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CHAPTER1
General introduction

The Sun is life’s most valuable asset. Practically every organism on Earth can only
survive with the help of a direct or an indirect form of the Sun’s energy. Nowadays,
humanity does not only desire energy to survive, but also to sustain and increase
the prosperity of a rapidly expanded and still expanding population. The majority
of this energy comes from the burning of fossil fuel which is essentially a form
converted and stored solar energy. This behavior can only be temporarily. Besides
the finite availability of fossil fuels, the emission that results from burning fossil
fuels puts a heavy burden on ourselves and our environment.1,2 A transition
to more sustainable forms of energy conversion methods is therefore required.
Fortunately, the Sun provides plenty of energy: on average the earths surface
receives 89,300 TW of solar radiation.3 This enormous amount of power dwarfs
the current world energy consumption of approximately 18 TW.4 Solar energy
harvesting technologies therefore have an enormous potential. Solar energy can
be converted to useful energy in various ways. Solar thermal systems use solar
energy to heat water for domestic and industrial use. These systems generally
have an excellent energy conversion efficiency, but their use is limited to heating
applications. In concentrated solar power, a small volume is heated to a high
temperature which is subsequently used to generate electricity with a heat engine.
These large systems can be used in geographic regions with a high amount of direct
sunlight. This thesis focuses on photovoltaic (PV) cells. These solar cells convert
solar radiation directly into electrical power and the modules can be applied in
both large-scale and small-scale applications. This makes PV a versatile technique.
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Figure 1.1: Cumulative installed capacity of c-Si PV modules from 2006 to 2015. The
contributions from various geographical regions are specified. The contribution from
China is shown separately and is not included in the Asia-Pacific region. The data was
taken from the Solar Power Europe - Global Market Outlook For Solar Power/2016-
2020 report.8

The costs of PV modules have drastically decreased over the past decades and
are expected to continue to do so.5 The average cost of crystalline silicon (c-Si) PV
modules is currently close to€0.50/Wp, which is less than 1% of the module cost
in 1979 and about 10% of that in 2000.6 This impressive cost reduction is primarily
caused by an increase of the production volume. Since 1979, a 20% cost reduction
has occurred for every doubling of the production volume.7 In many countries, the
levelized cost of ownership of PV is now lower than the commercial energy price.
With the occurrence of this so called grid parity, PV has begun to rid itself from
the label “alternative energy” and emerges as a competitive energy production
method.

Figure 1.1 shows the contribution of various geographic regions to the develop-
ment of the global installed PV capacity for the past decade. Where until recently
the majority of the PV systems was found in Europe, the PV capacity now steadily
expands to other regions in the world. Even though the amount of installed PV
systems has rapidly increased, PV can presently still supply only less than 2% of
the global electricity demand and an even lower percentage of the global total
energy demand.8 However, the energy transition is just beginning. Bloomberg
predicts an accelerated growth of PV capacity for the coming decades.9 Figure 1.2(a)
shows the contributions of energy production technologies to the globally installed
capacity for 2015 and (b) the predicted contributions for 2040. In 2040, solar energy
(dominated by PV) is predicted to have to the highest power generation capacity
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Figure 1.2: Contribution of different technologies to the global electricity generation
capacity for 2015 (a), their predicted contributions for 2040 (b), and the predicted
annually added capacity (c). Flexible capacity includes power storage, demand
response, and other potential resources. The data was taken from the BNEF - New
Energy Outlook 2016 report9

of all technologies.* In Figure 1.2(c) the annually added capacities are specified.
Even persistently low gas and coal prices are not expected to derail the energy
transition.9

Although the transition seems to gain speed, an even faster shift towards solar
energy is highly desirable. To achieve this, research and development of new types
of materials, fabrication techniques and processes for solar cells is needed. This
motivated the work in this thesis.

1.1 Essentials of thin-film silicon-based solar cells

A solar cell is a diode, albeit a special one. Like a diode, it usually consists of
a p-type and n-type material that are combined to form a p–n junction. The
solar cell distinguishes itself from a normal diode by its special ability to generate
a photocurrent when illuminated. The current is created by photons that are
absorbed in an absorber layer and that excite electrons (e-) from the valence band

*Note that the percentage of power generation capacity of different technologies is not necessarily
equal to their contribution to the electricity supply since the different technologies do not all operate
an equal amount of time at their peak performance.
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to the conduction band, leaving positively charged (electron) holes (h+) in the
valence band. The n-type material is selective towards electrons and the p-type
layer towards holes. Electrodes at either side of the p–n junction allow the electrons
to recombine with the holes while delivering electric power in a connected external
electrical circuit.

A wide range of semiconductors can be used for solar cells. Silicon (Si) is
the most commonly researched and applied solar cell absorber material, but
other materials such as copper indium gallium selenide chalcopyrite,10 cadmium
telluride,11 and mixed halide perovskite12 have received increased attention due
to their excellent performance. However, silicon remains an attractive material
for solar cells due to its abundance and non-toxicity. The development silicon-
based solar cells, both in thin-film form and crystalline wafer form, has furthermore
anything but stagnated. The devices have been continually improved by achieving a
higher material quality, by creating new solar cell architectures, and by introducing
novel layers and materials in the silicon solar cell.

Most of the solar cells that are discussed in this thesis are based on silicon. They
do however differ from the traditional c-Si homojunction solar cells. The thin-film
silicon-based solar cells in this work consist of extremely thin layers that form the
active part of the cells. The total thickness of these layers is often less than 500 nm:
about one tenth of the diameter of a red blood cell. Although this type of solar cell
does not achieve similarly high energy conversion efficiencies as c-Si cells, it can
be made at very low cost. Furthermore, due to their small thickness the solar cells
can be made light-weight and flexible, enabling numerous unique applications.

1.1.1 Silicon and its alloys

Silicon can occur in various structural forms. In crystalline silicon (c-Si), the silicon
atoms are ordered in a diamond cubic crystal structure. The bandgap energy
(Eg)—the energy between the valence band edge and the conduction band edge—of
c-Si is about 1.1 eV. This band gap has an indirect nature, meaning that a photon
as well as and crystal lattice vibration (phonon) are required for absorption of a
photon. In amorphous silicon (a-Si), no long-range order is present. Due to the lack
of a crystal structure, a-Si contains a high density of dangling bonds, resulting in
defect densities that are too high for photovolaic applications. The defect density of
a-Si can be reduced by passivating the dangling bonds with hydrogen (H), creating
hydrogenated amorphous silicon (a-Si:H). The band gap of a-Si:H is ~1.8 eV and
has a direct nature, resulting in high absorption coefficients for energies higher
than the band gap. Hydrogenated nanocrystalline (also called microcrystalline)
silicon (nc-Si:H) is a mixed-phase material that contains sub-micrometer crystal
grains that are embedded in a-Si:H. Its optical properties are similar to those of
c-Si. The band gap of silicon can be modified by increasing its hydrogen content,
applying stress or strain, and by adding other elements to the material. Adding
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germanium (Ge) to c-Si, a-Si:H or nc-Si:H reduces the band gap, whereas adding
carbon (C) or oxygen (O) results in an increased bandgap energy. Special care has
to be taken when alloying, as the increase in disorder in the material imposes the
risk of a poorer material quality.

1.1.2 Energy conversion in solar cells

Figure 1.3 shows the AM1.5G solar spectrum13 that is commonly used spectrum
for solar cell characterization. The spectrum as an integrated power density of
1,000 W/m². The part of this spectrum that can potentially be converted with an
a-Si:H and c-Si solar cell is also shown. Photons with energies below the band gap
can commonly not be converted into electricity as these photons do not posses
enough energy to excite electrons from the valence band to the conduction band.
Even photons with an energy higher than the band gap cannot be converted without
losses: although these photons will excite electrons to energy levels higher in the
conduction band, the electrons will quickly thermalize to the conduction band
edge.

In real solar cells, the fraction of the solar spectrum that is converted into
electricity is lower than the usable energy that is shown in 1.3. Photons with
an energy higher than the band gap are not necessarily absorbed. A fraction of
the photons does not enter the solar cell but is reflected at the front interface
and contacts of the device. Of the photons that do enter the solar cell, some are
parasitically absorbed by layers in which they do not contribute to the photocurrent,
others are simply not absorbed at all after passing through the cell. The amount
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Figure 1.3: AM1.5G solar spectrum. The usable energy for hydrogenated amorphous
silicon (a-Si:H) and crystalline silicon (c-Si) are shown. In practice, the shown usable
energy is subjected to further losses such as limited absorption and voltage losses in
the solar cell.
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of absorption depends on how the thickness of the cell relates to the absorption
coefficients of its materials. Due to their lower absorption coefficients, solar cells
with c-Si and nc-Si:H absorbers require a larger thickness than those with an
a-Si(Ge):H absorber. The thickness of a solar cell absorber layer is limited by
the mobility and lifetime of the charge carriers. Thick solar cell absorbers are often
also undesirable for economical reasons due to increased production costs. Light
trapping schemes, such as textured interfaces, can be used to increase the path
length of photons inside the solar cell, enhancing the absorption.

In addition to optical losses, there are several other factors that limit the energy
conversion efficiency of solar cells. One of the losses occurs in the form of black
body radiation and depends on the temperature of the solar cell. Other important
losses are caused by carrier recombination processes in which electrons and holes
recombine before being collected. Carrier recombination can not only result in a
lower photocurrent, but can also lower the voltage at which the solar cell can be
efficiently operated. Three main recombination processes can be identified:

1. Shockley-Read-Hall (SRH) recombination.14,15 Recombination through de-
fect states in the band gap. The energy of this type of recombination is released
as a photon or as multiple phonons. This is the main recombination process in
a-Si:H and nc-Si:H and their alloys.

2. Auger recombination.16,17 An electron and hole recombine and transfer their
energy to another electron in the conduction band. This electron thermilizes
back to the conduction band edge. Auger recombination is most important
at high carrier concentrations and is the dominant recombination process in
doped c-Si.

3. Radiative recombination. An electron and hole recombine and emit a photon
with an energy close to Eg. This process—the reverse of electron excita-
tion—forms the basis of light emitting diodes (LEDs). Radiative recombination
is dominant in materials with a direct band gap and a low defect density, such
as gallium arsenide (GaAs) and indium phosphide (InP) semiconductors. Note
that this type of recombination does not necessarily lead to losses, as re-emitted
photons can potentially be reabsorbed.

1.1.3 The structure of thin-film silicon-based solar cells

Silicon can be doped with boron (B) or phosphorus (P) to create p-type and n-
type silicon, respectively. Crystalline silicon can usually be doped efficiently, while
retaining a sufficiently high material quality for it to be used as an absorber material
in a solar cell. Doping a-Si(Ge):H or nc-Si:H, on the other hand, generates a very
high density of dopant-induced defects (>1019 cm-3) that render the material
unusable for efficient generation and extraction of electron-hole pairs.18 To
overcome this problem, an intrinsic (undoped) a-Si(Ge):H or nc-Si:H absorber
layer is sandwiched between the doped layers, creating a p–i–n or n–i–p structure
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(depending on the fabrication order of the layers). Although intrinsic a-Si:H
and nc-Si:H are undoped, the materials are better electron conductors than hole
conductors due to the energy levels of the defect states.19,20 Solar cells with a-Si:H
or nc-Si:H absorber layers are therefore commonly illuminated through the p-type
side of the layer stack, so that the majority of the holes, which is generated at the
front side of the device, has a minimal transport distance to the front electrode.

Figure 1.4(a) shows a schematic cross section of a typical thin-film silicon solar
cell with an n–i–p structure. In addition to the n–i–p layers, transparent conductive
oxide (TCO) layers and metal electrodes are used to extract the photocarriers. The
back electrode and back TCO also function as a reflector to increase the absorption
of the device. The whole layer stack is fabricated on a rigid or flexible substrate.
Figure 1.4(b) shows the band diagram of the device under short-circuit condition.
Under these conditions, the Fermi level (EF) is constant throughout the device.
The energy levels of the valence band edge (Ev) and conduction band edge (Ec),
with respect to vacuum, are changing from place to place in the solar cell. This
represents the internal electric field of the device that helps to drive the electrons
and holes towards the terminals. In the center of the intrinsic layer, the electric
field is weaker than at its edges due to electric shielding by charged defect states.21

In this region, charge carriers also rely on diffusion for their extraction. The limited
diffusion length of the minority carriers restricts the thickness of the intrinsic layer
of a-Si:H and nc-Si:H solar cells to about 500 nm and 3 μm, respectively. The
highest reported energy conversion efficiency that has been achieved with a thin-
film silicon-based single junction solar cell is 11.8% which was obtained with a
nc-Si:H solar cell.22

Figure 1.4(c) and (d) show the structure and band diagram of a tandem solar cell.
Tandem solar cells are usually made of absorber layers that have different band
gaps to utilize the solar spectrum more efficiently. As higher energy photons are
generally more strongly absorbed, the absorber layer with the highest band gap is
often situated on top of the layer stack. A reversed junction is located between the
sub-cells. At this junction, called tunnel recombination junction (TRJ), electrons
that are generated in the top cell can recombine with holes from the bottom cell to
form an electrical connection between the two sub-cells. The recombination is
possible due to the proximity of the valence and conduction band in the TRJ and
can be aided by intentionally created defect states. Since cells in this type of tandem
configuration are connected in series, the voltage that is created by the device is
ideally equal to the sum of those of its sub-cells and the generated current is limed
to that of the least performing sub-cell. For optimal performance, the thicknesses
and band gaps of the sub-cells should therefore be carefully designed. More sub-
cells can be added to the structure to form other types of multijunction solar cells
(e.g. triple-junction solar cells). However, with every junction that is added, the
fabrication becomes more complicated and the parasitic absorption increases by
the larger required amount of doped layers. The highest stable energy conversion
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Figure 1.4: Schematic cross-sectional views of a silicon-based single junction (a),
tandem (d) and silicon heterojunction (e) solar cell. The band diagrams of the devices
are shown on the right (b), (d) and (f). The band diagrams display the position of
the valence band edge EV, conduction band edge EC, and Fermi level EF, in the
solar cell under short-circuit condition. The tunnel recombination junction (TRJ) in
the tandem solar cell allows the electrons (e-) and holes (h+) from adjacent cells to
recombine.
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efficiency that was achieved with a thin-film silicon-based multijunction solar
cell is 13.6%, which was obtained with an a-Si:H/a-SiGe:H/nc-Si:H triple junction
device.23

Figure 1.4(e) and (f) show the structure and band diagram of a c-Si heterojunc-
tion (SHJ) solar cell. In this type of solar cell, the current is generated in a c-Si
wafer with a thickness of several tens to several hundreds of micrometers. The
(hetero)junction is usually made using an a-Si:H p-type doped emitter at the front,
and an a-Si:H n-type doped back surface field (BSF) layer at the rear of a lightly
doped n-type or p-type c-Si wafer. The voltage of a SHJ solar cell can be greatly
improved when intrinsic a-Si:H layers are used to passivate the defect states at
the front and rear interfaces of the c-Si wafer.24 The thicknesses of these a-Si:H
passivation layers is commonly ~5 nm, which is just thick enough for efficient
passivation, while parasitic absorption in the layer is limited. SHJ cells rely mostly
on the diffusion of photogenerated charge carriers for current generation. SHJ solar
cells are attractive due to their lower processing temperatures (<300°C) and higher
generated voltages compared to traditional c-Si solar cells in which the p-n junction
is created inside the c-Si wafer via dopant diffusion at >800°C.25 Furthermore, SHJ
do not suffer as much from reduced efficiency as traditional c-Si solar cells under
operating temperatures (60–80°C).24 The highest energy conversion efficiency of a
SHJ solar that has been achieved so far is 26.3%.26

1.2 Features of hot wire chemical vapor deposition

To fabricate the silicon-based films for either thin-film solar cells of wafer-based
SHJ solar cells, hot wire chemical vapor deposition (HWCVD) can be used, as
is described in this thesis. HWCVD is a thin film fabrication method in which
precursor gases such as silane (SiH4), germane (GeH4) and molecular hydrogen
(H2) are dissociated at the surface of resistively heated metal (in this work tantalum)
filaments. The dissociation occurs in a catalytic manner and HWCVD is there-
fore also called catalytic chemical vapor deposition (CTC-CVD or CAT-CVD).27

The foundation of the method was laid in the 1960s with the development the
dissociation of H2 using a tungsten filament.28 In 1979, Wiesmann et al.29 for the
first time used a tungsten filament to dissociate silane and deposit a-Si:H films.
Further progress on a-Si:H films by HWCVD was made in the 1980s, by Doyle et
al.30 and Matsumura.27,31 The first solar cells with HWCVD a-Si:H layers were made
in the early 1990s at the university of Kaiserslautern32 and at NREL.33 In 2009 NREL
reported on the first and so far only solar cells with an a-SiGe:H absorber made
with HWCVD.34 A large part of the work in this thesis progresses on these results.

Besides silicon-based films for solar cell applications, HWCVD is also used in
other applications such as a-Si:H for TFT (displays),35,36 diamond-like coatings
for cutting tools,37 silicon nitride (SiNx) gas barrier coatings38 and H radical
treatments.39



18 General introduction

As will be further explained in Chapter 2, the deposition regime and mechanism
of HWCVD is fundamentally different from that of the more traditionally and
commonly used Plasma Enhanced Chemical Vapor Deposition (PECVD) method.
Compared to PECVD, HWCVD therefore possesses a number of advantageous
features, which are listed below:

1. With PECVD, radicals are produced by point-point collisions with energetic
electrons in a plasma. During HWCVD, on the other hand, the production of
radicals takes place on the 2D surface of the filament. This typically enables
HWCVD to use source gases more efficiently and to reach relatively high
deposition rates (in the order of 1 nm/s).

2. The lack of ions in the HWCVD reactor prevents the risk of ion bombardment
damage of the film. This feature has been of particular interest for the fabrication
of SiNx films.40

3. The atomic H in the gas phase is typically higher in HWCVD processes. This
enables other deposition regimes than PECVD. Lower hydrogen dilution ratios
are required when depositing materials such as nc-Si:H, which in turn enable
higher deposition rates. The higher concentration of H radicals is also one of
the possible reasons HWCVD is able to produce a-SiGe:H films that are superior
to those deposited with PECVD (Chapter 3).34,41

4. The risk of dust formation in the reactor is lower during HWCVD processes
because there is no trapping of negatively charged particles in the plasma
volume, as is the case in PECVD.

5. In PECVD, the substrate is part of the electrode system. This limits the shape and
the position of the substrate as it is important that the substrate onto which the
films are deposited form an equipotential plane. With HWCVD, there are fewer
restrictions for the shape and position of the substrate. In fact, it is possible to
place substrates on both sides of the filament(s).

6. As there is almost no electric field in the HWCVD process, more conformal
deposition and step coverage on substrates with complex structures (e.g.
high aspect ratios) on the nanoscale or microscale is possible without risking
anomalous field strengths leading to locally strong discharges.42,43

7. Applying HWCVD on an industrial scale is expected to result in lower production
costs. For thin-film silicon-based solar cells, production costs reduction was
estimated to be 50–55%, resulting in a module costs reduction of 15%.43 The
cost reduction is caused by a combination of lower equipment investment,
operation and maintenance costs, as well as a more efficient use of source gases.

Besides these advantages, the technique also presents some challenges:

1. The finite number of filaments, acting as line sources for growth radicals,
can cause inhomogeneous films when a static substrate is used. This issue
can be minimized by carefully designing the interfilament distances and
filament-substrate distance. Although this can remain a challenge in small scale
(laboratory) reactors, the inhomogeneity can be easily prevented by moving the
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substrate in a direction perpendicular to the filaments during deposition, as is
done with roll to roll deposition (for flexible substrates) or in line deposition
(for rigid substrates).

2. Depending on the filament material and temperature, some source gases create
silicides or carbides that accumulate not only at the surface but also in the bulk
of the filaments. This silicidation or carburization can make the filaments brittle
and limits their lifetime. By careful handling and pre- and post-treatments as
described in Section 2.1.1, the lifetime of the filaments can be extended. For
Ta filaments, a stable performance of a-Si:H layers was obtained for films with
a combined thickness of <50 μm. The filaments have to be replaced at some
point, nevertheless. This can be done during the maintenance of the reactor or
by continuous replacement as tested in the PhD work of O. Nos.44

3. The heated filaments do not only dissociate gases, but also provide radiative
heating of the substrate. The time that is required for the substrate to reach
an equilibrium temperature therefore needs to be considered when planning
a deposition. Although higher substrate temperatures can be reached by
additional heating elements, lower substrate temperatures can only be obtained
by active cooling, by limiting the deposition time, or by increasing the substrate
to filament distance. Reducing the filament temperature is often not desired,
as this can have a negative effect on the process conditions and can promote
silicidation of the filaments.

More technical details about the HWCVD reactor design and the processes that
were used for the experiments in this thesis are described in Section 2.1.1

1.3 Aim and scope of this thesis

The most important aim of this work is to reduce the fabrication costs of thin-
film silicon-based multijunction solar cells. These multijunction solar cells often
incorporate hydrogenated nanocrystalline silicon (nc-Si:H) films for the conversion
of red and infrared light. Due to the indirect band gap of nc-Si:H, these films need
to be made several micrometers thick in order to absorb a sufficient amount of
photons. It typically takes 30 minutes to several hours22,45 to fabricate this material
with a sufficiently high quality. Limited production throughput and/or a large
required volume of deposition equipment drives up the costs of solar cells that use
nc-Si:H absorber layers. Using nc-Si:H furthermore restricts the choice of substrate
textures, as growth defects tend to occur when this material is grown on textured
substrates with high aspect ratios. A significant part of the work that is presented
here is aimed towards the development of low-bandgap hydrogeneated amorphous
silicon germanium (a-SiGe:H) as alternative to nc-Si:H. Low-bandgap a-SiGe:H can
absorb a similar part of the solar spectrum as nc-Si:H, but within a film that is just
several tens of nanometers thick. Hot wire chemical vapor deposition (HWCVD)
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was chosen as deposition method for the a-SiGe:H films in this work due to the
features of this method that are described in Section 1.2.

Another important aim of the work in this thesis is to advance the development
of both thin-film and SHJ solar cells with complex morphologies that enhance light
trapping or enable more efficient photoelectrochemical reactions on the surface of
the solar cell. For this subject, the capability of HWCVD to create conformal layers
is utilized.

The work that is presented in this thesis is part of the NanoNextNL program, a
micro and nanotechnology consortium of the government of the Netherlands and
130 partners. Within NanoNextNL, this work fits in theme 2A: Efficient generation
of sustainable energy.

1.3.1 Outline

Chapter 2 provides the fundamental knowledge and conditions of the fabrication
and characterization techniques that were used in this work.

In Chapter 3, the optimization process of a-SiGe:H films deposited with HWCVD
is described. The films were analyzed with a wide variety of characterization tools
and their quality was evaluated based on their optical and electronic properties.
Special attention was given to unique and new regime of a-SiGe:H films with a high
(>40%) germanium content as the low band gap and high absorption coefficients
of such films make them very suitable as bottom cell absorber in multijunction
solar cells. This is exceptional as films with a high germanium content that are
grown by PECVD commonly have insufficient electronic quality.46,47 HWCVD is,
however, a promising technique to fabricate low-band gap a-SiGe:H films with a
high quality.

The most direct and reliable way to asses the quality of absorbers materials, is to
test them in solar cells. This process is described in Chapter 4. First, single junction
devices were made and optimized. After this, tandem and triple junction cells were
tested. The absorber layers of the solar cells were made in a much shorter time
than is usual for multijunction cells. The tolerance to light induced degradation
was investigated for a triple junction solar cell by exposing it to simulated AM1.5
irradiation for 1000 hours.

Chapter 5 is dedicated to advanced light trapping. Single junction and
tandem solar cells with a-SiGe:H absorber were made on naturally grown zinc
oxide nanorod substrates. The internal structure of these solar cells was partly
vertically oriented, leading to enhanced absorption. This design did not only
lead to increased absorption in the absorber material, but also caused parasitic
absorption at the rough silver back reflector that was deposited on top of the
nanorods. Therefore, an enhanced design was tested with a flat silver back reflector
underneath the nanorods.
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In the final two chapters of this thesis the scope is broadened. In Chapter 6
HWCVD was used in the fabrication of another type of solar cell: the SHJ solar
cell. Here, a HWCVD-made a-Si:H layer was not used as the photoactive layer, but
primarily to passivate the surface of a crystalline silicon wafer. This passivation
reduces the recombination of charge carriers at the surface and increases the solar
cell performance. HWCVD excels in creating conformal layers on textures with
a high aspect ratio. This is put to the test by creating SHJ solar cells with a front
surface that consists of vertical crystalline silicon pillars with dimensions in the
order of micrometers. These micropillar devices have a high surface area that is
advantageous for surface chemistry, e.g. when performing photoelectrochemical
splitting of water to form H2 and O2. For the photoelectrochemical reactions,
the output voltage of the device needs to be sufficiently high. The voltage of the
micropillar solar cells was increased to values that enable photoelectrochemical
water splitting by adding extra junctions on the SHJ with HWCVD absorbers.

In Chapter 7 a characterization technique that was developed for a-Si:H films
was used to characterize and compare the charge carrier diffusive transport
parameters of a broad selection of thin film solar cell absorber materials. This
is exemplary for the gains that can be made when techniques from particular
research field are applied in other fields.

