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1. Introduction

1.1 Motivation

A solar cell is an energy converter: the energy of photons is converted into
electrical energy. Solar cells are optimized to harness sunlight. The Sun is
a ball of plasma and the main source of energy for life on Earth. It is a
humongous fusion reactor that produces only 1 Watt per cubic meter1. Since
its volume is 1.41 x 1027 m3 the power production is still yotta (1024) kW.
Fortunately, the energy produced by the hydrogen fusion does not accumulate
in the Sun but is radiated to its environment. The light spectrum of the Sun
can be modeled as a blackbody radiation source with a surface temperature of
5505 ◦C (resulting in a peak emission per nm wavelength at 500 nm). Earth
is in close proximity to the Sun: a photon travels in 8 minutes and 20 seconds
from Sun to Earth. Some of the photons radiated by the Sun will reach the
Earth atmosphere. The atmosphere is an energy filter for the photons. For
example, the earth atmosphere blocks high energy photons (> 4 eV) which can
penetrate the human body and damage DNA. The Earth atmosphere is almost
transparent for photon energies in the light spectrum from 390 to about 1300
nm and for radio waves (30 MHz to 20 GHz). The energy of photons with
wavelength from 390 to 1300 nm can be absorbed by solar cells and converted
into electrical energy. Solar cells are used both on Earth and in space. This
thesis focuses on the manufacturing of silicon heterojunction (SHJ) solar cells
and its aim is to develop new insights for industrial creation of Si layers. For
example, a better understanding of the deposition process can help to enhance
the reproducibility of record solar cell efficiencies.

Often the question arises how many square meters of solar cells are necessary
to fulfill the electric energy demand in The Netherlands. The total electric
energy consumption of The Netherlands 2 was 1.2 x 1011 kWh in 2013. The
Netherlands receives per year about 1000 sun hours that provide 1 kW.m−2.
The best SHJ solar panel3 has an energy conversion efficiency of 22.5% and
therefore gives 225 Watt peak (Wp) per m2, when irradiated by 1 kW.m−2.
This means that a surface area of 519 km2 of SHJ solar panels are necessary
to fulfill the complete electricity demand of the Netherlands. This is only 37%

1http://nssdc.gsfc.nasa.gov/planetary/factsheet/sunfact.html
2https://www.cia.gov/library/publications/the-world-factbook/geos/nl.html
3http://www.pv-magazine.com/news/details/beitrag/panasonic%2Dannounces%2D225%

2Dmodule%2Dlevel%2Defficiency%2Dsolar%2Dpanel_100021400
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1. Introduction 6

of the area of the province of Utrecht. One solar panel typically consists of 72
cells of 15 x 15 cm2 and has a surface area of 1.67 m2.

In The Netherlands solar panels are widely applied in residential areas on
the rooftops of houses. The electricity consumption of an average household
is 3100 kWh per year4. Therefore, only 13.8 m2 of rooftop facing the Sun are
necessary to fulfil the electricity demand of a household. At the end of 2015
a rooftop system cost 1280 euro per kWp in Germany5. With a solar panel
lifespan of 25 years and 1000 sun hours per year the electricity price is then
5.12 eurocents per kWh. In The Netherlands the electricity price with a 2.5
kWp rooftop system is calculated at 18.2 eurocents per kWh6. This price makes
a rooftop system an attractive investment. There is only limited useful surface
area on a rooftop and the price of installation of a complete rooftop system is
now for less than 50% determined by the solar panels. Therefore it pays off to
use high efficiency solar cells for a rooftop system, such as SHJ solar cells.

1.2 Crystalline and amorphous silicon

Silicon (Si) is made of sand or rock, which consist mainly of quartz (SiO2),
one of the most abundant minerals in the earth crust. Quartz is reduced and
metal impurities are removed to create high purity Si (electronic grade Si is
99.9999999% pure silicon (i.e. 9N), and solar grade Si is 99.999% pure (5N)).
The refined Si is used to produce poly- or single-crystalline silicon ingots or
silane gas. For commercial single crystalline silicon solar cells, the Czochralski
(Cz) process is typically used to grow the ingots. In this research we use
single-crystalline Si wafers, that are slices from an ingot formed with the float-
zone (FZ) process. The FZ process results in crystalline silicon (c-Si) with a
lower oxygen concentration than the Cz process, but is more expensive and less
suitable for mass production. Oxygen impurities are detrimental to c-Si solar
cells on p-type wafers, but much less to cells on n-type wafers. Therefore Cz
n-type wafers are used for high efficiency crystalline solar cells.

The silicon age started off in 1954. The first crystalline Si solar cell was
made by Chapin, Fuller and Pearson in January 1954 and had a conversion
efficiency of 6% (1 ). Morris Tanenbaum, also working for Bell Labs7, fabricated
the first silicon transistor also in January 1954. This was only seven years after
the first transistor was made of germanium in 1947, which was invented by
Bardeen, Brattain and Shockley. In the same column of the periodic table,
carbon is found above silicon. In 1998 the first report on a carbon nanotube
transistor appeared. It is difficult to create a reliable carbon transistor and no

4http://statline.cbs.nl
5https://www.ise.fraunhofer.de/de/downloads/pdf-files/aktuelles/

photovoltaics-report-in-englischer-sprache.pdf
6https://www.rvo.nl/sites/default/files/2016/07/Inventarisatie%20PV%20markt%

20Nederland.pdf
7http://ethw.org/First-Hand:Beginning_of_the_Silicon_Age

http://statline.cbs.nl
https://www.ise.fraunhofer.de/de/downloads/pdf-files/aktuelles/photovoltaics-report-in-englischer-sprache.pdf
https://www.ise.fraunhofer.de/de/downloads/pdf-files/aktuelles/photovoltaics-report-in-englischer-sprache.pdf
https://www.rvo.nl/sites/default/files/2016/07/Inventarisatie%20PV%20markt%20Nederland.pdf
https://www.rvo.nl/sites/default/files/2016/07/Inventarisatie%20PV%20markt%20Nederland.pdf
http://ethw.org/First-Hand:Beginning_of_the_Silicon_Age


7 1. Introduction

mass production method has been found yet8. The silicon transistor on the
other hand is well suited for mass production. A silicon transistor is made of
doped Si. A contact between a Si layer doped with phosphorus (n-type silicon)
and a layer doped with boron (p-type), creates a p-n junction (diode). The
current through this junction can only flow in one direction. The p-n junction
is the core component of the silicon transistor and the silicon solar cell.

Last century electronic grade wafers were very expensive and therefore
methods to deposit thin layers ( <1 µm) of Si at low cost were investigated, such
as Plasma Enhanced Chemical Vapor Deposition (PECVD). In the PECVD
process, silane vapor is dissociated by electrons in a glow discharge and subse-
quently reaction products are deposited on e.g. a wafer. The layer can grow as
hydrogenated amorphous Si (a-Si:H), as epitaxial c-Si or as a mixed phase layer
(for example as micro-crystalline Si (µc-Si:H) in an amorphous matrix). Ster-
ling and Swann (2 ) were the first to report on the deposition of a-Si:H with a
glow discharge in 1965. The amorphous silicon created by this method is supe-
rior in photoconductivity to amorphous silicon deposited by thermal chemical
vapor deposition or sputtering. The PECVD method dissociates SiH4 at low
temperature and is therefore able to incorporate atomic hydrogen in the layer.
This hydrogen passivates Si dangling bond defects and this results in a layer
with superior photoconductivity. Moreover, since deposition takes place at a
low temperature, it allows deposition on substrates that deteriorate under high
temperatures. Hot-wire chemical vapor deposition (HWCVD) is another suc-
cessful method employed in our research group for the fabrication of i-a-Si:H
and µc-Si:H layers. In HWCVD, a filament dissociates the silane vapor.

In 1969 Chittick et al. (3 ) discovered that a-Si:H can be doped with boron
and phosphorus by adding the hydrides diborane (B2H6) and phosphine (PH3)
to the feedstock gas mixture in a PECVD discharge. Luckily, some boron and
phosphorus dopants bonded to four neighbors and operated as acceptors and
donors respectively. These inventions made it possible to develop thin film
a-Si:H solar cells and thin film transistors (TFTs).

In the SHJ solar cell fabrication, the knowledge on the processing of c-Si
and a-Si:H is combined. The vertical cross section of a bifacial SHJ solar cell
is given in figure 1.1. The record energy efficiency for c-Si solar cells was 25%
since 1998, achieved with the Passivated Emitter Rear Locally diffused (PERL)
cell (4 , 5 ), but in 2014 this record was surpassed by a back contacted SHJ solar
cell with 25.6% (4 ). The current record9 is 26.3 %, which was achieved with
an interdigitated back contacted cell.

The maximum energy efficiency of a single junction solar cell is theoretically
defined with the Shockley Queisser limit (6 ). Crystalline silicon has an indirect
band gap energy of 1.1 eV and the corresponding theoretical maximum energy
efficiency is limited to roughly 29%. However, these days tandem cells are
developed, where the SHJ solar cell forms the bottom cell and the top cell is
e.g. a thin film perovskite (CH3NH3PbI3) solar cell (band gap 1.4 eV). This

8https://en.wikipedia.org/wiki/Carbon_nanotube_field-effect_transistor
9http://www.kaneka.co.jp/kaneka-e/images/topics/1473811995/1473811995_101.pdf

https://en.wikipedia.org/wiki/Carbon_nanotube_field-effect_transistor
http://www.kaneka.co.jp/kaneka-e/images/topics/1473811995/1473811995_101.pdf


1. Introduction 8

tandem cell captures a broader part of the sun spectrum and therefore a higher
conversion efficiency is possible.

In the past it was expected that the cost of solar grade monocrystalline
silicon would in the long run not make the c-Si solar cell a competitive product.
However, over the last two decades the wafer thickness reduced from 400 to 200
µm. This reduced c-Si material usage in solar cells from 16 g/Wp to 6 g/Wp
(7 ). In the last decade the solar cell community was caught by surprise about
the falling price per Wp of solar grade silicon: it reduced from 3.00 $/Wp to
0.30 $/Wp. At the same time, the efficiency of commercial c-Si solar panels
increased from 12 to 17% (7 ).

1.3 Architecture of a silicon heterojunction
solar cell

In the SHJ solar cell (see figure 1.1), photon energy is absorbed in the c-Si
wafer and is converted into direct current and voltage. The electrical energy
that is created is fed to an external load, such as a battery. When an electron
(negatively charged) in the valence band (VB) absorbs a photon with enough
energy to cross the bandgap (1.1 eV in c-Si) to the conduction band (CB),
a so called electron-hole pair is created. The hole is the electronic void in
the valence band with positive charge, which is created when the electron is
excited from VB to CB. The p-n junction (diode) in the SHJ cell is usually
formed by a n-type wafer and a p-type emitter at the front side. The SHJ cell
has carrier selective contacts: the p-type a-Si:H layer at the front side forms a
selective hole contact (the hole mobility is high in a p-type layer) and at the
backside the heavily doped n-type a-Si:H forms the electron contact. The key
to the record high energy efficiency of the SHJ solar cell is the introduction
of the 5 nm thick intrinsic a-Si:H buffer layer between the crystalline wafer
and the doped amorphous silicon layers. This i-a-Si:H layer passivates silicon
dangling bond defects at the surface and reduces in that way the main cause for
recombination loss at the c-Si/i-a-Si:H interface. When an electron from the
CB or a hole from the VB gets trapped in an electronic defect in the solar cell
and an opposite charge collides with the defect, the electron and hole annihilate
and energy is lost inside the solar cell, usually in the form of heat. Thus, when
recombination occurs, an electron from the CB falls back into the VB, before
it transferred its energy to the external load. Normally, the p-type emitter is
formed by boron doped amorphous silicon, but these days also MoOx selective
hole emitters are under development (8 ). However, the i-a-Si:H buffer layer is
usually not replaced. Also in an interdigitated back contacted cell, there is at
least an i-a-Si:H buffer layer over the complete backside of the wafer.

A typical SHJ process line consist subsequently of a chemical bath for the
texturization (to enhance light trapping) of the wafer (step 1) and removal of
the surface oxide (step 2), vacuum reactors for PECVD of the intrinsic and
doped a-Si:H layers (step 3), physical vapor deposition (PVD) of the trans-
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Figure 1.1: Vertical cross section of a conventional bifacial silicon heterojunction solar
cell with corresponding energy band diagram under short circuit conditions. The red
box includes the crucial c-Si/i-a-Si:H interface. The production starts with a n-type
wafer. Then on the top side of the wafer an intrinsic a-Si:H layer and a boron doped
a-Si:H emitter is deposited. On the backside is an intrinsic a-Si:H layer and a strongly
phosphorus doped a-Si:H layer as a Back Surface Field (BSF). The stack is topped on
both sides with contacts consisting of a TCO (Indium Tin Oxide (ITO) is commonly
used), and a metal grid (silver paste is commonly used). Via the metal contacts the
solar cell can connect to an external load.

parent conduction oxide (TCO) contacts (step 4), screen printing of the metal
contacts (step 5) and subsequent annealing (step 6), further electrical wiring,
encapsulation and curing (step 7) and packaging into a module (step 8)10.

The passivating properties of this i-a-Si:H layer in relation to the PECVD
method form an important part of this thesis. The band gap energy, electrical
conductivity, and optical transparency are also important properties of the
buffer layer. Silicon oxide (SiOx) and silicon nitride (SiNx) can also form well
passivating layers and absorb less blue light than i-a-Si:H. However, they are
electrically insulating since they have a larger band gap, SiOx is very difficult
to dope and SiNx cannot be doped. Therefore, in conventional c-Si solar cells,
metal contacts are fired (spiked) through SiNx passivation layers and contact
the wafer directly. At the front side of a conventional c-Si solar cell, a 70 nm
thick SiNx layer is used that works both as anti-reflective and passivating layer.
Such a SiNx layer is also used on the front side of back contacted SHJ solar
cells. Recently, very thin SiOx layers created with a wet-chemical oxide in
combination with doped polycrystalline silicon were used for carrier selective
contacts (9 ). When the SiOx layer is very thin (< 2 nm), electrons can tunnel
through the layer.

With the decline in c-Si wafer costs, silver paste for metal contacts has be-
come a major cost component of the cell. Moreover, with annealing at 200◦C

10Animation of the fabrication process: https://www.youtube.com/watch?v=dXwCD6ds_bc

https://www.youtube.com/watch?v=dXwCD6ds_bc


1. Introduction 10

the electrical contact and conductivity is less than with firing at higher temper-
atures and therefore more silver paste is necessary to increase the conductivity.
As an alternative to silver, electroplated copper is tested for metal fingers on
SHJ solar cells (10 ).When the patent of Sanyo on the heterojunction with
intrinsic thin film (HIT) technology expired in 2010, the number of research
publications on SHJ solar cells increased (11 ). The main topics of research on
silicon heterojunction solar cells are:

1. reduction of recombination loss at the interfaces, which improves the open
circuit voltage Voc.

2. reduction of parasitic light absorption in a-Si:H and TCO, which increases
the short circuit current Jsc.

3. decrease of the series resistances, which optimizes the operating current
and voltage for maximum power output (i.e. maximization of the fill
factor).

4. the development of low-cost metal contacts from earth abundant metals
that form low resistivity contacts with minimal shadow at low processing
temperatures.

5. simpler and cheaper processing methods for interdigitated back contacted
(IBC) SHJ solar cells.

In this work we focus on the first point mentioned above by a thorough inves-
tigation of the PECVD processing of the intrinsic a-Si:H layer in the SHJ solar
cell. We investigate how the c-Si/a-Si:H interface passivation is affected by
small changes in the plasma parameters in order to maximize reproducibility
and production yield at as low as possible cost.

1.4 Ion bombardment during deposition

There are two steps in the SHJ solar cell fabrication that involve ion bom-
bardment from a glow discharge: PECVD of the a-Si:H layers and PVD by
sputtering of the TCOs. The role of ion bombardment during low pressure
PECVD deposition has been investigated before, but is still under discussion
(12 ). In this thesis we contribute to this discussion. We investigated the ion
bombardment in a capacitively coupled parallel plate reactor (the reactor is
depicted in figure 2.1) for PECVD.

A PECVD discharge is created between two parallel plates: the powered
electrode and the grounded electrode where the substrate is mounted. Process
gas, e.g. silane, is admitted to the vacuum reactor, rf power is supplied and
the discharge is ignited. The standard rf excitation frequency is 13.56 MHz,
but we use here 60 MHz (VHF range). The power is coupled into the reactor
via a L-type matching network with a DC current blocking capacitor in se-
ries with the cathode electrode. The potential difference between cathode (at
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Figure 1.2: The instantaneous potential profiles at each quarter of an rf cycle (dotted
lines) and the average potential profile (red solid line) on the vertical z-axis of the
cylindrically symmetric reactor (depicted in 2.1). The powered electrode is at 0 mm
and the grounded electrode at 27 mm. Also the dc self bias (VDC), the rf voltage
amplitude (Vrf ) and the plasma potential (Vpl) are denoted in the diagram.

