization studies [25,
28] were used in this investigation. On ZnO:Al coated glass, improved cell design and
deposition processes have already shown to give higher rates, more efficient gas utilization
and higher efficiencies [33, 34]. We thus regard the obtained tandem modules to be only
a first step in the development. Eventually the batch processes have to be transferred to
the roll-to-roll process. In this respect it is important to investigate the process stability.
Figure 8.5 shows an example of a process drift: plasma-induced substrate heating acting
on a typical time scale of ∼103 s [26]. Several other causes for process drifts operating on
time scales between 100 s and 105 s are summarized in Ref. [35]. The completely different
time scale for roll-to-roll deposition (∼105 s) compared to single chamber deposition (∼ 103
s) makes the process stability an important issue when transferring deposition conditions
from the batch process to the roll-to-roll process.

8.5

Summary

We studied the feasibility of amorphous (a-Si:H) and microcrystalline (µc-Si:H) silicon pi-n tandem modules prepared on a temporary aluminum foil superstrate and permanent
commodity polymer substrate. This approach is promising regarding a solar energy cost
price reduction, however it is challenging to develop and characterize.
Several issues specific to µc-Si:H solar cells were investigated, among which were the required TCO conductivity, the reduction of the TCO by the H2 -rich plasma, the structural
uniformity of the material and the stability of the substrate temperature during deposition. Moreover, it was established that the substrate surface morphology relevant to
µc-Si:H growth as bottom cell in a tandem junction is mostly determined by the a-Si:H
top cell rather than the TCO.
Obtained initial aperture area efficiencies of fully encapsulated and series connected modules were 3.9% for µc-Si:H, 8.2% for a-Si:H and 9.4% for a tandem. A top-limited 8.6%
efficient tandem degraded to 7.2% during 1000 hrs of light soaking, which corresponds to
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17% relative degradation. The behavior of the open-circuit resistance during the degradation was not typical, as it increased steadily during light-soaking, did not saturate after
1000 hr and was not reversible upon annealing.
Since the best flexible 60 cm2 module obtained an initial aperture area solar energy conversion efficiency η = 9.4% and several options for improving this are foreseen, we conclude
that the developed flexible a-Si:H / µc-Si:H tandem modules are promising regarding costeffective PV application.
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Plasma Deposition of
Microcrystalline Silicon Solar Cells:
Looking Beyond the Glass
Microcrystalline silicon emerged in the past decade as highly interesting material for application in efficient and stable thin film silicon solar cells. It consists of nanometer-sized
crystallites embedded in a micrometer-sized columnar structure, which gradually evolves
during the SiH4 based deposition process starting from an amorphous incubation layer.
Understanding of and control over this transient and multi-scale growth process is essential in the route towards low-cost microcrystalline silicon solar cells.
This thesis presents an experimental study on the technologically relevant high rate (5-10
Å s−1 ) parallel plate plasma deposition process of state-of-the-art microcrystalline silicon
solar cells. The objective of the work was to explore and understand the physical limits of the plasma deposition process as well as to develop diagnostics suitable for process
control in eventual solar cell production. Among the developed non-invasive process diagnostics were a pyrometer, an optical spectrometer, a mass spectrometer and a voltage
probe. Complete thin film silicon solar cells and modules were deposited and characterized.
It was established that under state-of-the-art high rate deposition conditions new challenges
arise regarding temperature control since the high RF power dissipated in the plasma causes
the substrate to heat up significantly during film growth. On the basis of experimental
results a semi-empirical engineering model was developed that describes the magnitude
of this plasma induced substrate heating for arbitrary reactor geometry and process settings. The experimental study revealed that plasma induced substrate heating leads to
sub-optimal material quality and solar cell performance and it should be prevented by designing and incorporating a fast active substrate temperature control in deposition reactors.
Another treated aspect of high rate deposition is the required high dilution of the SiH4
gas in H2 , which is of importance to the on-going cost price reductions. It was established
that under conditions of low H2 dilution transient depletion of the SiH4 source gas evolves
through diffusion of SiH4 from the surrounding reactor volume back into the plasma and
prevents successful nucleation of crystallites. A self-consistent analytical engineering model
was developed for the general description of this transient depletion of source gases as the
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Summary

effect is considered to hold a generic importance to the materials processing field. A procedure of tailored SiH4 density was developed to prevent the transient depletion. Applying
this procedure, highly efficient microcrystalline silicon solar cells were deposited without
the admixture of H2 , decreasing the needed total flow by about a factor 200 and the needed
SiH4 flow by about a factor 2 with respect to the highly H2 diluted deposition regime.
To explore the benefits of a controlled deposition process the developed diagnostics were
simultaneously applied to a series of solar cell depositions. Process drifts acting on various
time scales were recorded and attributed to effects like powder formation, transient SiH4
depletion and plasma induced substrate heating. An approach to process control was developed using profiling of process parameters like the SiH4 flow. An improved structural
homogeneity in the growth direction was accomplished. Control over this structure evolution gives access to narrower process windows that are expected to become increasingly
important as the technological development on microcrystalline silicon deposition advances.
An example of a narrow process window is the deposition of microcrystalline silicon close
to the transition to amorphous silicon. In this regime a variation of less than 10% in SiH4
flow can tune the crystalline volume fraction of the material to values between 0% and
60%. Applying process control in combination with a hot-wire deposited buffer layer, microcrystalline silicon solar cells were deposited with an open-circuit voltage breaking the
600 mV barrier. The thus obtained material showed an unusually low crystalline volume
fraction of ∼30%. The solar energy conversion efficiency was 9.8%.
An attempt was made to apply the obtained knowledge on material growth and process
stability to industrial production of thin film silicon solar cells on flexible substrate foils.
Crucial was the recognition of the substrate dependence of microcrystalline silicon growth:
The microcrystalline silicon solar cells only functioned well when they were grown as bottom cell in a tandem structure, which was attributed to the changed substrate surface
morphology upon application of an amorphous silicon top cell. The best flexible modules
showed an initial aperture area solar energy conversion efficiency of 9.4%.
To conclude: by investigating the processes occurring beyond the glass windows of a microcrystalline silicon deposition reactor and by considering alternatives beyond the typically
used glass substrates a deeper understanding of the microcrystalline silicon deposition process was gained and a step towards the realization of cost-effective thin film silicon solar
cells was made.
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