The main results and findings are summarized at the end of this thesis.
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CHAPTER2
Fabrication and characterization

methods for thin-film silicon-based
solar cells

In the work that is described in this thesis, a wide variety of fabrication and
characterization techniques was used. Many of the tools and setups were fabricated
or adapted in-house. The fundamental background as well as the deposition or
measurement conditions of the most frequently used techniques are described in
this chapter. Special care is given to hot wire chemical vapor deposition, which
is employed in nearly all experiments that are described in this work, and to
the steady-state photocarrier grating technique, that plays a fundamental role
in Chapter 7.
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2.1 Deposition techniques

2.1.1 Hot wire chemical vapor deposition

Hot wire chemical vapor deposition (HWCVD) was used in nearly all of the
experiments in this work. As explained in Section 1.2, the mechanism behind
HWCVD is the dissociation of source gases into radicals at a hot filament. For the
dissociation of SiH4, the most important reactions are:48

SiH4→Si+4H (2.1)

SiH4+H→SiH3+H2. (2.2)

Reaction 2.1 occurs on the filament surface and takes place by hydrogen abstraction.
At high filament temperatures (>1800°C), the SiH4 molecules are almost completely
dissociated at the filament. At lower temperature, also SiH3 and SiH2 radicals are
created.48 With Ta filaments, it takes less than 800 kJ/mol to abstract all hydrogen
atoms from a SiH4 molecule,49 which is lower than four times the Si-H bond
energy (i.e. 1289 kJ/mol).50 This underlines that the process has a catalytic nature.
Reaction 2.2 is one of the many gas-phase reactions that take place but also higher
order species like Si2Hx were reported to play a role in the HWCVD process.51,52

The types and reaction rates of the gas reactions depend on the reaction pressure,
the gas flow rates, the temperature, the reactor dimensions and the pump speed.
When radicals like SiH3 and Si arrive at the substrate, they diffuse over the surface
until an energetically favorable position is found at which cross-linking with other
Si bonds at the surface may occur. The extent of the surface diffusion is determined
by the surface mobility of the growth radical, which in turn depends on the type of
radical, the surface temperature, the dangling bond density at the surface and the
hydrogen coverage. Even after a surface is formed, atomic hydrogen can diffuse
several tens of nanometers into the film and play a role in subsurface reactions.53

For the formation of a-SiGe:H films, GeH4 was added as a source gas, for which
the chemistry is similar to that of SiH4. However, the lower bonding energy of
the Ge-H bond compared to the Si-H bond causes higher typical dissociation
rates of GeH4 and the higher sticking coefficients and lower surface mobilities of
GeHx radicals lead to preferential incorporation of Ge over Si.41,54 The differences
between the chemistry of SiH4 and GeH4 as source gas, complicates finding the
optimum conditions for high quality film growth. The difference between the
dissociation rates can be reduced by using high GeH4 flows and thereby lowering
the depletion of GeH4.34

Figure 2.1 shows a schematic cross-section (a) and a top view image (b) of the
(opened) reactor that was used for all HWCVD layers in this work. Two tantalum
(Ta) filaments with a length of 15 cm and a diameter of either 0.3 mm or 0.5 mm
were used. The spacing between these filaments was 3.5 cm. The filaments were
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Figure 2.1: Schematic cross-section of the HWCVD reactor (a) and top view picture
of the opened reactor. Two tantalum filaments span the reactor interior. Insulated
spacers are used to tension the filaments. The rectangle indicates the position of the
sample in a sample holder which is located 5.5 cm or 3.5 cm above the filaments. A
shutter plate was slid between the filaments and the sample to prevent when required.
Figure (a) is adapted from the PhD thesis of H. Li.57

heated by a DC current and were calibrated to have a temperature of 1700°C during
deposition. The substrate was placed 3.5 cm to 5.5 cm above the filaments and
was heated by the radiative heat from the filaments and optional ex-vacuo heating.
Source gases were led into the reactor in a direction perpendicular to the filaments
and towards the nearest reactor wall in order to create a more homogenous flow. A
reaction pressure between 1 Pa and 8 Pa was used. A shutter plate was slid between
the filaments and the sample to prevent film growth during the initiation and
completion of the deposition process. During initialization, the substrate was
preheated in vacuum (background pressure <10−5 Pa) by the hot filaments for up
to 60 min while the shutter shielded the substrate from atoms that desorbed from
the filaments. At the end of a deposition, the shutter was again enabled and the
filaments were cooled in vacuum for 1 min to prevent excessive silicidation of the
filaments. This silicidation is known to occur when SiH4 is used as source gas, at
lower filament temperatures in particular, and can make the filaments brittle.55

After this, the substrate was cooled in a SiH4 or H2 atmosphere. When the substrate
was removed, the filaments were heated to 2100°C for ~30 min, to desorb any Si in
the filaments. The influence of various deposition conditions on the properties of
a-Si(Ge):H films is described in Chapter 3.

The HWCVD reactor is part of the PASTA (Process equipment for Amorphous
Silicon Thin-film Applications) system that contains several dedicated reactors
which are connected by a central cylindrical transport vacuum chamber.56 The
system can be accessed via a load lock. Besides the HWCVD reactor, PASTA also
contains three reactors that were used for PECVD which is described hereafter.



26 Fabrication and characterization of thin-film silicon-based solar cells

2.1.2 Plasma enhanced chemical vapor deposition

Even though this thesis focuses on HWCVD as method for making layers in
solar cells, plasma enhanced chemical vapor deposition (PECVD) also plays an
important role. PECVD in this work was used for the fabrication of reference
absorber layers, buffer layers and for doped layers. Although other research groups
have shown that doped and buffer layers can also be made by HWCVD,58–60 our
work focuses on applying HWCVD for the absorber layer only, which are often rate
limiting during fabrication.

PECVD is a technique that is commonly used for applications that involve
semiconductor manufacturing. The technique is also the most frequently used
and most intensively researched for fabricating thin-film silicon-based solar cells.
As is the case with HWCVD, source gas molecules are dissociated into radicals that
form a thin film. Unlike HWCVD, this dissociation of the gases does not take place
on surface of a heated filament but by energetic ions and electrons in a plasma. In
the reactors that were used in this work, the plasma is created between two parallel
electrodes, with one plate being the grounded substrate (anode) and the other a
radio frequency (RF, 13.56 MHz) electrode (cathode). The surface area of each pate
is ∼10 cm2.

In the PASTA multichamber system there are three reactors that are equipped
with PECVD capabilities. One is dedicated to intrinsic silicon and the others are
used for the two types of doped silicon films. The use of separate reactors, reduces
the risks of contamination by the exchange of residual gases and by redeposition
of previously deposited films on the reactor surfaces. Silane (SiH4) was the main

Table 2.1: Deposition conditions of majority of the PECVD layers described in this
thesis. Modified conditions were used only when explicitly stated.

a-Si:H nc-Si:H a-Si:H nc-Si:H nc-SiOx:H
n-type n-type intrinsic p-type p-type

el. distancea (mm) 23 23 12 14 14
power densityb (mW/cm2) 15 30 20 25 25
substrate temperature (°C) 200 200 200c 150 150
process pressure (Pa) 30 99 70 190 190
SiH4 flow (sccm) 40 0.90 40 0.83 0.83
H2 flow (sccm) 100 200 200
PH3 flowd (sccm) 10 0.60
TMB flowe (sccm) 0.60 0.60
CO2 flow (sccm) 0.66
aelectrode to substrate distance
bforward RF power density
c100°C for porous crystallization seed layers
dthe shown flow is that of a mixture of 2% PH3 diluted in H2
ethe shown flow is that of a mixture of 2% TMB (B[CH3]3) diluted in H2
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growth precursor for the PECVD-grown layers. The SiH4 was diluted with H2 to form
nanocrystalline (nc) layers. Small flows of 2% trimethylboron (TMB) or phosphine
(PH3) both diluted in H2 were added to gas mixture to create p-type and n-type
doped films, respectively. For some p-type layers, CO2 was added to increase the
transparency of the film. The most commonly used deposition parameters for the
PECVD layers involved in this work are shown in Table 2.1.

2.1.3 Magnetron sputtering deposition

All solar cells that are discussed in this thesis contain transparent conductive
oxide (TCO) layers that have the unique ability to both conduct electricity and be
transparent for a large part of the solar spectrum. In this work, the TCO layers were
deposited using RF magnetron sputtering in the SALSA (Sputtering Apparatus for
Light Scattering Applications) system. The technique is a physical vapor deposition
method that uses highly energetic ions (in this work Ar+ ions) to eject material
from a solid source target onto a substrate. The sputtering process does not
require reactive source gases (as is needed for chemical vapor deposition) or
target materials with a sufficiently low melting point (as is required for thermal
evaporation). The Ar+ ions are generated by an RF glow discharge between the
grounded substrate, that functions as anode, and the source target, functioning
as cathode. Generated ions are accelerated by the RF electric field and bombard
the source target, guided by a magnetic field, where they lose their kinetic energy
by a cascade of collisions that cause sputtering of the source material. A process
pressure between 0.1 Pa and 2 Pa was used, depending on the type of material that
was deposited, with a background pressure of∼10−5 Pa. A small flow (< 0.2%) of O2

was added to the Ar flow to increase the oxygen content of the TCO to the desired
level.

The SALSA system has an automated transport and deposition and contains a
load lock and a process chamber with four magnetron sputter source targets. For
the work described in this thesis, two types of aluminum doped zinc oxide (ZnO:Al
also called AZO) targets were used that contain 0.5 wt% and 2 wt% of Al2O3. Two
other targets are made of indium tin oxide (In2O3:Sn2O [10 wt%], also called ITO)
used as front TCO and high purity Ag used as back reflector in Section 5.6. The
Ag layers were fabricated without O2 in the gas flow. The targets were cooled with
water at the back sides of the copper disks on which they were mounted. To prevent
cross-contamination between the target materials, the targets were shielded with
vertical and horizontal stainless steel plates including a horizontal shutter plate.
Extra shielding with aluminum foil and post cleaning was applied for the deposition
of Ag layers. Substrate heating (only used when explicitly mentioned) was possible
by radiative heating from halogen lamps at the back of the substrate. Stainless steel
shadow masks were clamped onto the substrates for the deposition of the front
TCO to define the active area of the solar cells. More information on the SALSA
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system, magnetron sputtering in general, and the properties of the TCO layers can
be found in the PhD thesis of R.H. Franken.61

2.1.4 Thermal evaporation

The majority of the Ag and Au front and back contacts were deposited by thermal
evaporation in a vacuum reactor with a background pressure of <2·10−3Pa. High
purity (>99.99%) Ag or Au source material rods were placed in Mo boats and molten
using resistive heating by driving a high current through the boat. The substrate was
placed above the boat at a distance that is large enough to prevent it from excessive
heating and small enough to allow a reasonable amount of the evaporated metal to
reach the substrate. Separate boats were used for the evaporation different types
of metal to prevent contamination of the evaporated metal and alloying inside
the boat. Whenever required, a stainless steel shadow mask was placed over the
substrate to define the shape and pattern of the contacts.

2.2 Characterization techniques

2.2.1 Fourier transform infrared spectroscopy

Infrared absorption spectroscopy is a valuable tool for determining the types
and quantities of bonding configurations in solids, liquids and gases. This
method probes the absorption caused by molecular vibrations in a material and
is particularly sensitive to bonds with a strong polarity. In the case of Fourier
transform infrared spectroscopy (FTIR), the absorption spectrum of a material can
be obtained for a wide spectral range simultaneously. This makes the technique
faster and more accurate than a dispersive spectrometer. When a quantitative
assessment of bonds in a solid film is desired, the measured transmittance T[ω]
can be used to calculate the absorption coefficient [α] as described by Brodsky and
Langford,62,63 taking incoherent and coherent reflections in the film into account.
The absorption profiles can then be deconvoluted with Gaussian profiles from
which the bonding concentration Nk is calculated as

Nk=Ik=Ak

∫

αk[ω]
ω

dω, (2.3)

where Ak and Ik are the proportionality constant and the integrated absorbance of
the vibrational mode k , respectively. The FTIR measurements involved in this work
were performed with a Bruker Vertex 70 spectrometer, equipped with a deuterated
triglycine sulfate (DTGS) detector that operates at room temperature, while the
samples are placed in a N2 atmosphere.
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2.2.2 Raman spectroscopy

Another method to probe bonds in a material is Raman spectroscopy. Unlike FTIR,
Raman spectroscopy measures the Stokes frequency shift that is caused by inelastic
scattering of photons that interact with molecular vibrations (such as phonons) in
the material. Raman spectroscopy and FTIR exhibit contrary sensitivities for many
molecular bonds which makes the two techniques complementary to each other.
In this work, a Renishaw InVia Raman spectroscopy setup was used in combination
with a green (514.5 nm) Ar+ laser to detect the presence of crystalline Si bonds
in nc-Si:H films and to derive the Ge content in a-SiGe:H films by comparing the
contributions of Si and Ge related bonds.

2.2.3 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is an analysis technique with which the
atomic composition of a material can be measured. The method relies on the
measurement of the kinetic energy of a valance electron that is ejected by an
incident x-ray photon with a known energy h . Since every element has electrons
with their own binding energy, the measured kinetic energy of the ejected electrons
can be used to identify the elements in a sample. The energy resolution of XPS is
generally high (0.1 eV) which allows the detection of small shifts of the binding
energy that are caused by chemical bonds. XPS can detect all elements except
hydrogen, in solids, liquids and gases.

In the work of this thesis, a Thermo Scientific K-Alpha KA1066 spectrometer
with an Al Kα (hν=1486.6 eV) source was used to determine the Ge content in
a-SiGe:H films. The probing depth is limited by the attenuation of the ejected
electrons and is typically<8 nm in solids, making XPS an extremely surface sensitive
technique. Ion etching with an Ar gun, operated at 1000 eV and 17.9 mA was
alternated with XPS measurements to obtain depth profiles of the films.

2.2.4 Steady state photocarrier grating technique

The ambipolar diffusion length (Ld)—the average distance traveled by charge
carriers under ambipolar transport conditions before recombining64—plays an
important role in Chapter 3 and 7 where it is used to assess the quality of absorber
materials. In this work, the diffusion length was measured with the steady state
photocarrier grating (SSPG) technique that was developed by Ritter, Zeldov and
Weiser in 1986.65

The SSPG setup used in this thesis works by illuminating a film that has two
0.6-mm spaced, 2-cm long, coplanar metal (Ag or Au) contacts with laser light of
either a diode-pumped solid-state laser (532 nm) or a HeNe laser (633 nm). The
laser beam is split at a BK7 glass window. One of the laser beams passes through
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Figure 2.2: Schematic of the SSPG technique. Two coherent laser beams form a laser
grating, the period of which (Λ) can be controlled by changing the angle between the
two beams. If is much larger than the ambipolar diffusion length Ld, the generated
photocarriers will be unable to diffuse across the dark fringes before recombining,
which results in a reduced conductivity perpendicular to the fringes. When Λ is
much smaller than Ld, the measured conductivity will be unaffected by the presence
of laser grating. The ambipolar diffusion length can be found by monitoring the
photoconductivity for a range of grating periods.

a chopper and the other functions as a bias beam as shown in Figure 2.2. Unless
explicitly stated otherwise, both lasers were calibrated to have a photon flux of
5·1016 cm-2s-1, measured at the sample position. When the two beams have the
same polarization, they interfere to form a grating with fringes that are parallel to
the electrodes. By changing the angle between the two laser beams, the period
of the grating can be finely adjusted according to the relation Λ=λ/ [2 sin (θ/2)],
whereλ is the wavelength of the laser light. The photoconductivity that is generated
by the chopped laser beam is measured using a lock-in amplifier (SR510) with a
built-in voltage source. A small electric field strength of E =200 V/cm is used,
unless explicitly stated otherwise. For the measurement of the diffusion length, it
is not required to know the absolute value of the conductivity, as the measurement
is compared to the condition in which the two laser beams have orthogonal
polarization and no grating is formed. This is achieved by a half-wave plate that
rotates the polarization of the bias beam perpendicular to that of the chopped
beam. Provided that the intensity of the chopped (Ichopped) beam is much weaker
than that of the bias beam (Ibias), the ratio of the conductivity under parallel and
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perpendicular polarization configurations is written as65

β [Λ]=
σ‖
σ⊥
=1−

2γγ2
0

[1+(2πLd/Λ2)]2
. (2.4)

The parameter γ (with a value between 0.5 and 1) describes the dependence
between the photoconductivity (σph) and the generation rate G as σph∝G γ

and is measured separately by varying Ichopped without the presence of the bias
beam. γ0 is a grating quality factor between 0 and 1 that contains information
about imperfections of the grating due to low photosensitivity of the film, and
imperfections due to mechanical vibrations, non-ideal polarization of the laser
light, or scattering on the surface or in the bulk of the sample. Equation 2.4 can be
rewritten in the more convenient form of66

�

2/
�

1−β
��1/2
=
�

Λ−2 (2πLd)
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, (2.5)

which shows that
�

2/
�

1−β
��

is a linear function of Λ−2 with a slope that is
proportional to the square of the ambipolar diffusion length.

The diffusion length measurements can be combined with steady-state pho-
toconductivity measurements that allow the calculation of the products of the
low-field mobility µ0 and recombination lifetime τR of both the minority and
majority charge carriers (µ0

minτ
R
min and µ0

majτ
R
maj) by solving the pair of equations67
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�

, (2.7)

where C is a factor between 1 and 2 that can be approximated by 1+γ, k T is the
thermal energy, e is the elementary charge and G is the average volume generation
rate. The photoconductivity measurements that were used in Chapter 7 were
obtained at the same laser wavelength and intensity as the SSPG measurements.

2.2.5 Conductivity measurements

For conductivity measurements, two coplanar Ag or Au electrodes were thermally
evaporated on films deposited on Corning glass substrates. The photoconductivity
σph was either measured under laser illumination as previously described, or
under AM1.5G illumination of the WACOM solar simulator at 25°C. The dark
conductivityσd was measured in vacuum after annealing at 160°C for 2 h to ensure
that all moisture was evaporated from the surface of the film, using a Keithley 617
electrometer. The cooling of the sample was performed at a rate of 0.5°C/min,
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during which the dark current was monitored. The activation energy Ea ofσd was
derived from the temperature dependence ofσd using the slope of an Arrhenius
plot.

Both the dark and photo conductivity were calculated as

σ=
I l

V w d
, (2.8)

with I the dark or photo current, l the length of the electrodes (2 cm), V the applied
voltage (10–100 V for intrinsic layers and 1–2 V for doped layers), w the spacing
between the electrodes (0.6 mm) and d the film thickness that was determined with
reflection and transmission spectroscopy, as described below. The photosensitivity
was calculated as the ratioσph/σd.

2.2.6 Reflection and transmission spectroscopy

Reflection and transmission spectroscopy can provide useful information about the
optical properties of films and solar cells. In this work, a reflection and transmission
setup from M. Theiss hard and software was used to simultaneously measure the
specular reflection and transmission from a halogen lamp of thin films that were
deposited on Corning glass. A spectrometer in the setup recorded the spectra
in the range of 380 nm to 1050 nm via an optical fiber. For silicon-based thin
films, the obtained spectra were used in combination with a density of states
model developed by O’Leary, Johnson, and Lim68 (OJL) to derive the wavelength
dependent complex refractive index as well as the thickness of the films. These
optical constants can be used to derive the optical band gap of the films. In this
work we have used the optical band gap E3.5 which is defined as the energy at which
the absorption coefficient α (=4πk/λ, with k the complex part of the refractive
index and λ the wavelength) exceeds the value of 103.5 cm-1. E 3.5 was found to
better resemble the absorption drop-off energy of our a-SiGe:H films than the Tauc
band gap, which is also commonly used for amorphous silicon-based films.69

Besides the spectra of the specular reflection and transmission, the diffuse
and total reflection and transmission spectra are sometimes required. This is
particularly the case for samples that show light scattering due to textured inter-
faces. These spectra were obtained in an Agilent Cary UV/VIS/NIR spectroscope,
equipped with an integrating sphere. This setup can measure spectra in the range of
175 nm to 3300 nm. With the integrating sphere, the diffuse and specular reflection
and transmission can obtained independently. However, the technique cannot
measure the reflection and transmission simultaneously, making it less suitable
for deriving the optical constants of a film.
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2.2.7 Current density–voltage measurements

As explained in Section 1.1.3, a solar cell is a diode with the special property that
it can generate a current in the reverse direction of the diode when illuminated.
Figure 2.3(a) shows a circuit diagram that approximates a single junction solar
cell. Besides a diode and a photo current source Jph, a parallel resistance Rp and
series resistance Rs are part of the circuit which represent current leakage and a
combination of bulk and contact resistances, respectively. The current density of a
single junction solar cell with an external bias voltage V can approximated as

J = J0

�

exp
�

e [V − J Rs]
nk T

�

−1
�

+
V − J Rs

Rp
− Jph, (2.9)

where J0 is the dark saturation current density, e the elementary charge, n the
diode quality factor and k T the thermal energy. When the current density J of an
illuminated solar cell is measured as a function of the bias voltage V , the behavior
that is described by Equation 2.9 comes to expression in the current density–voltage
characteristics (J –V ) such as in the example of Figure 2.3(b). J –V measurements
are very valuable to determine various performance parameters of a solar cell.
Among these parameters are the short-circuit current density Jsc, which is the
current density at V =0, the open-circuit voltage Voc, which is the voltage at J =0,
and the fill factor (FF), which is defined as the ratio of the surface power density at
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Figure 2.3: (a) Electric equivalent circuit of a single junction solar cell. The circuit
consists of a diode, a current source that generates a photo current Jph when the solar
cell is illuminated and a parallel and series resistance. Under operating conditions,
an electric load is connected. (b) Example of the current density–voltage (J –V )
characteristics of an a-Si:H solar cell under dark conditions and AM1.5G irradiation.
Such characteristics are used to extract various solar cell performance parameters.
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maximum power point Pmpp and the product of Jsc and Voc:

FF=
JmppVmpp

JscVoc
, (2.10)

with Jmpp and Vmpp the current density and voltage at the maximum power point,
respectively. The energy conversion efficiency η is defined as

η=
Pmpp

Pin
=

JmppVmpp

Pin
=

JscVocFF

Pin
. (2.11)

The incident surface power density Pin is usually 100 mW/cm2 under test conditions.
This is the irradiance of the AM1.5G solar spectrum which is the most commonly
used standard spectrum for solar cell characterization. The reciprocal of the
tangent of the J –V curve at V =0 and V =Voc can be used to approximate Rp and Rs,
respectively. Fitting Equation 2.9 to the J –V characteristics under dark conditions
(also shown in Figure 2.3(b)) can be used to extract the diode quality factor n and
the dark saturation current density J0.

The J –V characteristics in this work were obtained under a WACOM dual
source solar simulator, calibrated to the AM1.5G spectrum, at a temperature of
~25°C. The solar simulator was equipped with a xenon lamp for the ultraviolet and
visible part of the solar spectrum and a halogen lamp for the infrared part. The
electrical measurements were performed with a Keithley 238 source measure unit.

2.2.8 External quantum efficiency measurements

External quantum efficiency (EQE) measurements provide information about
the wavelength dependent-performance of solar cells. The EQE is defined as the
percentage of incoming photons that results in collectible electrons at the solar cell
contacts, as a function of the photon wavelength. This response does for a large
part depend on the band gap and absorption coefficients of the absorber material
and the amount of light trapping in the solar cell. Parasitic absorption in the doped
layers, TCOs, and electrodes as well as recombination in the bulk or at the interfaces
of the absorber layer all have a negative influence on the EQE response. Since
higher energy photons are commonly absorbed at shallower depths in a solar cell,
anomalies in the EQE response can often be used to identify particular current
generation or collection problems that a solar cell might have.

For the EQE measurements, a light beam from a xenon lamp was guided though
a monochromator and a chopper and was focused on the solar cell. The response of
the solar cell was measured with a lock-in amplifier. For an adequate accuracy, the
EQE measurements were preceded by a reference measurement with a calibrated
photodiode.

By integrating the EQE response with the solar spectrum, the sort-circuit current
density can be calculated as
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Jsc=e

∫

EQE [λ]ΦAM1.5G[λ]dλ, (2.12)

whereΦAM1.5G[λ] is the wavelength dependent photon flux of the AM1.5G spectrum.
The Jsc that is derived this way should ideally be similar to that obtained from the
J –V measurement. Single junction solar cells in this study are measured under
short-circuit conditions without the use of a bias light.

The characterization of multijunction solar cells is done by measuring the EQE
spectra of the individual sub-cells. Because the sub-cells of our multijunction
solar cells are connected in series, the response of a multijunction cell equals
that of the sub-cell with the lowest response at that wavelength. To measure the
response of an individual sub-cell, colored DC bias light is used that results in high
current generation in the other sub-cell(s). This assures us that the probed cell
is current limiting for all the wavelengths of the probe beam and its response is
measured correctly. Depending on the type of multijunction that was characterized
a particular selection of LED lamps was used in the setup, Figure 2.4 shows the
illumination spectra of the LED bias lights that were available for the studies in
this work.
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Figure 2.4: Spectra of the LED bias lamps that were used for the EQE measurements
of multijunction solar cells.
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CHAPTER3
Hydrogenated amorphous

silicon-germanium deposited by hot
wire chemical vapor deposition

Abstract

This chapter studies hydrogenated amorphous silicon-germanium films, deposited
by hot wire chemical vapor deposition, to be used as low band gap absorber
material in thin film solar cells. The germanium concentration is determined
using two fundamentally different techniques, which allows us to conclude
that no significant germanium clustering has occurred. The optical band gap,
microstructure, preferential attachment of hydrogen, photosensitivity and the
ambipolar diffusion length were examined. The influence of process conditions
such as the process gas flow ratio, the process gas pressure and the substrate
temperature were explored. The deposition conditions are optimized, yielding
materials with properties that are superior to materials made by PECVD for high
germanium contents. The fabricated films are suitable for being used as absorber
layer in solar cells due to their high electronic quality and absorption coefficients.

This chapter is published as:

L.W. Veldhuizen, Y. Kuang, N.J. Bakker, C.H.M. van der Werf, S.J. Yun and R.E.I. Schropp, Hydrogenated
amorphous silicon germanium by Hot Wire CVD as an alternative for microcrystalline silicon in tandem
and triple junction solar cells, MRS Proceedings 1666, a01-04 (2014).