Vrfcos(ωt) + VDC) and grounded electrode accelerates the electrons and this
leads to electron ionization of gas molecules in the reactor. This generates ions
and new electrons in the plasma. Electron dissociation of silane is more likely
than ionization and the major part of the deposited silicon is thus formed by
silane dissociation products, such as SiH3 radicals. In an rf glow discharge elec-
trons can instantaneously follow the rf electric field (dotted lines in figure 1.2)
and the heavier ions cannot. Therefore the boundary layers near the electrodes
are depleted of electrons and the ions in the sheath build up a positive po-
tential with respect to the grounded (anode) and powered (cathode) electrode.
These boundary layers are called sheaths. Ions in the discharge react to an
average electric field (the red solid line profile in figure 1.2). The potential of
the central plasma (i.e. the plasma bulk) with respect to ground is called the
plasma potential (Vpl). The electric fields are in the direction of the electrodes
and this results in ion bombardment. The DC potential at the powered elec-
trode (VDC) is usually negative. No DC current flows through the discharge,
since this is blocked by the blocking capacitor. The capacitor generates a DC
self-bias voltage (VDC) on the cathode and this zeroes the net DC current of
one rf cycle. The relation between plasma potential Vpl, rf amplitude Vrf and
VDC is described in equation 3.1 in chapter 3.

The electrons react to the high rf frequency and absorb the major part of



1. Introduction 12

the power dissipated in the discharge. Therefore electrons have a much higher
kinetic energy (Te = 47000 K corresponding to kBTe = 4 eV) than the ions
in the bulk (T= 400 K). Moreover, the electrons and ions are not in thermal
equilibrium. In the VHF PECVD discharges that we used, the plasma potential
is in the order of 30 V. Bombarding ions in these discharges thus deliver a large
energy flux to the electrodes. The energy deposited by the ion bombardment
enables surface diffusion of growth precursors at low substrate temperature.
Generally, heavy (such as Ar+) ion bombardment can densify the film, it can
create voids, it can influence the grain size and resistivity, and it can increase
the compressive stress of the film (13–15 ). The effects can be both structural
and chemical. Lighter ions (such as H+

3 ) are more likely to be implanted into
the layer.

Ion bombardment in PECVD discharges is usually characterized by the ion
flux (e.g. as a contribution to the Si deposition rate), the maximum ion energy,
and the ion energy distribution. Several threshold energies are distinguished
for ion bombardment on silicon. The threshold energies for c-Si surface and
bulk atom displacement by Si ions with an angle of incidence of 60◦ are 16
and 36 eV respectively (16 ). For perpendicular incidence the threshold energy
is expected to be a few eV less. Ion energies below ∼16 eV are harmless or
even beneficial for PECVD layer growth. H+

3 ions with energies above 20 eV
etch crystalline silicon in a process called chemical sputtering (17 ). Ashok
et al.(18 ) found that the Schottky barrier height for a silicon-gold contact
is systematically changed by NF+

2 ions with energies above 25 eV. The ions
introduced a positive charge on the surface and therefore lowered the barrier
height on n-type silicon, but the barrier height increased on p-type silicon.
The effect is attributed to both chemical and physical ion damage and its
threshold energy is called surface damage threshold (∼25 eV for NF+

2 ions).
Similar results were found for Ar+ ions, where only a physical effect plays a
role. Wittmaack (19 ) determined the physical sputter threshold of c-Si by Ar+
ions at 50 eV. Besides sputtering, Ar+ ions above 70 eV also amorphize the
c-Si top layer (20 ). Illiberi et al. (21 ) found that ion bombardment damage
to i-a-Si:H passivation layers (as used in SHJ solar cells) by ≤ 70 eV Ar+ ions
can be recovered by annealing at 300◦C (hydrogen effusion in i-a-Si:H layers is
observed for temperatures above 300◦C (22 )). The role of ions during epitaxial
Si and µc-Si growth has been under investigation for several decades, but still
new results are reported. With standard chemical vapor deposition, epitaxial
Si is grown with substrate temperatures above 950◦C (23 ). Cariou et al. (24 )
grew excellent epitaxial Si layers at substrate temperatures as low as 165◦C
and used these layers as the crystalline absorber in SHJ solar cells. Rabalais
et al. (25 ) deposited Si layers with Ion Beam Deposition (IBD) ions at low
substrate temperatures (40◦C-290◦C) with Si+ ion energies from 8 to 40 eV
and observed the crystallinity. They found that a small window of ion energies
20 ±10 eV allowed layer by layer epitaxial growth on Si(100) at 160◦C. Indeed,
the window of ion energies that enables epitaxial growth depends strongly on
substrate temperature chosen. It should also be noted that the IBD technique
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uses mass selected ions with in this example isotope 28Si+ ions. These examples
are evidence that ions enable epitaxial growth at low substrate temperatures.
As for µc-Si growth, it has been observed that SiH+

y ions with energies above
30 eV inhibit nucleation on an a-Si:H incubation layer, but on the other hand,
these ions can induce re-nucleation on µc-Si (26 ). In chapter 5, we show that
with the ion bombardment by SiH+

y and H+
y ions (≤ 27 eV) during PECVD,

good i-a-Si:H passivation layers on Si(111) and epitaxial layers on Si(100) were
created.

The higher VHF excitation frequencies have come into use to increase the
deposition rate and to lower the ion energies in the discharge. In this thesis we
tuned the ion bombardment energies in 60 MHz discharges with the discharge
power, the gas pressure and the application of an external DC voltage on the
powered electrode. From these methods, the application of an external DC
voltage is best suited to manipulate the ion energy independent from the ion
flux and chemical effects. With this method a DC voltage is superimposed on
the generated self bias VDC . With this manipulation, a negligible DC current
is created. The asymmetry of the potential profile, i.e. a difference in the
sheath potentials near the grounded and powered electrode, can be the result
of a difference in electrode areas. Therefore the ion energies can be tuned by
altering the ratio of grounded to powered electrode area. For example, Chesaux
et al. (27 ) reduced the ion bombardment energies on the grounded substrate
by increasing the grounded electrode area with a grounded grid between the
parallel plates. In reactive ion etching (RIE) a higher electrode area ratio
can enhance the deposition rate and lower the bombardment energy on the
substrate. The goal of this method is to chemically and physically etch material
from a target at the powered electrode and transport it to a substrate on the
opposite and grounded electrode. A discharge with sulfur hexafluoride (SF6)
gas is commonly used. The etch rate is proportional to the ion energy and
flux. A higher electrode area ratio results in a lower sheath potential near the
grounded substrate and a higher sheath potential (i.e. a more negative VDC)
near the powered electrode with the material to be etched. The ion energies on
the grounded substrate are low and only little material is etched at this side.

1.5 Outline of the thesis

This thesis focuses on PECVD processing of the c-Si/a-Si:H interface in the
SHJ solar cell. The hypothesis is that the intensity of the ion bombardment
(ion energies and fluxes) can limit the passivation quality of the a-Si:H pas-
sivation layers. The main question is therefore: how large is the window of
ion bombardment intensities in the SiH4-H2 PECVD discharge that results in
good passivation layers? To answer this question we characterize ion bombard-
ment during PECVD of i-a-Si:H and correlate this to the surface passivation
quality obtained after annealing. In chapter 2 we discuss the plasma diagnos-
tic techniques used to measure ion bombardment energies and to characterize
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plasma parameters, especially in SiH4-H2 discharges. We also briefly discuss
the fluid model, that is used to model the discharge and the a-Si:H layer growth.
The fluid model plus Monte Carlo code is used to interpret the measurements
on ion bombardment. Furthermore, we discuss the material characterizations
that were used to assess the composition and surface passivation quality of the
i-a-Si:H layers.

The best i-a-Si:H is created near the a-Si to c-Si (epitaxial Si) transition.
In chapter 3 we traversed this transition by reducing the silane concentration
in the inlet gas mixture of SiH4 and H2 and characterized the ion bombard-
ment with mass resolved measurements. We observed that a reduction in silane
concentration at low silane concentration (≤ 5%), increased the H+

3 flux enor-
mously. Moreover, we noticed that the SiH+

3 flux increased at lower silane
concentration (≤ 20%). In chapter 4 we further explored these phenomena.
We found out that the large flux of H+

y (i.e. H+
2 plus H+

3 ) ions at low silane
concentration results in chemical sputtering of Si: an etching process, that has
a rate proportional to the H+

y flux and impact energy. The chemical sputtering
process may be further optimized and can be used to deposit the ultrathin (5
nm thick) i-a-Si:H layers of the SHJ solar cell with a discharge with pure H2

inlet flow and a silicon target on the powered electrode.
In chapter 5 we characterized symmetric passivation samples

(i-a-Si:H/c-Si/i-a-Si:H) on flat Si(111) wafers. The recipe for the i-a-Si:H layer
of the best passivation sample was used in a standard SHJ solar cell. Some
silicon layers were deposited with the plasma conditions of the silane concentra-
tion series investigated in chapter 3 and 4. For the lowest silane concentration
of this series local epitaxial growth was observed. Lot of research has been
performed on epitaxial growth on Si(100). Here we studied epitaxial growth on
Si(111), since with the standard pyramidal texturization of the Si(100) wafer,
the Si{111} facets are exposed. Moreover, we compared passivation samples
created with in-line and batch-type deposition.

In chapter 6 we investigated the role of Ar-H2 plasma treatment in the
improvement of the surface passivation quality of a wet chemical oxide, in par-
ticular the RCA oxide. Symmetric passivation samples
(i-a-Si:H/RCA oxide/c-Si/RCA oxide /i-a-Si:H) were created, that showed good
effective carrier lifetimes upon post-deposition annealing. We scanned plasma
parameters of the Ar-H2 plasma treatment to reduce the recombination rate
at the c-Si/SiOx:H interface.

In chapter 7 we report on the construction of a Retarding Field Energy
Analyzer (RFEA) with laser-cut molybdenum (Mo) grids. Honeycomb meshes
were laser-cut out of Mo foil. This RFEA is used to measure ion energies and
fluxes in the silane concentration series. We optimized the signal throughput
of the instrument in order to enable measurements of low ion fluxes.



2. Experimental and
modeling methods

2.1 Plasma Characterization

The amorphous silicon layers are deposited with PECVD in a capacitively
coupled parallel plate reactor. The PECVD glow discharge and its ion bom-
bardment on the substrate were studied with several plasma diagnostic probes.
A cross section diagram of the reactor with the diagnostic probes are depicted
in figure 2.1. The dimensions of our pillbox reactor are as follows: the radius of
the powered electrode is 7.85 cm, the radius of the substrate electrode is 8.5 cm,
and the separation between the electrodes is 2.7 cm. In between the powered
electrode rim and the inner rim of the grounded guarding shield a ceramic ring
is present with a width of 1 cm. The rim of the grounded guarding shield is in
contact with the wall of the reactor. The diameter of the reactor is 20 cm. We
measured the energy of ions bombarding the grounded electrode with a plasma
analyzer (Hiden EQP 1000 series). The plasma analyzer is a series of an energy
filter and a mass filter. An Ion Energy Distribution (IED) can be measured
by scanning a range of energies for a selected ion mass. The inlet orifice of the
plasma analyzer has an diameter of 50 µm. The plasma analyzer is separately
pumped and its pressure was kept below 5 x 10−4 Pa. Moreover, a Retarding
Field Energy Analyzer (RFEA) was used to measure both ion flux and energy.
With the RFEA it is not possible to do mass resolved measurements. The
RFEA has a mesh of 1 cm diameter in the middle of the substrate plane. The
design and operation of the RFEA is further discussed in chapter 7.

During processing the gas pressure in the reactor was monitored with a
baratron pressure gauge and was maintained constant with a throttle valve
between reactor and pumps. The IEDs of H+

2 , H
+
3 , SiH

+
2 , SiH

+
3 , Si2H

+
4 and

Si2H+
5 in the SF series were measured with the plasma analyzer. Fluid model

and IED simulations were performed for the same ions, although in the sim-
ulation SiH+

2 , SiH
+
3 , plus very small amounts of SiH+ and Si+ were put in a

lump sum labeled SiH+
y . The Si2H+

y (with y = 0-5) ions were put in the lump
sum Si2H+

y . In chapter 4 we model different reaction mechanism for SiH+
2 and

SiH+
3 and look at their contribution to the total SiH+

y flux at low SF .
The IED of a selected atomic mass unit (only singly ionized ions are ex-

pected) was measured by scanning an energy range with the Electrostatic En-

15
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Figure 2.1: Schematic diagram of the cylindrically symmetric parallel plate reactor.
On top the reactor, a Hiden EQP plasma analyzer (for IMS and RGA measurements)
is mounted. Furthermore an OES spectrometer and a V-I probe monitor the glow
discharge. The reactor dimensions are not to scale. An externally applied bias voltage
(Vext,DC) can be superimposed on the DC bias (VDC) at the powered electrode with
the DC bias voltage circuit.

ergy Analyzer (EEA) and keeping the quadrupole mass spectrometer (QMS)
of the plasma analyzer steady at the selected mass. When a mono-energetic
(with a negligible energy spread) beam of ions is analyzed by the EEA, the full
width half maximum (FWHM) of the IED measured by the EEA is 2.55 eV.
This value is independent of the kinetic energy measured. In an rf discharge
with a collisionless sheath, the FWHM of the IED peak is also determined by
the rf frequency and the ion mass. Only ions that enter the plasma analyzer
with an angle of incidence less than 15◦ are analyzed by the EEA. We label this
measurement mode Ion Mass Spectrometry (IMS). Electrons are repelled and
positive ions are attracted to the inlet of the plasma analyzer by the negative
extractor voltage (-10 V) in IMS measurements. Before every measurement
series we optimized all lenses of the plasma analyzer for maximum transmis-
sion with Ar+ ions (40 a.m.u.) from an Ar plasma. Since the IEDs of the
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complete SF series are measured with constant transmission settings, the flux
of the selected ion species can be compared between different SF . We measured
a total ion flux of the order of 1019 ions.m2.s−1 with a retarding field energy
analyzer for discharges with the same plasma conditions in an identical reactor
(see chapter 7). Our simulation results show the same order of magnitude for
the total ion flux.

Near its orifice the plasma analyzer has an ionization section to ionize neu-
trals and radicals with a mono-energetic electron beam. This device is active
in the Residual Gas Analysis (RGA) measurement mode. Neutrals from the
plasma can be measured in RGA mode: in this case the ions from the plasma
are repelled by a positive voltage of +60 V on the extractor. We verified in
the IMS mode that no signal is detected when the extractor voltage is kept at
+60 V. The silane depletion fraction FD is the fraction of SiH4 that is con-
sumed in plasma reactions (28 ). The measured FD is determined with RGA
measurements and is the ratio of the loss in SiH+

2 intensity as a consequence
of switching on the plasma to the SiH+

2 intensity without the plasma (i.e. in
the presence of the gas mixture). Simultaneously, we measure the UV/VIS-
light spectrum coming from the plasma halfway between the rf and grounded
electrodes and monitor the power coupled into the discharge with a current-
voltage (V-I) probe. The light spectrum is used to determine the Si*(288 nm)
Optical Emission spectroscopy (OES) peak intensity and the SiH* emission
band (409-423 nm). For (TR-)OES spectroscopy the Avantes AvaSpec-2048
UA with a spectral range from 200 to 1100 nm and a spectral resolution of 2.5
nm (FWHM) was used. The V-I probe is mounted in between the powered
showerhead electrode and an L-type matching circuit. The V-I probe (MKS
V-I probe 4100) measures the rf voltage and current amplitude on the powered
electrode and the phase difference between them. In our analysis in chapter 3
and 4 we use the rf voltage amplitude in the analysis (Prf is kept constant
at 10 W). For the silane concentration series presented in these chapters we
typically measure a Vrf= 60 V, Irf=2.26 A, and a phase difference φ=81.5◦
(and Prf is then 10 W).

2.2 Material characterization

2.2.1 Surface passivation quality assessment

Transient Photoconductance Decay

We have created symmetric passivation samples (i-a-Si:H/c-Si/i-a-Si:H) to study
surface passivation. We used n-type wafers, because the electron-to-hole cap-
ture cross section ratio (>100) makes it favorable to use n-type over p-type
wafers for surface passivation (29 , 30 ). The Sinton WCT-120 set-up was used
to determine the lifetime (τeff ) of the passivation samples with either Quasi
steady state Photoconductance (QSSPC) for lifetimes below 100 µs and Tran-
sient Photoconductance Decay (TPCD) method for lifetimes above 0.1 s. This
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Table 2.1: Wafer specifications for Si(100) and Si(111) wafers

Material n-type Float Zone (FZ)
Silicon 5 x 1022 atoms.cm−3

Resistivity 1 - 5 Ω.cm
Phosphorus (doping level) 1 - 4 x 1015 atoms.cm−3

Carbon < 2.0 x 1016 atoms.cm−3

Oxygen < 2.0 x 1016 atoms.cm−3

Thickness 280 ± 20 µm
Finish, front and back side Polished
TTV (total thickness variation) ≤12 µm
Bow ≤30 µm
Si(100) wafers, Orientation (1-0-0) ± 1◦
Si(111) wafers, Orientation (1-1-1) ± 1◦

set-up measures the light intensity of a light flash, used for injection of minor-
ity carriers, with a diode on the sample stages and the decay of the minority
carrier concentration is measured with an rf pick-up coil. The measurements
give τeff as a function of minority carrier injection level (∆n). τeff can be
split in a recombination lifetime in the bulk τb(∆n) and on the surface τs(∆n)
and is computed as follows (31 ):

1

τeff (∆n)
=

1

τb(∆n)
+

1

(τs(∆n)
=

1

τb(∆n)
+

2Seff (∆n)

W
(2.1)

where W the thickness of the wafer (see table 2.1) and Seff the effective surface
recombination velocity. For the FZ wafers that we used, the minority carrier
diffusion length is much longer than the wafer thickness and therefore τb is
much larger (> 20 ms below ∆n = 1 x 1015 cm−3) than τs and thus the 1

τb
term is neglected when surface passivation is studied. Here we report τeff at
the minority carrier injection level ∆n = 1 x 1015 cm−3 unless otherwise noted.