L.W. Veldhuizen, C.H.M. van der Werf, Y. Kuang, N.J. Bakker, S.J. Yun and R.E.I. Schropp, Optimization
of hydrogenated amorphous silicon germanium thin films and solar cells deposited by hot wire chemical
vapor deposition, Thin Solid Films 595, 226 (2015).
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3.1 Introduction

Hydrogenated amorphous silicon-germanium (a-SiGe:H) is a semiconductor that
can be used as low-band gap material in thin-film silicon based solar cells. The
direct nature of its band gap allows for the use of a very thin absorber layer and
much shorter deposition times compared to nanocrystalline silicon (nc-Si:H).
However, the high defect density of low-band gap a-SiGe:H films deposited by
plasma enhanced chemical vapor deposition (PECVD), the occurrence of light
induced degradation of devices with relatively thick absorber layers in particular
and the high costs of Ge-containing source gases, have thus far prevented a-SiGe:H
in thin-film silicon based solar cells to be viable. Yet, the amorphous nature of
a-SiGe:H makes it easier to achieve conformal growth of thin films on rough or
nanostructured surfaces than is the case with nc-Si:H. Combined with the relatively
high deposition rate of hot wire chemical vapor deposition (HWCVD) as compared
to PECVD, HWCVD a-SiGe:H is a feasible option for thin-film silicon photovoltaics
on textured light-scattering substrates. The recent developments in advanced light-
scattering structures such as textures created with nano-imprint lithography70 and
solar cells based on elongated nanostructures,71 have motivated us to investigate
whether a-SiGe:H by HWCVD can be considered as active material for low cost thin-
film multijunction solar cells. Earlier work by NREL has indicated that HWCVD can
produce a-SiGe:H material with superior quality compared to that deposited by
PECVD.34 In this chapter, the material properties of a-SiGe:H deposited by HWCVD
are investigated for various deposition conditions. There is a particular focus on
films with high Ge content, as these films are difficult to fabricate at high quality
with PECVD.46,47

3.2 Initial process conditions

As a starting point, a-SiGe:H films were deposited with HWCVD using a reactor
configuration that was optimized for the deposition of a-Si:H at high rate. In this
configuration, two 0.5-mm diameter Ta filaments with a length of 15 cm were
employed. The filaments were mounted parallel to each other and were separated
by a distance of 3.5 cm. Corning EAGLE XG glass and natively oxidized polished
c-Si wafers were simultaneously used as substrates and were located, facing down,
55 mm above the filaments. During the deposition, the filaments had a temperature
around 1700˚C. The substrates were heated by radiation from the filaments and
moderate ex vacuo heating resulting in a substrate temperature of ~250˚C during
deposition. As source gases, high purity SiH4 and GeH4 were used, with the latter
diluted to 9.8% in He for safety considerations. Additionally, H2 was added to the
process gas mixture since it was reported that H2 dilution can improve the quality
of the film due to an increase in H coverage of the growing surface, selective etching
of Ge–Ge weak bonds, and the production of a more homogeneous structure.72,73
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Several 200-nm thick films with different Ge concentrations >50% were deposited
using a flow of 15 sccm GeH4 while varying the SiH4 flow from 0 to 22.5 sccm.
The gas mixture was diluted with 100 sccm H2 and the reaction pressure was kept
constant at 5 Pa.

3.3 Determining the germanium content

The atomic composition of thin films can be accurately determined with methods
such as Rutherford backscattering spectroscopy (RBS) and X-ray photoelectron
spectroscopy (XPS). These techniques can however be impractical when processing
large quantities of samples. Therefore, we have tested an alternative procedure for
the quantification of the Ge content in our a-SiGe:H films. This procedure uses
Raman spectroscopy to compare the peak intensities (areas) I of the amorphous
transverse optical modes (TO) of Ge-Ge (270 cm−1) and Si-Ge (375 cm−1) bond,
using a 514.5 nm Ar+ laser.74 When the Si and Ge atoms are randomly distributed,
the Ge content CGe, Ramancan be expressed as:

CGe, Raman=
2 · IGe−Ge

2 · IGe−Ge+ ISi−Ge
·100%. (3.1)

To verify this method, the composition of the same films were also examined
with XPS. The Ge film content by XPS CGe, XP S was determined by measuring the
contributions of the Ge 3d and Si 2p peaks with Al Kα radiation (hν = 1486.6 eV)
for several sample depths during etching of the film with Ar-ions.

Figure 3.1(a) shows a Raman spectrum of an a-SiGe:H film with a Ge content
of ~63% on a Corning glass substrate. Besides the amorphous Ge–Ge (270 cm−1)
and Si–Ge (375 cm−1) TO modes that were used for calculating CGe, Raman, also an
amorphous Si–Si TO mode and a mode associated with silicon and germanium
hydrides can be seen around 460 cm−1and 600 cm−1, respectively. An additional
mode was observed at 200–230 cm−1 which can be associated with a resonant mode
or induced disorder associated with the Ge longitudinal acoustic (LA) band.75 No
peaks related to crystalline material configurations (290 cm−1 for Ge–Ge, 400 cm−1

for Si–Ge and 520 cm−1for Si–Si TO modes) were observed for any of the films
which confirms that the materials are fully amorphous. As an alternative for using
the signals of the Ge–Ge and Si–Ge TO bonds, the peak position or intensity of the
Si-Si bonds peak could in principle be used to derive the Ge content. However,
this is impractical for films with a high Ge content, as the concentration of Si-Si
bonds will be low in these films. Figure 3.1(b) shows the Ge content CGe, XP S as
a function of the etch time. The average concentration in the bulk of the film
was calculated and compared to CGe, Raman, as shown in Figure 3.1(c). As can
be seen, there is a good agreement between CGe, XP S and CGe, Raman. The two
measurements techniques are based on very different physical principles. Where
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Figure 3.1: Two measurement techniques to determine the Ge concentration CGe . (a)
Raman spectrum showing the TO modes of Ge–Ge, Si–Ge, Si–Si and Si/Ge hydrides.
The ratio of the peak intensities is used to calculate CGe, Raman . (b) X-ray photoelectron
spectroscopy depth profile of the same sample. (c) Both techniques yield similar
concentrations. This implies that Si and Ge atoms are randomly distributed and no
Ge clusters (d) are formed.

Raman spectroscopy probes the vibrations and rotations between the atoms in
a system, XPS measures the core electrons of the atoms themselves. The clear
agreement between the results of the two measurement techniques show that
the bond concentrations are corresponding with the atom concentrations. It is
therefore likely that no significant clustering of atoms is present in the films. In
previous research, clustering of Ge atoms has been observed in a-SiGe:H films such
as schematically depicted in Figure 3.1(d).74 Would this be the case in our films, the
ratio of Ge-Ge bonds (and Si-Si bonds), probed with Raman spectroscopy, would
not be corresponding to the atomic concentration of Ge in the film and would be
over represented. Given the accuracy and ease of use of the Raman spectroscopy
method, it is used for the determination of the Ge content in the rest of the films in
this chapter.

Table 3.1 shows material properties of the films that were created with different
GeH4 gas flow contributions CGeH4

=GeH4/(GeH4+SiH4 ) ·100%. The deposition
rate Rd of the films in this series is always in excess of 0.5 nm/s. With this deposition
rate, an active intrinsic absorber layer of 150 nm will readily be deposited within 5
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Table 3.1: Deposition rate Rd , germanium concentration CGe, Raman , optical band gap
E3.5 of films deposited with various GeH4 flow rate contributions CGeH4

.

CGeH4
Rd CGe, Raman E3.5

(%) (nm/s) (%) (eV)
40 0.74 56 1.52
46 0.63 64 1.46
55 0.63 71 1.4
67 0.56 79 1.31
86 0.52 96 1.17

100 0.71 99 1.13

minutes. The Ge concentration in the films is higher than the ratio CGeH4
in the

reactive gas mixture, showing that Ge is preferential incorporated. This preferential
incorporation of Ge was also observed in previous studies and can be explained
by both the higher dissociation rate of GeH4 as compared to SiH4, due to the
weaker bond strength of Ge-H (3.0 eV) compared to Si-H (3.3 eV) bonds, and the
lower mobility of Ge-Hx radicals compared to Si-Hx radicals.41,54 Table 3.1 also
shows the optical band gap E3.5 of the materials, which is defined as the energy at
which the absorption coefficient α, determined with reflection and transmission
measurements, exceeds the value of 103.5 cm−1. For these Ge concentrations, the
optical band gaps are up to 0.2 eV higher than those reported for PECVD a-SiGe:H in
previous research.54 The increased band gaps are an indication that the materials
have a high microvoid density and/or high hydrogen concentration. In the next
section we will therefore have a closer look at the material structure and hydrogen
bonding.

3.4 The microstructure of a-SiGe:H

The bonding configurations of various films were investigated by Fourier transform
infrared spectroscopy (FTIR) in the region of 375–4000 cm−1. The frequency
dependent absorption coefficient of the films was calculated by measuring the
IR transmission of the films that were deposited on polished c-Si wafers. The
absorption coefficient was corrected for incoherent as well as coherent multiple
reflections.62,63 A particular attention was given to the stretching and wagging
modes of silicon and germanium mono and dihydride bonds. The a-SiGe:H films
show the Si–H 2000 cm-1stretching mode of Si–H2 and the 2090 cm-1 stretching
mode, representing Si–H2 or Si–H at internal surfaces of voids,76 in a similar
manner as is often observed for a-Si:H. These modes are accompanied by a Ge–H
stretching mode at ~1880 cm-1. Although Ge–H2 bonds have a stretching mode
at ~1980 cm-1, it cannot be easily distinguished from the Si–H mode. Because we
have not observed a significant contribution of this mode in pristine a-Ge:H films
(CGe=100% ), Ge-H2 is not taken into account for the a-SiGe:H materials. The



42 Hydrogenated amorphous silicon-germanium deposited by HWCVD

microstructure parameter R ∗ of the a-SiGe:H films is defined in an identical way
as for a-Si:H films:

R ∗=
I2090

I2000+ I2090
, (3.2)

with I x the integrated deconvoluted peak intensity located at position x . High
values of R ∗ are often related to high microvoid densities and therefore suggest
a poor material quality.77,78Another indication of the material quality is the
preferential attachment of H to Si over Ge, that is defined as:79

PSi=
I2000

I1880
·

CGe

100−CGe
. (3.3)

High values of PSi have been related to high densities of Ge dangling bonds79 and
lower values of R and PSi have indeed been reported to result in higher efficiency
a-SiGe:H solar cells.34

Using FTIR we also analyzed the absorption peaks around 580 cm−1 and
635 cm-1 that are associated with the wagging modes of hydrides of Ge and Si,
respectively. The atomic hydrogen concentration CH is calculated by multiply-
ing the absorption intensity I580 and I635 with the proportionality constants
A 580=1.1 ·1019 cm−3 and A 635=2.1 ·1019 cm−3, respectively, as in Equation 2.3,
and dividing their sum by the atomic density of the material which was estimated
to be 5 · (1−CGe/100 )+4.4 ·CGe/100 ) ·1022cm−3.63,80,81
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Figure 3.2: IR absorption spectra of an a-SiGe:H film with a rich microstructure that is
exposed to ambient atmosphere for an increasing duration. Oxidation of the sample
is observed to occur via interconnected microvoids.
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Rich microstructures in solar cell absorber layers pose an additional threat
when the voids are interconnected. Interconnected microvoids can form diffusion
pathways for neighboring materials and lead to shunts in a solar cell. Additionally,
interconnected voids can accelerate oxidation when exposed to oxygen due to the
increased surface area. This can be seen in Figure 3.2, where the IR absorption
spectra of an a-SiGe:H sample with R ∗=0.4 (CGe=75% ) are given for increasing
exposure to ambient atmosphere. The spectrum that was obtained shortly after
deposition, shows a high response for the Si-H2 stretching mode at 2090 cm-1.
Also the presence of polysilicon hydride chains ( [Si–H2 ] n ) can be seen, with their
bending modes at ~845 cm-1and ~890 cm-1. Already the initial measurement
shows signs of oxidation with the presence of stretching modes of Si-H with O
backbonding around 2200 cm-1, and bending and stretching modes of various
oxygen-related bonds in the 750–1100 cm-1range. With increasing exposure time,
the presence of oxygen bonds is increasing, while the Si-H2 stretching mode is
decreasing. Also reduction of the Si-H bending mode at 635 cm-1is observed. This
is a clear sign of oxidation via interconnected microvoids in the film. The presence
of germanium oxide cannot be clearly distinguished and no decrease of gemanium
hydride bonds is seen. Therefore, the microvoids seem to be predominantly made
out of silicon hydride interfaces.

Figure 3.3(a) shows IR absorption coefficient of the Si hydride and Ge hydride
stretching modes for different reaction pressures of films with a Ge concentration
of ~70% and that have a band gap of ~1.4 eV. The reaction pressure was varied
from 1.2 to 8.0 Pa. In order to cover this pressure range, we used a reduced flow
of 6.4 sccm SiH4, 7.5 sccm GeH4 and 50 sccm H2. The trends of the IR absorption
have been quantified in Figure 3.3(b)–(d), in which R ∗, P Si and CH are shown
as a function of the reaction pressure. The higher values of R ∗ and PSi in the
low pressure region can be understood when considering that in this region, the
mean free paths of many types of radicals in the process gas are in the order of
a few centimeters. This means that atomic Si and Ge, which is produced at the
filament surface, and radicals with low hydrogen content have a higher probability
to contribute to the growth process. Because of the high sticking coefficient of
these radicals, the film will grow with a rich microstructure, explaining the high R ∗

at low pressures. Additionally, the low amount of available hydrogen at the surface
will preferentially react with Si because of the higher binding energy of Si–H as
compared to Ge–H, resulting in high values of PSi. An optimum is observed at 3.8
Pa after which R ∗ slowly increases again. Two possible reasons for the increase
of the microstructure parameter at higher pressures are an increase of deposition
rate and the formation of higher silanes in the gas phase.82 The total hydrogen
concentration for all the films in this series is around 9%.
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Figure 3.3: (a) IR absorption of the Si hydrides and Ge hydrides stretching modes
for a series of films fabricated with different reaction pressures. (b) Microstructure
parameter R ∗ , (c) preferential attachment factor (P Si) and (d) hydrogen concentration
(CH ) as a function of the reaction pressure.

For the materials that were made at the optimum pressure of 3.8 Pa, no post
oxidation was observed within the first 4 hours, pointing at a closed material
structure. The values of R ∗ and PSi at the optimum are nevertheless higher than
those desired for solar cell absorber layers. The growth process is therefore further
optimized in the next section.

3.5 The influence of the substrate temperature

To allow further optimization of the a-SiGe:H we implemented a new Ge source
gas mixture of 30% GeH4 diluted in H2 instead of 10% in He. The higher
GeH4 concentration in the source gas mixture enables a higher partial pressure of
the source gases and therewith a lower depletion, which was found to be beneficial
for the film quality in previous research.34 The new gas mixture also rules out
the influence He during the growth process, which, although inert, could occupy
growth centers at the film surface and/or cool the filaments. In addition, the new
process featured a reduced Ta filament diameter of 0.3 mm, placed 35 mm from
the substrate, which allowed for better control of the substrate temperature and
for even lower gas depletion, due to the reduced filament surface area.

The influence of the substrate was investigated for samples that were grown



3.5. The influence of the substrate temperature 45

with precursor flows of 50.4 sccm SiH4 and 78.9 sccm of the GeH4 diluted in H2. This
resulted in films with an atomic Ge content of 55% ± 2%, showing no dependence
on the substrate temperature. For the these process conditions, an optimum
pressure of 2 Pa was found, which is lower than the previously found optimum due
to the higher ratios of source gases in the mixture. Generally for these films, a high
deposition rate of 0.5 nm/s is obtained. For material analysis, films of ~200 nm
were deposited on both Corning glass and natively oxidized polished c-Si. The
diffusion length measurements were obtained with the steady state photocarrier
grating technique (SSPG) that was performed on samples with glass substrates and
with evaporated coplanar Ag contacts.

Six a-SiGe:H films were deposited using various levels of additional ex vacuo
heating at the rear of the sample, resulting in substrate temperatures varying
between 220°C and 320°C. Preceding every deposition, the Corning glass and c-Si
wafer substrates were preheated for 1 h in the reactor while being shielded from the
heated filaments by a shutter plate. Figure 3.4 presents the material parameters that
show a clear trend with the substrate temperature. The microstructure parameter
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Figure 3.4: Material parameters of a-SiGe:H films as a function of the substrate
temperature during the deposition. (a) microstructure parameter R ∗ , (b) hydrogen
concentration CH , (c) optical band gap E 3.5 and (d) ambipolar diffusion length L d .
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R ∗, as measured with FTIR, shows a considerable decrease from 0.45 to 0.14
with increasing substrate temperature. The decrease of R ∗ indicates that, as
the substrate temperature is increased, less hydrogen is present in the form of
SiH2 or on the inner surface of voids in the material. This trend has also been
observed in a-Si:H films and can be explained by the higher mobility of growth
radicals at surfaces at an elevated substrate temperature, resulting in the growth
of a more compact material.83 The decrease of CH from 14.4% to 7.2% shows
that, as the substrate temperature increases, less hydrogen is incorporated in the
material. We believe that the decrease of both R ∗ and CH are the cause for the
optical band gap to drop by 0.1 eV. Since a thin-film silicon based device partly
relies on diffusion in order for the charge carriers to be collected, it is desirable
that the ambipolar diffusion length L d in the intrinsic layer is in the same order
as the thickness of the intrinsic layer. As is shown in Figure 3.4, the increased
deposition temperature causes the L d to be more than doubled, from a value of
23 nm, close to the detection limit, to a value of 56 nm. This boost in electrical
quality seems to be related to the reduction of R ∗, as has also been observed for
unalloyed a-Si:H films.83 The material quality is thus significantly increased when
using an elevated substrate temperature. And although these results would entice
us to use the highest possible substrate temperature for the deposition of a-SiGe:H
in our devices, also the thermal stability of the underlying (doped) layers and metal
layers in the devices has to be taken into account. For this reason, the remaining
a-SiGe:H films in this chapter are made at a substrate temperature of 272°C.

3.6 Varying CGe in optimized films

In the previous section, we have considered a-SiGe:H films with a Ge content of
approximately 55%. Next, we proceed by varying the Ge concentration as was
done in Section 3.3, but this time for the optimized process conditions as also
used for the fabrication of solar cell absorber layers in the following chapters. To
minimize the depletion of GeH4, its flow rate was maximized at every CGeH4

flow
contribution, close to the limits of the mass flow controllers and vacuum pumps.
Figure 3.5 gives an overview of Raman spectra of the Ge-Ge, Si-Ge and Si-Si TO
phonons of a-SiGe:H in an entirely amorphous phase. In between these two figure
panels, the values of both the GeH4 contribution CGeH4

and the corresponding Ge
content CGe are shown, the latter of which is calculated using Equation 3.1. As was
seen before, CGeH4

is higher than CGe for all materials with a mixed composition,
showing preferential incorporation of Ge. As CGe increases, the Raman and FTIR
spectra show a smooth transition from contributions of Si bonds to those of Ge
bonds. With increasing Ge content, the Si–Si TO peak position shifts to lower
wavenumbers due to the nearby presence of the heavier Ge atoms. The Ge-Ge TO
peak position follows an opposite trend.
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Figure 3.5: Left: Raman spectra of the Si–Si, Si–Ge and Ge–Ge TO phonon peaks.
Right: FTIR spectra of Ge and Si hydride stretching modes. The center column shows
the corresponding percentage of GeH4 gas flow rate CGeH4

during deposition and the
atomic Ge content CGe in the films.

Figure 3.6 gives a quantitative overview of R ∗, PSi and other parameters as a
function of the Ge content. R ∗ reaches its maximum value of 0.30 when the Ge
content in the films is approximately 50%. When even more Ge is incorporated
in the film, the homogeneity of the material increases again and R ∗ is reduced,
reaching values that are lower than those reported for a-SiGe:H with similar CGe,
deposited by PECVD.47,84 The preferential attachment of H to Si, that originates
from the lower bonding energy of Ge–H compared to Si–H, increases with CGe

and its values are comparable to other values reported for a-SiGe:H deposited
by HWCVD and are about a factor of 2 lower than values reported for a-SiGe:H
deposited by PECVD.41 The weaker Ge–H bond can also explain the decline of
CH for higher CGe, resulting in CH=4.9% for the a-Ge:H film (CGe=100% ). The
optical band gap E3.5 decreases almost linearly with CGe, varying from 1.84 eV
for a-Si:H to a value <1.1 eV for the a-Ge:H material. The absorption of the a-
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Figure 3.6: Various material parameters as a function of the Ge content: (a) mi-
crostructure parameter R ∗ , (b) preferential attachment of H to Si PSi , (c) hydrogen
concentration CH , (d) optical band gap E3.5 , (e) photosensitivity on a logarithmic
scale and (f) ambipolar diffusion length L d . The open circles in the graph (d) represent
the band gaps of the non-optimized series in Table 3.1.

Ge:H sample was too high for an accurate extraction of its optical constants and
this measurement only yielded an upper limit of its band gap. The band gaps in
Figure 3.6(d) are compared to those that were obtained with the non-optimized
series of Section 3.3. For a given CGe, the band gaps of that series are ~0.1 eV higher
due to the higher R ∗ and CH . The photosensitivity was obtained by dividing the
photo-conductivity, that was measured at atmospheric pressure under AM1.5G
illumination, by the dark conductivity, measured in vacuum at a voltage of 50 V. The
photosensitivity drops drastically with increasing CGe, mainly due to an increase in
dark conductivity, which in turn can be explained by the decrease of the band gap.
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Figure 3.7: Absorption coefficients (on a logarithmic scale) of a-SiGe:H films with
various Ge contents, obtained by reflection and transmission measurements in
combination with a density of states model68 . For each curve, the Ge content CGe

and the band gap E3.5 are displayed.

These values are in agreement with previously reported photosensitivities for both
PECVD and HWCVD a-SiGe:H.41 The activation energy E a of the dark conductivity
was also measured after annealing the films at 160˚C for 90 minutes and its value
was close to 0.5 ·E3.5 , underlining the intrinsic nature of the materials. As expected,
the ambipolar diffusion length L d also diminishes as the films contain more Ge.
However, the value stabilizes at around 50 nm for CGe=60. At the ultimate end of
the composition range (CGe=100 ), the photosensitivity of the a-Ge:H film was
insufficient to measure the diffusion length properly. We believe that the effect
of the higher Ge dangling bond density is largely compensated by the reduced
microstructure of films with high Ge content. Still, the diffusion lengths of our films
with high Ge content are almost 3 times lower than that of our a-Si:H film. As will
also be demonstrated in the following chapters, this does not have to be an obstacle
for the fabrication of low band gap a-SiGe:H solar cells, since the high absorption
coefficients of low band gap a-SiGe:H allows for a greatly reduced thickness of
the intrinsic layer. The increase of the absorption coefficients with increasing
Ge content is clearly visible in Figure 3.7, where its profiles are shown for the Ge
content series. Not only does the (infra)red-response increase for samples with
higher CGe, also the absorption coefficients at smaller wavelengths are increased.
The considerations that should be made for the choice of an appropriate thickness
of a-SiGe:H and other photoactive absorber materials will be the discussed in
Chapter 7.
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3.7 Conclusions

a-SiGe:H films were deposited by hot wire chemical vapor deposition under various
reaction conditions. The germanium film content determined with both photo-
electron spectroscopy and Raman spectrocopy showed a good correspondence,
indicating that the Si and Ge atoms are randomly distributed throughout the
films. The hydrogen bonding configurations were studied with Fourier transform
infrared spectroscopy for materials that were fabricated with different process gas
reaction pressures. An optimum was found at 3.8 Pa, at which the films showed a
reduced microstructure and a lower preferential attachment of hydrogen to silicon.
The deposition process was further optimized and the influence of the substrate
temperature was studied. Increasing the substrate temperature from 220°C to
330°C resulted in materials with reduced microstructure and increased ambipolar
diffusion length. The influence of the germanium concentration was investigated
for optimized process conditions using a substrate temperature of ~270°C, which
is compatible with the fabrication of a-SiGe:H solar cells. We show that germanium
is preferentially incorporated over silicon in these films and demonstrate films
with optical band gaps varying between 1.1 and 1.8 eV. The quality of the bonding
configurations that were investigated is superior to that of films that were previously
fabricated with PECVD. A peak in the microstructure is observed for materials with
a germanium concentration of ~50%. The ambipolar diffusion length was observed
to stabilize around 50 nm for films that are rich in germanium. Although this value
is considerably lower than that of a-Si:H, it is enticing to test these films in solar
cells, due to their increased absorption capacity that leads to a reduction of the
required absorber thickness.



CHAPTER4
Hydrogenated amorphous

silicon-germanium solar cells

Abstract

In this chapter, the previously optimized hydrogenated amorphous silicon-
germanium films using hot wire chemical vapor deposition are applied in solar
cells. These solar cells show increased current generation for higher germanium
fractions. The performance of single junction devices is enhanced by increasing
the doping efficiency of the p-type layers and by applying band-gap grading in
the intrinsic films. This resulted in low-band gap solar cells with initial energy
conversion efficiencies exceeding 9%. The suitability of three types of substrate
textures was tested on solar cells with tandem configuration. Texture-etched zinc
oxide was found to be the most suitable texture. A transparent window layer was
developed for hydrogenated amorphous silicon solar cells and was also used in
a triple junction solar cell with a hydrogenated amorphous silicon-germanium
bottom and middle cell. The triple junction solar cells have an initial energy
conversion efficiency of more than 10% and are show a high tolerance to light-
induced defect creation. All intrinsic layers of this triple junction solar cell were
deposited with hot wire chemical vapor deposition within 15 minutes, which
provides a significant advantage for industrial production.

This chapter is published as:
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vapor deposition, Thin Solid Films 595, 226 (2015).

L.W. Veldhuizen and R.E.I. Schropp, Very thin and stable thin-film silicon alloy triple junction solar cells
by hot wire chemical vapor deposition, Applied Physics Letters 109, 093902 (2016)
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4.1 Introduction

A key asset of thin-film silicon solar cells is their potential for low fabrication
costs. For many applications, however, these relatively low costs do currently
not outweigh the lower energy conversion efficiencies compared to many other
photovoltaic technologies. The production costs of thin-film silicon solar cells
are to a significant extent determined by the investment in vacuum deposition
equipment that is needed for a given fabrication throughput. The fabrication of
high-quality thin-film silicon intrinsic absorber layers often require long deposition
times, which limits the throughput and increases the production costs. This is
particularly the case for hydrogenated nanocrystalline silicon (nc-Si:H), which
is regularly used as a low-bandgap material in multijunction solar cells. Due to
the indirect nature of its band gap, a thick (>1 μm) absorber is required which
leads to deposition times that range between 30 minutes to several hours.22,45

In the past, United Solar Ovonic has managed to fabricate and commercialize
triple junction solar cells with thinner a-SiGe:H instead of nc-Si:H sub-cells, but
even for those structures the combined deposition time of the intrinsic layers is
around one hour.85,86 A possibility to reduce the deposition time is using HWCVD
as the deposition method for a-SiGe:H with a low band gap. The high absorption
coefficients that are associated with the low band gap of this material enable a thin
absorber. While HWCVD is in itself already a competitive deposition technique
compared to PECVD,43 the photovoltaic quality of low-bandgap films that can
be deposited by HWCVD can contribute to a further reduction of the production
costs. This chapter analyzes the incorporation of HWCVD a-SiGe:H materials that
were discussed in Chapter 2 in solar cells with single and multijunction device
architectures.

4.2 Single junction devices

First, a-SiGe:H materials were tested in single junction devices. For a maximum
flexibility of choice of substrates, the devices were grown with n–i–p configuration,
as p–i–n devices are limited to transparent substrates. As a starting point, the
default architecture of HWCVD-grown a-Si:H solar cells was used, as developed
in our laboratory. Asahi U-type textured glass was chosen as substrates, which
provides a widely used reference texture for thin-film silicon-based solar cells. The
substrates were overcoated with 200 nm Ag by thermal evaporation and 100 nm
ZnO:Al by magnetron sputtering that was made with a ZnO sputter target that
contains 2 wt% Al2O3. A 27-nm thick a-Si:H n-type layer and a 20-nm thick nc-Si:H
p-type layer were used, made by RF PECVD. As intrinsic film, a 120-nm HWCVD
a-SiGe:H film with a 1.65 eV band gap or a 90-nm HWCVD a-SiGe:H film with a
1.37 eV band gap was incorporated. A 200-nm RF PECVD a-Si:H intrinsic layer
was used as a reference cell. The thicknesses of the intrinsic films were chosen in



4.2. Single junction devices 53

3 0 0 4 0 0 5 0 0 6 0 0 7 0 0 8 0 0 9 0 0 1 0 0 00
2 0
4 0
6 0
8 0

1 0 0

J s c   :

  

E 3 . 5 :  

a - S i G e : H
H W C V D  
1 . 3 7
2 3 . 3

a - S i G e : H
H W C V D  
1 . 6 5
1 8 . 1

 
a - S i : H
P E C V D  
1 . 8 0
1 4 . 5  

EQ
E (%

)

W a v e l e n g t h  ( n m )

C G e

Figure 4.1: External quantum efficiency (EQE) of two a-SiGe:H single junction solar
cells, showing enhanced long-wavelength response for increased Ge fraction the film
(CGe). An a-Si:H cell made by PECVD is shown for comparison. The band gap (E3.5) is
given in eV and the short-circuit current density ( Jsc) that is derived from the EQE is
given in mA/cm2.

relation to the ambipolar diffusion length of the materials (see Figure 3.6). The
a-SiGe:H films were sandwiched between a 6-nm and a 3-nm thick a-Si:H PECVD
buffer layer in order to improve the interface of the HWCVD intrinsic layer with
the PECVD n-type and p-type doped layers, respectively. The p-type layer was
deposited on a porous 1.8-nm PECVD seed layer to provoke an early onset of
crystallinity. The HWCVD films were made as described in Chapter 3.6 and the
PECVD films were deposited as described in Table 2.1. Pads of 80 nm thick sputtered
tin-doped indium oxide (ITO) and 500-nm thick evaporated Ag contact grids define
the cell active area of 0.13 cm2. After completion, the cells were annealed for 20 min
at 180°C in a N2 atmosphere.

We have explored the EQE response of the three different solar cells under
short-circuit condition. Figure 4.1 shows the increasing long-wavelength response
of the EQE for cells with increasing Ge fraction (C Ge=Ge/[Si+Ge]) and narrowing
band gap. The short-circuit current densities ( Jsc) of these cells are obtained by
integrating the EQE response over the AM1.5G solar spectrum and are shown in
units of mA/cm2. Even with the relatively thick p-type layers causing parasitic
absorption at short wavelengths, the EQE of the 1.65 eV and 1.37 eV band gap
a-SiGe:H cells translate into high current densities of respectively 17.9 mA/cm2

and 23.1 mA/cm2, compared to a current density of 14.3 mA/cm2 for the a-Si:H
reference cell. Furthermore, the device with the 90-nm thick a-SiGe:H film and
1.37 eV band gap shows a high EQE of 40% at a wavelength of 900 nm. This response
at 900 nm is comparable to that of state-of-the-art efficiency nc-Si:H cells with
intrinsic film thicknesses of ~2 μm and deposition times exceeding 3 h.22,45 In
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contrast, the 90 nm thick intrinsic layer of the HWCVD a-SiGe:H cell is deposited
in 3 min only.

4.2.1 Optimizing the p-type Layer

The a-SiGe:H single junction cells shown in Figure 4.1 have J–V characteristics that
are not optimized and show an s-shape behavior, which is detrimental to the FF.
This s-shape, also known as rollover and shown in Figure 4.3(a), is an indication of
a barrier at a certain location in the solar cell. If the pivot of this s-shape is around
the Vocvalue, this is indicative of a barrier at one of the two selective contacts
of the device. For small forward bias voltages, the charge carriers in the solar
cell usually have enough energy to overcome the barrier. The Jsc is therefore not
affected, unless the barrier is very high (energetically) or broad (geometrically). For
higher forward bias voltages, charge carriers will experience the influence of the
barrier and the shape of the J–V curve will become skewed. For bias voltages much
higher than the Voc, the current will flow in the opposite direction and the J–V
shape will be dominated by the series resistance of the complete device. Although
rollover effects can also occur in a-Si:H cells,87 the risks for these effects are higher
in a-SiGe:H cells due to their lower band gap, which increases the magnitude of
band offsets at the p and n interfaces, the higher defect densities and the higher
current densities.88,89

In our a-SiGe:H cells, the s-shape was found to be caused by a barrier at the i/p
interface. In thin-film silicon solar cells this interface is crucial and more sensitive
than the i/n interface, because of the lower mobility of holes in undoped a-Si:H.
Since defects can cause a band discontinuity at the interface, a possible solution to
the barrier problem is decreasing the defect density at the i/p interface by locally
improving the quality of the a-Si:H. Another approach is decreasing the activation
energy of the p-type layer so that holes can more easily move across the interface.
A higher conductivity of the p-type layer can also resolve the barrier, since this
will reduce the depletion width at its interfaces. Improving the p-type layer will
also benefit the p/ITO contact and the Voc of the cells. Since our cells were already
equipped with a 3-nm thick a-Si:H film with low defect density at the i/p interface,
we have focused on improving the p-type layer to solve the s-shape behavior of
the a-SiGe:H cell.

Table 4.1 shows the deposition conditions and material properties of the
original p-type layer and that of two successively improved layers. These films
were deposited on Corning glass substrates with a 5 nm porous seed layer. This
was done to mimic the substrate conditions of the solar cells, since the substrate
has a strong effect on the crystallization of the nc-Si:H p-type layer.90 All the films
were grown using a process pressure of 190 Pa, a forward RF power density of
25 mW/cm2, and a substrate temperature of 150°C. The films are grown using SiH4,
H2 and a 2% trimethylboron (TMB) in H2 mixture as source gases. The thickness
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Table 4.1: Deposition flow rates and characteristics of three types of thin film silicon
p-type layers. With a low activation energy σd and a high dark conductivity Ea , the
third material is the most suitable p-type layer and is the only one that is actually
nanocrystalline. The displayed TMB flow is that of a mixture of 2% TMB diluted in H2.

SiH4 H2 TMB d σd Ea

(sccm) (sccm) (sccm) (nm) (S/cm) (eV)
non-optimized 1.20 200 0.78 18.8 7.9 ·10−12 0.66
lower TMB flow rate 1.20 200 0.60 26.3 7.5 ·10−7 0.35
lower SiH4flow rate 0.83 200 0.60 27.1 0.218 0.06

of the films d was determined with reflection and transmission measurements
and the dark conductivity σdand its activation energy Ea were measured after
annealing at 150°C in vacuum as described in Chapter 2.

With a low dark conductivity and a high activation energy, the original material
has rather poor p-type characteristics. Although this might seem counterintuitive,
reducing the TMB mixture flow rate from 0.78 to 0.60 sccm has resulted in more
efficient doping. The explanation for this can be found in the formation kinetics of
these films. The conductivity and activation energy of the p-type layer is governed
by a combination of the crystalline volume fraction, the crystallite grain size,
and the effective boron doping.91 A higher TMB concentration will lead to the
incorporation of more BHx radicals into the surface of the film which reduces the
sticking coefficient and inhibits crystallization.92,93 For an effective nc-Si:H p-type
layer, the TMB flow should be carefully chosen, as insufficient flow will result in a
shortage of doping centers and an excessive flow will prevent crystallization and
effective doping efficiency due to alloying (B in non-doping configurations). This is
extra critical for thin films, because the crystallization of these films progresses as
it grows thicker. It should be noted that a completely crystallized p-type film is also
undesirable, as the reduced mobility band gap of such a film can lead to electron
back diffusion in the i/p region and a reduction of the Voc. The best p-type layer
should therefore be made close to the amorphous/crystalline phase transition.

In a third recipe, the SiH4 flow rate was reduced from 1.20 to 0.83 sccm, which
caused an increased H2 dilution of the gas mixture and therewith an increased
crystallization. The greatly improved conductivity and activation energy make
this the most suitable p-type layer for a-SiGe:H solar cells. The improvement of
the film can also be seen in the Raman spectra in Figure 4.2, where the effect of
SiH4 flow rate optimization is visible. The optimized p-type layer displays a small
peak at ~515 cm-1, which is associated with crystalline Si–Si bonds, whereas an
initial film shows a completely amorphous behavior with the only peak centered
at ~480 cm-1. Due to the sensitivity of the p-type layer to small fluctuations of the
gas flow rates and contamination in the reactor, the films have been re-optimized
with small flow rate adjustments several times throughout the work in this thesis.
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Figure 4.2: Raman spectra of a non-optimized and optimized p-type layer. The
initial film is completely amorphous as indicated by its peak around 480 cm-1. The
optimized film shows an additional peak around 515 cm-1which indicates the presence
of crystalline Si–Si bonds.

Figure 4.3 shows the improvement of the J–V (a) and performance (b) charac-
teristics, measured under AM1.5G irradiation, that were made on solar cells with a
120-nm thick a-SiGe:H film that has a band gap of 1.65 eV. Solar cell À uses the
non-optimized p-type layer from Table 4.1 and its s-shaped J–V is clearly visible.
Besides the impaired shape of the curve and its associated low FF, the Voc is also
lower than expected for this value of the band gap of the a-SiGe:H material. Cell Á

incorporates a p-type layer with a thickness of ~16 nm made with a decreased TMB
flow rate of 0.60 sccm. Although the shape of its J–V curve has somewhat improved,
the overall performance is not enhanced.

In cell Â, the post annealing at 180°C was increased to ~1 h. This does not
resolve the s-shape of the curve, but results in a significant Voc increase of 50 mV. As
the annealing temperature is higher than the deposition temperature of the p-type
layer, it is possible that a fraction of the bonds in the film were reconfigured. This
seems to have resulted in the activation of additional boron doping centers, which
is consistent with a conductivity increase of separately fabricated p-type layers
that was observed after annealing.88 The extended post-deposition annealing was
included in the fabrication procedure of all other solar cells in this study.

The biggest improvement was obtained with solar cell Ã, where the thickness
of the p-type layer was increased to 26 nm. Due to its increased thickness, the
film has a higher crystallinity fraction and can generate a stronger internal electric
field. The Voc increased with 70 mV to a value of 0.72 V and the s-shape has
almost disappeared completely. The thicker film does however cause additional
parasitic absorption at the front of the device, which resulted in a Jsc reduction of
1.5 mA/cm2.
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Figure 4.3: J–V characteristics (a) and performance parameters (b) of a-SiGe:H
(E3.5=1.65 eV) solar cells that underwent a series of nc-Si:H p-type layer improvements.
In solar cells À–Â, an s-shape or rollover of the curve is limiting the performance.
This s-shape, caused by a contact barrier at the i/p interface, is removed by improving
the conductivity and activation energy of the p-type layer.
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The last improvement was an increase of p-type layer crystallinity by means
of a reduction of the SiH4 flow rate to 0.83 sccm, according to Table 4.1. The
lower absorptance, caused by the indirect band gap of the nc-Si:H film with higher
crystallinity, boosted the Jsc to 20.4 mA/cm2 and the increased conductivity did
completely remove the s-shape in the J–V curve.

4.2.2 Bandgap grading

The solar cells that were discussed so far have intrinsic films with a band gaps that
are already considered to be low for a-SiGe:H devices. It is nevertheless interesting
to incorporate even lower band gap materials, as this will lead to a more efficient
use of the solar spectrum when used in multijunction devices. We therefore tested
solar cells with a 1.37 eV band gap a-SiGe:H film with the newly optimized p-
type layer. The very low band gap of these absorbers, result in a high Jsc but
unfortunately reintroduces a small s-shape in the J –V curve. To improve the J –V
characteristics a U-shape bandgap grading was introduced in the intrinsic film.
This grading creates a smooth transition from unalloyed a-Si:H at front and rear
interfaces to the low-band gap a-SiGe:H central part of the absorber. This partially
compromises the absorbing capacity of the film but at the same time decreases
the defect density near the doped layers, reduces the back diffusion of electrons
and holes in the i/p and i/n regions, respectively, and improves the Voc due to the
decreased average Ge concentration fraction (CGe).86,94–96 The grading was made
by altering CGe in a continuous manner, from 0 to 0.62 and back. The material
with the lowest band gap is 30 nm thick and positioned 15 nm from the i/p buffer
layer. At the rear side of the film, a 45-nm thick grading is used. As most charge
carriers are generated at shallower depths, positioning the lowest band gap near
the front side of the absorber will facilitate the extraction of electrons and holes.
A third architecture was made using an absorber with a 90-nm thick film with a
band gap of 1.54 eV (CGe=0.45 ) in the center that contained gradings of 15 and
45 nm at the front and rear side, respectively.

Figure 4.4 shows the J –V results (a) and the graded band gaps (b) of these solar
cells. Table 4.2 gives more detailed characteristics of the best and 5 best average of
the solar cells. The performance of the solar cells with a graded 1.37 eV band gap
is clearly improved compared to that with the flat (ungraded) band gap, despite a
decrease of Jsc. With a maximum initial energy conversion efficiency of 9.3%, the
solar cells with a 1.54 eV graded band gap are among the best performing low-band
gap a-SiGe:H solar cells reported and have a higher efficiency than that resulting
from previous HWCVD efforts by NREL (η=8.6%).34 The deposition times of the
a-SiGe:H films in the cells are 90 s and 332 s for the 1.37 eV and 1.54 eV band gap
cells, respectively, which is an attractive feature for industrial production. The
graded 1.37 eV and 1.54 eV band gap cells form the basis of the tandem and triple
junction solar cells described in this thesis.



4.2. Single junction devices 59

- 0 . 4 - 0 . 2 0 . 0 0 . 2 0 . 4 0 . 6 0 . 8
- 3 0

- 2 0

- 1 0

0

1 0

2 0

0 2 0 4 0 6 0 8 0 1 0 0 1 2 0 1 4 01 . 3
1 . 4
1 . 5
1 . 6
1 . 7
1 . 8
1 . 9

 f l a t  b a n d  g a p          1 . 3 7  e V
 g r a d e d  b a n d  g a p  1 . 3 7  e V
 g r a d e d  b a n d  g a p  1 . 5 4  e V  

Cu
rre

nt 
de

nsi
ty (

mA
/cm

2 )

V o l t a g e  ( V )

p - s i d en - s i d e

( b )

Ban
d g

ap 
(eV

)

P o s i t i o n  ( n m )

( a )

Figure 4.4: J –V results (a) and band gap profiles of three different a-SiGe:H solar
cells. The solar cell performance is enhanced when the band gap of the absorbers is
graded at the front and rear.

Table 4.2: Performance of the best and 5 best average of three types of a-SiGe:H solar
cells. The first cell in the table has a flat band gap profile, which means it is not graded,
while for the latter two cells bandgap grading is applied for increased performance.

Jsc Voc FF η
band gap (eV) (mA/cm2) (V) (%) (%)

flat 1.37
best 25.9 0.38 38 3.8

average 26.2 0.39 37 3.8

graded 1.37
best 24.2 0.49 52 6.2

average 23.9 0.48 50 5.8

graded 1.54
best 22.7 0.65 63 9.3

average 22.8 0.65 60 8.9
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4.3 Tandem devices on various substrates

We now turn to the fabrication of a-Si:H/a-SiGe:H tandem cells on three types
of substrates. Two substrates consisted of stainless steel foil on which a light
scattering texture was made. One of these textures was is a 1-µm sputtered ZnO
film that was texture-etched with a 0.5 wt% HCl solution for 10 s.97 This texture-
etched zinc oxide (TE-ZnO) has become an often used texture for thin-film silicon
cells. Another texture was a wave pattern of 350-nm high features with a period
of 1 μm, created by nanoimprint lithography (NIL). This texture was optimized
for the scattering of light with red and infrared wavelengths in a nc-Si:H solar
cell solar cell. A piece of Asahi U-type glass was used as a third substrate. All
three substrates were overcoated with 200 nm Ag and 100 nm ZnO:Al. The 90-nm
1.37-eV a-SiGe:H cell with bandgap grading, discussed in the previous section,
was used as bottom solar cell of the tandem device. As top solar cell absorber, a
200-nm thick non-alloyed intrinsic layer was used. Although this material can
also be deposited by HWCVD, as will be done with the triple junction solar cells
in Section 4.5, we initially used our standard PECVD a-Si:H that is described in
Chaper 2.1.2. When stacking cells in a tandem configuration, special attention
has to be given to the tunnel-recombination junction between the sub-cells, that
consists of the p-type and n-type layers of the bottom and top cell, respectively.
These films should have a high conductivity and low activation energy in order
to allow efficient tunneling recombination and to prevent the inverted junction
from acting as a barrier. Therefore, the p-type layer of the bottom cell, that was
already improved in Section 4.2.1, was combined with a 20-nm nc-Si:H n-type
layer (σd=3.5 S/cm, Ea=0.04 eV), to form a tunnel junction. In the top cell, a
20-nm nc-Si:H p-type layer on a 1.8-nm porous seed layer was used. The tandem
cells were completed by 80 nm ITO and Ag grids.

Figure 4.5 shows typical J–V curves (a) and EQE responses (b) of these tandem
cells. With a conversion efficiency of 10.2%, the solar cell made on stainless
steel/TE-ZnO is the best performing solar cell and the cells made on the stainless
steel/NIL and Asahi U-type textures show a lower efficiency of 9.3%. The lower
efficiency of the NIL solar cell is predominantly caused by a lower Jsc, which
can be understood when examining its EQE response. In the EQE response, the
behavior of the top and bottom cells can be distinguished and their corresponding
current densities are displayed in mA/cm2. Because the top and bottom sub-cell
are connected in series, the lowest of the two sub-cell currents will be current
limiting and determine the Jsc value of the tandem. For all cells, a small (~4%)
correction is made to the J–V curves to match the Jsc with the EQE-current from
the limiting sub-cell. The current densities that are generated by the top cells are
almost identical but the effect of the substrates is evident from the response of the
bottom cells. For the NIL periodic texture, interference fringes are visible in the
bottom cell response and the current density of this sub-cell is limiting the tandem
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Figure 4.5: J–V results (a) and top and bottom cell EQE response under short-circuit
condition (b) of a-Si:H/a-SiGe:H tandem solar cells on three different substrates:
stainless steel foil with texture-etched ZnO (TE-ZnO), stainless steel foil with a periodic
texture made by NIL, and Asahi U-type glass. Figure (b) also shows current densities
in mA/cm2, derived from the top and bottom cell EQE response. The Jscvalues of the
J–V curves are corrected with a small value to match the EQE current densities of the
current limiting sub-cell. The EQE response of the top and bottom cells are measured
with red and blue LED bias light, respectively.

solar cell. Although the texture is designed for light trapping of long wavelengths
in nc-Si:H solar cells, it is clearly not very suitable for light trapping in this much
thinner tandem structure. The Asahi texture has the highest bottom cell response,
but this does not result in a significantly higher Jsc since the top cell is current
limiting for the solar cells with Asahi and TE-ZnO texture. The high bottom cell
current density of the solar cell made on the Asahi texture could be utilized by
altering the thicknesses of the sub-cell absorbers such that the top and bottom cell
currents are matched. The cell on Asahi texture however, has a significantly lower
Voc than the other two designs. Although the Asahi U-type texture has proven
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to be a suitable texture for other types of thin-film silicon solar cells, it is not the
most suitable texture for this particular architecture as the steeper features of Asahi
U-type possibly damage the thin a-SiGe:H bottom cell. Because of these results,
the TE-ZnO has become the default texture for the other solar cells in this thesis.
For practical reasons, the texture for those solar cell is however usually made on
Corning glass instead of stainless steel.

4.4 Transparent p-type layer for a-Si:H solar cells

Part of the light in amorphous silicon-based solar cells is absorbed by the doped
layers. Most of this absorption occurs in the uppermost silicon film, which usually
is a p-type layer. Because the doping levels that are needed for an efficient p-type
or n-type doped layer cause high defect densities in these films, the light that is
absorbed there does not result in extractable charge carriers but is parasitically
absorbed. To minimize the parasitic absorption in the p-type layer, we tested a
stack that contains 10 nm nc-SiOx:H made by PECVD. This material has a higher
optical band gap (Eg= 2.3 eV) and a considerably lower refractive index (n2 eV=
2.7), compared to the non-oxide film (Eg= 2.1 eV, n2 eV= 3.8).98 The film was made
by adding a flow of 0.66 sccm CO2to the deposition process gas mixture of the
p-type layer. As is the case with boron doping, adding oxygen in the film increases
the disorder in the material and has an inhibiting influence on the nucleation
of crystallites. To facilitate the nucleation, the nc-SiOx:H film is preceded by 5
nm nc-Si:H p-type seed layer. The top of the stack is again a 5-nm thick nc-Si:H
p-type layer that can form an Ohmic contact with the front contact due to its high
conductivity. The layer stack and the original p-type layer were incorporated in
two types of PECVD a-Si:H solar cells with a thickness 200 nm, made on a texture-
etched ZnO substrate, using the same front and back electrodes as used for the
previously discussed solar cells.

Figure 4.6 compares representative J –V characteristics (a) and EQE responses
(b) of the two types of solar cells. It is clear that the p-type triple layer is beneficial for
the performance of the a-Si:H solar cell. A Jsc increase of ~0.5 mA/cm2 is observed
for the solar cell with the p-type triple layer, which can be fully attributed to an
increased blue-response of the cell. This increased response is not only caused
by a reduction of parasitic absorption by the p-type layer(s), but also by increased
non-parasitic absorptance in the blue. The increase of absorptance (1−R ) of
the cells is shown together with the EQE responses. It is explained by the lower
average refractive index of the p-type stack compared to the single film. The lower
refractive index causes enhanced incoupling due to a more gradual transition from
the ITO layer (n2 eV= 1.9) to the a-Si:H intrinsic film (n2 eV= 4.3), via the p-type
triple layer. Besides the increase of current density, a significant Voc enhancement
of ~40 mV can be seen for the p-type triple layer. This increase can be explained by
the higher work function of the high-band gap nc-SiOx:H film that increases the
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Figure 4.6: J –V results (a) and EQE response with absorptance (1-R) (b) of two a-Si:H
n–i–p solar cells. One solar cell uses a conventional (single) nc-Si:H p-type layer
and the other a newly designed stack of three p-type layers that contains a central
nc-SiOxfilm. Both films have a total thickness of 20 nm. In addition a higher Jsc due
to enhanced blue-response, the solar cell with the triple layer has a higher Voc .

built-in voltage (Vbi).99,100 A higher work function also increases the conduction
band offset at the i/p interface which makes the hole contact more selective and
reduces recombination by expelling electrons. Additionally, the nc-SiOx:H film
may contribute to the higher Voc by reducing the influence of local shunt paths in
the intrinsic layer.101,102

When tested in a-SiGe:H solar cells, the p-type triple layer re-introduces an
s-shape in the J–V behavior due to its lower conductivity. In the following section,
the new architecture is therefore only used in the a-Si:H top cells which also is
the sub-cell that benefits the most from reduced parasitic absorption in the blue
wavelength region.
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4.5 Thin and stable triple junction solar cells

In this section a triple junction solar cell architecture is demonstrated in which the
deposition time for the three absorbers is less than 15 minutes. To achieve this,
intrinsic films of a-Si:H and a-SiGe:H were used for the top, middle, and bottom
cell.