The implied open circuit voltage (Voc,imp) can be determined from the
quasi Fermi level splitting at 1 sun (AM1.5 spectrum with an intensity of 100
mW.cm−2) (32 ). The light intensity, measured by a reference photodiode, and
the injection level are measured simultaneously by the Sinton set-up.

Voc,imp =
kBT

q
ln[

(Nx + ∆n)∆n

n2i
+ 1] (2.2)

where kBT/q is the thermal voltage at room temperature (25 mV), Nx is the
doping level of the wafer, ni the intrinsic carrier concentration at room tem-
perature (ni = 8.6 x 109 cm−3) and ∆n the injection level at 1 sun. For our
passivation samples, ∆n at 1 sun varied between 1.3 x 1015 and 1.3 x 1016
cm−3.
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Thickness of surface roughness 
(50% void, 50% m.p.)
Mixed phase layer

(x%) a-Si:H, (y%) poly-Si, (z%) void

c-Si substrate

Figure 2.2: Schematic diagram showing a cross section of the layer stack used for SE
modeling: on top of the c-Si substrate a single or mixed phase (m.p.) layer and a surface
roughness layer was modeled with the BEMA (x% + y% +z% = 100%).

Microwave-Photoconductance decay

For some samples the uniformity of the passivation quality over the wafer sur-
face was checked with a microwave Photoconductance Decay (µ-PCD) measure-
ment, but for the quantitative analysis of the lifetimes we relied only on the
TPCD method. We used the Semilab WT-2000 set-up. The µ-PCD analysis
uses a short laser pulse to inject minority carriers at a spot and the reflection of
a microwave is used to measure the decay of the minority carrier concentration
on this spot.

2.2.2 Spectroscopic Ellipsometry
The thickness of the deposited Si layers was determined by Spectroscopic Ellip-
sometry (SE) measurements (Woollam VASE system). Mixed phase Si layers
can be modeled with a Bruggeman Effective Medium Approximation (BEMA).
With the BEMA the amorphous, crystalline, and void fraction in the mixed
phase layer can be fitted (see figure 2.2). The thickness of the surface roughness
is also determined with the BEMA with a surface layer consisting of 50% void
and 50% of the mixed phase (m.p.) layer material.

Amorphous Si is direct band gap semiconductor material and its light ab-
sorption in the spectral range from 1.5 to 5.0 eV can be modeled with a Tauc-
Lorentz (TL) harmonic oscillator. The parametrization of Jellison and Modine
(33 ) is used here to fit the pseudo-electric function ε2:

ε2(E > Eg) =
AE0Br(E − Eg)2

(E2 − E2
0)2 +Br2E2

· 1

E
(2.3)

Where A is the denseness parameter and Br is the film disorder parameter. E0

is the peak position of the T-L harmonic oscillator and Eg is the Tauc band-gap
energy. Eg can be found by fitting both pseudo electric functions ε1 and ε2 to
the SE data.
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2.2.3 Fourier Transform Infrared Spectroscopy
With Fourier Transform Infrared Spectroscopy (FTIR) with a Bruker Vertex
70, we measured the absorbance of light (in the spectral range 380 cm−1 to
3500 cm−1) by Si layers on c-Si substrates in a transmission set-up. The atomic
density of hydrogen bonded to Si atoms (cH) and the microstructure factor R*
of the a-Si:H material was among others determined with this method. The
atomic density of hydrogen (cH) in the a-Si:H network is determined from the
absorption peak at 640 cm−1 using the method of Langford et al.(34 ). The
microstructure parameter R* is the percentage of high stretching mode (HSM)
at 2080 cm−1 in a mixture with the low stretching mode (LSM) at 2000 cm−1,
i.e. R* =I2080/(I2000 + I2080). For the epitaxial layers on Si(100) we used the
ratio: R*� =I2114/(I2000 + I2114). Interference fringes from reflections at the
polished surface are negligible, since the wafer is measured at a 10-degree angle
from perpendicular incidence. A B-spline polynomial is used for the background
subtraction. We used cH(%) = nH/(nH + nSi) 100%, with the silicon atomic
density being nSi = 5 x 1022 cm−3.

2.2.4 High Resolution Transmission Electron Microscope
With High Resolution Transmission Electron Microscope (HR-TEM) images
we investigated the structural properties of the c-Si/a-Si:H interface in real
space and in reciprocal space (Fast Fourier Transform (FFT)), by diffraction
and with High Angle Annular Dark Field (HAADF) STEM imaging. To ob-
tain electron transparent samples, Focused Ion Beam (FIB) preparation is used.
Both carbon and platinum layers are used as protection and deposited before
FIB preparation (figure 2.3). HR-TEM studies are performed with a JEOL
ARM200F operated at 200 kV. For the HR TEM image of figure 5.7 a Tec-
nai TF20ST (200 kV) was used. In this case the cross-section of the sample
was prepared by conventional mechanical polishing and Ar ion milling, while
protecting the surface with glass glued on top.



21 2. Experimental and modeling methods

Figure 2.3: A cross section TEM image showing the carbon (C) and platinum (Pt)
protection layers that were deposited on the passivation sample prior to FIB preparation
of the c-Si/a-Si:H interface with HR-TEM.

2.2.5 A complete silicon heterojunction solar cell

We fabricated 1 cm2 SHJ solar cells on 10-cm diameter wafers with the design
depicted in figure 2.4. Since the Ag metal contact partially shadows the solar
cell, the effective area of the solar cell is 0.69 cm2 of the 1 cm2 surface area. The
a-Si:H layers were deposited with VHF PECVD at low pressure and a substrate
temperature of 130◦C. The p-layer was deposited with a gas flow consisting
of 17.5 sccm SiH4, 88 sccm H2, and 0.53 sccm trimethylborane (TMB) at a
gas pressure of 16 Pa. The deposition rate was 0.16 nm/s. The n layer was
deposited with 30 sccm SiH4, 30 sccm H2, and 0.15 sccm phosphine (PH3)
at 50 Pa. In this case the deposition rate was 0.08 nm/s. The 80 nm-thick
transparent conductive oxide layer was deposited by sputtering a tin doped
indiumoxide (ITO) with a sheet resistance of 60 ± 20 Ω/sq layer on top of the
amorphous silicon layers. Ag metal contacts were made by thermal evaporation.
After the depositions the solar cells were annealed in an N2 oven at 180◦C. Solar
cell with various i-a-Si:H layers were fabricated at a deposition temperature of
130◦C. We tested the influence of the silane fraction at SF=9.1% and SF=1.7%
and the thickness of the i-layer. Also i-layers with and without an externally
applied positive bias of +100V were deposited.

We used the WACOM solar simulator (with a Keithley instrument for the
current measurement) to measure current density versus voltage (J-V) curves
of the solar cell in a dark and illuminated situation. For the light conditions the
WACOM generates an AM1.5 spectrum (the light source combines a halogen
and a Xenon lamp) of 100 mW.cm−2. The J-V characteristics of SHJ solar cells
under dark and illuminated conditions are displayed in figure 2.5is described
by the following equation:
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Figure 2.4: Cross section of the heterojunction solar cell used to test the quality of
i-a-Si:H layers.
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Figure 2.5: J-V curves under dark and illuminated conditions are displayed. The
current density (Jmp) and voltage (Vmp) at the maximum power point and the short
circuit current density (Jsc) and open circuit voltage (Voc) of the illuminated solar cell
are indicated. The fill factor of the J-V curve is the ratio: (JmpVmp)/(JscVoc).
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J(V ) = J0[exp(
q(V − JRs)
nkBT

)− 1] +
V − JRs
RP

(2.4)

Where J[mA.cm−2] is the current density, V the voltage over the external load,
J0[mA.cm−2] the saturation current density, n the diode ideality factor, Rs the
series resistance inside the solar cell and Rp the shunt resistance inside the cell.
Under illumination (see figure 2.6) the current J(V) reverses due to the light
generated current JL[mA.cm−2]:

J(V ) = −JL + J0[exp(
q(V − JRs)
nkBT

)− 1] +
V − JRs
RP

(2.5)

The energy conversion efficiency of the solar cell is computed as follows:

η(%) =
VmpJmp
Pphoton,inc

100% (2.6)

In our test conditions the incident photon power density (Pphoton,inc) is 100
mW.cm−2.

In solar cells where charge transport is by diffusion and Shockley-Read-
Hall (SRH) recombination is limited by the minority carrier concentration1,
the diode ideality factor is n =1. In solar cells where the recombination is not
limited by the minority carrier and the injection level is high, the ideality factor
is n =2 (35 ). The best SHJ solar cells have an ideality factor of about n = 1.3.

1http://pveducation.org/

JL RP

RS

external 
load(J, V)

Figure 2.6: A Norton equivalent circuit of the illuminated solar cell circuit: incident
solar light is absorbed and a direct current (JL) is generated. The amount of current
(J) and voltage (V) on the external load is determined by the rectifying behavior of the
diode, a resistance in parallel (RP ) and a resistance in series (RS) to the external load.

http://pveducation.org/
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The wavelength dependent light absorption of the solar cell and its short
circuit current Jsc[mA.cm−2] can be determined with a spectral response mea-
surement. The spectral response measurement illuminates the solar cell with
a mono-chromatic probe beam that scans from 350 to 1200 nm. Comparing
the measurement result with a simultaneous measurement on a reference diode,
enables to determine the spectral response of the solar cell under short circuit
current conditions.

2.3 In-line versus batch-type plasma
deposition

We compared the surface passivation quality of samples fabricated with in-line
(i.e. dynamic) and batch-type (i.e. stationary) deposition in chapter 5. The in-
line deposition reactor of figure 2.7 was used to perform both in-line (moving
substrate) and batch (stationary substrate) VHF PECVD deposition. This
system consisted of a vacuum chamber with a tunnel inside. Inside the tunnel
a wagon with substrate holder and dummy carriers can move back and forth
through the plasma zone in the central chamber of the tunnel. The volume of
this central chamber is 1.06 x 10−3 m3 and the plasma zone occupies half this
volume. One rectangular electrode below the plasma zone fed power into the
discharge and the grounded counter electrode was formed by the substrate or
a dummy carrier. The electrode separation is 2 cm. In case of a stationary
deposition the substrate faced the plasma zone from the moment of ignition.
In case of dynamic deposition the substrate was outside the plasma zone at
the moment of ignition and started to move once the plasma had reached
steady-state conditions. A dummy carrier formed the grounded anode when
the substrate was outside the plasma zone, and this enabled smooth entrance
of the substrate into the plasma zone.

2.4 Numerical modeling

2.4.1 Fluid model
We compared our experimental results with the modeling results of a self con-
sistent fluid model of the SiH4-H2 glow discharge. The fluid model uses the
Boltzmann transport equation to set up equations for the transport of particles
(electrons, ions and neutrals), impulse and energy. Plasma chemical reactions
are modeled with reaction constants and layer growth is modeled with sticking
coefficients in combination with reaction constants. The Boltzmann equation
is used to model the energy distribution of the electrons in the high-frequency
electric field. This 2-dimensional model of the cylindrically symmetric reactor,
with the spatial dimensions r (0-100 mm divided in 65 grid points) and z (0-
27 mm divided in 49 grid points), was built and described by Nienhuis et al.
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Figure 2.7: Vertical cross section of the in-line deposition system LQC-300 ECN. Both
dynamic and stationary depositions can be performed. The substrate is mounted on a
wagon together with dummy carriers in front and behind. Dummy carriers form the
grounded anode when the substrate is outside the plasma zone.

(36 ). In the analysis presented here the fluid model is used to compute an ex-
tensive set of time varying plasma parameters in the discharge. The following
parameters have been modeled: electric potential, electron energy distribution
function, electron density, and radical and ion densities (both positive and
negative ions) as well as their fluxes to the electrodes. These quantities and
distributions are used to explain the experimental ion bombardment trends and
are used to calculate the OES line intensities of Si* (and the SiH* band) (37 ,
38 ).

The fluid model (36 ) simulates a-Si:H layer growth with a temperature
independent surface reaction probability β and a surface sticking coefficient s.
For example β is 0.26 and s is 0.09 for SiH3. For SixH2x+1 (x ≥ 2) radicals
the same β and s are assumed. For SiH2 on the other hand, β is 1 and s is
0.7. All SixH+

y ions bombarding the surface are assumed to contribute to the
simulated deposition rate. This will result in an upper limit for the deposition
rate as not all SixH+

y ions stick to the surface; some ions may for example
strip atomic H from a Si-H bond on the surface. The a-Si:H deposition rate
is determined by dividing the number of deposited Si atoms by the Si atomic
density, being 5 x 1028 m−3 (=5 x 1019 m−2nm−1). Incident atomic H from
the plasma abstracts a bonded H atom from the surface with probability of 0.8
and subsequently desorbs as H2. The chance that an incident H atom reflects
is 0.2. In the simulations, the hydrogen content of the Si films is maintained
at 10 atomic percent, by adjusting the desorption of H2.

The fluid model has restrictions in its applicability. It simulates collision-
dominated PECVD discharges and therefore the gas pressure should be above
10 Pa. In the fluid model the substrate temperature has only an effect on
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the gas density. The (surface) temperature is not influenced by the plasma or
chemical reactions on the surface.

The model of Nienhuis et al.(36 ) was extended in this research with hydro-
gen chemistry, such as the production of H+

3 (H+
2 + H2 −→ H+

3 + H (39 )).
Also electron energy dissipation processes have been added, among others the
process H2 + e− −→ H∗

2,α −→ 2H + e− with radiative relaxation, that creates
visible light emission from the plasma (40 ). However, etching or chemical sput-
tering were not included in the model, as this would require as yet unavailable
data.

2.4.2 Monte Carlo model
A Monte Carlo model based on the null collision method (41 ) is used to simu-
late the distribution of bombardment energies of H+

2 , H
+
3 , SiH

+
y and Si2H+

y ions
on the electrodes. To simulate ion trajectories through the reactor, the Monte
Carlo model uses the space and time dependent electric field and ion produc-
tion, generated by the fluid model. Ions are released one at a time. The release
time (t0) and position (z0) on the axis of the reactor (r=0) are determined by
a randomized drawing from the ion production distribution, S(t, z), during one
full rf period. After release the ion can be accelerated by the electric field and
it can collide with a neutral of the feedstock gas (SiH4 or H2). The time step
used to advance the ions between collisions is taken equal to the time step in
the fluid simulation, 1/256 of the rf period (6.5 x 10−11 s). A collision between
two reactants can result in the following type of interactions: resonant charge
exchange reactions (39 , 42 ), elastic collisions (using the hard sphere model,
as is recommended by Perrin et al. (43 )), and the production of different ion
species. The ion continues its trajectory until it hits another neutral or one
of the electrodes (the chance of hitting a side wall is negligible for an ion that
starts at r=0). For the ions that hit the grounded or the powered electrode the
impact energies and angles are recorded.

The IED peak that is formed by ions that collided one or two times during
their trajectory from the pre-sheath to the surface is labeled the elastic peak
in this work. The elastic peak position is mainly determined by the plasma
potential (Vpl). Simulated IEDs count only ions that impinge on the substrate
surface at an incident angle less than 15◦, in agreement with experimental
conditions. However, all angles are considered in the computation of the ion
flux and ion energy flux. For the IEDs at the powered electrode we rely on the
model, because only the dc-self bias VDC and the rf voltage amplitude (Vrf )
are measured on the powered electrode. Since the kinetic energy of the ions in
the sheath is higher than in the plasma bulk, reactions in the sheath can be
endothermic and take place at a different rate than in the plasma bulk. For
example, the dissociation of H+

3 (H+
3 + H2 −→ H+

2 + H2 + H(39 )) takes place
in the sheath, but not in the plasma bulk. IED modeling results are shown in
chapter 3 and 4.



3. A SiH4 dilution series in
SiH4-H2 discharges

Abstract
We studied ion bombardment during amorphous silicon layer deposition for
silane fractions SF (SF (%) = [SiH4]/[H2]*100) ranging from SF = 0% to 20%
with mass resolved IED measurements and simulations. The trends in the
peak position of H+

2 and SiH+
y IEDs with decreasing silane fraction show good

agreement between measurements and simulations. A difference in asymmetry
of the discharge between simulations and measurements results in a roughly
6 eV lower peak position for the simulations. A decreasing SiH+

y ion flux with
increasing silane fraction is measured. We hypothesize that this is due to Si
etching at low SF that is enhanced by H+

y ion bombardment.

3.1 Introduction

In this chapter we show how ion bombardment changes for a series of silane
concentrations in the SiH4-H2 feedstock gas mixture. We analyze trends of
the peak ion energies and the ion flux when increasing the silane fractions SF
(SF (%) = [SiH4]/[H2]*100) from SF = 0% (pure H2 discharges) to 20% of
our source gas mixture. The positive ions reaching the surface transfer kinetic
energy and momentum to the growing surface. For the discharges that we study
at least 10% of the Si atoms deposited originate from Si containing positive ions
(13 ). With rising silane fraction in the plasma the amorphous silicon growth
rate increases (44 ). The silane concentration series used here are used to create
symmetric passivation samples in chapter 5.