4.5.1 Fabrication of the devices

The three a-Si(Ge):H films were deposited in the HWCVD reactor of the PASTA
system described in Section 2.1.1, at a deposition rate of 0.4-0.5 nm/s. The bottom
and middle sub-cell are based on the solar cells with bandgap grading described in
Section 4.2.2. Figure 4.7 shows the refractive indices and the absorption coefficients
of the three types of absorber materials with different Ge fraction (C Ge). The
optical constants were obtained from reflection and transmission measurements
of individual films on Corning glass that were fitted using the density-of-states
model of O’Leary, Johnson, and Lim.68 Both the real and the imaginary part of
the refractive index (n & k) as well as the absorption coefficient α increase and
shift to longer wavelengths with increasing germanium fraction CGe. As the Ge
fraction increases, the optical band gap E3.5 decreases from 1.86 eV for unalloyed
a-Si:H (CGe = 0), to 1.54 eV and 1.37 eV for CGe = 0.45 and CGe = 0.63, respectively.
The low band gap and high refractive index of the a-SiGe:H materials allows for a
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Figure 4.7: Optical properties of a-Si(Ge):H films with three different germanium
fractions (CGe) that were incorporated in the triple junction solar cell. The real and
imaginary part of the refractive index (n & k) and the absorption coefficient α were
determined from reflection and transmission measurements.
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Figure 4.8: (a) Schematic cross section of the triple junction solar cell. The schematic
energy band diagram (b) displays the position of the valence band edge EV, conduction
band edge EC and Fermi level EF, in the solar cell under short-circuit condition. The
intrinsic a-SiGe:H films have a band-gap profile. The tunnel recombination junctions
(TRJ) between the sub-cells allow the electrons (e-) and holes (h+) to recombine
efficiently. The film thicknesses in this figure are to scale.

thin absorber thickness in solar cells, which furthermore preserves the effect of
light trapping textures throughout the device as compared to the situation with
the thicker nc-Si:H films.103

Figure 4.8(a) shows a schematic cross section of the triple junction n–i–p solar
cell. The solar cells were fabricated on a textured-etched ZnO, overcoated with
200-nm thick evaporated Ag and 80-nm thick sputtered Al-doped ZnO (2 wt%) as
electrode and back reflector. We used this type of substrate as a model textured
substrate but in practice it can be replaced by flexible stainless steel or other foils
with a textured back reflector. On the front part of the solar cell, sputtered 80-nm
thick ITO pads function as a conductive anti-reflection coating and evaporated Ag
contact grids facilitate the current collection. Multiple solar cells with active areas of
13 mm2 were defined in this way. N-type and p-type layers, with thicknesses varying
between 30 nm in the bottom part and 20 nm in the upper part of the structure
were deposited using 13.56 MHz PECVD in two separate reactors of the same
multi-chamber system. Although these films can also be made by HWCVD,58–60

for this work we have first concentrated our research on the rate-limiting layers
in production. The layers that are part of a tunnel recombination junction (TRJ)
consist of B-doped and P-doped nc-Si:H for their high conductivity. The n-type
layer in the bottom cell consists of the less conductive P-doped a-Si:H, which
effectively serves to limit current collection from outside the perimeter of the
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solar cell and the p-type layer of the top cell contains B-doped nc-SiOx:H in order
to provide high transmission as described in the previous section. The solar cell
absorbers consist of a 90-nm and 163-nm thick intrinsic a-SiGe:H film in the bottom
and middle cell, and a 90-nm thick a-Si:H film in the top cell, all of which are
deposited in only 13 minutes in total. Thin (3 to 6 nm) intrinsic a-Si:H buffer layers
made by PECVD were incorporated at the rear and front of the absorbers to ensure
a good interface between the intrinsic and doped layers. A schematic energy band
diagram of the silicon-based part of the solar cell structure is shown in Figure 4.8(b).
U-shaped band gap profiles were incorporated in the a-SiGe:H as described in
Section 4.2.2 except for the fact that the central part of the film with a band gap of
1.54 eV was made slightly thicker. The top cell has a homogeneous band gap of
E3.5 = 1.86 eV.

4.5.2 Initial performance

Figure 4.9(a) shows the J–V characteristics of a typical solar cell as measured at
25°C under the WACOM dual source solar simulator. The EQE of the top, middle
and bottom sub-cells of the triple junction solar cells are shown in Figure 4.9(b)
and were measured under short-circuit condition using chopped monochromatic
light and colored DC bias light beams. Cell area and spectrum discrepancies are
small: a < 2% deviation between the Jsc measured by the solar simulator and
the current density derived from the EQE of the current limiting middle cell was
observed. The J–V curve in Figure 4.9(a) was corrected by this amount. The yield
of working devices is high, with just one shunted device (located at the edge of the
substrate) of a total of 22 solar cells. Having a 10-cell average conversion efficiency
smaller than 10%, the performance of these devices exceeds that of earlier efforts to
fabricate triple junction a-Si:H/nc-Si:H/nc-Si:H solar cell with HWCVD as method
for all absorbers.104 The performance is lower than the world-record optimized
PECVD-made triple junction solar cells developed by United Solar, mainly due to
the difference in the open-circuit voltage (Voc).85,86 This is expected, because we
use lower band gap materials. Yet, we believe that the Voc of our devices can be
further optimized by adjusting the band-gap profile and the i/n and i/p interfaces
in the a-SiGe:H sub-cells.

4.5.3 Light-induced degradation

The performance of thin film silicon solar cells is known to reduce during extended
exposure to light. The creation of light-induced metastable defects in the intrinsic
layers is thought to be driven by the recombination energy of photocarriers.105

The performance degradation often exceeds 15% for a-Si:H single junction solar
cells106,107 and 10% for a-Si(Ge):H triple junction solar cells.108,109 The stability of
our triple junction solar cells was investigated by light soaking under simulated
AM1.5 illumination for a duration of 1000 h at a constant temperature of 50°C and
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Figure 4.9: (a) Current density–voltage characteristics before and after 1000 h of light
soaking (LS) treatment and (b) external quantum efficiency EQE of a typical triple
junction solar. The derived current densities in mA/cm2 are shown together with the
EQE responses of the individual sub-cells and their envelope.

under open-circuit conditions. The best performing solar cell after degradation
showed a relative reduction of conversion efficiency (Δη/η) of only 6%, mainly
caused by a 4% relative reduction of the fill factor (ΔFF/FF). No reduction of Jsc

was observed. The J–V curve measured after the 1000 h of exposure is also shown
in Figure 4.9(a). The low amount of degradation is likely to be caused by the small
thicknesses of the intrinsic films, allowing for a strong internal electric field and a
low recombination rate.110 Other factors that may contribute to the stability are
the lower recombination energy in the low-band gap a-SiGe:H cells111 and the
improved amorphous network structure, due to the high concentration of atomic
hydrogen during the HWCVD process.112
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4.6 Conclusions

Optimized a-SiGe:H films, made by HWCVD, were incorporated in single and
multijunction solar cells. An EQE value of 40% at a wavelength of 900 nm was
realized for a single juntion device with a 90-nm thick intrinsic layer with 1.37 eV
band gap, deposited in just 3 min. The s-shapes that were initially observed in
the J –V curves of the a-SiGe:H cells, were removed by a series of p-type layer
improvements. The optimized nc-Si:H p-type layers have a structure close to the
amorphous/crystalline phase transition, resulting a low activation energy and high
conductivity. The Voc and FF of low-band gap a-SiGe:H solar cells was further
improved by applying a U-shaped band gap profile. This resulted in devices with a
conversion efficiency with over 6% and 9% efficiency for cells with 1.37 and 1.54 eV
band gaps, respectively. After improving the single junction solar cells, low-band
gap a-SiGe:H absorbers were incorporated into tandem structures with PECVD
a-Si:H top cells and the influence of three different types of textured substrate was
investigated. With a conversion efficiency of 10.2%, a substrate consisting of a ZnO
layer that has been texture-etched in a HCl solution proved to yield the best result.
These solar cells may be further optimized by improving the current matching and
reducing parasitic absorption. To reduce the parasitic absorption in the a-Si:H (sub-
)cell, a p-type triple layer was developed that contains a transparent low-refractive
index nc-SiOx:H layer. The use of this stack resulted in an enhancement of the Jsc

and Voc in a single junction a-Si:H cell. This p-type triple layer was also used in the
top cell of a triple junction solar cell. The triple junction solar cells employed an
a-Si:H(1.86 eV)/a-SiGe:H(1.54 eV)/a-SiGe:H(1.37 eV) solar cell architecture with
HWCVD as deposition method for all intrinsic absorbers. The devices have an
initial energy conversion efficiency exceeding 10% and show light-induced relative
performace reduction of only 6% after 1000 h exposure.

Since the absorber layers in the solar cells presented in this chapter are thin
and have been deposited at high rate, their deposition time is significantly shorter
than that of most other thin film silicon solar cells. The combined deposition
time for these layers does not exceed 15 min, even for triple junction solar cells,
whereas comparable devices with nc-Si:H absorbers often require over one hour
for the fabrication of the absorbers. But also when comparing triple junctions
with a-SiGe:H middle and bottom cells, HWCVD can provide faster deposition of
these absorber layers than PECVD. Together with other advantages of HWCVD
such as conformal deposition at high rates, lower system and operating expenses
and its excellent compatibility with roll to roll fabrication, the short deposition
times considerably increases the feasibility of these types of thin film silicon solar
cells for industrial production.



CHAPTER5
Thin solar cells with

nanorod morphology

Abstract

This chapter explores the possibilities of self-assembled zinc oxide nanorod arrays
as substrate for single junction and tandem solar cells. The nanorod-based
solar cells include a cell structure that is “vertical”, which has great potential for
high photocurrent generation. The solar cells make use of an ultrathin (35 nm)
hydrogenated amorphous silicon-germanium absorber layer which is deposited
by hot wire chemical vapor deposition within only 90 seconds. The fabrication
of this extremely thin absorber layer is possible due to the capability of hot wire
chemical deposition to create conformal layers. A remarkably high current density
of 19.1 mA/cm2 is obtained for the ultrathin single junction solar cell. A similar
hydrogenated amorphous silicon-germanium absorber layer was used as the
bottom cell in multibandgap tandem cells. The nanorod morphology particularly
improves the generation of current in the bottom cell. In order to further increase
the solar cell response at red and infrared wavelengths, a further advanced design
is developed and experimentally realized. In this design the silver back reflector
is flat, while the front and back sides of the solar cell still have a nanorod pattern.
The solar cells with this design show a significant reduction of parasitic plasmonic
absorption in the silver.
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5.1 Introduction

5.1.1 Nanorod solar cells

Thinner absorber layers in thin-film silicon based solar cells are useful for various
reasons. Perhaps the most obvious reasons are a lower cost of ownership due to
lower material costs and higher device throughput of vacuum deposition systems.
As shown in Chapter 4.5.3, a thin absorber layer can even lead to an increase of
energy conversion efficiency, since generated charge carriers can be more easily
collected and because the effect of light induced degradation is mitigated.105,113 For
solar cells to benefit from these effects, the loss of absorption needs to be minimized
or compensated. In order to ensure sufficient absorption in a thin layer, light-
trapping schemes that increase the light path length can be utilized. One of the
possibilities is the use of nanorods (NR),114,115 nanowires,116–119 nanopillars120,121

or similar structures (henceforth referred to as: nanorods) that are either part of the
photovoltaic device or, as is the case in the work described in this chapter, function
as a scaffold for the device.71 Nanorods arrays can enhance the absorption of light
due to scattering between the nanostructures and due to better incoupling at its
corrugated front surface that causes an anti-reflection effect. Additionally, part
of the absorber of a NR-based solar cell is oriented in a vertical manner. In these
parts, incoming light with normal incidence is absorbed along the orientation of
the absorber, causing enhanced absorption. The generated charge carriers can,
meanwhile, travel horizontally, which is the shortest distance to the contact layers.
This phenomenon is called the orthogonalization of light absorption and carrier
transport71,122and its principle is depicted in Figure 5.1. Previous work has indeed
demonstrated that hydrogenated amorphous silicon (a-Si:H) solar cells deposited
on a nanorod scaffold can out perform solar cells on an optimized reference texture,
particularly for very thin absorber layers.114

5.1.2 Tandem solar cells on nanorods

Thin-film silicon-based solar cells can be fabricated in tandem configuration in
order to utilize the solar spectrum more efficiently. These tandem solar cells usually
involve hydrogenated nanocrystalline silicon (nc-Si:H) absorber layer in the bottom
cell.123,124 The indirect nature of the band gap of nc-Si:H often requires absorber
layers exceeding 1 µm. When a layer of such a thickness is deposited on a nanorod
scaffold morphology, the effect of the nanorod texture is largely compromised due
to smoothening by the growth of the solar cell layer stack. Qian et al.125 simulated
that for high-aspect-ratio nanowires (1.7 µm long and 40 nm in diameter) a short-
circuit current density ( Jsc) as high as 14.2 mA/cm2can potentially be achieved with
an a-Si:H/nc-Si:H radial junction tandem solar cell, using a nc-Si:H bottom cell
absorber layer of only 120 nm. However, an issue with nc-Si:H grown on substrates
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Figure 5.1: Schematic cross section of a flat solar cell (a) and a NR-based solar cell
(b). The yellow arrows indicate irradiation rays. The NR-based solar cell benefits
from the orthogonalization of light absorption and carrier transport, and from the
scattering between the nanostructures. The extraction of electrons (e-) and holes (h+)
is indicated with white arrows. Instead of being part of the electrode as in (b), the
nanorods can alternatively also be designed as an active part of the n–(i–)p junction
and contribute to the generation of charge carriers. The structure in analogous for
devices with a p–(i–)n layer order, where the extraction direction of electrons and
holes is reversed.

with high-aspect-ratio features is that the rough morphology tends to induce voids
and cracks that can propagate through the layer, causing reduced fill factor (FF) and
open-circuit voltage (Voc) of the device.104,126 Therefore, it is not straightforward
to use optically optimized textures with nc-Si:H as the low-bandgap material.

To demonstrate the potential of tandem solar cells with a nanorod scaffold,
we apply ultrathin absorber layers, particularly for the bottom cell of the device.
As bottom cell absorber material, we use hydrogenated amorphous silicon-
germanium (a-SiGe:H) with a low band gap (1.37 eV). Good quality low-bandgap
material is obtained by HWCVD, which has proven to be an excellent method for
the deposition of a-SiGe:H.34 Another advantage of HWCVD is that it enables more
conformal growth at high deposition rate than PECVD43 which is a crucial feature
when depositing a thin absorber layer on a substrate with high aspect ratio features.

5.2 Synthesis of ZnO nanorods

ZnO nanorods can be fabricated in several ways, each having its own set of benefits
and limitations. Metal organic chemical vapor deposition (MOCVD) is a suitable
technique when high quality and highly ordered nanorods are desired.127 However,
this technique requires high growth temperatures, which limits the choice of
substrates. Furthermore, the low growth rates that are associated with MOCVD
make the method unsuitable for creating nanorod substrates on an industrial scale.
Vapor-liquid-solid (VLS) deposition and pulsed laser deposition (PLD) both offer
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the possibility to create nanorod arrays with high precision, but VLS often makes
use of expensive catalysts such as gold that could create unwanted electronic
defects and also requires high process temperatures,128 whereas PLD imposes the
risk of damaging the nanorod substrate due to the ablation process.129

The nanorods in this work are made with a method known as chemical bath
deposition (CBD). This is a method in which the nanorods grow naturally on a
substrate with seed layer that is submerged in a chemical solution. The lack of
vacuum equipment makes that this method is easy to use. However, the natural
growth process usually results in a high degree of randomness in the shape, position
and alignment of the nanorods, much like the randomness of trees in a natural
forest. Still, many of the nanorod properties can be influenced by a deliberate
choice of growth conditions.87 The site density, for example, is strongly correlated
with the size of the crystallites on the surface of the seed layer. The length of the rods
can predominantly be controlled by the growth time and precursor concentration
in the solution. When CBD is used for the fabrication of ZnO nanorods, the growth
solution needs to contain zinc salts as a source chemical. For the nanorods in this
chapter, Zn2+ was provided by zinc acetate dihydrate (Zn(CH3COO)2 ·2H2O) was
used. A solution that only contains zinc acetate dihydrate will not result in the
desired growth of nanorods, as the growth reaction will occur too fast.130 Therefore,
dihydrate hexamethylenetetramine (CH2)6N4 is used as a pH buffer that provides
OH-molecules in a controlled and steady manner. Together with the Zn2+, the
OH-molecules form the building blocks of the ZnO nanorod growth, as can be seen
in the following reaction scheme:131

(CH2 )6 N4+6H2 O� 4N H3+6CH2 O (5.1)

N H3+H2 O�N H+
4 +OH− (5.2)

Z n2++4N H3� |Z n(N H3 )4 |2+ (5.3)

Z n2++2OH−� Z n(OH )2 (5.4)

Z n(OH )2� Z nO (s)+H2 O (5.5)

For the experiments in this chapter we use nanorods that were grown on a
Corning glass substrate with a 1-µm thick sputtered ZnO seed layer. This results
in the growth along the 〈0001〉 direction of the wurtzite crystal structure. The
substrates were submerged in a 0.5-mM solution with equal amounts of zinc acetate
dihydrate and hexamethylenetetramine. Since Reactions 5.1-5.5 occur very slowly
at room temperature, the solution is heated to a temperature of 80°C. Under these
conditions, growth will occur for a maximum of 3 h, when the reactions have
reached an equilibrium. In the following experiments the growth time was chosen
to be either 1 h or 2 h, resulting in nanorods with an average length of 150 nm (short
nanorods) and 250 nm (long nanorods) respectively. The nanorods have a mean
diameter of 90 nm and a site density of 4·109 cm-2. Our simulations have indicated
that thin-film solar cells could benefit from a nanorod morphology with higher
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Figure 5.2: SEM images from the side of textured substrates with short (a) and long
(b) nanorods, and (c) the haze in reflectance (diffuse reflectance divided by total
reflectance) of these samples overcoated by 200 nm Ag, compared to that of a reference
texture of HCl-etched ZnO.

aspect radii than used here. However, it should be noted that the use of longer
nanorods is likely to increase the risks of shunting and a loss of Voc and require the
absorber layers to be deposited at a reduced deposition rate.87,114 The nanorods
were overcoated with a thermally evaporated layer of 200 nm Ag and a sputtered
layer of 100 nm ZnO:Al (2 wt. %), functioning as back contact and back reflector of
the solar cells. The thicknesses of the Ag and ZnO:Al layers was kept constant for the
morphologies in order to exclude the influence of changing the (sheet) resistance
in the cell electrical circuit. We also use these thicknesses to keep a defined amount
of surface profile smoothening on the different morphologies. Scanning electron
microscope (SEM) images of the two types of bare nanorod textures are shown in
Figure 5.2(a) and (b). Figure 5.2(c) shows the haze in reflectance (diffuse reflectance
divided by total reflectance) of these samples and that of a reference texture, all of
which are overcoated with 200 nm Ag. The reference texture is a 1-µm sputtered
ZnO layer that was texture-etched with a 0.5 wt% HCl solution for 10 s.97 The
haze of the nanorod textures surpasses that of the reference texture at almost all
wavelengths, making them more suitable for light trapping in solar cells.

5.3 Solar cell fabrication

The PASTA multi-chamber system described in Chapter 2 was used to deposit
n-type, p-type, and unalloyed intrinsic silicon layers using 13.5 MHz PECVD in
separate reactors. The doped layers were deposited at low rate (< 0.1 nm/s) to
promote conformality. The deposition of the a-SiGe:H absorber layer was done
by HWCVD, using two parallel 0.3-mm Ta filaments at a distance of 35 mm from
the substrate. The optical band gap as a function of the position in the a-SiGe:H
absorber layer was designed to have a bandgap profile with a lowest value of
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Table 5.1: Material properties of a-Si:H deposited by PECVD and a-Si:H and a-SiGe:H
deposited by HWCVD. The a-Si:H deposited by HWCVD is used at the top and bottom
of the profiled a-SiGe:H absorber layer. Previously made a-SiGe:H by PECVD is shown for
comparison.

material properties a-Si:H a-Si:H a-SiGe:H a-SiGe:H

deposition method PECVD HWCVD HWCVD PECVD
deposition rate Rd (nm/s) 0.19 0.38 0.49 0.07
Ge concentration CGe (at.%) 0 0 62 50
H concentration CH (at.%) 10.5 11.7 8.8 13.4
microstructure parameter R ∗ < 0.1 0.19 0.26 0.21
optical band gap E3.5 (eV) 1.81 1.84 1.37
Tauc optical band gap E Tauc (eV) 1.82 1.84 1.39 1.52
activation energyEa (eV) 0.87 0.96 0.68 0.7
ambipolar diffusion length Ld (nm) 129 126 46 96
dark conductivity σd (Ωcm)-1 2.6·10−13 5.1·10−13 3.6·10−9 9.7·10−10

photo conductivity σAM 1.5G (Ωcm)-1 1.1·10−5 3.3·10−6 7.1·10−7 2.7·10−6

1.37 eV, which was achieved by varying the GeH4 and SiH4 source gas ratio during
the deposition. It should be noted that the chosen bandgap value is lower than that
of the most frequently used PECVD a-SiGe:H layers (1.45 - 1.55 eV). The shape of
the bandgap grading was changed from the U-shape that was used in Chapter 4, to
a V-shape, because of the reduced layer thickness of the solar cell. Table 5.1 shows a
selection of material properties of the intrinsic a-Si:H and a-SiGe:H absorber layers
that are used in the solar cells of this work. For comparison, we have listed the
properties of previously obtained95 device-quality PECVD a-SiGe:H layers. Note
that those layers had a higher band gap and were grown at a much lower rate. Pads
of 70-nm thick sputtered tin-doped indium oxide (ITO) and evaporated Au contact
grids define the cell active area of 0.13 cm2.

The current density-voltage (J–V ) characteristics of the solar cells were mea-
sured under a Wacom dual source solar simulator, which is calibrated to the
AM1.5G spectrum. The external quantum efficiency (EQE) was measured under
short-circuit condition in the range of 300-1050 nm using a xenon lamp and
a monochromator. The EQE of the top and bottom cells were acquired using
LED bias light with a narrow emission at a wavelength of 735 nm and 455 nm,
respectively, to make sure that the cell that is probed is the current-limiting cell
under measurement conditions.

5.4 Ultrathin single junction a-SiGe:H solar cells

Before constructing tandem devices, we fabricated n–i–p single junction a-SiGe:H
solar cells using a substrate with short (1 h growth time) ZnO nanorods. The
HWCVD a-SiGe:H absorber layer has a thickness of only 35 nm and is deposited
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Figure 5.3: 30° tilted top-view (a, b) and cross-sectional (c) SEM images of a solar cell
with a 35 nm a-SiGe:H absorber layer. A schematic band diagram (d) displays the
position of the valence band edge EV, conduction band edge EC, and Fermi level EF,
in the solar cell under short-circuit condition. The intrinsic a-SiGe:H layer is designed
to have a V-shaped bandgap profile.

within 90 seconds. In addition to the a-SiGe:H absorber, n-type and p-type
doped layers (a-Si:H and nc-Si:H respectively) have been used with a thickness
of 35 nm each. This relatively large thickness of the doped layers was chosen in
order to ensure a closed layer for the layers deposited by PECVD on the rough
nanorod/Ag/ZnO:Al stack. PECVD intrinsic a-Si:H layers of 6 nm and 3 nm were
used as buffer layers at the interfaces between the HWCVD absorber layer and the
n-type and p-type layers, respectively. Tilted top-view and cross-sectional SEM
images as well as a schematic band diagram are shown in Figure 5.3. The top-view
images show that the ITO layer on the solar cell layer stack forms a random array
of hemispherical features. The cross-sectional SEM image shows the actual ZnO
nanorods and the layer stack on top that is conformal for all layers, except for the
evaporated Ag below which some voids can be seen. However, these voids do not
seem to harm the growth of the overlying layers. Another feature is the brighter
layer in the solar cell stack which marks the a-SiGe:H absorber layer.
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Figure 5.4: J–V characteristics of a single junction solar cell using a 35 nm a-SiGe:H
absorber layer on a ZnO nanorod substrate.

Figure 5.4 shows the J–V curve of a typical solar cell with an initial energy
conversion efficiency (η) of 5.58%. The short-circuit current density ( Jsc) was
measured using a shadow mask to prevent current collection from outside the
active cell area. The obtained value of 19.1 mA/cm2 is remarkably high, given the
ultrathin absorber layer. We can compare this value to an estimate using two passes
of AM1.5G solar radiation through a planar a-SiGe:H layer with a uniform band gap
of 1.37 eV with Beer–Lambert absorption. Even when no parasitic and collection
losses are taken into account, the Jsc is estimated to be only ~18 mA/cm2. The
light trapping due to the nanorod morphology therefore must have significantly
contributed to the measured current density.

5.5 Ultrathin a-Si/a-SiGe:H tandem solar cells

Next, we turn to an a-Si:H/a-SiGe:H tandem device using the previously described
single junction device structure as the bottom cell. As top cell absorber layer we
have used a 70-nm thick intrinsic a-Si:H layer deposited by PECVD. This layer was
deposited at a lower temperature than the a-Si:H deposited by HWCVD, therefore
the risk of damaging the underlying cell structure is reduced. In the top cell n-
type and p-type doped nc-Si:H layers of 35 nm and 30 nm were used respectively.
Besides a substrate with short ZnO nanorods, as was used for the single junction
cell, also a substrate with a doubled nanorod growth time was selected. A texture-
etched ZnO substrate is used as the reference texture.97 Figure 5.5 shows the tilted
top-view and cross-sectional SEM images as well as a schematic band diagram of
the tandem device on a substrate with long nanorods. It is clear that the inclusion
of the a-Si:H top cell results in a smoothened ITO hemispherical morphology.
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Figure 5.5: 30° tilted top-view (a, b) and cross-sectional (c) SEM images of an
a-Si:H/a-SiGe:H tandem device on a ZnO nanorod substrate with long nanorods. A
schematic band diagram (d) displays the position of the valence band EV, conduction
band edge EC, and Fermi level EF, in the solar cell under short-circuit condition.
The tunnel recombination junction (TRJ) allows the electrons (e-) and holes (h+) to
recombine between the a-Si:H and a-SiGe:H .

Table 5.2 shows the results of typical tandem solar cells on the two types of
ZnO nanorod substrates and the reference texture. The current densities of the
top and bottom cell ( Jtop and Jbottom) determined from EQE show that the top
cell is current-limiting in the tandem configuration for the cells on all the three
different types of tested substrates. This is quite remarkable, given that the top cell
is significantly thicker than the bottom cell while usually the top cell is somewhat
thinner than the bottom cell to achieve current matching. The combined current
density of the top and bottom device is nevertheless expected, as this is close to the
Jsc of the single junction solar cell that was presented in the previous section. The
Voc of the nanorod devices is slightly lower than that of the device on the reference
texture. This decrease can be explained by the larger junction area of the nanorod
devices, leading to an increased surface recombination.114,115,122,132,133
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Table 5.2: Results of a-Si:H/a-SiGe:H tandem solar cells on short nanorod, long
nanorod and reference texture substrates. The current densities of the top and bottom
cells ( Jtop and Jbottom) are calculated using the EQE response.

substrate η Voc FF Jtop Jbottom

(%) (mV) (%) (mA/cm2) (mA/cm2)

reference texture 7.24 1408 66.5 7.73 10.10

short nanorods 7.00 1359 68.6 7.50 10.57

long nanorods 6.73 1336 69.0 7.30 10.94

Figure 5.6(a) shows the J–V characteristics of the solar cells. The lower Jsc of the
nanorod devices with respect to the reference device on a textured substrate can be
fully attributed to its lower Jtop. However, this decrease is more than compensated
by a higher current density of the bottom cell. The long nanorod substrate
would lead to the highest current density among the three tested substrates if
the tandem solar cell would be perfectly current matched ( Jtop= Jbottom). This is
illustrated by the Jpotential in the figure inset of Figure 5.6(a), which is calculated as
Jpotential=( Jtop+ Jbottom )/2. The EQE results in Figure 5.6(b) show an improved
short-wavelength response by the nanorod devices, which is likely due to the
hemispherical shapes of the front surface that behave as Mie scatterers, enhancing
the coupling of blue light to the photoactive layers.134,135 As the rods get longer, the
nanorod cell design is more beneficial to the response of the bottom cell than to
that of the top cell. This shift from Jtop to Jbottom is the most prominent reason for
the decrease of Jsc in the nanorod tandem cells with respect to that in the reference
textured cells. Two explanations can be given for this behavior that both relate to
the fact that the laterally averaged vertical architecture of devices becomes blurrier
on rougher substrates. The first is that this blurring reduces the functional division
between the top and bottom sub cell, causing the bottom cell to absorb radiation
that would otherwise be absorbed by the top cell. Another explanation is that the
more corrugated interface between the a-Si:H and a-SiGe:H layers reduces the
reflection back to the top cell that is caused by the large difference in refractive
index around a wavelength of 600 nm (n =4.3 for a-Si:H and n =5.2 for a-SiGe:H).
A moderate increase in the EQE response of the NR-based cells can be seen in the
700-1000 nm wavelength region. In the next section we will discuss and test the
possibility to further increase the response in this region. The combined thickness
of the n-type and p-type doped layers in the solar stack add up to about the same
thickness as the absorber layers together. The implementation of more transparent
silicon oxide doped layers, as well as a deliberate reduction of their thickness, could
boost the current density significantly due to reduced parasitic absorption.
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Figure 5.6: J–V characteristics (a) and EQE response (b) of typical NR-based and
reference a-Si:H/a-SiGe:H tandem solar cells. The inset in the J–V plot gives an
indication of the improvement of the current density that can be achieved when the
tandem solar cells would be current matched. The arrows in the external quantum
efficiency plot indicate the trend with the increasing nanorod length.

5.6 Improving the substrate architecture

In the remainder of this chapter, we focus on the possibility to improve the nanorod
substrate. As is clear from the EQE response of the thin tandem solar cells, the cells
grown on nanorod substrates show a moderate but not spectacular increase in the
700-1000 nm wavelength region. Optical finite-difference time-domain (FDTD)
simulations on a-Si:H single junction solar cells with a nanorod morphology have
indicated that a large fraction of the red and infrared part of the solar spectrum is
lost at the rear electrode.136 This loss seems to be induced by the high roughness
of the Ag layer, causing plasmonic resonances along its surface and leading to
parasitic absorption of light. Guided by the simulation results, we have tested
an alternative nanorod substrate configuration, with the goal to mitigate the
parasitic absorption. Instead of altering the nanorods themselves by choosing
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different growth conditions, we have changed the fabrication order of electrode
stack. Where in the standard design, the Ag electrode is deposited on top of the
nanorods (NR+Ag), in the new design, it is situated underneath the nanorods and
the ZnO seed layer (Ag+NR). Solar cells with this design should still benefit from
their nanorod shapes, but will conceivably endure less parasitic absorption due to
the flat Ag/ZnO interface.

Placing the Ag layer underneath the ZnO seed layer proved to be a technological
challenge. The evaporated Ag on a Corning glass substrate could not withstand the
exposure of the nanorod growth solution and exfoliated within several minutes.
This seems to be caused by a combination of mechanical stress in the Ag layer137

and the thermal shock during the submersion of the coated substrate in the
solution, even when the submersion was done with the both the substrate and
the solution close to room temperature. This problem did not occur during the
fabrication of the substrates with the previous configuration as in that case the
stress was relieved by the rough morphology of the underlying nanorods. We
therefore switched to Ag deposition (500 nm) by magnetron sputtering instead of
thermal evaporation and tested its stability in deionized water of 80°C. Due to the
different growth mechanism, the Ag layers made with this method had a stronger
adhesion to the glass substrate and were able to withstand exposure to water for
several hours. However, this time the 1-µm thick ZnO seed layer exfoliated from the
Ag. This was resorted by preheating the glass/Ag substrate to 100°C with halogen
lamps inside the sputtering reactor before depositing the seed layer. This reduced
the temperature rise during growth and resulted in a durable layer stack. Table 5.3
summarizes the results of the different layer stacks after submersion.

Table 5.3: Stacks of Corning glass Ag and ZnO, fabricated in various ways, after
submersion in deionized water of 80°C. The sample with sputtered Ag and preheating
of the substrate before the deposition of the seed layer (SL) remained mirror-like for
the entire duration of the submersion.

methods results picture

Ag by thermal
evaporation

standard ZnO SL

Ag/ZnO exfoliated
from glass within ten

minutes

Ag by magnetron
sputtering

standard ZnO SL

ZnO exfoliated from
glass/Ag within ten

minutes

Ag by magnetron
sputtering;

preheating before SL

no exfoliation for over
two hours
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Figure 5.7: Schematic cross sections of the NR+Ag (a) and Ag+NR solar cells (b).
Design (b) has a rough NR morphology for enhanced absorption in the solar cell but
a flat Ag layer to reduce parasitic absorption.

To test the flat Ag+NR design, nanorods were grown (1 h growth time) on both
a glass/ZnO substrate, as previously used, and on the optimized glass/Ag/ZnO
substrate. Figure 5.7 shows schematic cross sections of both designs. As was
done with the previously discussed substrates, that design was overcoated with an
evaporated Ag layer of 200 nm and a sputtered ZnO layer of 100 nm as back reflector
and electrode. The flat Ag+NR substrate is, in principle, already a fully functional
solar cell back reflector and electrode. However, for a fair comparison between the
two substrate configurations, the nanorods on the flat Ag were overcoated with a
layer of sputtered ZnO:Al. This layer has a thickness of 300 nm to compensate for
the fact that the nanorods of the standard design are somewhat smoothened by
the overlaying ZnO:Al and Ag layers. In this manner, both substrates have a similar
surface profile. On both substrates, an a-Si:H solar cell with n–i–p configuration
was deposited. For these solar cells, a standard 200-nm thick i-layer was deposited
with PECVD (see Table 5.1) and the doped layers and front contacts were similar as
those used in the NR-based solar cells presented earlier in this chapter.

Figure 5.8 shows the typical J–V (a) and EQE (b) results of these two types of
solar cells. The absorptance (1−R , where R is the reflectance) of the devices is
also plotted in Figure 5.8(b). With a conversion efficiency of 9.0%, based on the Jsc

that is measured under AM1.5G radiation, the Ag+NR cell demonstrates a slightly
higher efficiency with respect to the standard NR geometry (Figure 5.8(a)). The
fact that the efficiencies of both cells are higher than that of the ultrathin (tandem)
devices can be explained by the lower deposition rate of the absorber layer, and
by the fact that no current matching is needed for this single junction device. The
spectral response in the red and infrared is not obviously enhanced for the flat Ag
geometry with respect to the standard NR case. However, the Ag+NR cell shows a
significantly lower absorptance (1−R ) in this region, as shown in Figure 5.8(b),
which is consistent with the simulations that were reported for a similar device.136

The oscillations of the absorption in the wavelength region of 600-900 nm are
caused by the Ag/ZnO/a-Si layer stack that functions as a Fabry-Pérot cavity.
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Figure 5.8: J–V characteristics (a) and combined EQE and absorptance (1−R )
response (b) of a typical NR+Ag solar cell and of a solar cell with the new flat Ag+NR
design. The short current densities are both measured under AM1.5G radiation
with a illumination mask (a) and derived from the EQE response (b). Even though
the performance of both cells is similar, the Ag+NR design shows significantly less
parasitic absorption.

The lower absorptance is clearly a result of reduced parasitic absorption in the
Ag layer and does not have a negative influence on the EQE response. This indicates
there is a potential to achieve additional absorption in the active layer by increasing
the a-Si:H layer thickness, using a lower band gap material for the active layer
and/or further increase the roughness of the NR morphology. Another obvious
improvement would be the use of a thinner ZnO:Al layer on top of the nanorods.
For a fair comparison with the other design, this layer was made thicker than is
technologically required. Due to its high doping, the ZnO:Al layer brings optical
loss in the red and infrared region which counteracts the enhanced reflection from
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the flat Ag back reflector to some extent. The ZnO:Al could also be completely
replaced by another TCO such as hydrogenated indium oxide (In2O3:H), which is
also highly conductive but absorbs less in the red and infrared region.138 Further
improvement of the nanorod substrate and applying it to solar cells with lower
band gap absorber layers, such as the a-SiGe:H layers that were used in this and
the two previous chapters, are interesting topics for further research efforts.

5.7 Conclusions

Substrates for thin-film solar cells with ZnO nanorods were fabricated using
chemical bath deposition. These substrates were applied in both single junction
and tandem solar cells using an ultrathin (35 nm) low-band gap (1.37 eV) a-SiGe:H
absorber layer, deposited by HWCVD within 90 seconds. The a-Si:H/a-SiGe:H
tandem devices are bottom cell current-limited, despite the significantly thicker
(70 nm) a-Si:H top cell absorber layer. Corrugation at the top of the nanorod devices
leads to an enhanced blue-response and light trapping is observed in the red part
of the spectrum. The nanorod design is particularly beneficial for the bottom cell
and the devices on nanorod substrates have a higher potential current density than
the devices on a reference texture.

Since the parasitic absorption in the patterned Ag layer is relatively high, efforts
were made to further improve the design of the substrates. Therefore, a substrate
configuration with flat Ag and rough ZnO:Al back interfaces presented. This
advanced design was experimentally realized in a-Si:H solar cells which showed
initial efficiencies up to 9.0% and lower parasitic absorption losses in the red and
infrared region. The nanorod growth approach presented in this work does not
involve complex manufacturing procedures or equipment requirements and this
inexpensive substrate opens up new possibilities for efficient cell designs that can
be made at low cost.
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CHAPTER6
Textured silicon heterojunction solar

cells with hot-wire-deposited
passivation layer

Abstract

The passivating quality of hydrogenated amorphous silicon thin films is essential
for achieving high open circuit voltages in silicon heterojunction solar cells. This
work reports our progress towards the use of hot wire chemical vapor deposition
for fabricating these passivation layers. We have achieved 19.4% energy conversion
efficiency for a solar cell with a conventional alkali-etched pyramidal texture. Next,
we tested radial heterojunction devices that consist of up to 20-µm high micropillar
arrays. Proper passivation of these devices is challenging, since the structures
feature an enlarged surface area and vertical walls. We have made use of the ability
of hot wire chemical vapor deposition to deposit conformal thin films at high
deposition rate. The micropillar solar cells show only limited reduction of open
circuit voltage in comparison to a flat reference solar cell and have an improved
overall performance. The large surface area makes these devices appropriate for
the production of solar fuels. We created additional silicon based junctions on top
of the micropillars to increase the open circuit voltage of the devices for future
applications in which a higher potential is required such as water splitting devices.

The work in this chapter was done in close collaboration with the University of Twente.

This chapter is to be published as:

L.W. Veldhuizen, W.J.C. Vijselaar, H.A. Gatz, J. Huskens, and R.E.I. Schropp, Textured and micropillar
silicon heterojunction solar cells with hot-wire deposited passivation layer, submitted
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6.1 Introduction

The highest solar cell efficiencies using crystalline silicon are obtained for cells
employing the silicon-heterojunction (SHJ) concept. These cells benefit from
excellent passivation of interface defects at the surfaces of crystalline Si wafers.
Commonly, hydrogenated amorphous silicon (a-Si:H) is used to render the surface
dangling bonds of the wafers electrically inactive by saturating these bonds with
atomic hydrogen that is present in ultra-thin films of such materials. These films
have to be very thin (~4 nm) and conformal as they bring about parasitic absorption.
Plasma enhanced chemical vapor deposition (PECVD) is the most common
method for the fabrication of a-Si:H for SHJ devices, hence the majority the
research on this topic has focusing on this method. Despite the high performance
obtained worldwide for SHJ cells with PECVD a-Si:H,139–142 hot wire chemical vapor
deposition (HWCVD) is an interesting alternative method for the deposition of
the a-Si:H films. This method offers various advantages over PECVD such as a
high concentration of hydrogen radicals at the surface available for passivation.143

Due to the almost complete absence of ions and electric field, there is improved
conformity at high deposition rates and no risk of ion bombardment damage to the
wafer interfaces.144 Additionally, HWCVD is a suitable in-line deposition technique
and can lead to lower cost-of-ownership in the mass fabrication of SHJ cells.43

We have developed a HWCVD process for thin, highly passivating a-Si:H layers
on n-type crystalline silicon (c-Si) wafers. These layers are suitable to be used
with p-type nanocrystalline silicon oxide (nc-SiOx:H) layers that feature better
optical transmission than conventional a-Si:H p-type emitter layers. We have
applied our process to fabricate SHJ solar cells with a random pyramid texture
and cells with a micropillar front texture. The micropillar, microwire, or nanowire
concept is widely considered for photovoltaic applications due to its potential for
enhanced absorption and carrier collection.116,145–147 Micropillar solar cells are
not only considered for solar electricity but also for the production of solar fuels
by means of photoelectrochemical water splitting as they feature a large reaction
surface.148 To passivate the c-Si surface of the pillars in our study, that have vertical
walls up to 20 µm high, we fully exploit the conformality of HWCVD. To boost the
operating voltage of our devices we added extra amorphous silicon-based radial
junctions on top of the SHJ solar cells, to achieve voltages that are high enough for
photoelectrochemical water splitting.

6.2 Experimental details

6.2.1 SHJ deposition

All silicon thin films were deposited in a multi-chamber system that consists of
separate reactors for n-type, p-type, and intrinsic silicon films to avoid cross-
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contamination. The intrinsic films were deposited by HWCVD at a rate of ~0.4 nm/s
using two parallel 0.3-mm tantalum filaments at a distance of 35 mm from the
substrate. The doped layers were deposited by 13.56 MHz PECVD at a low rate of <
0.1 nm/s to promote conformal deposition. The n-type c-Si wafers in this study
were cleaned for 2 min in a 1% HF solution. The dangling bonds on both sides
of the c-Si surface were passivated with a-Si:H passivation layers with a thickness
of 4 nm, deposited at a temperature of 130°C. An a-Si:H n-type back surface field
(BSF) layer of 20 nm was deposited at a temperature of 200°C on what is to be
the rear side of the solar cell. On the other side, a triple-layer p-type emitter was
deposited at a temperature of 160°C. The core of this emitter consists of 10-nm
thick hydrogenated nc-SiOx:H p-type layer as described in Section 4.4. Whereas
the oxygen in this layer opens up the band gap, making the layer more transparent,
it also delays the formation of crystallites that are desired for efficient doping
and sufficient conductivity. The layer is therefore preceded by 5 nm of nc-Si:H
(p) to provide an early onset of crystallization. The top of the stack is a highly
conducting 3-nm thick nc-Si:H p-type layer that can form an Ohmic contact with
the transparent front electrode. All solar cells were overcoated with 80 nm indium
tin oxide (ITO) deposited by magnetron sputtering on the front and rear side and
thermally evaporated layers of 300-nm thick Ag back contacts and front contact
grids.

6.2.2 Texturing

We made silicon heterojunction cells on pyramidal texture and on micropillar
arrays. The pyramidal texture was made using 160-µm thick n-type silicon
Czochralski wafer with 〈100〉 orientation as the base material. The texture etch was
a conventional random-pyramid texture on both sides, created with a (isopropanol-
free) KOH chemical etch. Instead of the smoothening treatment that is often done
for SHJ wafers reduce risk of localized recombinative paths situated at the pyramid
valleys,149,150 only a HNO3 cleaning etch treatment was used which did not alter the
pyramidal texture. The solar cells have an active area of 0.69 cm2. After fabrication,
the cells were annealed in a nitrogen atmosphere at 190°C for 3 h.

Arrays of silicon micropillars with various lenghts, various spacings, and 4 µm
diameter were fabricated by growing a hard mask of 200 nm silicon dioxide (SiO2)
on the n-type c-Si wafer using wet oxidation at 1100°C for 30 min.146 By means of
standard UV-lithography the pattern of the pillar arrays was defined in photoresist
(Olin 907-17), and post-baked for 10 min at 120 °C after exposure and development.
Subsequently, this pattern was transferred into the SiO2 by reactive-ion etching.
Although both the SiO2 and photoresist layer acted as mask during cryogenic
deep reactive-ion etching (DRIE) of the micropillars, the SiO2 is more resilient to
the DRIE process and therefore enables well defined micropillar features. The
micropillars were etch via cryogenic (-100 °C) deep reactive ion etching (DRIE;
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Figure 6.1: (a) Schematic cross sections a c-Si wafer during the micropillar fabrication
process. À A photoresist pattern is applied on a c-Si (n) wafer with a 200-nm thick
SiO2layer using UV-lithography. Á The pattern is transferred into the SiO2layer by
reactive-ion etching and subsequently into the wafer by cryogenic deep reactive-ion
etching. Â The photoresist and SiO2 layers are removed by oxygen plasma treatment.
(b) Scanning electron microscopy (SEM) image showing ~20-µm-long micropillars,
directly after fabrication and before removal of the mask.

Adixen MS100SE, 1000 W) of silicon, using sulfur hexafluoride (SF6, 200 sccm) for
etching silicon and O2 (30 sccm) for passivating the sidewalls. After the etching,
the remaining photoresist and SiO2 was removed via an oxygen plasma (Tepla360).
Figure 6.1(a) schematically shows the fabrication process of the micropillar arrays
and (b) shows a side view scanning electron microscopy (SEM) image of ~20-µm
long micropillars.



6.2. Experimental details 89

6.2.3 Micropillar SHJ cells fabrication

SHJ solar cells were created on these micropillar arrays using the same layer stack
as for the random pyramid texture. The cell area of these solar cells was reduced to
an active area of 0.13 cm2 to allow for a higher quantity of pillar variations within
the same deposition run. A schematic cross section of the micropillar-based SHJ
device is shown in Figure 6.2(a).

6.2.4 Micropillar a-Si:H/SHJ tandem cells fabrication

For tandem solar cells, a 20-nm phosphorus-doped nc-Si:H n-type layer was grown
on top of the nc-Si(O):H (p) emitter of a SHJ cell. Together, these layers form
the tunnel recombination junction (TRJ) that is needed for a proper connection
between the two sub-cells. The individual layers of the TRJ have low dark current
activation energies (Ea = 0.009 eV and 0.011 eV for the nc-Si:H n-type and p-type
layer, respectively), which facilitates high tunneling efficiency.151 As absorber
layer, a 350-nm thick a-Si:H intrinsic HWCVD layer with a band gap of 1.86 eV
was fabricated. This intrinsic film was deposited in a similar manner as the a-Si:H
passivation layers of the SHJ devices, except at an increased substrate temperature
of 270°C. On top of this absorber layer, a nc-Si(O):H (p) emitter was grown as
previously described. Thin (<3 nm) PECVD intrinsic a-Si:H buffer layers were
introduced at the i/n and i/p interface in order to improve the contact between
these layers (see Section 4.5.1). A schematic representation of such a device is
given in Figure 6.2(b).

6.2.5 Micropillar a-Si:H/a-SiGe:H/SHJ triple cells fabrication

For triple junction solar cells, we used the previously discussed SHJ structure and
created a 20-nm phosphorus-doped nc-Si:H n-type layer on top of the nc-Si(O):H
(p) emitter to form a TRJ. A hydrogenated amorphous silicon germanium (a-SiGe:H)
layer of 120 nm was deposited with HWCVD as a middle cell absorber. The band
gap of this layer was graded to facilitate the extraction of photo-generated charge
carriers. The band gap was varied from 1.86 eV to 1.37 eV and back by varying the
germanium content as described in Section 4.2.2. On top of the a-SiGe:H layer, a
nc-Si:H (p)/nc-Si:H (n) stack was added to construct a second TRJ between the top
(a-Si:H) and middle cell (a-SiGe:H). As top cell, a 350 nm intrinsic a-Si:H was grown
with a 20 nm nc-Si(O):H p-type layer. Again, thin PECVD buffer layers were used at
the i/n and i/p interfaces of the middle and top cell. A schematic representation is
given in Figure 6.2(c).
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Figure 6.2: Schematic cross-sections of micropillar-array (a) SHJ cell solar cell, (b)
a-Si:H/SHJ tandem solar cell, and (c) a-Si:H/a-SiGe:H/SHJ triple junction solar cell.
The dimensions of the wafer and micropillar are not to scale. Insets show the
composition of the thin films that are used in the design. The nc-Si(O):H (p) layers
consists of a nc-SiOx:H film that is sandwiched between two nc-Si:H (p) layers. The
a-SiGe:H sub-cell uses a single nc-Si:H p-type layer for its high conductivity. Ag
contact grids (not shown) are used as front electrode. The thin PECVD buffer layers
in the tandem and triple junction cells are not shown. For the SHJ cells with random
pyramid texture the same layer stack was used as in (a).
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6.2.6 J–V measurements

The current density-voltage (J–V ) characteristics of the solar cells in this study were
measured at 25°C under a WACOM dual source solar simulator calibrated to the
AM1.5G spectrum. A shadow mask was used to prevent current collection from
outside the active area of the cells. The current densities are presented with respect
to the active area of the solar cells (the area that is not covered by the contact
grid). The external quantum efficiency (EQE) was measured under short-circuit
condition in the range of 290–1200 nm using a xenon lamp and a monochromator.
The EQE of the multijunction devices was acquired using colored LED bias light to
measure the response of the sub-cells separately.

6.2.7 Imaging

The devices were imaged with a Nova 600 Dual Beam, high resolution scanning
electron microsopy(SEM)/focused ion beam (FIB) setup. A Ga+ liquid metal ion
source was used to mill away approximately half of a single pillar, along the pillar
length with respect to the footprint of each array, with a beam current of 0.92 nA
and a 30 kV extraction voltage.

6.3 Results and discussion

6.3.1 Random textured SHJ cells

For the cells on pyramidal texture, the J–V characteristics showed a strong “S-
shape” behavior before annealing, which is an indication of a low amount of
active doping centers in the p-type layers.152 Figure 6.3 shows both the J–V
and EQE characteristics of the best performing solar cell after the annealing
treatment. The energy conversion efficiency (η) of this solar cell exceeds that
of all previously reported efforts in which HWCVD was used as deposition method
for the passivation layers in similar a structure.152,153 The J–V characteristics were
scaled, to match the short-circuit current density (Jsc) value that was extracted from
the EQE measurements which was only 5% lower than the Jsc value as measured
with the solar simulator. The average open-circuit voltage (V oc) of the best five
cells was 704 mV, which is exemplary for the excellent passivation capabilities of
the 4-nm thick a-Si:H passivation layer. The V oc is known to increase for larger
solar cell areas due to a relative reduction of the resistive load imposed by the dark
perimeter of the cell. This was reflected by a ~20-mV V oc increase upon removal of
the shadow mask.

As can be seen in Figure 6.4, the fill factor (FF) depends strongly on the position
of the cell with respect to the filaments, with the best values obtained at the edges
of the wafer. Since the filaments act as a line-source of growth radicals, conditions
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Figure 6.3: Current density-voltage characteristic and (b) External quantum efficiency
results of a typical silicon heterojunction solar cell with a-Si:H passivation layers
deposited by HWCVD. The series resistance (Rs) and the parallel or shunt resistance
(Rp) were derived from the tangent to the current density at the Voc and Jsc positions,
respectively. The inset in (b) shows a picture of an array of six SHJ solar cells.
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Figure 6.4: Fill factor (FF) of the SHJ solar cells as a function of the cell position during
the deposition of the passivation and emitter layers. The dashed lines indicate the
position of the two tantalum filaments.
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during the deposition of the a-Si:H passivation layer are not completely equal across
the wafer. We hypothesize that the higher FF at the edges of the wafer are either
caused by a lower local deposition rate or by a different composition of growth
radicals at the surface. Even the higher FF at the edges were lower than many of
the previously reported values.142,153 This suggest that further improvements can
be made by optimizing the filament configuration. For our next experiments, the
samples have been positioned at the edges of the sample holder.

6.3.2 Micropillar SHJ cells

We continued by testing the capabilities of HWCVD to passivate silicon wafers with
more extreme morphologies. To this end we fabricated heterojunction solar cells
with several types of micropillar arrays on its front-facing side. Figure 6.5 gives
an overview of 20-µm long micropillars with three different hexagonal pitches
(i.e. 8 µm, 10 µm, and 15 um pitch, respectively). Each of these micropillars has a
heterojunction solar cells grown conformally over the micropillars as described
above.

Table 6.1 shows the electric characteristics of the SHJ solar cells as compared to
a simultaneously fabricated flat cell. The Jsc, as determined by EQE measurements,
increased upon introducing the micropillars due to geometric light trapping and/or
better current collection. Interestingly, a larger inter-pillar spacing distance also
benefited the Jsc value. This can be attributed to reduced light scattering from the
top of the micropillars, as due to the larger pitch, less micropillars are present per

(a) (b) (c)

Figure 6.5: Tilted SEM top view images of 20-µm long micropillars with different
pitches: (a) 8 µm, (b) 10 µm and, (c) 15 µm. The scale bars are 20 µm.