The crystallinity of the growing layer depends, among others, on ion bom-
bardment, substrate temperature, and substrate type. On glass, usually first
an amorphous silicon incubation layer grows, followed by nucleation and local
epitaxy. Enhanced ion bombardment, though, can result in a fully crystallized
interface layer (45 ). However, direct epitaxial crystal growth has been found
to be very likely on a c-Si substrate, especially on the Si(100) crystal plane

27
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(46 , 47 ). It is reported in the literature that at low substrate temperature ion
bombardment energies above 30 eV break Si epitaxial growth (25 , 26 ).

In this study we measured and modeled the Ion Energy Distribution (IED)
functions of positive ions bombarding the grounded electrode (where the sub-
strate is normally attached) of our SiH4-H2 VHF PECVD discharge.There is
good reason to look separately at bombardment by hydrogen ions and the heav-
ier silicon containing ions, like SiH+

3 and Si2H+
5 . Since the mass and size of

the SiH+
3 ion are comparable to the silicon atom in the deposited layer, much

more energy is transferred from ion to atom in a collision. A silicon ion can
displace Si atoms and create structural defects just below the growth surface
(45 ). On the other hand, the small-sized hydrogen ion can easily penetrate
into the growing layer, and therefore ion implantation is much more likely for
the hydrogen ion. A pure hydrogen plasma applied on a deposited amorphous
silicon layer can improve the hydrogenation of this silicon layer (48 ) and etch-
ing can occur (49 ). It should be noted that H+

3 is most probably converted
into 3H or H2 and H by dissociative recombination at the moment of impact
(50 ). Moreover, atomic H from the H2 plasma that diffuses into the deposited
amorphous silicon layer can induce crystallization (51 ).

3.2 Results

3.2.1 Measured and simulated Ion Energy Distributions

The Ion Energy Distributions (IEDs) of H+
2 , H

+
3 , SiH

+
2 , SiH

+
3 , Si2H

+
4 , Si2H

+
5 are

measured for silane fractions 0% to 20% at a substrate temperature of 130◦C.
IED simulations are also performed for these ions, although in the simulation
the SiH+

2 and SiH+
3 are treated in a lump sum labeled SiH+

y . For a good
comparison the measured IEDs of SiH+

2 and SiH+
3 are therefore also summed

and this sum is labeled SiH+
y . With the plasma analyzer we cannot measure

the mass resolved ion current for all incident angles. Based on total ion flux
measurements under similar conditions (52 , 53 ), we expect a total ion flux of
the order of 1019 m−2.s−1 and our simulation results show the same order of
magnitude.

The measured and simulated H+
2 IEDs are displayed in figures 3.1 and 3.2.

Both the sets of IEDs show a large peak at high energies and its low energy
tail is modulated with smaller peaks that result from charge exchange collisions
between H+

2 and H2. The large IED peak at the highest energy is the elastic
peak which is constant for all dilutions at 25.5 eV. The elastic peak is formed
by ions that collided one or two times during their trajectory from the pre-
sheath to the surface, and therefore this peak position is mainly determined
by the plasma potential. From SF=1.7% to 20% this H+

2 elastic peak intensity
decreases roughly 3 times. The measured low energy charge exchange peaks
are attenuated by the transmission of the plasma analyzer(42 , 54 ) and are
therefore more pronounced in the simulated H+

2 IEDs displayed in figure 3.2.
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Figure 3.1: Measured H+
2 IEDs of a H2-SiH4 dilution series with p = 25 Pa,

Prf = 57 mW.cm−2 at 60 MHz and Tsubs = 130◦C. VDC = 7 ±1 V and Vrf = 60
±2 V for all dilutions.
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Figure 3.2: Simulated H+
2 IEDs of a H2-SiH4 dilution series with p = 25 Pa,

Prf = 57 mW.cm−2 at 60 MHz and Tsubs = 130◦C. VDC is for all dilutions about
28.2 ±0.5 V and Vrf = 81 ±1V.
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Figure 3.3: Measured SiH+
y IEDs of a H2-SiH4 dilution series with p = 25 Pa,

Prf = 57 mW.cm−2 at 60 MHz and Tsubs = 130◦C. VDC = 7 ±1 V and Vrf = 60
±2 V for all dilutions.

The elastic peak position in the simulated H+
2 IEDs is also constant for all

SF , but 5.5 eV lower than in the experiment, which is attributed to a different
VDC and Vrf . In the simulations the elastic peak intensity is decreasing by a
factor 3 when the SF increased from 1.7% to 20%, the same as in the experi-
ments. The measured SiH+

y IED peak position in figure 3.3 gradually decreases
from 27.9 to 26.6 eV for increasing SF from 1.7% to 20% and is overall a few
eV more than the H+

2 elastic peak position. The area under the experimental
SiH+

y IEDs, proportional to the SiH+
y flux, decreased by almost a factor 2 from

SF 1.7% to 20%. With pure hydrogen (SF= 0%) we measure a SiH+
y IED with

high intensity and therefore we suggest that the measured SiH+
y intensity trend

is due to amorphous silicon being etched from the electrodes and reactor walls
by the plasma.

The simulated SiH+
y IEDs in figure 3.4 show no significant change in peak

position, being 21 eV. The SiH+
y flux increases by a factor 5 when increasing

the silane fraction from SF=1.7% to 20%. The experimental IEDs show an
opposite trend: the SiH+

y flux is decreasing with SF . Probably, there is etching
during layer growth. The resulting chemical transport from the cathode to the
anode and vice versa adds SiH4 to the discharge and this increases the SiH+

y

flux to the growing film. Simulations show that the silane ion contribution to
the layer growth is 18 ±1% for all dilutions, assuming that all incident silane
ions stick to the surface. The real sticking probability is probably between 0.5
and 1. It is likely that an incident ion creates a Si dangling bond on the Si-H
terminated surface and the next incident silane ion can attach to the Si dangling
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Figure 3.4: Simulated SiH+
y IEDs of a H2-SiH4 dilution series with p = 25 Pa,

Prf = 57 mW.cm−2 at 60 MHz and Tsubs = 130◦C. VDC is for all dilutions about
28.2 ±0.5 V and Vrf = 81 ±1V.

bond and contribute to layer growth. Changing the sticking probability from
1 to 0.5 can change the modeled ion contribution at SF = 1.7% from 17% to
8.5% and this would result in a reduction of the modeled deposition rate by
8.5%.

The simulated mean free path (λ) of SiH+
y at SF= 20% is λ=735 µm, which

is slightly shorter than at SF= 1.7%, where it is λ=747 µm. Also, the simulated
sheath width at SF= 1.7% is wider than at SF= 20% (see figure 4.10). This
we also learn from the shift towards lower energy with decreasing SF for the
H+

2 charge exchange peak positions in figure 3.1 and 3.2. We can calculate
the sheath thickness from the positions of the charge exchange peaks in the
measured H+

2 IEDs (figure 3.1) with the model of Wild and Koidl (13 , 55 ).
Fitting the peaks with this model shows that dsheath is decreasing with SF from
3.4 mm at SF= 1.7% to 2.7 mm at SF=20% and that at larger sheath width,
the charge carrier density in the sheath is smaller. This is in good agreement
with the fluid model results.

For increasing SF the elastic peak position of the IEDs is constant because
the plasma potential Vpl is nearly constant. Vpl during our measurements is
calculated as follows:

Vpl = 0.5(Vrf + VDC) + kBTe/e (3.1)

VDC and the rf voltage on the powered electrode (Vrf ), measured with the V-I
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probe, were measured simultaneously with the IED measurements. kBTe was
determined by simulations. Simulations show that kBTe decreases from 4.4 to
3.5 eV from SF=1.7% to 20%. Using equation 3.1, we find that Vpl = 30.6 V at
SF=20% and 29.5 V at SF= 1.7%. In the measurements the SiH+

3 elastic peak
position is at 0.88 Vpl,meas at SF= 20% and 0.95 Vpl,meas at SF= 1.7%. If the
SiH+

3 ions do not collide during their trajectory through the sheath, they will
bombard the substrate with the energy eVpl,meas. However the elastic peak is
formed by ions that collide elastically (a hard sphere model is used) with H2 and
SiH4 neutrals a few times on their path through the sheath. At higher SF there
is more SiH4 in the gas mixture and the SiH+

3 ion loose more kinetic energy in
a collision with SiH4 than with H2. In simulations the SiH+

3 IED elastic peak
position is about 6 eV lower than in measurements. This is because Vpl,sim
is for all SF almost 2 V lower than Vpl,meas and ions losing more energy in
collisions during their trajectory through the sheath in simulations: the elastic
peak position is at 0.75 Vpl,sim.

The modeled Vrf (∼85 V) is higher than the experimental value: ∼60 V.
Also, the modeled VDC (-28V) is more negative than the experimental VDC
(-7V) and therefore Vpl,sim is lower than Vpl,meas. The measured VDC and
Vrf do not correspond to the geometrical ratio of the grounded and powered
electrode area, but they correspond to a more symmetrical discharge. The
discrepancy between measurements and simulations for the generated VDC and
Vrf could be caused by an edge effect in the electrical potential on the rim of the
powered electrode. The ceramic ring between powered electrode and guarding
ring is not included in the model and this is expected to cause other edge
effects than the vacuum modeled. The electrical potential edge effect will not
influence the trajectory of the ions that build up the simulated and measured
IEDs, because with simulations we observe that these ions are produced in the
middle of the discharge and remain there during their trajectory through the
sheath.

3.2.2 Deposition rate and energy deposited per deposited
Si atom

Figure 3.5 shows that the simulated and measured deposition rates are increas-
ing with the silane fraction. The simulated amorphous Si deposition rate is
calculated with a surface reaction probability β = 0.26 and a surface sticking
coefficient s = 0.09 for SiH3, as described by Nienhuis et al. (36 ). The first layer
of Si growth is treated the same way as the rest of the layers grown and in this
sense the substrate is ignored in the very initial stage of growth. We observed
that when we grow 50 nm Si on glass, the Si material is completely amorphous
for all SF investigated and these depositions are the basis for the deposition
rate displayed in figure 3.5. The deposition rate decreases linearly with the
SiH4 concentration in the plasma, as determined by simulations. These results
are in agreement with a similar experiment found in the literature (44 ). In
measurements we observe that the increase in deposition rate with increasing
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Figure 3.5: Simulated and measured a-Si:H deposition rate on glass (left y-axis). The
Si* OES intensity (a.u.) recorded simultaneously with depositions and the modeled Si*
OES intensity (a.u.) are displayed on the right y-axis.

silane fraction is leveling off, this is possibly the result of net chemical transport
from cathode to anode due to etching. The measured and simulated Si* OES
intensities are proportional to the growth rates, as expected (56–58 ).

Figure 3.6 shows that the modeled H+
y supplied energy per deposited Si

atom is more rapidly declining with increasing SF than the ratio of atomic H
flux (Ga,flux) to deposition rate. The H+

y impact energy supplied per deposited
Si atom is the ratio of the H+

y energy flux and the Si deposition flux to the
grounded electrode. The H+

y energy flux to the surface included all incidence
angles. We assume that most of the H+

y is implanted in the growing Si layer
and that therefore all bombarding energy is transferred to the growing layer.
The modeled H+

y impact energy supplied per deposited Si atom on the anode
is declining 29.4 eV at SF=1.7% to 1.3 eV at SF=20%. Simulations show that
the SixH+

y energy flux supplies about 3 eV to the surface per deposited Si atom
for all SF . In simulations the SixH+

y flux is proportional to the deposition rate
and increases with SF . In our experiments we also see that the deposition rate
is increasing with SF , however the SiH+

y flux is decreasing with SF . The SiH+
y

flux can supply energy to the substrate surface and the generated energy flux
per deposited Si atom is also decreasing with SF .
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Figure 3.6: The simulated and measured deposition rate (left y-axis) together with
the simulated atomic hydrogen flux (Ga,flux) to deposition rate ratio and the modeled
H+
y energy supplied to the substrate per deposited Si atom (right y-axis). The point

Ga,flux/rdep=1.21 x 1020 H atoms.m−2.s−1/2.7 x 1019 Si atoms.m−2.s−1= 4.5 H per
deposited Si atom at SF=20%.
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3.3 Conclusions

We investigated ion bombardment during cc VHF PECVD depositions of a-Si:H
thin films at SF= 0% to 20% and we draw three conclusions:

1. The elastic peak energies of the measured SiH+
y IEDs show an increase of

a few eV with decreasing SF both at 80◦C and at 130◦C. The elastic peak
positions of the experimental H+

2 IEDs stay constant with increasing SF ,
but at a few eV lower than the SiH+

y elastic peak.

2. The modeled H+
2 and SiH+

y IEDs show a constant elastic peak position
in our SF series. However, the elastic peak position simulated is about 6
eV lower than the measured peak position. This can be explained by a
higher Vpl and more negative VDC in the simulations.

3. We measure a decreasing SiH+
y ion flux to the grounded electrode with

increasing SF , which we cannot explain with simulations. The H+
y impact

energy supplied per deposited Si atom is rising at a higher rate than the
atomic H flux (Ga,flux) to deposition rate ratio. Therefore we hypothesize
that a-Si:H etching is enhanced by H+

y ion bombardment that results in
a decreasing SiH+

y flux trend with increasing SF .
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4. Chemical sputtering by
H+
y ions during Si

deposition

Abstract
We investigated chemical sputtering of silicon films by H+

y ions (with y being
2 and 3) in VHF PECVD discharges in detail. In experiments with discharges
created with pure H2 inlet flows we observed that more Si was etched from the
powered than from the grounded electrode and this resulted in a net deposi-
tion on the grounded electrode. With experimental input data from a power
density series of discharges with pure H2 inlet flows, we were able to model this
process with a chemical sputtering mechanism. The obtained chemical sputter-
ing yields were (0.3-0.4)±0.1 Si atom per bombarding H+

y ion at the grounded
electrode and at the powered electrode (0.4-0.65)±0.1. Subsequently, we in-
vestigated the role of chemical sputtering during PECVD deposition with a
series of silane fractions SF ranging from SF = 0% to 20%. We experimen-
tally observed that the SixH+

y flux is not proportional to SF , but decreasing
from SF = 3.4% to 20%. This counterintuitive SixH+

y flux trend was partly
explained by an increasing chemical sputtering rate with decreasing SF and
partly by the reaction between H+

3 and SiH4 that forms SiH+
3 .

4.1 Introduction

Hydrogenated micro-crystalline silicon (µc-Si:H) and amorphous silicon (a-Si:H)
layers are used in solar cells and are usually created by capacitively coupled
Plasma Enhanced Chemical Vapor Deposition (cc PECVD). In a cc PECVD
plasma, ions are formed that bombard the growing layer of Si material. It is
well known that ion bombardment from SiH4-H2 PECVD discharges affects
the bonding structure within the silicon network (45 , 59 ), compactness (13 ),
uniformity, degree of hydrogenation (60 ) of the layer, and its interface with the
substrate (45 ). But chemical sputtering of Si by H+

2 and H+
3 (i.e. H+

y ) ions in
a PECVD discharge has not been analyzed in detail before.
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In the previous chapter we observed a counterintuitive trend: the SiH+
y flux

was not proportional to the silane fraction (SF ) in the feedstock gas mixture.
We also observed that for SF from 1.7% to 20% the H+

y flux falls significantly
and at low SF the H+

y bombardment deposits a large amount of energy per
deposited Si atom (e.g. 29 eV at SF = 1.7%). Moreover, we measured a
significant SiH+

3 flux at SF = 0%.
In an effort to reveal possible causes for the SiH+

y flux trend, we hypoth-
esized that etching through chemical sputtering by H+

y bombardment creates
etch products that contribute to the SiH+

y flux at low SF . We are not the first
to attribute a role to hydrogenic (H+

y ) ions in the etching process. Leroy et
al. (61 ) measured and modeled rf PECVD deposition under similar deposition
conditions (40 Pa and SF = 11%) and suggested that etching during deposi-
tion was mainly by H+

y ions, since the contribution of atomic hydrogen (H)
etching as expected by the model of Abrefah and Olander (62 ) was negligible
(<3%). However, their analysis focused on radicals in the discharge and not
on ion bombardment. In this study we compare experimental data with results
from a 2D fluid model and a Monte Carlo model to develop a chemical sputter-
ing model for PECVD discharges as well as to reach an understanding of the
counterintuitive SiH+

y flux trend.
For a chemical sputtering process the ions must be able to penetrate into

the target material with a collision cascade and create strained Si-Si bonds in
the film network. The minimal ion energy (Edam) needed for these processes
is about 20 eV for H+

y ions that are implanted in crystalline Si (c-Si)(17 ). The
H+

3 ion is the main component of the H+
y flux in our PECVD plasmas. The

H+
3 ion converts into either molecular and atomic hydrogen (H2 + H) or only

atomic hydrogen (3H) by dissociative recombination at the moment of impact
(50 ). Desorbing species are also formed near the ion penetration depth and this
shows the chemical activity of the hydrogenic ions (63 ). Atomic H diffusing
through Si can break a weak Si-Si bond, it can passivate the Si dangling bonds
formed, and it can recombine with another H atom and form molecular H2.
Si-Si bond breaking reactions involved in atomic H etching have an activation
energy of about 0.4 eV (64 ). However, Wanka et al. (65 ) observed that the
a-Si:H etch rate by atomic H, formed with a hot tungsten filament, reduces
for temperatures above room temperature. Two mechanism can explain this
observation: reduced atomic H surface coverage at elevated temperatures due
to either enhanced atomic H recombination and desorption (66 ) or enhanced
atomic H diffusion into the bulk (62 ). The chemical sputtering rate of H+

y

ions is relatively constant from room temperature to 130◦C (67 , 68 ) and this
suggests that the atomic H surface coverage is not rate limiting for the chemical
sputtering process in this temperature range. Physical ion sputtering of Si
can be excluded because the ion bombardment energies in our SiH4-H2 VHF
PECVD discharges remain below the threshold energy for physical sputtering.
This threshold energy depends on the mass ratio of projectile and target atom
and is about 50 eV for Ar+ ions (19 ) that sputter Si. Therefore it is not
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momentum transfer that removes etch products from the surface in the chemical
sputtering process, but thermal desorption.