Table 6.1: Results of SHJ solar cells with a micropillar front texture with different
spacings compared to a that of flat reference cell. The length of the micropillars was
20 µm.

spacing V oc Jsc FF η Rs Rp

(µm) (mV) (mA/cm2) (%) (%) (Ω ·cm2) (kΩ ·cm2)
flat 648 33.85 71.4 15.66 2.14 5.24

8 628 33.90 73.8 15.70 1.53 1.53
10 627 34.56 74.0 16.05 1.61 2.75
15 632 34.93 75.1 16.59 1.73 2.29
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unit projected area. The optimum packing density is not known at this stage in
our research.

The V oc of the micropillar devices was about ~20 mV lower than that of the flat
reference. This is only a small decrease considering the increase of surface area
and inevitably higher surface recombination that is introduced by the pillars. The
Voc of the reference cell is in turn lower than the device with the random pyramid
texture. This decrease is expected due to the smaller active area of these devices.
The fill factors of the devices with micropillars were higher than that of the flat
reference cell, which is partly expressed by a lower series resistance in these devices.
This could be an indication of more efficient carrier collection, caused by shorter
collection paths of holes in the pillars.

The current densities were nevertheless lower than that of the previously pre-
sented device with random pyramid texture. Given the relatively large dimensions
of the micropillars, we expect that further current density gains can be achieved
by adding features with dimensions that are closer to are closer to or below the
wavelength of light. Furthermore, the length of the pillars could be increased
to help the absorption. Elbersen et al.146 showed the effect of pillar length on
the Jsc of these structures. It was found that a length of 40 µm was optimum for
light trapping in homojunction micropillar structures. However, increasing the
length of the micropillars beyond 20 µm is challenging with the chosen deposition
techniques, in particular the sputter technique for the ITO contact layer, which is
highly anisotropic.

In order to inspect the conformality of the different layers, coated pillars were
cut in half along the z-direction FIB etching and imaged by high-resolution SEM
as shown in Figure 6.6. In this configuration, the single heterojunction was not
visible in the SEM. The ITO coating is clearly visible at the top of the micropillar
in the SEM image. Due to the directionality of the sputtering technique used to
deposit the ITO, an ITO thickness gradient is observed along the micropillar length.
One way to better verify and visualize the composition along the height of the
pillar is by energy selective backscattered (ESB) SEM imaging. ESB visualizes the
contrast between the coating and the silicon micropillar and discriminates very
accurately. The magnifications of Figure 6.6 shows that the ITO thickness changes
from top to bottom, which is observed by the reduced ESB brightness along the
length of the pillar from top to bottom. At the bottom, the thickness of ITO is less
than 10 nm and has a flaky structure. We expect that this change in thickness and
composition is accompanied by a decrease of conductivity along the pillar. The
latter limits the collection of the photogenerated charges. Increasing the length of
the micropillar would only aggravate this problem even more. For these reasons we
did not increase the length of the micropillar further. A more conformal deposition
technique, such as atomic layer deposition138 could be used in the future to reduce
the thickness variation of the transparent metal oxide layer along the pillar length.
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Figure 6.6: Cross-sectional SEM images showing a micropillar of 20 µm that has been
cut in half, orthogonally to the substrate by FIB to be able to inspect the conformality
of the different coatings along the pillar height. The insets are magnifications of the
top, middle and bottom of the micropillar, in order to inspect the ITO layer.

6.3.3 Micropillar a-Si:H/SHJ tandem cells

The micropillars arrays are one of the proposed geometries to use as photoelec-
trochemical cell in a solar to fuel device. However, many photoelectrochemical
reactions, such as water splitting, require a higher operating voltage than that
obtained with a single junction cell. To increase the operating voltage, we created
a-Si:H n–i–p radial junctions on top of SHJ cells with a micropillar array. The
obtained a-Si:H/SHJ n–i–p tandem structures basically resemble earlier so-called
“honeymoon” tandem cells that have been fabricated with either diffused junction
c-Si solar cells154,155 or SHJ solar cells as bottom cells.151,156 However, to our
knowledge there are no earlier reports about these structures on micropillars. As
absorber layer, a 350-nm thick a-Si:H intrinsic HWCVD layer was used. Although
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Figure 6.7: Current density–voltage characteristics of a-Si:H/SHJ tandem solar cells
with micropillar surface under AM1.5G (a) and dark (b) conditions. The current
densities under dark conditions are plotted on a logarithmic scale.

it is expected that this layer will not provide enough current to match that of the
bottom SHJ cell, an increase in the thickness will likely result in a reduction of
FF rather than a substantial increase of current density due to collection length
limitations (see Chapter 7). Therefore, we did not attempt to achieve current
matching in this tandem cell.

Figure 6.7(a) shows the J–V curves under AM1.5G conditions of representative
tandem cells with various pillar lengths (with ficed spacing at spacing ~15 µm)
compared to a flat device with Table 6.2 providing further details. Although all types
of pillars lead to functional devices, the increase of pillar length comes at a certain
cost as the FF and V oc suffer. This decrease can be understood when considering
the J–V curves measured under dark conditions in Figure 6.7(b). Even though it is
not straightforward to derive a physical meaning from all aspects of the dark J–V
curves of multijunction devices,157 the higher saturation currents that are observed
for the longer pillar lengths are an indication of shunting paths in the top cells. The
performance of the flat and 3-µm micropillar device is however significantly better
than recent efforts on a-Si:H/SHJ tandem devices.151,156 The V oc of these cells is
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Table 6.2: Characteristics of a-Si:H/SHJ tandem solar cells with various micropillar
lengths. The spacing of the micropillars was ~15 µm.

length V oc Jsc FF η Rs Rp

(µm) (mV) (mA/cm2) (%) (%) (Ω ·cm2) (kΩ ·cm2)
flat 1521 11.21 70.1 11.96 7.99 4.16

3 1507 11.59 67.6 11.81 7.27 2.92
6 1457 11.02 56.0 8.99 11.0 1.89

10 1139 11.29 44.1 5.67 25.8 0.38
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Figure 6.8: External quantum efficiency of the a-Si:H/SHJ tandem solar cell with
10-µm long pillars (solid line) compared to that of a flat tandem (dashed line) under
short-circuit condition. The response of the top and bottom cells are measured
separately by applying infrared and blue bias LED illumination, respectively.

in good agreement with the sum of individual sub cells (~650 mV for the SHJ and
~850 mV for the a-Si:H solar cell adds up to ~1500 mV). EQE measurements show
that all devices were current-limited by the a-Si:H top cell, as expected. The pillar
length did not have a large influence on the current densities that are generated by
the top cells. Instead, a current density gain of the SHJ bottom cell was observed
as the pillar length increases. This effect was most profound in the device with
10 µm pillars as shown in Figure 6.8, where its EQE response is compared to that
of a flat tandem solar cell. The effect can be explained by the fact that as a device
contains a larger area of vertical junctions, the division between the function of the
top and bottom cell becomes blurred. A similar effect was observed in thin film
silicon based tandem solar cells fabricated on a nanorod morphology in Chapter 5.
The interference fringes caused by the optical contrast between c-Si and a-Si:H
layers as seen in the flat device that are almost absent in the pillar device due to
enhanced absorption. The current gain in the bottom cell is not reflected in the
J–V measurements due to unchanged current limitation by the top cell.



98 Textured silicon heterojunction solar cells with HWCVD passivation layer

Figure 6.9: Cross-sectional SEM images showing an a-Si:H/SHJ solar cell on a
micropillar of 6 µm that has been cut in half, orthogonally to the substrate, by FIB to
be able to inspect the conformality of the different coatings along the pillar height.
The insets are magnifications of the top, middle and bottom of the micropillar.

A micropillar of 6 µm was cut in the z-direction by FIB etching in order to
inspect conformality of the different deposited layers by SEM (see Figure 6.9). The
a-Si:H absorber layer is clearly visualized, due to the difference in morphology of
the material from c-Si. A small difference in deposition thickness is visible between
the top and the side of the micropillar. Additionally, the layer thickness is gradually
smaller along the micropillar length. This indicates a diffusion limitation of a-Si:H
precursors during deposition.

6.3.4 Micropillar a-Si:H/a-SiGe:H/SHJ triple junction cells

To fabricate a fully integrated solar-to-fuel device, literature states a set of semicon-
ductors must be combined with a proper electrocatalyst. Here, unbiased photo-
electrolysis requires at least 1.23 V of photovoltage from semiconducting materials,
without taking significant losses into account, e.g. kinetic overpotentials needed
to drive the hydrogen- and oxyigen-evlolution reactions or mass-transport.158

The best of our tandem devices have a voltage at maximum power point (V mpp)
that just exceeds the minimum value of 1.23 V. The best of our tandem devices,
presented in the previous section, have a voltage at maximum power point (Vmpp)
that barely exceeds this value. For this reason, we briefly explored the possibility of
adding an extra junction in the device architecture. An a-SiGe:H layer was added
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Figure 6.10: Cross-section SEM section of a micropillar with a triple junction grown
on top of it. The insets show magnifications of the top, middle and lower part of the
micropillar.

as a middle cell absorber of an a-Si:H/a-SiGe:H/SHJ triple junction device. The
best results were obtained using a sample with micropillars which were 5 µm
long, 4 µm in diameter and had 4 µm spacing between them: V oc = 1821 mV,
Jsc = 6.14 mA/cm2, FF = 65.6%, η = 7.33%. Although the current matching of this
device is not optimized, the high V oc (and V mpp= 1472 mV) is better suited for
photoelectrochemical water splitting without the use of a bias voltage.

Figure 6.10 shows a cross-sectional SEM image of of a micropillar with a triple
junction grown on top of it. The individual grown absorber layers are clearly
visualized. Especially 120 nm graded a-SiGe:H and the 80 nm ITO are bright in the
SEM image. The top cell absorber of intrinsic a-Si:H is darker. Both of the TRJs
are visualized by a nanocrystalline structure, which is most pronounced at the
top and bottom of the micropillar and clearly sandwich the a-SiGe:H layer (see
magnification). For intrinsic a-Si:H, a weak gradient in thickness is visible along
the micropillar length. From the top to the bottom of the micropillar the thickness
of the a-Si:H layer gradually decreases in thickness. The same trend holds in a
more pronounced way for the TRJ, which is deposited by PECVD. This layer is
clearly visible on top of the c-Si micropillar and a-SiGe:H layer and at the bottom
next to the micropillar. At the side of the micropillar this layer is hardly visible.
This depletion of layers is likely to be the reason for the poorer performance of the
longer micropillars.
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6.4 Conclusions

We have demonstrated the quality of hydrogenated amorphous silicon passivation
layers deposited by hot wire chemical vapor deposition for silicon heterojunction
solar cells with demanding surface morphologies. The high open-circuit voltages
and 19.4% energy conversion efficiency on solar cells with a common random
pyramid texture demonstrate the high quality of the passivation layer. The
conformal nature of HWCVD avoids the need of post-texturization treatments
to round off the sharp features in random pyramidal textures. This opens new
avenues for the production of silicon heterojunction cells with thin intrinsic layers.

Utilizing the same conformal nature, we created radial heterojunctions on
c-Si micropillar arrays with pillar heights of 20 µm that show only limited loss
of open-circuit voltage despite the increase of surface area. For future use in
photoelectrochemical fuel production devices, we fabricated multijunction solar
cells with a silicon heterojunction as bottom cell and a-Si(Ge):H alloy n–i–p top
cell(s), resulting in open-circuit voltages that are high enough for water splitting.
The performance of a-Si:H/SHJ tandem cells was better than recent tandem
structures of this type.



CHAPTER7
Benchmarking various photoactive

thin-film materials with a laser grating

Abstract

In this study, we assess the charge carrier diffusive transport quality of traditional
and emerging thin-film photoactive absorber materials that are used for pho-
tovoltaic applications. We use the steady-state photocarrier grating technique,
which has so far been predominantly used for amorphous silicon-based ma-
terials, to obtain ambipolar diffusion lengths as well as minority and majority
carrier mobility-lifetime products. The measurements were performed at volume-
averaged generation rates of G =1020–1021 cm-3s-1 and low electric field strengths
of E =20–200 V/cm. The absorbing capability of the materials was analyzed by
calculating an effective absorption depth for sunlight and we compared its value
to the obtained ambipolar diffusion length. The effective absorption depths are
independent of the band gap values so that our assessment is also relevant for
multijunction solar cells. We observed that for silicon-based thin-film materials,
the ambipolar diffusion length is more than twice as short as their effective
absorption depth, while for copper indium gallium selenide chalcopyrite and
mixed halide perovskite materials the diffusion length is similar or larger than the
effective absorption depth. The presented method can be used as a benchmark for
the current-harvesting capabilities of a wide variety of thin-film absorber materials.

This chapter is to be published as:

L.W. Veldhuizen, G.W.P. Adhyaksa, M. Theelen, E.C. Garnett and R.E.I. Schropp, Benchmarking
photoactive thin-film materials using a laser-induced steady-state photocarrier grating, submitted.
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7.1 Introduction

From an optical point of view, one would prefer a photovoltaic absorber material
to be as optically thick as possible in order to generate the highest possible
photocurrent. From an electrical and often economical perspective however,
one would desire the absorber to be made as thin as possible. The optimal layer
thickness in this inevitable trade-off is to a significant extent governed by the
electronic transport properties of photocarriers in the material. While built-in
electric fields in photovoltaic devices can assist carrier transport by means of drift,
all absorber materials rely at least partially on the diffusion of photocarriers for the
collection of current. For this reason it is valuable to know the ambipolar diffusion
length (L d) of a photoactive material, which is defined as the average distance
traveled by charge carriers under ambipolar transport conditions before recom-
bining.64 A sufficiently high value of L d is important for achieving high efficiencies
of photovoltaic devices159–161 and high current gains in bipolar transistors.162

Because the ambipolar diffusion length is dominated by the minority carriers,
i.e. the transport-limiting carriers, it cannot be obtained directly using steady-
state photoconductivity measurements. Commonly, the minority carrier diffusion
properties are accessed using methods such as time of flight163 (ToF), time-resolved
photoluminescence164 (TRPL), time-resolved terahertz spectroscopy165 (TRTS) or
surface photovoltage166,167 (SPV) measurements. Although these methods can be
very powerful, they also have several limitations. The ToF, TRPL and TRTS methods
are, for instance, transient measurements that are based on numerous assumptions,
whereas SPV measurements require samples with a thin space charge region and a
large thickness compared to L d. A particularly elegant and swift alternative method
is the steady-state photocarrier grating technique (SSPG), which can be performed
under conditions that are close to the operating conditions of solar cells and using
thin-film samples not requiring selective contacts characterized with only basic
optical and electronic equipment. Since the method was established by Ritter,
Zeldov and Weiser,65 it has been used predominantly for the characterization of
thin-film silicon and related materials.168

In this work we expanded the use of the technique to modern photoactive
thin film materials to provide a consistent way to measure the lateral carrier
diffusion properties of device quality copper indium gallium selenide chalcopyrite
(Cu(In,Ga)Se2) and two types of emerging hybrid organic-inorganic lead halide
perovskite (MAPbBr3 and MAPbI3-xClx, with MA = CH3NH3) films. In addition
to that, we characterized hydrogenated amorphous and nanocrystalline silicon
(a-Si:H, nc-Si:H) as well as hydrogenated silicon-germanium (a-SiGe:H) to obtain a
reference base of the carrier diffusion properties of both traditional and emerging
thin-film photoactive absorber materials, measured under the same conditions.

A fair comparison of the various carrier transport properties of this wide range
of photoabsorber materials cannot be properly done without also considering the
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optical properties of the materials, since a weakly absorbing material requires both
a larger thickness and larger diffusion length compared to a strongly absorbing
material. Hence, in order to benchmark these photovoltaic materials, we also
evaluated the absorbing capabilities of the thin films in relation to their band
gaps under solar illumination, by defining an effective absorption depth that we
compare to the ambipolar diffusion length.

7.2 Preparation of the absorber materials

We have studied six different types of photovoltaic absorber materials: a-Si:H
a-SiGe:H, nc-Si:H, Cu(In,Ga)Se2, methylammonium lead bromide (MAPbBr3), and
methylammonium lead iodide-chloride (MAPbI3-xClx) perovskites.

7.2.1 Thin-film silicon-based materials

The a-Si:H, a-SiGe:H, and nc-Si:H samples in this study were grown on Corning
EAGLE XG® glass using hot wire chemical vapor deposition with SiH4, GeH4, and
H2 as source gases. The a-Si:H material has an optical band gap of 1.84 eV and the
a-SiGe:H material has a germanium content of 45%, resulting in an optical band
gap of 1.54 eV. The fabrication details of these films are given in Chapter 3.6. Both
the a-Si:H and a-SiGe:H films have a thickness of ~200 nm whereas the nc-Si:H film
was made grown with a thickness of ~1 µm due to its lower absorption coefficients
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Figure 7.1: Deconvoluted Raman spectrum of the nc-Si:H sample, showing its mixed
phase. The amorphous silicon-related longitudinal-acoustic (LA) mode at 330 cm-1,
longitudinal-optic (LO) mode at 445 cm-1 and transverse-optic (TO) mode at 480
cm-1, as well as the TO modes related to vibrations in Si crystals (520 cm-1) and crystal
grains (510 cm-1) can bee seen. The envelope of the fitted modes is shown op top of
the measured Raman intensity.
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at the relevant wavelengths. In order to fabricate the nc-Si:H film, a-SiH4/H2 source
gas ratio of 0.05 was used. The film was grown at a rate of 0.2 nm/s. Figure 7.1
shows the deconvoluted Raman spectrum of this film. The material has a Raman
crystallinity of ~72%, which is calculated as the integrated intensity of the transverse
optical (TO) modes that are related to (nano)crystalline silicon divided by total
intensity of all shown TO modes. The samples were light-soaked for multiple hours
before the measurement. The incorporation of this material has previously led to
solar cells with an energy conversion efficiency of ~8.5%.169

7.2.2 Chalcopyrite

For the preparation of the Cu(In,Ga)Se2 chalcopyrite sample, molybdenum (Mo)
films were deposited on soda-lime glass (SLG) by DC magnetron sputtering. Sub-
sequently, a ~2 µm Cu(In,Ga)Se2 film was deposited by a coevaporation bithermal
(380°C-580°C) three-stage process,170,171 resulting in films with a Ga/(Ga+In) ratio
of ~0.3 and an average Cu/(Ga+In) ratio of ~0.9. These materials have been suc-
cessfully incorporated into solar cells, achieving >16% conversion efficiencies.172

Growing the films on SLG/Mo substrates ensures a standard sodium diffusion that
is needed for device-grade material, but prevents a successful SSPG measurements
because of the highly conductive molybdenum layer. The molybdenum layer was
therefore removed using a lift-off process by gluing soda lime glass on top of the
sample using EPO-TEK 353 ND glue and subsequent mechanical separation,171 as
schematically shown in Figure 7.2. This process provides a Cu(In,Ga)Se2 film with
the exact composition and structure as in a solar cell, but on an insulating substrate
and with a smooth film/air interface that can be easily probed with the SSPG
measurement. Note that for the SSPG measurement, the sample is illuminated
from the side of the thin film that is commonly the substrate side in the solar cell
configuration.

Soda lime glass

Cu(In,Ga)Se2

Mo

glue

Soda lime glass

Mo
Soda lime glass

Cu(In,Ga)Se2

Flip

Soda lime glass

Cu(In,Ga)Se2

Ag contacts

(a)(a) (b) (c)

Figure 7.2: Schematic representation of the chalcopyrite sample preparation. The
absorber layer is grown on a soda lime glass/molybdenum substrate (a), as is also
common for chalcopyrite solar cells. The conductive molybdenum layer is then
removed via a lift-off process (b) and Ag contacts are made to allow electrical
measurements (c).
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7.2.3 Pervovskites

The mixed halide perovskite samples used soda-lime glass substrates that were
cleaned using acetone (15 min), isopropanol (15 min) and hydrochloric acid (18%
in deionized water for 1–2 h). To make a hydrophilic surface, the substrates were
treated with an oxygen plasma (50 W for 2 min) immediately before perovskite
deposition. The perovskite films were made in a glovebox by spin-coating a 2 M
perovskite solution in DMF for MAPbBr3 and 1 M perovskite solution in DMSO for
MAPbI3-xCl3 for 60 s at 10,000 rpm and a subsequent 30-min annealing treatment
at 100°C. The perovskite solutions were synthesized by mixing methylammonium
halides (CH3NH3X) and lead halide (PbX2) precursors with equimolar concentra-
tions. Here, X represents the halide, which is bromide for the MAPbBr3 film (with
an optical band gap of 2.24 eV) and iodine and chlorine in a ratio of 3:1 for the
MAPbI3-xClx film (with an optical band gap of 1.55 eV). The layers have a thickness
of ~300 nm. Further details are reported by Noh et al.173 and Adhyaksa et al.174

7.3 Laser-induced steady-state photocarrier grating

Two coplanar Au (for the perovskite films) or Ag (for the other films) strip electrodes
with a spacing of 0.6 mm are evaporated on our photoactive films. It has been
verified with a linearity I–V test that these electrodes provide a low-Ohmic contact
to all semiconductor films studied. The films are illuminated by two linearly
polarized laser beams in the SSPG setup that is described in Chapter 2.2.4. We
have used 532-nm laser light for all samples except for the Cu(In,Ga)Se2 film where
633-nm laser light was required in order to achieve a more homogeneous light
intensity throughout the sample depth. Both lasers were calibrated to have a
photon flux of 5 ·1016 cm-2s-1 measured at the sample position, leading to volume-
averaged generation rates of G =1020–1021 cm-3s-1 for the studied samples. We
have used small electric field strengths of E =20–200 V/cm for which we made
sure that the diffusion lengths are independent of the field intensity and thus
fulfill the condition for ambipolar transport. Besides the influence of the electric
field strength E , we have also investigated the dependence of the photon flux Φ
and the chopper frequency on the value of L d (see Figure 7.6 in the supporting
information). The diffusion length measurements are combined with steady-state
photoconductivity (σph) measurements to obtain σph at the same wavelength
and photon flux.

7.4 Charge carrier properties

Figure 7.3 shows the linearized relation between the conductivity of the various
films versus the laser grating period and the relation between photoconductivity
and the photon flux. The quantities L d and the grating quality factor γ0 that have



106 Benchmarking various photoactive thin-film materials with a laser grating
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Figure 7.3: Results of the SSPG measurements on a broad selection of photoactive
absorber materials. (a) The conductivity ratio and grating period are plotted in a
linear manner; a steeper slope corresponds to a higher ambipolar diffusion length
(for equal γ and γ0). The dashed lines are linear fits of Equation 2.5 to the data. (b)
The measured photoconductivity as a function of the photon flux, plotted on a double
logarithmic scale. The fitted dashed lines reveal a power law behavior from which the
parameter γ is extracted.

been derived by fitting Equation 2.5 to this data are shown in Table 7.1, together
with the measured values of γ, that describe the dependence between the σph

and the generation rate G as σph∝G γ. Also shown in this table are the minority
and majority mobility-lifetime products that are derived from L d and σph using
Equations 2.6 and 2.7. The measurements do not identify either electrons or holes
as the majority carriers, but by other methods it has been found that electrons
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Table 7.1: Carrier diffusion characteristics of different photoactive absorber materials.
The ambipolar diffusion length L d and grating quality factor γ0 are obtained by
fitting the SSPG data and the conductivity dependence factor γ and the minority and
majority carrier mobility-lifetime products µ0

minτ
R
min and µ0

majτ
R
maj are derived from

stready state photoconductivity measurements.

photoactive L d γ0 γ µ0
minτ

R
min µ0

majτ
R
maj

material (nm) (cm2V-1) (cm2V-1)
a-SiGe:H 62±3 1.00 0.87 1.1±0.2 ·10−9 2.7±0.4 ·10−9

a-Si:H 129±6 0.99 0.90 3.5±0.3 ·10−9 1.1±0.1 ·10−7

nc-Si:H 145±7 1.00 0.77 4.7±0.5 ·10−9 3.1±0.3 ·10−7

Cu(In,Ga)Se2 288±32 0.88 0.76 1.9±0.4 ·10−8 9.3±0.8 ·10−7

MAPbBr3 201±8 0.96 0.70 9.4±0.8 ·10−9 9.8±0.8 ·10−7

MAPbI3-xClx 367±39 0.74 0.76 5.0±3.1 ·10−8 7.6±3.5 ·10−8

are the majority carriers for a-Si:H19 and nc-Si:H,20 whereas holes were found to
be the majority carriers for Cu(In,Ga)Se2

175,176 and MAPbBr3.177 The difference
between the minority and majority mobility-lifetime products is small for both the
a-SiGe:H and MAPbI3-xClx film, which underlines the ambipolar nature of these
materials.178–180

The fits to the measurements show a reasonable to excellent value of γ0 ,
indicating a high quality of the optical grating in the films as well as the suitability
of the technique to characterize the selection of materials. For the three silicon-
based materials, the diffusion length values are in agreement with previous
work.168,179,181,182

There are only a few reported diffusion lengths for Cu(In,Ga)Se2 samples,183–185

with widely varying results. This is due the different composition of the materials
studied and the use of different measurement conditions and analysis methods.
This complicates a direct comparison of the measured value of 288 nm for
the present Cu(In,Ga)Se2 sample with earlier results. Here, we contribute by
consistently comparing the performance of currently state-of-the-art Cu(In,Ga)Se2

with other photovoltaic absorber materials.

MAPbI3-xClx possesses the highest diffusion length and minority carrier
mobility-lifetime product of all the investigated materials, although its majority
carrier mobility-lifetime product is relatively low compared to that of MAPbBr3. It is
therefore clear that the MAPbBr3 sample has less ambipolar characteristics than the
MAPPbI3-xClx. Higher diffusion length values can be found in the literature for both
MAPbBr3 and MAPbI3-xClx materials, but these measurements were done in non-
steady-state conditions, i.e. by photoluminescence decay measurements.186–188

We expect those transient measurements to be more sensitive to photon-recycling
effects. A more extensive overview of ambipolar diffusion length measurements
focusing on halide perovskites focusing on the effect of processing and aging
conditions and composition were published elsewhere.174
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7.5 Effective absorption depth

The charge carrier transport properties in Table 7.1 as determined from SSPG
should be seen in relation to the absorption capability of the films. To that end, we
define an effective absorption depth as a figure of merit for these semiconductor
film qualification studies. To establish this figure of merit, we assume perfect
incoupling of AM1.5G radiation and a single pass through the film that absorbs
according to Beer-Lambert behavior. If we further assume that all absorbed
photons result in collectable charge carriers, we can define a hypothetical optical
current density Jopt as a function of the layer thickness z :

Jopt [z ]=e

∫

ΦAM 1.5G [E ] [1−exp [−α[E ]z ) ]dE , (7.1)

with ΦAM 1.5G [E ] the photon flux and α[E ] the absorption coefficients obtained
by reflection-transmission measurements.,189 both as a function of the photon
energy E . Figure 7.4 shows the absorption coefficients (a) and optical current
density (b) for the materials that we studied. Most of the materials show a distinct
curvature after which Jopt saturates due to exhaustion of available photons with
energies higher than the band gap. The values calculated for nc-Si:H exhibit a
weak absorption considering its low band gap of ~1.1 eV, which is explained by the
indirect nature of its band gap.

Since the band gap of studied materials covers a broad range, so does the
maximum current density that can be obtained. Some materials have a band gap
that is not optimal for the AM1.5G spectrum. For example, the relatively high
band gap of MAPbBr3 results in a low maximum attainable photocurrent which
limits its potential conversion efficiency. Materials with an inappropriate band
gap for a single junction device can however be quite ideal for a multijunction
device, such as hybrid tandem solar cells.190–193 For a fair comparison, we therefore
choose a figure of merit for the absorbing capability of a material in relation to
its band gap and maximum attainable photocurrent density. This allows us to
view the absorption capability of the thin films beyond their use as absorber in
single-junction devices.

We define the hypothetical maximum attainable current density for each
material as the optical current density at a layer thickness of 100 µm, Jopt[100 μm],
which is much larger than the typical thickness of an absorber material in a thin
film device. The advantage of this method is that it takes into account the absolute
values of α[E ], including those near and just below the band gap energy. This
contribution to the absorption would not be taken into account if the maximum
current density were calculated by summing up all photons with an energy higher
than that of the band gap, as is often done, such as in the detailed balance model
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Figure 7.4: (a) Absorption coefficient versus wavelength and (b) optical current
density versus layer thickness for several thin film absorber materials. The displayed
optical current densities at a layer thickness of 100 µm are here defined as the
maximum collectable current densities for the different absorber materials. Note that
the horizontal axis of (b) has a logarithmic scale.

of Shockley-Queisser.194 We define an effective absorption depth δeff as the depth
of an absorber that is required to absorb all but 1/e of Jopt[100 μm]. Note that
this definition is analogous to the manner in which the conventional absorption
depth is defined as 1/α for a particular photon energy.

Figure 7.5 compares the ambipolar diffusion lengths and the effective ab-
sorption depths for the studied materials. For efficient current generation and
collection, it is beneficial for an absorber to have a diffusion length that is much
larger than its effective absorption depth δeff. A large L d/δeff will be beneficial
to the fill factor. Only for Cu(In,Ga)Se2, MAPbBr3, and MAPbI3-xClx the diffusion
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Figure 7.5: Comparison between the measured ambipolar diffusion lengths and the
calculated effective absorption depths. A large diffusion length L d compared to the
effective absorption depth δeff is desirable. Cu(In,Ga)Se2, MAPbBr3 and MAPbI3-xClx

perform significantly better than the three silicon based thin-film materials.

length is greater than or close to the effective absorption depth. Other materials
will require more rigorous internal or external light trapping schemes and/or
band edge profiling engineering to compensate for this handicap. The thin-film
silicon-based materials have the lowest quality within the materials set studied,
although it should be noted that these materials have a higher index of refraction
which amplifies the possibilities for internal light trapping.103 For nc-Si:H, the
discrepancy of the diffusion length and effective absorption depth is exceptionally
large, even though the diffusion properties for this material are reported to be
better in the direction of film-growth due to the preferred orientation of the
crystallites.195 The Cu(In,Ga)Se2 film can possibly benefit as well from improved
transport in the direction of film-growth due to the shape of its crystallites. When
assessing the quality of a photovoltaic absorber material one should, apart from
the photoabsorption and carrier transport properties, which affect the short-circuit
current ( Jsc ) and the fill factor (F F ), also consider other properties, such as the
difference between the value of the band gap and the attainable open circuit
voltage in a device: for short, the voltage deficit (ΔV =Egap/e −Voc ). Table 7.2
shows voltage deficits that have been reported for similar materials in state-of-
the art devices together with the real part of their refractive index n at 500 nm.
As can be seen, the MAPbI3-xClx perovskite absorber layer (with a voltage deficit
∆V ~0.4 V) outperforms the other studied materials in this respect.
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Table 7.2: Approximate reported voltage deficits for devices that use the materials
types that were tested in this chapter and the real part of their refractive index n at
500 nm.

photoactive material ΔV (V) n (λ=500 nm)
a-SiGe:H 0.8–0.986 4.9
a-Si:H 0.8–0.986 4.7
nc-Si:H 0.686 3.7
Cu(In,Ga)Se2 0.4–0.610 3.0
MAPbBr3 0.7196 2.1
MAPbI3-xClx 0.412 2.7

7.6 Conclusions

We have shown that the steady-state photocarrier grating technique can be applied
in a comparative way to a broad selection of photovoltaic absorber materials
provided that the laser wavelength is chosen such that the light penetrates into the
bulk and the incident photon flux is kept equal. The selection of materials includes,
besides thin film silicon alloys, also copper indium gallium selenide chalcopyrite
and two types of hybrid organic-inorganic lead halide perovskites, which have thus
far not been compared using a single diffusion length measurement technique.
The obtained ambipolar diffusion lengths are placed into photovoltaic perspective
by comparing them to an effective absorption depth for the solar spectrum.
This analysis can also be used for selecting appropriate absorber materials for
multjunction devices, as the effective absorption depths were defined in relation
to the band gaps of the materials. We observe a difference in terms of L d/δeff

between the weakly performing thin-film silicon based materials on one side and
the stronger performing chalcopyrite and perovskite films on the other side, which
is also resembled in the reported energy conversion efficiencies of these materials.
The presented method provides a quick but comprehensive way to assess the
photovoltaic quality of a wide variety of thin film absorber layers without the need
of creating and testing the materials in a full device.
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7.7 Supporting information

7.7.1 Diffusion length dependency on measurement conditions

To test the sensitivity of the SSPG method as used for the determination of the
ambipolar diffusion length to experimental parameters, we varied the illumination
intensity (photon flux Φ), electric field E and the chopper frequency. Figure 7.6
presents the relative changes in L d for two materials from the set of materials
studied with a significantly different refractive index at λ=532 nm: a-Si:H (n =
4.7 ) and MAPbBr3 (n = 2.1 ). For both materials, L d is seen to decrease with
increasing photon flux (a). This can be explained by the increased quasi-Fermi
level splitting at higher illumination intensities, causing an increase in the number
of recombination centers and a reduction of the recombination lifetime τR. No
significant influence of the electric field strength E was observed (b), confirming
that the measurements were performed under conditions for ambipolar transport.
The diffusion length stayed within the error bars for all investigated frequencies
(c). This ensures us that the measurements were performed outside the regime of
dielectric relaxation.

a

b

c

Figure 7.6: The relative change in the ambipolar diffusion length L d of a-Si:H and
MAPbBr3 as a function of several measurement conditions. (a) The effect of the total
photon flux Φ of the laser beams (chopped and bias beam). (b) The effect of the
electric field strength E and (c) the chopper frequency.
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Figure 7.7: SSPG measurement results obtained with a-SiGe:H, a-Si:H and nc-Si:H
samples using green (532 nm) and red (633-nm) laser light. The fits to these
measurements are shown as dashed and dotted line for the green and red laser light,
respectively. The values for L d are shown inside the graph. Their measurement
uncertainties are the same as in Table 7.1. The slope of the linear fits through the
data is not the only parameter that determines the diffusion length. The slope also
depends on γ and γ0 .

7.7.2 The influence of the laser wavelength

For the three silicon-based samples, SSPG measurements were done with both
green (532 nm) and red (633-nm) laser light. The results of these measurements
are compared and shown Figure 7.7. The fitted values of L d that were obtained
with the red laser light are similar to those obtained with the green light. Due to
the longer absorption depths (1/α) at λ=633 nm, the red light penetrates over
three times deeper into the films than the green light. The similarities of the results
retrieved at the two different wavelengths point at a relative homogeneous L d

throughout the film depth.

7.7.3 Measurement uncertainties

The fitting standard errors were smaller than 2% for all diffusion length measure-
ments. The uncertainties of the derived ambipolar diffusion lengths were therefore
not based on the quality of the fits but on the accuracy of θ , which we observed to
be the dominant contributor to the uncertainty of L d. We estimate the accuracy of
θ to be 0.5° due to possible laser and sample misalignments. The longer diffusion
lengths of the Cu(In,Ga)Se2 and MAPbI3-xClx absorbers amplify the importance of
including data points measured with small θ (large grating period). The higher
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relative uncertainty of these data points is reflected by a higher uncertainty in
the diffusion length of these materials. The uncertainties of L d, together with
uncertainties of the photon flux (~10%) have been propagated to obtain the errors
of the mobility-lifetime products.
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Summary

Hot wire chemical vapor deposition for silicon and
silicon-germanium thin films and solar cells

Silicon-based thin films form an essential part of several types of solar cells. These
films require high optical and electronic qualities and need to be deposited at
high rates for cost-efficient solar cell production. Achieving this is challenging, in
particular when the films are fabricated on textured substrates that are often used
to enhance the absorption of light in solar cells.

This thesis addresses this challenge and describes the fabrication and char-
acterization of silicon-based thin films and solar cells with hot wire chemical
vapor deposition (HWCVD) as main deposition method. HWCVD is an emerging
technique that possesses some advantageous features compared to the tradi-
tionally used plasma enhanced chemical vapor deposition (PECVD) technique.
The research was performed with industrial applications in mind, focusing on
a high-throughput fabrication by minimizing film thicknesses and using high
deposition rates. In order to do this, low-bandgap hydrogenated amorphous
silicon-germanium (a-SiGe:H) was studied and applied in solar cells. Due to its
high refractive index and absorption coefficient, light can be efficiently trapped
and absorbed in this material, enabling thin absorber layers in solar cells. HWCVD
is shown to be an excellent method for fabricating this material with high quality,
while doing so conformally and at high deposition rate. Furthermore, HWCVD can
contribute to reduction of costs/Wp compared to PECVD, due to lower system and
operating expenses as well as its excellent compatibility with roll to roll fabrication.

Chapter 3 describes the optimization of the a-SiGe:H deposition process.
The optimization was done by fabricating films under various conditions and
studying their composition, bonding configurations as well as optical and elec-
tronic properties. One of the most relevant properties is the band gap of the
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material, which mostly depends on the germanium content. After optimizing the
deposition conditions, films with germanium contents between 0% and 100% were
investigated. The quality of the films was found to be strongly correlated with the
germanium content and the degree of disorder in the material. The film properties
were compared to those reported for films deposited with PECVD and it is observed
that HWCVD can yield superior films with high germanium contents.

After studying the film properties, the materials were incorporated into solar
cells with substrate configuration, as described in Chapter 4. Single junction
a-SiGe:H solar cells were made that produce high current densities under short
circuit conditions but initially had low fill factors due to a barrier at the i/p interface.
This barrier was resolved by successive improvements of the p-type layer. Low-
bandgap (1.37 eV) a-SiGe:H was tested as bottom cell in a tandem solar cell
which resulted in an energy conversion efficiency of >10%. Additionally, triple
junction solar cells were fabricated in which all photoactive layers were deposited
with HWCVD within 15 minutes. This should be compared to a deposition time
exceeding 1 hour for common triple junction solar cells deposited with PECVD. The
best triple junction cell showed an initial energy conversion efficiency exceeding
10%. With a relative degradation within only 6%, the devices showed a high
tolerance to light-induced degradation.

The possibilities of advanced light trapping were explored to realize better
absorption in thin absorber layers. In Chapter 5, a simple, low-cost, and scalable
approach is presented for the fabrication of efficient nanorod-based solar cells.
Templates with arrays of self-assembled zinc oxide nanorods were synthesized
by chemical bath deposition. The nanorod templates were tested as substrate
for solar cells by depositing both single junction and tandem solar cells with an
ultrathin (35 nm) HWCVD a-SiGe:H absorber layer that was deposited within
only 90 seconds. It is shown that the nanorod morphology particularly improves
the generation of current in the bottom cell. Although the external quantum
efficiency measurements on the nanorod cells showed a substantial photocurrent
enhancement, the red- and infrared-response in the nanorod-based cells was
limited by absorption in the patterned Ag back contact. In order to increase the
solar cell response at red and infrared wavelengths, a further advanced design was
developed and experimentally realized. In this design the silver back reflector is flat,
while the front and back sides of the solar cell have a nanorod pattern. When tested,
hydrogenated amorphous silicon (a-Si:H) solar cells with this design showed a
significant reduction of parasitic plasmonic absorption in the silver.

In Chapter 6 a different application for HWCVD in solar cells was investigated.
HWCVD was used for fabricating passivation layers in silicon heterojunction (SHJ)
solar cells. A 19.4% energy conversion efficiency was demonstrated for a solar cell
with a conventional pyramidal texture. The high open-circuit voltages (Voc) of
more than 700 mV that were achieved, show that HWCVD is an excellent method
for depositing a-Si:H passivation layers. In addition, SHJ devices were fabricated on
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crystalline silicon wafers that contain micropillar arrays with pillars of up to 20 µm
high. The pillars, created using reactive ion etching, form an active part of the SHJ
solar cells. The pillar morphology ensures a high surface area that can be used
for photoelectrochemical reactions, but this enlarged surface area and vertical
walls in the devices also make the passivation of these devices challenging. The
ability of HWCVD to deposit conformal thin films at high deposition rate makes
this technique also in this case suitable for depositing the a-Si:H passivation layers.
The micropillar solar cells show only limited reduction of open-circuit voltage in
comparison to a flat reference solar cell and have an improved overall performance.
Additional silicon based junctions were created on top of the micropillars to
increase the open-circuit voltage of the devices such that photoelectrochemical
water splitting is enabled.

In Chapter 7, also photoactive absorbers other than silicon and its alloys were
studied. The charge carrier diffusive transport quality of several types of thin-film
silicon-based materials made by HWCVD was assessed together with multiple types
of emerging thin-film photoactive absorbers. The steady-state photocarrier grating
technique was used to obtain ambipolar diffusion lengths as well as minority and
majority carrier mobility-lifetime products. The absorbing quality of the materials
was analyzed by calculating an effective absorption depth for sunlight and its value
is compared to the obtained ambipolar diffusion length. It was observed that for
silicon-based thin-film materials, the ambipolar diffusion length is much shorter
than their effective absorption depth, while for copper indium gallium selenide
chalcopyrite and mixed halide perovskite materials the diffusion length is similar
to or larger than the effective absorption depth. The presented method can be
used as a benchmark for the current-harvesting capabilities of a wide variety of
thin-film absorber materials.

In this thesis, a variety of applications of HWCVD for solar cells were explored
and optimized. The work shows that HWCVD is a suitable and economical
technique, not only for fabricating thin-film silicon solar cells with a conventional
composition and structure, but also for making devices that contain an exceptional
absorber material (a-SiGe:H with low band gap) and for making devices with an
unconventional morphology (nanorod or micropillar textures). The final two
chapters in this thesis exemplify possibilities of transferring a deposition technique
(HWCVD) and a characterization technique (steady-state photocarrier grating
technique), respectively, beyond the fields for which they were initially developed.
The work that is described in this thesis therefore progresses the development of
both traditional and emerging types of solar cells.
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Samenvatting

Silicium en silicium-germanium dunne films en
zonnecellen gemaakt met hete-draad chemische
dampdepositie

Dunne films van silicium en verbindingen daarvan vormen een essentieel onder-
deel van verschillende soorten zonnecellen. Om die zonnecellen op een rendabele
manier te kunnen produceren, moeten dergelijke films van hoge optische en
elektronische kwaliteit zijn. Bovendien moeten de films gemaakt kunnen worden
met een voldoende hoge groeisnelheid. Dit is een uitdaging, vooral wanneer de
films worden gefabriceerd op getextureerde substraten die vaak worden gebruikt
om de absorptie van licht in zonnecellen te verhogen.

Dit proefschrift gaat deze uitdaging aan en beschrijft onderzoek naar op
silicium gebaseerde dunne films en zonnecellen die hoofdzakelijk zijn gemaakt
met hete-draad chemische dampdepositie (hot wire chemical vapor deposition,
afgekort: HWCVD). HWCVD is een opkomende techniek met een aantal gunstige
eigenschappen vergeleken met de doorgaans gebruikte plasma-ondersteunde
chemische dampdepositie (plasma enhanced chemical vapor deposition , afgekort:
PECVD) techniek. Het onderzoek is uitgevoerd met het oog op industriële
toepassingen en is toegespitst op fabricage met een hoge doorvoersnelheid door
het beperken van de filmdiktes en het gebruik van hoge groeisnelheden. Om
dit te realiseren is er waterstofhoudend amorf silicium-germanium (a-SiGe:H)
met een kleine bandkloof onderzocht en toegepast in zonnecellen. Vanwege
de hoge brekingsindex en absorptiecoefficiënt van dit materiaal, kan zonlicht
efficiënt worden ingesloten en geabsorbeerd waardoor de dikte van deze laag in een
zonnecel kan worden beperkt. HWCVD blijkt een uitstekende methode te zijn om
deze a-SiGe:H dunne films te maken met een hoge kwaliteit, een hoge groeisnelheid
en op een conforme manier. Vergeleken met PECVD kan HWCVD bovendien
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bijdragen aan een besparing van de kosten per Wattpiek van zonnecellen. Dit kan
worden gerealiseerd vanwege de lagere systeem- en gebruikskosten van HWCVD
alsook vanwege de uitstekende geschiktheid voor rol-naar-rol productie.

Hoofdstuk 3 beschrijft de optimalisatie van het a-SiGe:H fabricageproces. Deze
optimalisatie is gedaan door films te maken onder verschillende procesomstan-
digheden en door vervolgens de samenstelling, chemische verbindingen en zowel
de optische als elektronische eigenschappen van de lagen te bestuderen. Een van
belangrijkste eigenschappen van het materiaal is de bandkloof, die voornamelijk
wordt bepaald door de germaniumconcentratie in de film. Na het optimaliseren
van de procesomstandigheden zijn er lagen met germaniumconcentraties tussen
de 0% en 100% onderzocht. De germaniumconcentratie en de mate van wanorde
in het materiaal bleken sterk gecorreleerd te zijn met de kwaliteit van de films. De
materiaaleigenschappen zijn vergeleken met de gerapporteerde eigenschappen
van films die gemaakt zijn met PECVD. Hierbij is vastgesteld dat een hogere kwaliteit
kan worden gerealiseerd met HWCVD bij films met een hoge germaniumconcen-
tratie.

Nadat de eigenschappen van de films zijn bestudeerd, werden de materialen
gebruikt in zonnecellen met een substraatconfiguratie. Dit wordt beschreven in
Hoofdstuk 4. Hier zijn enkelvoudige a-SiGe:H zonnecellen gemaakt die een hogere
stroomdichtheid produceerden in kortgesloten toestand, maar die initieel een
lage vulfactor hadden vanwege een barrière bij het i/p oppervlak. Deze barrière
is verholpen door een aaneenschakeling van verbeteringen in de p-type laag.
Vervolgens is a-SiGe:H met een kleine bandkloof (1.37 eV) toegepast als onderste cel
in een tandemzonnecel wat geresulteerd heeft in een energieomzettingsrendement
van>10%. Daarnaast zijn er zonnecellen met een driedubbele junctie gefabriceerd,
waarbij alle fotoactieve lagen gemaakt zijn met HWCVD binnen 15 minuten. Dit
kan worden afgezet tegen een groeiduur van meer dan 1 uur voor gebruikelijke
zonnecellen met driedubbele junctie gemaakt met PECVD. De beste van de cellen
met driedubbele junctie bezat een initieel rendement van boven de 10%. Met een
relatieve afname van slechts 6%, toonden deze zonnecellen een hoge tolerantie
voor licht-geïnduceerde degradatie.

De mogelijkheden van geavanceerde lichtopsluiting zijn verkend om een betere
absorptie in de dunne films te kunnen realiseren. In Hoofdstuk 5 wordt er een
eenvoudige, goedkope en schaalbare oplossing gepresenteerd voor het maken van
efficiënte zonnecellen met een textuur van nanostaven. Hiervoor zijn verschillende
modellen met zelf-geassembleerde zinkoxide nanostaven gemaakt met behulp van
een chemisch bad. Deze modellen zijn getest als substraat voor zowel enkelvoudige
als tandemzonnecellen met een ultradunne (35 nm) HWCVD a-SiGe:H laag die
gegroeid is in slechts 90 seconden. De tandemzonnecellen hebben aangetoond
dat textuur met nanostaven vooral voordelig is voor het genereren van stroom
in de onderste cel. Hoewel metingen van het externe kwantumrendement een
substantiële verbetering van de fotostroom laten zien, werd de omzetting van
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rood en infrarood licht beperkt door absorptie in het getextureerde zilveren
achtercontact. Om de omzetting van rood en infrarood licht te verbeteren is er
een nieuw geavanceerder ontwerp gemaakt en gerealiseerd. In dit ontwerp is het
zilveren achtercontact vlak, terwijl de voor- en achterzijde van de zonnecel een
patroon met nanostaven heeft. In een test tonen waterstofhoudend amorf silicium
(a-Si:H) zonnecellen met dit ontwerp een significante verlaging van parasitaire
absorptie in het zilver.

In Hoofdstuk 6 is een andere toepassing voor HWCVD in zonnecellen onder-
zocht. HWCVD is hier gebruikt voor het maken van a-Si:H passivatielagen in
silicium heterojunctie (SHJ) zonnecellen. Hierbij is een omzettingsrendement van
19.4% bereikt bij een zonnecel met een piramidetextuur. De hoge openklemspan-
ningen van meer dan 700 mV die zijn behaald, tonen aan dat HWCVD uitermate
geschikt is voor het maken van a-Si:H passivatielagen. Daarnaast zijn er SHJ cellen
gemaakt op silicium wafers die micropilaren bevatten met een lengte tot 20 µm.
De pilaren zijn gemaakt met reactief-ion-etsen en maken actief onderdeel uit
van de SHJ zonnecellen. De pilaarmorfologie zorgt voor een groot oppervlak
dat kan worden gebruikt voor foto-elektrochemische reacties, maar dit vergrote
oppervlak en de verticale wanden van de pilaren maken het passiveren van de
cellen een uitdaging. De mogelijkheid van HWCVD om conforme lagen te maken
met hoge groeisnelheid, zorgt ervoor dat deze techniek ook in dit geval geschikt
is om a-Si:H passivatielagen te maken. De micropilaar zonnecellen hebben een
verhoogd rendement ten opzichte van een vlakke referentiecel en laten slechts
een beperkte afname van de openklemspanning zien. Om de uitgangsspanning te
verhogen en het foto-elektrochemisch splitsen van water mogelijk te maken zijn er
extra silicium en silicium-germanium juncties op de pilaren gecreëerd.

In Hoofdstuk 7 zijn naast silicium en legeringen daarvan ook andere fotoactieve
lagen bestudeerd. De kwaliteit van diffusietransport van ladingsdragers is getoetst
voor verschillende soorten silicium films gemaakt met HWCVD, samen met
meerdere soorten opkomende fotoactieve dunne-film lagen. De evenwichts-
toestand licht-geëxciteerde-ladingsdrager tralietechniek is gebruikt om zowel de
ambipolaire diffusielengte te bepalen als de mobiliteit-levensduur-producten van
de minderheids- en meerderheidsladingsdragers. Daarnaast is de absorptiekwa-
liteit van de materialen geanalyseerd door een effectieve absorptiediepte uit te
rekenen voor zonlicht en deze waarde te vergelijken met de verkregen ambipolaire
diffusielengte. Uit de metingen is gebleken dat de ambipolaire diffusielengte in
de dunne-film silicium-materialen veel korter is dan de bijbehorende effectieve
absorptiediepte, terwijl voor materialen van koper-indium-galliumselenide chalco-
pyriet en gemixte halide perovskiet de diffusielente vergelijkbaar met of groter
is dan de effectieve absorptiediepte. De gepresenteerde methode kan worden
gebruikt voor het toetsen van de stroomverzamelkwaliteit van een een brede
verzameling fotoactieve dunne-film materialen.

In dit proefschrift zijn verschillende toepassingen van HWCVD voor zonnecel-
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len verkend en geoptimaliseerd. Het onderzoek laat zien dat HWCVD een geschikte
en economische techniek is, niet alleen voor het creëren van dunne-film silicium
zonnecellen met een conventionele samenstelling en structuur, maar ook voor
het maken van zonnecellen die een bijzonder materiaal bevatten (a-SiGe:H met
een kleine bandkloof) en voor zonnecellen met een onconventionele morfologie
(texturen met nanostaven en micropilaren). De laatste twee hoofdstukken in dit
proefschrift illustreren de mogelijkheden van het toepassen van een depositietech-
niek (HWCVD) en een meetmethode (licht-geëxciteerde-ladingsdrager tralietech-
niek), buiten de toepassing waarvoor deze in eerste instantie zijn ontwikkeld. Het
werk dat dit proefschrift beschrijft, bevordert daarmee de ontwikkeling van zowel
traditionele als opkomende soorten zonnecellen.
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deposited. A few of the shown solar cell strips are discussed in this thesis.
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