It is important to realize that the chemical sputtering on both electrodes can
be different. The process in which silicon is etched from the powered electrode
and redeposited on the grounded electrode is known as chemical transport
(69 ). In this process, the etch rate is lower than the gross deposition rate at
the grounded electrode and at the powered electrode the etch rate is higher
than the deposition rate. The net deposition rate on the grounded electrode
can have several reasons, among others: a difference in the H+

y ion flux between
powered and grounded electrode, a difference in temperature, and an ion energy
dependent etch yield.

Recent theoretical studies by Heil et al.(70 ) and Lafleur et al.(71 ) show how
an Electrical Asymmetry Effect (EAE) can be created in a geometrically sym-
metric reactor with a tailored waveform. This method is applied by Bruneau
et al. (26 ) for the deposition of Si at low SF . In this study we aim to further
increase the understanding of the capacitive discharges at low SF that are ex-
cited with a single sinusoidal wave and this is also relevant for excitation by
complex waveforms, as used for the EAE method. In this study, we used a
reactor design similar to the GEC reference reactor (72 ). The deposition con-
ditions used are in the regime of good quality a-Si:H as was confirmed by tests
(see Chapter 5) using the material created with SF = 1.7% as the passivation
layer in flat SHJ solar cells.

4.2 Experimental

In order to test the chemical sputtering model in our VHF PECVD reactor and
to determine the etch yield Y (number of Si atoms etched per impinging H+

y

ion) we performed two series of Si depositions on glass. We applied a pure H2

plasma at power densities 57 mW.cm−2, 114 mW.cm−2 , and 171 mW.cm−2 in
a reactor with Si on the electrodes and side walls. This resulted in Si deposition
on a strip of Corning glass substrate, mounted on the grounded electrode. The
H2 gas flow in these experiments was 60 sccm at 25 Pa. In the first series the
substrate temperature was 130◦C and in the second series the complete reactor
was cooled down to room temperature.

The Si layers deposited on the glass on the grounded electrode were a-Si:H
layers thinner than 100 nm. The Si layers on the powered electrode are directly
deposited on the stainless steel showerhead electrode. Their crystallinity and
hydrogenation is not monitored in-situ and therefore unknown. The chemical
sputtering etch yield depends on the crystallinity of the material, which is not
taken into account in our chemical sputtering model. The Si target layers are
most probably amorphous near the surface, due to the intense ion bombardment
on the powered electrode.

The silane fraction series from SF=0% to 20% had the following plasma
conditions: a gas pressure (p) of 25 Pa, a power density (Prf ) of 57 mW.cm−2
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and a substrate temperature (Tsubs) of 130◦C. At SF = 20% gas flows of 10
sccm SiH4 and 50 sccm H2 were used. We subsequently decreased SF in our
experiment by keeping the total flow at 60 sccm and reducing the SiH4 flow in
steps to 0 sccm.

4.3 The modeling of chemical sputtering

Chemical sputtering experiments with discharges created with a pure H2 in-
let flow were performed to find the etch yield (Y) on the electrodes. We use
the diagram of figure 4.1 to tag the different silane flows and hydrogen fluxes
involved in the chemical sputtering model. In our experiments a glass sub-
strate is mounted on the grounded electrode and a Si layer is present on the
powered electrode. The H2 plasma etches Si from the powered electrode and
this creates a flow Siinlet,P of SixH2x+2 neutrals into the discharge. Part of
the desorbed neutrals are dissociated and ionized in the discharge and form
the gross deposition rate to the grounded (rgross,G [nm/hour]) or powered elec-
trode. Once Si deposits on the glass, it can also be etched away and this forms
the flow Siinlet,G. The term rnet,G [nm/hour] is the net Si deposition rate on the
glass, which is experimentally determined from the Si layer thickness and H2

plasma exposure time. The amount of SiH4 and Si2H6 created by the chemical
sputtering at Prf= 57 mW.cm−2 is quantified with the SiH+

2 and Si2H+
4 RGA

signals.
The 2D fluid model computes the gross deposition rate rgross,G (without

etching) based on the amount of SiH4 in the feedstock. Moreover, it computes
the H+

y flux to the grounded (ΓG,H+
y
) and powered (ΓP,H+

y
) electrode. The

atomic H fluxes to the grounded (Ga,flux) and powered (Pa,flux) electrode are
also modeled and are used in the argumentation. Our chemical sputtering
model is summarized in equations 4.1 and 4.2 below and assumes that the Si
etch rate is determined by the H+

y flux of ions with energies above 20 eV. The
flow of Si atoms that are brought into the discharge by chemical sputtering on
the grounded and powered electrode can be calculated as follows:

Siinlet,G/P = YG/P [atoms/ion]ΓG/P,H+
y

[ions.m−2.s−1]AG/P [m2]

Siinlet = Siinlet,G[atoms.s−1] + Siinlet,P [atoms.s−1]
(4.1)

Where YG/P is the yield, i.e. the number of Si atoms etched per impinging H+
y

ion on the grounded (YG) or powered (YP ) electrode. AG and AP denotes their
area. Siinlet is thus the amount of Si atoms per second that is brought into the
discharge. In the model we assume that all etched Si atoms enter the discharge
as SiH4 and Siinlet is then converted to sccm SiH4 and subsequently used to
determine rgross,G with the fluid model. The net deposition rate rnet,G on the
grounded electrode as a consequence of gross deposition (rgross,G) and etching
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Figure 4.1: Diagram of the parallel plate reactor with on the left side the silane flows
Siinlet,G and Siinlet,P and the deposition (rgross,G and rnet,G) and etch (rnet,G) rates
and on the right side the H+

y ion (Γ
G,H+

y
and Γ

P,H+
y
) and atomic H fluxes (Ga,flux and

Pa,flux). rnet,G can be quantified by depositions on glass, the other flows and fluxes
are determined by simulations.

by chemical sputtering (retch,G[nm/hour]) is modeled with the formulas:

retch,G[nm/h] =
3600[s.h−1]YG[atoms/ion]ΓG,H+

y
[ions.m−2.s−1]

nSi[m−2.nm−1]

rnet,G[nm/h] = rgross,G[nm/h]− retch,G[nm/h]

(4.2)

where nSi is the Si atomic density of pure silicon, being 5 x 1019 m−2.nm−1,
and 3600 s.h−1 converts per second into per hour. rgross,G is calculated by the
fluid model based on the equivalent SiH4 inlet flow. Combining measured and
computed quantities for two Prf settings gives sufficient information to obtain
the values of YG and YP . Starting point is the discharge at a power of 57
mW.cm−2, where we have additional information on the silane inflow from the
RGA measurements.
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4.4 Results

4.4.1 The chemical sputtering yield
In order to provide the chemical sputtering model with input data, we
performed PECVD Si depositions on a glass substrate with only H2 feed-
stock gas. We made series of Si depositions both at Tsubs = 130◦C and at
Tsubs = 25◦C at three different Prf . Table 4.1 shows rnet,G of the two se-
ries. At Prf = 57 mW.cm−2 nothing was deposited on the glass. Therefore we
started the experiment with a 40 nm thick a-Si:H layer on glass to see if the
layer is etched. The Prf series at Tsubs = 25 ◦C shows only a slightly lower
rnet,G than at Tsubs= 130◦C for Prf= 114 and 171 mW.cm−2.

For the computation of the etch yields YG and YP at Tsubs = 130◦C we
used three assumptions: YG does not change in our Prf series since the H+

y

ion energies do not increase a lot (see figure 4.2), YP can increase for higher
H+
y bombardment energies and rgross,G is proportional to the SiH4 inlet flow.
In figure 4.2 the measured H+

3 IEDs of the Prf series created with only
H2 feedstock gas at Tsubs = 130◦C are shown: all H+

3 ions that bombard the
grounded electrode have energies between 20 and 40 eV and thus contribute
to the chemical sputtering. With the Monte Carlo code (see Supplementary
Material section 4.8.2) we found that the peak in the H+

3 IED at the pow-
ered electrode (EP ) can be calculated with the measured VDC and the plasma
potential (Vpl):

EP [eV/ion] = 0.98(|VDC |+ Vpl) (4.3)

The experimental Vpl for a given Prf is roughly equal to the H+
3 IED peak

position at the grounded electrode. The inset table of figure 4.2 shows the
experimental Vpl, the experimental VDC , EP and Vrf . When we put the

Table 4.1: Experimental results for H2 plasma etching at 25 Pa.

Prf rnet,G rnet,G
[mW.cm−2] Tsubs=130◦C Tsubs=25◦C

[nm/h] [nm/h]
57 -30a 0a
114 +95 +70
171 +137 +132
aDetermined by starting with a 40 nm thick
a-Si:H layer on glass. Due to the H2 plasma
treatment the a-Si:H layer may become more
crystalline.
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Figure 4.2: The H+
3 IEDs on the grounded electrode as measured with IMS. The Prf

series at Tsubs = 130◦C is shown. The flow is 60 sccm H2 and the pressure is 25 Pa.
The insert table shows how Vpl, VDC , EP and Vrf increase with Prf .

experimental values in eq. 4.3, we find EP at 34, 53 and 72 eV for Prf = 57,
114 and 171 mW.cm−2 respectively.

With the equations and assumptions presented above we calculated the etch
yields YG and YP of the Prf series (see tables 4.2 and 4.3). Starting point is
the discharge at Prf = 57 mW.cm−2, where RGA measurements showed that
chemical sputtering introduces a flow of Si atoms into the discharge that is
equivalent to 0.35 sccm SiH4 (see section 4.4.4). With an inlet flow of 0.35 sccm
SiH4 the fluid model computed rgross,G=133 nm/h and the tabulated ΓG,H+

y

and ΓP,H+
y

at Prf = 57 mW.cm−2. With the net deposition rate, rnet,G of
table 4.1, using eq. 4.2b, the etch rate becomes: retch,G = 163 nm/h. This value
is used to calculate YG with eq. 4.2a: YG = 0.3. YP is then the only unknown
left in eq. 4.1: YP = 0.40. YG is kept fixed at 0.3 in the YP computations for
Prf = 114 and 171 mW.cm−2. By using the measured rnet,G and YG =0.3,
we obtained the gross deposition rate and found a higher value than obtained
for 0.35 sccm SiH4, showing that chemical sputtering at higher Prf created
a larger equivalent SiH4 inflow (i.e. Siinlet in eq. 4.1). The fluid model was
therefore rerun with an inflow of 1 sccm SiH4 and 59 sccm H2 to compensate for
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Table 4.2: Modeling results at p= 25 Pa and Tsubs = 130◦C.

Prf ΓG,H+
y

ΓP,H+
y

YG YP rgross,G Getch
[W.cm−2] [m−2.s−1] [m−2.s−1] [nm/h] [nm/h]
0.057 0.8 x 1019 1.3 x 1019 0.3 0.40 133 163
0.114 1.2 x 1019 2.5 x 1019 0.3 0.60 333 256
0.171 1.4 x 1019 3.3 x 1019 0.3 0.55 437 300
0.171 1.4 x 1019 3.3 x 1019 0.4 0.65 540 403

Table 4.3: 4.2 Cont’d: modeling results at p= 25 Pa and Tsubs = 130◦C.

Prf aSiH4 rgross,G Getch rnet,G
[mW.cm−2] [sccm] [nm/h] [nm/h] [nm/h]
57 0.35 133 163 -30
114 0.83 351 256 +95
171 0.99 437 300 +137
171 1.21 537 400 +137
aInflow of SiH4 due to etching.

possible changes in the ion fluxes, resulting in the tabulated values. Since H+
y

ion energies at the grounded electrode at Prf = 171 mW.cm−2 are comparable
to the ion energies at Prf = 57 mW.cm−2 at the powered electrode, we also
made a calculation for the situation with YG = 0.4 at Prf = 171 mW.cm−2 (last
row of tables 4.2 and 4.3). This resulted in YP = 0.65 at Prf = 171 mW.cm−2,
which is slightly higher than at Prf = 114 mW.cm−2. It is expected that the
chemical sputtering yield increases with higher H+

y ion energies for the range
of energies investigated and therefore with increasing Prf (see Supplementary
Material section 4.8.1 for the complete computation of the chemical sputtering
yields).

The chemical sputtering yield is not expected to vary with the H+
y flux, since

the ΓG,H+
y
and ΓP,H+

y
stay well below 1020 ions.m−2.s−1 in the etch experiments

(see tables 4.2 and 4.3). Roth(67 ) observed that for chemical sputtering of
graphite by H+

y fluxes above 1021 ions.m−2.s−1 the yield is decreasing, possibly
related to a less efficient H passivation of dangling carbon bonds. Tables 4.2
and 4.3 show that the computed ΓG,H+

y
rises by a factor 1.9, but ΓP,H+

y
rises

by a factor 2.7 at the powered electrode when increasing Prf from 57 to 171
mW.cm−2. Thus, increased etching at the powered electrode at higher Prf is
resulting in a higher rnet,G. This trend cannot be the result of atomic H etching
alone, since Ga,flux is slightly higher than Pa,flux (see table 4.4). The powered
electrode is not heated and is therefore significantly cooler than the grounded
electrode at Tsubs= 130◦C. When the substrate has been cooled down to room
temperature, we observe the same trend: an increasing rnet,G with increasing
Prf (last column of table 4.1). Moreover, rnet,G at Tsubs = 25◦C is of the same
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Table 4.4: H flux modeling results (p= 25 Pa, Tsubs = 130◦C).

Prf Ga,flux Pa,flux
[mW.cm−2] [m−2.s−1] [m−2.s−1]

57 1.1 x 1020 1.0 x 1020
114 1.7 x 1020 1.6 x 1020
171 2.1 x 1020 1.9 x 1020

order of magnitude as at Tsubs = 130◦C, as is expected in case of chemical
sputtering.

4.4.2 Ion fluxes in the silane fraction (SF ) series

In figure 4.3 we show the simulated and measured SixH+
y fluxes towards the

grounded electrode in our SF series at Prf = 57 mW.cm−2. The experimental
SixH+

y fluxes are not proportional to SF , whereas the fluid model computes a
monotonic rise in SixH+

y flux with increasing SF for SF ≤ 5%. The modelling
results do not yet take chemical sputtering into account. The experimental
fluxes displayed in figure 4.3 are computed by determining the area under the
IEDs and normalizing the values with the area at SF = 20%. The measured
SiH+

y and Si2H+
y fluxes are initially increasing with SF up to SF = 1.7% or

3.4% and subsequently come down to the normalization point at SF = 20%.
The measured SiH+

y IEDs consists predominantly of SiH+
3 : the SiH+

3 flux is 3
times larger than the SiH+

2 flux at SF = 20%. The normalized SiH+
3 flux has

a maximum at low SF and this might be attributed (43 ) to a reaction that
creates SiH+

3 : H
+
3 + SiH4 −→ SiH+

3 + 2H2. The central H+
3 density is namely

higher at SF = 1.7% than at SF = 20% and the central H+
3 density is higher

than the electron density (shown in figures 4.4 and 4.5). Also, the rate constant
of this reaction is about one order higher in these discharges than the electron
ionization rate constant for SiH+

3 formation. Therefore this reaction can create
a SiH+

3 flux that is not proportional to the silane fraction. This reaction and
mechanisms that can be responsible for a higher SiH+

3 flux than SiH+
2 flux are

further discussed in section 4.5.2. Si2H+
4 and Si2H+

5 ions are formed by the
electron ionization of Si2H6 or by one of the following three reactions (43 ):

SiH+
2 + SiH4 −→ Si2H

+
4 +H2 (4.4)

SiH+
2 + Si2H6 −→ Si2H

+
5 + SiH3 (4.5)

SiH+
3 + Si2H6 −→ Si2H

+
5 + SiH4 (4.6)

There is some fluctuation in the SixH+
y fluxes at SF = 0% and this is depicted

with an error bar.
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Figure 4.3: Normalized measured IMS fluxes on the grounded electrode for SiH+
2 ,

SiH+
3 , Si2H

+
4 and Si2H+

5 and simulated (Sim.) SiH+
y and Si2H+

y ion fluxes. Fluxes are
normalized to their values at SF = 20%.

Drift to the electrodes is one of the mechanisms for a positive ion species
(SixH+

y and H+
y ) to disappear from the discharge. The density of an ionic

species in the bulk is determined by its production and loss rate. The ion fluxes
are also determined by the central positive ion density, which is sustained by the
negative charge in the plasma bulk. In the electronegative SiH4-H2 discharge,
the negative charge is composed of electrons and SiH−

3 ions. SiH−
3 ions are

formed in the dissociative attachment reaction:

SiH4 + e− −→ SiH−
3 +H (4.7)

Even at a low silane inflow a considerable density of negative ions builds up
at the discharge center. The negative charges are compensated by an equal
amount of positive ions (SixH+

y and H+
y ) to ensure quasi-neutrality. Since the

central negative charge density is predominantly built up by negative ions,
these plasmas are called ion ion plasmas. In an ion-ion plasma the so-called
ambipolar electric field is low, reducing the ion drift velocity. At SF = 1.7% the
central SiH−

3 density is lower and more confined to the middle of the discharge
than at SF = 20%. To a lesser extent, the same is observed for the electron
densities at SF = 1.7% and 20%. The simulated ion and electron density
distributions on the z-axis (r = 0) of the reactor are displayed at SF = 20% in
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Figure 4.4: Modeled time averaged electron density ne and ion densities of SiH−

3 , H
+
2 ,

H+
3 , SiH

+
y , Si2H+

y on the z-axis of the reactor (z= 0 is the plane of the powered electrode
and z= 27 mm the plane of the grounded electrode) at SF= 20% as simulated by the
fluid model. This discharge has a VDC= -29V and Vrf= 81 V at Prf= 57 mW.cm−2.

figure 4.4 and at SF = 1.7% in figure 4.5.
At SF = 20% the simulated SiH+

y production rate and flux is roughly 4.5
times higher than at SF = 1.7%, whereas the central SiH+

y density at SF =
20% is 16 times higher than at SF = 1.7%. On the other hand, the H+

3 central
density at SF = 1.7% (59 sccm H2) is 1.7 times higher than at SF = 20%
(50 sccm H2). The H+

3 flux to the electrodes is 4 times higher at SF = 1.7%
than at SF = 20% and this is equal to the increase in H+

3 production rate. At
SF = 20% the ambipolar electric field is lower than at SF = 1.7%: the H+

3

density compensates the high SiH−
3 density to maintain charge neutrality and

therefore the H+
3 ion does not readily leave the plasma bulk. The H+

2 central
density is significantly smaller than the H+

3 central density: H+
2 reacts to H+

3 .
Figure 4.6 shows that simulated and measured H+

2 and H+
3 fluxes are decreasing

considerably with increasing SF and the reduction in flux with SF is steeper
for H+

3 than H+
2 . Figure 4.6 also shows that the measured decrease in H+

3 flux
at the grounded electrode is much steeper than in simulations.

The simulated atomic H fluxes (Ga,flux and Pa,flux) rise with increasing
SF : Ga,flux increases from 1.15 x 1020 m−2.s−1 to 1.30 x 1020 m−2.s−1 for SF
= 1.7% to 20%. Pa,flux is slightly lower than Ga,flux for all SF (e.g. Pa,flux is
1.24 x 1020 m−2.s−1 at SF = 20%). The atomic H production rate due to H2

dissociation is almost halved when SF increases from 1.7% to 20%. However,
the electron density is more confined to the middle of the discharge at low SF
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Figure 4.5: Modeled time averaged electron density ne and ion densities of SiH−
3 , H

+
2

, H+
3 , SiH

+
y , Si2H+

y on the z axis of the reactor at SF = 1.7% as simulated by the fluid
model. This discharge has a VDC = -28 V and Vrf = 82 V at Prf = 57 mW.cm−2.
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Figure 4.6: Simulated (Sim) H+
2 and H+

3 fluxes to the grounded and powered electrodes
normalized to their values at SF = 20%. Measured (IMS) H+

2 and H+
3 fluxes to the

grounded electrode (right-hand y-scale) normalized to their value at SF = 20%.
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and more H is formed by SiH4 dissociation (e.g. reaction 4.7) at higher SF and
therefore the H flux increases slightly with SF .

4.4.3 Effect of chemical sputtering on the SixH+
y flux

trend in the silane fraction (SF ) series

In figure 4.3 we observed that the experimental SiH+
y flux is not proportional

to SF , but decreased with increasing SF . Here we test if this SixH+
y flux

trend can be explained with the chemical sputtering model. In simulations and
measurements of the SF series we see that the peaks of the H+

3 IEDs on both
electrodes (see Supplementary Material section 4.8.2, figures 4.13- 4.15) are well
above the threshold energy (Edam = 20 eV) for damage creation in c-Si by H+

y

ions and therefore chemical sputtering is expected to occur on both electrodes.
The measured H+

3 peak position at the grounded electrode is around 28 ±1 eV
for all SF and with eq. 4.3 we determined the experimental H+

3 bombarding
energy on the powered electrode to be 36 ±1 eV (VDC,meas = 7±1 V and
Vpl,meas =30 ±0.5 V) for all SF .

Now we include the contribution of chemical sputtering by H+
y ions on both

electrodes to the modeled SiH+
y flux in the SF series (see figure 4.2). The sum

of the SiH+
y flux created from the SiH4 feedstock gas (SiH+

y ) and the SiH+
y

flux as a result of H+
y chemical sputtering is labeled SiH+

y,gr,corr. We modeled
a discharge of 0.35 sccm SiH4 and 60 sccm H2 to determine the SiH+

y flux
created with a pure H2 inlet flow. The amount of SiH4 created in the chemical
sputtering process is proportional to the sum of the H+

y fluxes to the electrodes.
Therefore the amount of SiH+

y added by the correction at higher SF is a fraction
of the SiH+

y in the discharge with 0.35 sccm SiH4 and this is visible in figure 4.7.
The SiH+

y,gr,corr flux trend in figure 4.7 is slightly closer to the experimental
SiH+

y trend observed in measurements (figure 4.3). There is, however, still a
significant difference between the simulated and measured SixH+

y flux trend and
therefore we explore other mechanisms in section 4.5.2. Chemical sputtering
in the SF series does not significantly affect the deposition rate for SF > 1.7%.
For SF ≤1.7%, the deposition rate calculated by the fluid model is still close
to the experimental value (see figure 4.8).

4.4.4 SiH4 depletion fractions in the silane fraction (SF )
series

From the SiH+
2 RGA signal (figure 4.9) we derived that at SF = 0% and

Prf = 57 mW.cm−2 an amount equal to 0.35 sccm SiH4 is added to the 60
sccm H2 inlet flow (this result is used in section 4.5.1). To obtain this value,
we assumed that the depletion fraction FD in this discharge is the same as
for SF = 1.7% (i.e. 1 sccm SiH4), being FD = 0.39±0.02. FD is determined
experimentally: FD is the ratio of the loss in SiH+

2 RGA signal as a consequence
of switching on the plasma to the SiH+

2 RGA signal without the plasma (i.e.
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Figure 4.7: This graph shows the following modeled fluxes: the SiH+
y flux to the

grounded electrode (SiH+
y ) as modeled without chemical sputtering, the H+

y ion flux
to the grounded (Γ

G,H+
y
) and powered (Γ

P,H+
y
) electrode, and the result of the cor-

rection of the SiH+
y flux to the grounded electrode with the chemical sputtering model

(SiH+
y,gr,corr).

in the presence of the gas mixture). FD is the fraction of SiH4 feedstock that
is consumed in plasma reactions, the remaining fraction is pumped away. In
our simulations of the SF series the residence time of the neutrals is 0.17 s for
a total flow of 60 sccm at 25 Pa.

FD is decreasing from FD = 0.45± 0.01 to 0.38± 0.02 for SF = 3.4% to 20%.
At higher SF a lower percentage of the SiH4 feedstock is consumed due to a
lower electron temperature. At higher SF also more higher silane molecules and
radicals (Six>1Hy) are formed, which are eventually pumped away. Therefore
the increase in the simulated deposition rate levels off for SF above 5%. On the
other hand, FD at SF=1.7% is lower than at SF = 3.4% since enhanced etching
at low SF brings more SiH4 back into the discharge and therefore it looks as
if less SiH4 is consumed. At SF = 0% a clear Si* OES signal is measured
(see Supplementary Material section 4.8.4, figure 4.18), which is formed by
chemically sputtered SiH4. Figure 4.9 shows that the SiH+

2 and Si2H+
4 RGA

signals that were measured with the plasma switched on are proportional to
SF . At SF = 0% the signals clearly deviate from the proportionality to the
SiH4 inlet flow (i.e. 0 sccm SiH4) and this is the result of chemical sputtering.
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Figure 4.8: Deposition rate and depletion fraction versus the silane fraction in the
feedstock gas.
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4.4.5 Control experiments and simulations
With a number of control experiments and simulations we exclude some other
mechanisms that can be considered responsible for the discrepancy between the
simulated and experimental SixH+

y flux trend in the SF series. In particular
we address the possibility of physical sputtering and the difference between the
simulated and measured VDC and Vrf voltages.

Absence of physical sputtering

In this control experiment, we made IMS measurements of an Ar-SiH4 dilution
series. Here, the SiH+

3 flux was proportional to the SiH4 concentration in
the Ar-SiH4 feedstock gas mixture (see Supplementary Material section 4.8.4,
figure 4.19). When we applied a pure Ar plasma (60 sccm Ar, p = 25 Pa,
Prf= 57 mW.cm−2) in a reactor with a Si layer on the powered electrode, we
did not detect a SiH+

3 signal during IMS measurements. This confirms that for
the plasma conditions used, the Ar ion energies are below the threshold energy
for physical sputtering. However, as soon as we added a small amount of H2

gas to the feedstock gas mixture a significant SiH+
3 signal was observed due to

chemical sputtering.

The effect of an externally applied bias

In section 4.4.2 we showed experimental and simulated H+
3 and SiH+

y flux trends
and their density profiles. The ion-ion plasmas of the SF series are rigid in the
sheath and bulk in the sense that the ion density distributions resist deforma-
tion by the rf electric field and an externally applied dc voltage that is added
to VDC . The sheath is formed by an almost immobile ion density profile and
an oscillating electron density profile, whereas the bulk ion ion plasma only
reacts to the average electric field. In figure 4.10 the broadness and central
alignment of the average potential profile and SiH−

3 ion density at SF = 1.7%
and SF = 20% are compared. At low SF the ne and SiH−

3 density are more
confined to the middle of the reactor and this results in a narrower plateau of
the potential profile. The dc self-bias shifts the ne and SiH−

3 density slightly
towards the grounded electrode (z = 27 mm). The sheath at the powered
electrode is about 2 mm wider than at the grounded electrode.

We investigated the changes when the simulated VDC is pinned at the exper-
imentally determined VDC = -7 V by an externally applied bias for SF = 1.7%
and 20% (see figure 4.10 ). The discharge becomes more symmetric and the
plasma potential increases with about 7 ±1 V. The externally applied bias-
voltage introduces a small DC current through the discharge that affects the
ion fluxes only a little bit. Therefore it can be concluded that the ion fluxes from
the simulated discharge (VDC = -29 V and Vrf = 81 V at SF = 20%) represent
the ion fluxes of the experimental discharge (VDC = -7 V and Vrf = 62 V at
SF = 20%), in spite of the different VDC and Vrf . This phenomenon is also
experimentally observed in figure 4.17 of the Supplementary Material, which
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Figure 4.10: Simulated average potential profiles (y-axis on the left side) and SiH−
3 ion

density (open symbols and y axis on the right side) profiles at SF = 20% and SF = 1.7%
for the same discharges as depicted in figures 4.4 and 4.5 respectively. The potential
and SiH3 ion density profiles are also shown with an externally applied VDC (denoted
+ ext. in the legend) that pins the resultant VDC at -7 V.

shows the effect of an externally applied bias of + 69 V on the SiH+
3 IEDs of

the SF series.

4.5 Discussion

4.5.1 Chemical sputtering

In the chemical sputtering process a collision cascade of a H+
y ion inside the

Si layer creates strained or broken Si-Si bonds. Strained bonds are readily
broken and Si dangling bonds passivated by the ubiquitous atomic H in the
growth zone that is supplied by the plasma. This mechanism forms loosely
bound reaction products that are thermally desorbed. Thus in the chemical
sputtering process the H+

y ions enhance the atomic H etching process.
The H+

y flux in our experiments consists of 90% H+
3 ions and the rest is H+

2

(the amount of H+ is negligible). Mitchell et al.(50 ) found that the thermalized
H+

3 ion is converted into 3 H or H2 + H at the moment of impact due to
dissociative recombination (37 , 50 , 73 ). In this way the H+

3 ion brings not
only energy to break the Si-Si bond (2.3 eV), but also atomic H to passivate
the Si dangling bonds and to form a stable desorption product. The formation
of the Si-H bond releases a few eV as thermal energy (17 )(the amount of
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energy depends on the Si-H bond configuration) and this is usually more than
the SiH4 desorption energy (74 ): Edes= 1.8 ± 0.1 eV. The desorption product
is SixH2x+2.

The H+
y ions bombarding the two electrodes in the Prf series (section 4.4.1)

have energies well above Edam= 20 eV. In our chemical sputtering model, we
assumed that the etch yield increases with the H+

y bombardment energy and
found YG= (0.3-0.4)±0.1 and YP= (0.4-0.65) ± 0.1 for Prf from 57 to 171
mW.cm−2. In studies with carbon targets, chemical sputtering of carbon by
impinging H+

y ions in an extreme ultraviolet (EUV) induced H2 plasma and
a microwave (surface wave discharge) H2 plasma at low pressure and low bias
voltage (75 ) with a yield of 0.5 C atom per impinging H+

y ion has been reported.
It is also similar to the 0.6 C atom per impinging Ar+ ion reported by Hopf
et al. (76 ) achieved with a 20 eV Ar+ beam in combination with an abundant
supply of atomic hydrogen. The yields we found for silicon are of the same
order as these values for chemical sputtering of carbon.

A study by Balden and Roth (68 ) on c-Si etching with mono-energetic
D+

3 ion beams for Tsubs ranging from 25◦C to 827◦C revealed that the etch
yield for c-Si by a 20 eV D+

3 beam has a pronounced maximum around 130◦C,
being 0.015 Si atom per impinging D+

3 ion. This temperature maximum in the
yield has not been reported for atomic H produced with a tungsten filament
(65 ). Since the Si etch yield of the 20 eV D+

3 beam is much lower than one
should expect from chemical sputtering, Balden and Roth suggested that Edam
is about 30 eV for c-Si. Then the results confirm that etching of D+

3 with ion
energies below Edam is similar to atomic H etching: the etch yield of atomic H
etching (61 , 62 ) at 130◦C is about 0.015. It should be noted that the atomic
H etch yield is more than two orders of magnitude lower than the chemical
sputtering etch yield, and the H+

y fluxes are only one order of magnitude lower
than the atomic H fluxes in the Prfand SF series presented.

The relative substrate temperature independence of the chemical sputter-
ing mechanism reported by Balden and Roth (68 ) and Roth (67 ) for chem-
ical sputtering of hydrogenated carbon match our experimental results. In
our Prf series (section 4.4.1), the net deposition rate is only reduced by 26%
when the substrate temperature is lowered from 130◦C to room temperature
at Prf= 114 mW.cm−2. Moreover, the plasma heats the substrate only a few
◦C and therefore this effect is neglected in the analysis.

A model for H+
y chemical sputtering during Si deposition by a SiH4-H2 cc

PECVD discharge has not been presented before, but the mechanism has been
used before. Veprek and Maracek (77 ) report chemical transport by chemical
sputtering of c-Si by a PECVD H2 plasma at 13 Pa which results in a deposition
rate in the order of 10 nm/hour on a heated glass substrate. The atmospheric-
pressure plasma enhanced chemical transport (APECT) method described by
Ohmi et al. (78 ) applies chemical sputtering. This method uses an H2-He
cc PECVD discharge at atmospheric pressure to deposit a poly-crystalline Si
film by chemical sputtering, but they do not report the ion energies or species
involved. Otobe et al. (66 ) report an a-Si:H etch rate in the order of 200
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nm/hour for etching with a H2 PECVD discharge at Tsubs = 150◦C, Prf= 180
mW.cm−2 and p = 27 Pa. The etch rate for c-Si etching is a factor 10 lower
under the same plasma conditions. An etch rate of 200 nm/hour matches the
etch rates we found in the Prf series (see retch,G in table 4.2) with similar
plasma parameters.

4.5.2 Ion flux trends in the silane fraction (SF ) series

The measured SiH+
2 , SiH

+
3 , Si2H

+
4 and SiH+

5 fluxes in our SF series decreased
for SF = 3.4% to 20%. This trend is in good agreement with the SixH+

y flux
trends observed by Horvath and Gallagher (79 ) in their SF series, but this trend
is not reproduced by our fluid model (see figure 4.3). H+

y chemical sputtering
of Si brings SixH2x+2 neutrals into the discharge at low SF as we learned from
the RGA signals (displayed in figure 4.9) and the Si* OES signal (figure 4.18
of the Supplementary Material) at SF = 0%. This can partly explain why the
measured SixH+

y flux trends is not proportional to SF at low SF . Changes in
the plasma parameters of the SF series as a cause of the decreasing SixH+

y flux
must be excluded. Although the rate constant for ionization decreases from
SF = 1.7% to 20%, it is too little (62% in the electron temperature range of
interest) to compensate for the decrease in SiH4 density due to the lower SF .
In addition, the central ne rises slightly and is less confined to the middle of
the discharge when SF increases from 1.7% to 20%.

The high SiH+
3 -to-SiH

+
2 -flux-ratios measured might provide a clue for the

enhanced SixH+
y flux at low SF . We observe a decreasing SiH+

3 to SiH+
2 flux-

ratio from 7 to 3 for SF = 1.7% to 20%. The ratio of the ionization cross
sections for SiH+

3 and SiH+
2 formation is 0.72 at an electron energy of 15 eV

(80 ). The latter ratio is only gradually increasing up to 0.83 at 70 eV electron
energy and therefore does not strongly depend on SF . Thus we considered
other reaction mechanisms. Firstly, Turban et al. (81 ) and Perrin et al. (43 )
show that it is likely that a SiH+

y ion picks up an H atom in a reaction with SiH4

in the bulk, for example with reaction 4.8 below. Secondly, one could suggest
that SiH+

2 recombines more easily with SiH−
3 in the plasma bulk than SiH+

3 ,
but actually the opposite is true: Reents et al. (82 ) found out that the SiH+

3

mobility in pure silane plasmas is 3.5 times lower than the SiH+
2 mobility. The

low mobility of SiH+
3 at high SF increases its density in the plasma bulk and

reduces its flux. Thirdly, the endothermic reaction of SiH+
y with D2 reported

by Allen et al. (83 ) can be considered. Thus SiH+
2 that collides in the sheath

with H2 can create SiH+
3 . However, the mean free path of this reaction is 40

mm at 25 Pa and therefore unlikely to occur. Finally, Allen et al.(83 ) and
Perrin et al.(43 ) mention reaction 4.9 and 4.10:

SiH+
2 + SiH4 −→ SiH+

3 + SiH3 (4.8)
H+

3 + SiH4 −→ SiH+
3 + 2H2 (4.9)

H+
2 + SiH4 −→ SiH+

3 +H2 +H (4.10)
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Figure 4.11: Simulated SiH+
y ion fluxes to the grounded (G) and powered (P) elec-

trode. SiH+
y (G,ls), also shown in figure 4.3, is the flux of the SiH+

y lump sum (ls)
calculation, SiH+

3 (G,s) and SiH2+(G,s) are fluxes of the split (s) computation and the
split fluxes summed (ss) gives SiH+

y (G,ss) (i.e. SiH+
3 (G,s) plus SiH2+ (G,s)). Also the

SiH+
y ion fluxes to the powered electrode are shown: the SiH+

y (P, ls) lump sum and the
sum of SiH2+(P,s) and SiH+

3 (P,s), being SiH+
y (P,ss).

At low SF , especially reaction 4.9 becomes dominant. To simulate the effect
of reactions 5-7, the SiH+

2 and SiH+
3 ions were treated as separate species in

the fluid model. This resulted in a higher SiH+
y flux and the maximum in

the SiH+
y flux shifted to a lower SF (compare SiH+

y (G,ls) and SiH+
y (G,ss) in

figure 4.11). We found a 100% increase of the SiH+
y flux at SF= 1.7% and a

25% increase at SF= 20%. The new SiH+
y (G,ss) flux contributed about 30%

to the a-Si:H growth rate at SF= 1.7%. The simulated SiH+
3 to SiH+

2 flux
ratio ranged from 3.1 to 4.2 for SF= 1.7% to 20%. We also observed that the
decrease in the normalized H+

3 flux with increasing SF became much steeper
and therefore more in agreement with the measured trend of figure 4.6. The
Si created by the chemical sputtering process was not added to the SiH4 inlet
flow in the simulations of figure 4.11. With this addition the maximum in the
SixH+

y flux trend will shift slightly to a lower SF , but there is still a significant
difference between the measured and simulated SixH+

y flux trend at low SF .
A sensitivity study of the rate constants of reactions 5-7 is recommended for
further analysis.
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4.6 Conclusions

We observed that the experimental SixH+
y flux is not proportional to SF for

SiH4-H2 discharges with silane fractions ranging from SF = 0% to 20%. In
addition, we experimentally observed that the H+

3 flux decreases more than
eleven times from SF = 1.7% to 20%. This brought us to the hypothesis of
Si etching by chemical sputtering with H+

y ions. This etching mechanism has
a rate proportional to the H+

y ion flux and therefore brings more Si into the
discharge at low SF .

We found chemical sputtering of silicon films by H+
y ions in an asymmetric

VHF PECVD discharge. A Prf series of discharges with pure H2 inlet flow re-
sulted in chemical transport of Si from the powered electrode to the substrate.
Modeling showed that in this Prf series the flux of H+

y ions (with energies
above Edam) to the powered electrode was larger than to the grounded elec-
trode, whereas the atomic H flux to the powered electrode was smaller than
to the grounded electrode. Moreover, a control experiment (Supplementary
Material section 4.8.4 showed that the major part of the SiH+

y signal during
IMS measurements is formed by Si etched from the powered electrode. With
our chemical sputtering model we determined an etch yield (Si atoms etched
per bombarding H+

y ion) at the grounded electrode of YG = (0.3-0.4) ±0.1 and
at the powered electrode the etch yield varied from YP = (0.4 to 0.65) ±0.1 for
Prf= 57-171 mW.cm−2. These yields are of the same order of magnitude as
yield values reported in the literature for chemical sputtering of hydrogenated
carbon by H+

y ions.
With mass resolved ion bombardment measurements and numerical mod-

eling we gained a good understanding of the ion densities, energies and fluxes
towards the electrodes in the SF series. We observed that the H+

y bombard-
ment energies at both electrodes are well above Edam = 20 eV in our SF series.
The chemical sputtering mechanism, however, cannot completely explain the
difference between the modeled and measured SixH+

y flux trends. Splitting the
SiH+

y lump sum in the fluid model and the addition of the reaction between
H+

3 and SiH4 that creates SiH+
3 made the difference at low SF smaller.

In an asymmetric discharge, the deposition rate on the grounded electrode
at low SF can be significantly enhanced by chemical sputtering of Si from
the cathode. By tuning the H+

y ion bombardment fluxes and energies with
discharge power and gas pressure, this process can be optimized. Starting a
deposition with a pure H2 plasma allows to create a thin µc-Si:H seed layer on
an amorphous substrate, such as glass, by chemical transport. This seed layer
can subsequently be used for high rate µc-Si layer growth with a reduced or
absent incubation layer (84 ). Knowledge of the chemical sputter mechanism
of Si by H+

y ions can be an asset for industry that uses cc PECVD plasmas
at low SF (and even with only H2 feedstock gas) to deposit a-Si:H, µc-Si:H or
poly-crystalline Si.
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4.7 Frequently used variables

variable units description
AG/P m2 area of the substrate holder (AG= 227 cm2)

/powered electrode (AP = 194 cm2)
Ep eV/ion peak position of the H+

3 IED at the
powered electrode

ΓG/P,H+
y

ions.m−2.s−1 H+
y ion flux to the substrate holder /

powered electrode
H+
y n/a name for the group of H+

3 plus H+
2 ions

(concentration of H+ ions is negligible)
nSi m−2.nm−1 Si atomic density of pure silicon

(nSi = 5 x 1019 m−2.nm−1)
Prf mW.cm−2 coupled power density divided by the

surface area of the powered electrode (AP )
retch,G nm/h gross Si etch rate from the substrate

holder (i.e. on the surface area AG)
rgross,G nm/h gross Si deposition rate on the substrate

holder (i.e. on the surface area AG)
rnet,G nm/h net Si deposition rate on the substrate

holder (i.e. on the surface area AG)
SF % silane fraction: SF (%) = [SiH4]/[H2]*100

Siinlet,G/P atoms.s−1 gross flow of Si atoms from the respective
electrode due to chemical sputtering

Siinlet atoms.s−1 total flow of Si atoms brought into the dis-
charge by chemical sputtering
(1 sccm SiH4 = 4.48 x 1017 Si atoms.s−1)

YG/P atoms/ion chemical sputtering etch yield:
Si atoms etched per bombarding H+

y ion
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4.8 Supplementary Material

The supplementary material file for figures 4.12- 4.19 can be found below or
here ftp.aip.org/epaps/journ_appl_phys/E-JA$_P$IAU-120-020630/. The
supplementary material consists of the following sections: (1) Complete com-
putation of the chemical sputtering yield, (2) modeling SiH+

3 IEDs with the
Monte Carlo code in the SF series, (3) extra control experiments, titled: (3.1)
Powered electrode with and without a Si layer, (3.2) exclusion of etching by
electrons, (3.3) Si* OES signal in the SF series, and (3.4) absence of physical
sputtering.

4.8.1 Computation of the chemical sputtering yield
Here we give the complete computation of the chemical sputtering yields (a
description of the modeling parameters can be found in the table "Frequently
used variables"). We generated the following experimental input data: rnet,G
on glass (see tables 4.2 and 4.3) was determined with an experimental Prf series
with pure H2 inlet flow. Moreover, the Prf= 57 mW.cm−2 case corresponds
to an inflow of 0.35 sccm SiH4 and 60 sccm H2 (as determined with RGA
measurements, see section 4.4.4). We used the chemical sputtering model to
determine the Siinlet (computed with equation 4.1). Siinlet in Si atoms.s−1

inflow is converted to a SiH4 inlet flow in sccm. The Siinlet flow (e.g. 0.35
sccm SiH4 and 60 sccm H2 at 57 mW.cm−2) was used to determine the gross
deposition rate rgross,G with the fluid model. We started with the following
assumptions to determine the chemical sputtering etch yield at the powered
(YP ) and grounded (YG) electrode:

1. The etch yield at the grounded electrode (YG) does not vary with dis-
charge power.

2. At constant power the gross deposition rate (rgross,G) is proportional to
Siinlet.

Let us now start with the data for 57 mW.cm−2. The gross deposition rate
at an inflow of 0.35 sccm SiH4 is rgross,G = 133 nm/h. Equation 4.2 tells us:
rnet,G = rgross,G – retch,G. The net deposition rate is -30 nm/h, so the etch
rate must be 163 nm/h. The H+

y ion flux to the grounded electrode (ΓG,H+
y
) is

7.65 x 1018 ions.m−2.s−1. Thus, to reach an etch rate of 163 nm/h we have YG
= (163 nm/hour * 5 x 1019 Si atoms.m−2.nm−1) / (3600 s/h * 7.65 x 1018 H+

y

ions.m−2.s−1) = 0.296 Si atoms per ion. Thus, the Siinlet from the grounded
electrode is Siinlet,G = YG * AG* ΓG,H+

y
= 0.296 * 0.0227 * 7.65 x 1018 = 5.14

x1016 Si atoms.s−1. The inlet of 0.35 sccm SiH4 corresponds to 1.57 x 1017
atoms.s−1, so the powered electrode needs to deliver Siinlet,P = 1.57 x 1017 -
5.14 x1016 =1.056 x 1017 atoms.s−1. The hydrogen ion flux to the powered
electrode (ΓP,H+

y
) is 1.3 x 1019 ions.m−2.s−1 so the yield must be YP = 1.055

ftp://ftp.aip.org/epaps/journ_appl_phys/E-JA$_P$IAU-120-020630/
ftp.aip.org/epaps/journ_appl_phys/E-JA$_P$IAU-120-020630/
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x 1017 Si atoms.s−1/(ΓP,H+
y
* AP ) = 1.055 x 1017 Si atoms.s−1 / (1.3 x 1019

ions.m−2.s−1 * 0.01936 m2) = 0.419 Si atoms per ion.
Thus, the starting point for the higher powers is: YG = 0.296 Si atoms per

ion. The yield at the powered electrode can increase, however, because there
the energies increase significantly. At 114 mW.cm−2, the total ion flux to the
grounded electrode is 1.2 x 1019 ions.m−2.s−1 (value taken from simulation with
1 sccm SiH4 and 59 sccm H2). Thus retch,G = (0.296 * 1.2 x 1019 ions.m−2.s−1

* 3600 s/h) / 5 x 1019 Si atoms.m−2.nm−1 = 256 nm/h. The net deposition
rate is rnet,G = 95 nm/h, thus the gross deposition rate should be 351 nm/h.
Using assumption 2 (rgross,G = 421 nm/h for 1 sccm SiH4/ 59 sccm H2 at Prf=
114 mW.cm−2), this requires an inflow Siinlet = 351/421= 0.83 sccm SiH4=
3.93 x 1017 Si atoms.s−1. Etching at the grounded electrode produces Siinlet,G
= 0.296 * 0.0227 * 1.2 x 1019 = 8.06 x 1016 Si atoms.s−1. Thus the powered
electrode should deliver Siinlet,P = 2.92 x 1017 Si atoms.s−1. The ion flux is
ΓP,H+

y
= 2.5 x 1019 ions.m−2.s−1, so the yield should be YP = 2.92 x 1017 /

(2.5 x 1019 * 0.01936) = 0.60.
At 171 mW.cm−2, the total ion flux to the grounded electrode is 1.39 x 1019

ions.m−2.s−1. This gives an etch rate retch,G = 0.3 * 1.39 x 1019 ions.m−2.s−1

x 3600/ 5 x 1019 Si atoms.m−2.nm−1= 300 nm/h. The net deposition rate is
rnet,G = 137 nm/h, and therefore the gross deposition rate should be 437 nm/h.
Using assumption 2 (rgross,G = 443 nm/h for 1 sccm SiH4/ 59 sccm H2 at Prf=
171 mW.cm−2), this corresponds to an inflow of 437/443 = 0.99 sccm SiH4=
4.42 x 1017 Si atoms.s−1. Etching at the grounded electrode produces Siinlet,G
= 0.296 * 0.0227 m2 * 1.39 x 1019 ions.m−2.s−1 = 9.34 x 1016 Si atoms.s−1,
thus Siinlet,P is 3.49 x 1017 Si atoms.s−1. The ion flux at the powered electrode
is 3.3 x 1019, so the yield should be YP = 3.49 x 1017 / (3.3 x 1019 * 0.01936)
= 0.55.

Since the H+
y peak ion energy at the grounded electrode at Prf= 171

mW.cm−2 is comparable to the H+
y peak ion energy at the powered electrode at

Prf= 57 mW.cm−2, we also made a calculation at 171 mW.cm−2 with an etch
yield at the grounded electrode of YG = 0.4. This gives an etch rate retch,G
= 0.4 * 1.39 x 1019 ions.m−2.s−1 x 3600/ 5 x 1019 Si atoms.m−2.nm−1= 400
nm/h. The net deposition rate is rnet,G = 137 nm/h, and therefore the gross de-
position rate is 537 nm/h. Using assumption 2 (rgross,G = 443 nm/h for 1 sccm
SiH4/ 59 sccm H2 at Prf= 171 mW.cm−2), this corresponds to an inflow of
537/443 = 1.21 sccm SiH4 = 5.43 x 1017 Si atoms.s−1. Etching at the grounded
electrode produces Siinlet,G = 0.4 * 0.0227 m2 * 1.39 x 1019 ions.m−2.s−1 =
1.26 x 1017 Si atoms.s−1, thus Siinlet,P is 4.17 x 1017 Si atoms.s−1. The ion
flux at the powered electrode is 3.3 x 1019, so the yield should be YP = 3.49 x
1017 / (3.3 x 1019 * 0.01936) = 0.65.
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4.8.2 Modeling SiH+
3 ion energy distributions in the silane

fraction (SF ) series

Although the SiH+
y flux is not affected by the trajectory through the sheath,

the Monte Carlo model gives us insight in the peak position and shape of the
experimental H+

y and SixH+
y IED in the SF series (at Prf= 57 mW.cm−2,

p = 25 Pa, Ts = 130◦C). The peak is formed by ions that collided only one
or two times during their trajectory from the plasma bulk to the surface, and
therefore this peak is close to Vpl. Modeling of the H+

3 IEDs (figure S2) resulted
in a peak position at 27 eV for all SF and this was in good agreement with
the experimental values: the experimental peaks ranged from 26 eV at SF =
20% to 28.4 eV at SF = 0%. This suggests that we used the correct cross
sections for the interactions in the sheath between H+

3 and the background gas.
Moreover, eq. 4.3 is based on the Monte Carlo modeling results of the H+

3 ions
bombarding the powered electrode.

To simulate the SiH+
y IEDs, we used the Lennard Jones collision diameter

DH2SiH3 = (DH2,LJ + DSiH3,LJ)/2 = 3.39 x 10−10 m for the elastic collision
cross section between SiH+

y and H2, as recommended by Perrin et al.(43 ).
Since this cross section resulted in a peak more than 6 eV lower than the
experimental peak, we investigated how a reduction of the cross section shifts
the peak closer to the experimental peak position. We therefore reduced the
cross section σH2SiH3=π(DH2SiH3/2)2 by a factor 0.6. Figure 4.12 shows the
sensitivity of the modelled peak position to the value of σH2SiH3: reduction
from 0.6σH2SiH3 (with mean free path λH2SiH3 = 1/(nH2*0.6σH2SiH3) = 4.85
mm) to 0.25 σH2SiH3 (corresponding to λH2SiH3 = 11.6 mm) at SF = 20%
shifts the simulated IED peak from 21 eV to 25.5 eV. Now the simulated SiH+

y

IED peak shape and position have come closer to the experimental peak shape
and position at SF = 20%. For SF = 1.7% the simulated SiH+

y IED peak energy
with 0.25 σH2SiH3 is close to the measured peak position, however there is still
a significant difference in peak shape. At an even smaller σH2,LJ the simulated
peak becomes sharper and higher and this might be more realistic for SF =
1.7%. We did not reduce the elastic collision cross section between SiH+

y and
SiH4 (λSiH4SiH3 = 10.3 mm at SF = 20%) because this has a negligible effect
on the SiH+

y peak position for the SF range investigated.
We partly attribute differences between measured and simulated IEDs to

the accuracy of the interaction cross sections used in the Monte Carlo model
as shown in figure 4.12 and partly to a difference in electrical asymmetry (i.e.
VDC , Vrf and Vpl) between measurements and simulations (as was also dis-
cussed in chapter 3).
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Figure 4.12: Sensitivity of the simulated SiH+
y IED peak position and peak shape for

different values of the cross section σH2SiH3 with the scale on the left-hand side. For
comparison the experimental SiH+

y IEDs at SF = 20% and SF = 1.7% are also shown
with their scale on the right-hand side.

4.8.3 Measured and modeled H+
3 ion energy

distributions

Here we compare the measured (figure 4.13) and simulated (figure 4.14) H+
3

IEDs of the SF series at the grounded electrode. We also simulated the H+
3

IED at the powered electrode (see figure 4.16) to derive equation 4.3. Vpl in
this equation is as good as equal to the H+

3 peak position in figure 4.14.
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Figure 4.13: Measured H+
3 IEDs on the grounded electrode in the SF series.
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Figure 4.14: Simulated H+
3 IEDs in in the SF series on grounded electrode limited to

ions with incidence angles smaller than 15◦.
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Figure 4.15: Simulated H+
3 IEDs in the SF series on powered electrode composed

of ions with all angle of incidence. These discharges have a VDC = -28 ±1 V and
Vrf = 82 ±1 V at Prf= 57 mW.cm−2.

4.8.4 Extra control experiments

Powered electrode with and without a Si layer

We performed a control experiment to strengthen our finding that chemical
sputtering at the powered electrode is in part responsible for the increasing
SixH+

y flux trend at low SF . In this experiment we compared the measured
SiH+

3 flux created with a pure H2 inlet flow (60 sccm H2, 25 Pa) in a reactor
with a clean powered electrode versus a reactor with a silicon layer deposited
on the powered electrode (see figure 4.16). When a SiH4-H2 discharge with SF
= 20% is applied, silicon is deposited on the substrate, the powered electrode
and the walls. In this way the silicon layer on the powered electrode is created.
Subsequently, a pure H2 plasma is applied and the SiH+

3 IED is measured (Sit
1). Then the powered showerhead electrode is cleaned ex situ and thereby
the silicon layer is removed. Subsequently we install the electrode back on the
vacuum reactor, ignite a pure H2 plasma discharge and measure the SiH+

3 IED
again (Sit 2). Subsequently Sit1 is repeated.

We see in figure 4.16 that cleaning the powered electrode reduces the SiH+
3

intensity by a factor 2.6. The SiH+
3 signal remaining after cleaning the powered

electrode comes from the silicon layer on the substrate side. The peak position
of the SiH+

3 IED in case of a clean powered electrode is at 25.6 eV, whereas in
the case of a silicon coated powered electrode, the peak position is at 28.8 eV.
This difference in peak position of 3.2 eV can partly be attributed to different
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Figure 4.16: SiH+
3 IEDs measured during etching with pure H2 plasmas with

Prf = 57 mW.cm−2 at 60 MHz, a flow of 60 sccm H2, p = 25 Pa, and Ts = 130◦C with
(Sit1) and without (Sit2) a Si layer on the powered electrode.

incoupling of the same applied power, which is related to the difference in
the SiH4 concentration in the discharge. With the silicon layer on the powered
electrode more silane comes into the discharge and the phase difference between
Vrf and Irf increased from 79.6◦ (Sit 2) to 80.7◦ (Sit 1).

Exclusion of etching by electrons

Here we investigate whether Si etching by electrons from a SiH4-H2 plasma,
as was suggested by Veprek et al.(85 ), can be considered negligible in the SF
series. The average electron flux to the surface in one rf period is equal to the
ion flux, but the electron flux peaks during a fraction of the rf period. Moreover,
the amount of the electrons supplied to the surface in one rf period is of the
same order as the number of free electrons in intrinsic silicon. This means that
Si etching by electrons should be considered. Therefore, we investigated the
effect of an externally applied bias of +69 V on the powered electrode during
IMS measurements of the SF series (see figure 4.17). The externally applied
bias created a direct current of 2 x 1018 electrons per m2 towards the powered
electrode. The DC power dissipated in the discharge (PDC < 2 mW.cm−2) was
negligible to the dissipated Prf (57 mW.cm−2). The electron direct current did
not increase the SiH+

3 flux in the SF series and therefore etching by electrons
is excluded.

Figure 4.17 shows the effect of an externally applied bias of +69 V on the
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Figure 4.17: SiH+
3 IEDs of the SF series with an externally applied bias of +69 V at

Prf= 57 mW.cm−2, p = 25 Pa, and Ts = 80◦C.

SiH+
3 IEDs of the SF series as observed with an experiment: at SF = 20% the

peak shift is 8 eV and at SF = 1.7% it is 3.9 eV.

Optical Emission Spectroscopy in the silane fraction SF series

In figure 4.18 we observed for a pure H2 inlet flow an offset in the measured Si*
OES intensity, which is created with chemically sputtered SixHy. The simulated
Si* OES intensity does not include the contribution of chemically sputtered
SixHy and is therefore zero at SF = 0%. At SF >3.4% the difference between
the experimental and modeled Si* OES intensity trend is not significant. At
low SF the Si* OES signal is not proportional to the deposition rate on the
substrate.
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Figure 4.18: Experimental and simulated Si* OES signals (y-axis on the right-hand
side) together with the experimental and simulated deposition rates for comparison.

Absence of physical sputtering

In this control experiment we made IMS measurements of an Ar-SiH4 dilution
series. Here the SiH+

3 flux was proportional to the SiH4 concentration in the
Ar SiH4 feedstock gas mixture (see figure 4.19). The discharge parameters of
this dilution series were: p = 25 Pa, Prf= 57 mW.cm−2, and Ts = 80◦C. We
made a series with 1, 5 and 10 sccm SiH4 and these flows were complemented
with Ar to a total inlet flow of 60 sccm.
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Figure 4.19: The measured SiH+
3 IEDs for three Ar-SiH4 dilutions: 1 sccm SiH4 and

59 sccm Ar (#1), 5 sccm SiH4 and 55 sccm Ar (#2), and 10 sccm SiH4 and 50 sccm Ar
(#3). EG is the peak energy on the grounded electrode.
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Abstract
We have critically evaluated the deposition parameter space of VHF PECVD
discharges near the amorphous to epitaxial growth transition for intrinsic a-Si:H
passivation layers on Si(111) wafers. Using a low silane concentration in the
SiH4-H2 feedstock gas mixture that created material just before the amorphous
to crystalline transition, we have obtained excellent surface passivation with
good reproducibility. By even a small increase in the discharge power, a mixed
phase layer was grown on the Si(111) substrate with nanocrystalline cones
in an amorphous matrix. A combined scanning electron and high resolution
transmission electron microscopy study revealed sparse growth of crystalline
cones which are seeded on the Si(111) wafer surface. The effective carrier
lifetime is low and does not increase upon post deposition annealing. Thus,
sparse local epitaxial growth on Si(111) is enough to obstruct crystalline silicon
surface passivation by amorphous silicon. We also investigated the use of an in-
line PECVD reactor and deposited i-a-Si:H passivation samples with conditions
close to the amorphous to crystalline transition. We compared batch and in-
line fabrication in the same PECVD reactor and found conditions that produce
well passivated samples for both in-line and batch type deposition.

5.1 Introduction

The use of intrinsic amorphous silicon (i-a-Si:H) buffer layers that passivate
the wafer surface in the silicon heterojunction (SHJ) solar cell, is a proven
concept and results in crystalline silicon based solar cells with world record
energy efficiencies. In 2015 an energy efficiency of 25.1% with a Voc of 738 mV
was reported for a bifacial SHJ solar cell (86 ).

A critical step in the processing of SHJ solar cells is the formation of the
c-Si/i-a-Si:H interface. A poor interface has a high density of Si dangling bond

69
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defects near the middle of the bandgap, that facilitates Shockley Read Hall
(SRH) recombination. A good c-Si/a-Si:H interface in a SHJ solar cell is an
abrupt transition from mono-crystalline to amorphous material with a silicon
dangling bond density (Dit) below 1010 cm−2.eV−1 (corresponding to 1 dan-
gling bond per 105 Si surface atoms) (87 , 88 ). If Dit is above 1010 cm−2.eV−1,
it can be reduced by the formation of Si-Si or Si-H covalent bonds, for exam-
ple in a post deposition anneal process. This is called chemical passivation
of defects. Another way to avoid recombination at the interface is field effect
passivation, but this passivation mechanism alone cannot warrant high per-
formance solar cell operation at high injection level (> 1015 cm−3), i.e. under
peak daylight conditions (89 ). Therefore, we focus in this paper on the PECVD
processing of a Si:H layers with the objective to precisely define the regime for
optimal chemical surface passivation quality, which is quantified by the effective
minority carrier lifetime (τeff ).

Two post deposition treatments have been reported to reduce Dit: annealing
(preferably in a H2 containing atmosphere) (90 ) and H2 plasma treatment (48 ,
91 , 92 ). In the annealing process, atomic hydrogen (H) diffusion through the
a-Si:H network is enhanced. The best a-Si:H passivation samples are produced
by low-temperature deposition at 130◦ and subsequent post-deposition anneal-
ing (31 ) and this method is the object of this study. Technically, the chosen
value of the silane fraction in the feedstock gas mixture (SF (%) = [SiH4]/[H2]
x 100)) during PECVD deposition has repercussions on the quality of passi-
vation layers and on the effectiveness of the post deposition treatment. If a
large SF is used, the short deposition time does not allow correction for small
initial fluctuations in the plasma parameters. Therefore, deposition at a lower
rate is preferred as this can improve the interface quality by better control over
the plasma conditions and thereby increase the reproducibility of the results.
A lower SF decreases the deposition rate and simultaneously increases the or-
der in the amorphous network and reduces the Dit that can be reached upon
annealing.

Therefore we investigate in this study the growth of a-Si:H at low SF , low
pressure, and low substrate temperature conditions. The presence and na-
ture of epitaxy strongly depends on the substrate orientation. For example,
a perfectly mono-crystalline epitaxial Si layer can be grown on the Si(100)
facet while a complete amorphous Si layer is grown on Si(111) facets within
the same deposition run (46 , 93 ). The highest efficiency for SHJ solar cells
is achieved with a pyramidal surface texture of a Si(100) wafer. The facets of
these pyramids are Si{111} crystal planes. Since results for i-a-Si:H passivation
samples obtained on Si(100) are not directly applicable to the Si(111) surface,
a-Si:H growth is best studied on polished Si(111) wafers. The condition of
the c-Si surface prior to Si growth has also a crucial influence: a chemical or
thermal oxide of only 2 nm can prevent epitaxial growth (94 , 95 ). In this
study we briefly dip the wafer in hydrofluoric acid (HF) solution, prior to a
Si:H deposition on the wafer in the vacuum reactor. Hricovini et al. (96 )
showed that an HF dip of a Si(111) wafer creates an unreconstructed (111)
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surface with Si-H termination, which is not affected by annealing. This Si-H
termination was also observed with IR absorption spectroscopy by Fameli et
al. (97 ). However, chemisorption of atomic H on a clean Si(100) surface can
result in either a reconstructed Si(100)-(2x1):H surface with monohydrides or
a reconstructed Si(100)-(1x1):2H surface with dihydrides (98 ). This difference
between the surface Si-Hx bond configurations of the cleaned and subsequently
hydrogenated Si(111) and Si(100) surfaces also provided an explanation for dif-
ferences in the sensitivity to light induced degradation (LID) mechanisms of
i-a-Si:H passivation samples on Si(100) and Si(111) as observed by De Wolf et
al.(99 ): annealed a-Si:H on Si(100) is prone to LID and on Si(111) it is not.

The highest electronic quality a-Si:H passivation layers are grown under
conditions close to epitaxial growth (28 ). It is generally accepted that epitaxial
Si growth should be avoided, since this usually creates a rough c-Si/a-Si:H
interface with a high density of recombination centers (87 , 90 ). A relevant
question is how many atomic layers at the a-Si/c-Si interface contribute to the
Dit. De Wolf et al. (100 ) write that this is determined by the electron wave
penetration depth into the a-Si, when the wave passes the interface. They
indicate that a penetration depth of 10 nm is a realistic estimate. The i-a-Si:H
buffer layer of a SHJ solar cell is only 4 nm thick (101 ), and therefore the
complete i-a-Si:H layer is involved in the Dit.

5.2 Experimental

The c-Si/a-Si:H interface in this study is formed in three processing steps:
dipping a Si wafer in dilute HF (1%) solution for 120 sec (unless otherwise
noted), deposition of the a-Si:H with 60 MHz VHF PECVD at Ts = 130◦C,
and annealing for 210 min. at 230◦C in nitrogen. The deposition temperature
has been reported to be the equilibration temperature for bonded hydrogen in
amorphous silicon (102 ). The passivation samples deposited with Ts = 130◦C
are known to result in excellent passivation layers after annealing (31 , 103 ).
To evaluate the chemical passivation quality, we deposited i-a-Si:H layers on
both sides of a double sided polished float zone (FZ) Si(111) wafer. This was
done with both 44 nm and 24 nm thick layers. The n-type FZ wafer is 280
± 25 µm thick, has a resistivity of 3.5 ± 1.5 Ω.cm (doping level 1-4 x 1015
cm−3) and is delivered by the supplier vacuum sealed with a 2 nm thick RCA
oxide on the surface. Simultaneously with the depositions on Si(111) wafer, Si
layers were deposited on HF cleaned Si(100) substrates (samples V and VII).
In one experiment we did not HF clean the Si(100) substrate (sample VI).
The PECVD reactor for the a-Si:H depositions is depicted in figure 2.1. With
an inductive V-I probe we monitored the rf power dissipated in the discharge
(Prf ).

A series of passivation samples with silane fractions SF = 1.7 to 9.1% (total
flow 60 sccm, pressure 25 Pa) was deposited with growth rates varying from
0.14 nm/s up to 0.5 nm/s (see Chapter 3) at a substrate temperature of Ts
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= 130◦C and discharge power density Prf = 40 mW.cm−2. Subsequently, the
parameter space near the amorphous to crystalline transition was scanned. We
increased Prf to 57 mW.cm−2. Also an externally applied dc voltage (Vext,DC)
of +100 V was added to the VDC on the powered electrode (the externally
applied bias is connected via the DC bias voltage probe depicted in figure 2.1)
at Prf = 40 mW.cm−2. This was done to increase the ion impact energy on
the growing film. Ion bombardment energies reported below correspond to the
peak position of the major peak in the measured Ion Energy Distribution (IED)
function.

For a comparison between in-line and batch type deposition we studied
transient depletion (104 ) at PECVD start-up by Time Resolved Optical Emis-
sion Spectroscopy (TR-OES). Both the in-line and the batch-type PECVD was
performed with the in-line deposition tool depicted in chapter 2. With TR-OES
we monitored the OES signal of the SiH*(A2∆−X2Π) emission band (from 409
to 426 nm) with a sample rate of 10 Hz. The duration of the exponential decay
of the SiH* signal until the steady-state level is reached, defined the transient
depletion duration. We varied the total gas flow (tot. fl. = 21-266 sccm),
the silane fraction (SF = 5%-33%), power density (Prf = 0.033-0.23 W.cm−2),
and total pressure (p = 0.4 and 2 mbar), but kept the tunnel and substrate
temperature constant at 125 ± 4◦C. For µc-Si:H deposition conditions with a
depletion transient of 100 s, we deposited 82 ±2 nm thick Si layers on Corning
glass with stationary and dynamic deposition and subsequently compared the
Raman crystallinity (Rc) (105 ).

The c-Si/a-Si:H interface was formed in three process steps: a wafer dip in
dilute HF (1%) solution (2 min) and subsequent drying with N2 gas, PECVD
of the a-Si:H layer at Ts = 125◦C, and post-deposition annealing at 230◦C for
3.5 hours. The rectangular powered electrode has a width of 10-cm. When the
substrate holder is positioned stationary in the middle above the plasma zone,
a uniform i-a-Si:H layer can be deposited on the wafer for the mild plasma
conditions used. The i-a-Si:H passivation layers in this study were not more
than 10% thinner at the sides than in the middle of the substrate. For each
dynamic deposition, the substrate made at least one complete pass through the
plasma zone. The substrate wagon moved at a constant speed of 3 mm/s and
this resulted in a uniform layer thickness.

5.3 Results

5.3.1 Passivation quality of a-Si:H layers
We observed in the SF series of the annealed passivation samples (see fig-
ure 5.1), that the highest effective lifetime was achieved at the lowest SF . The
highest τeff of 11.6 ms (Voc,impl = 729 mV) was achieved for 44 nm thick
a-Si:H layers deposited at SF = 1.7%. It has been observed with experiments
and verified with simulations (89 ) that the effective lifetime, measured with
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Figure 5.1: a. Effective lifetimes of passivation samples (varying SF , and layer thick-
ness) after post deposition annealing. The extra data points II, III, and IV label con-
ditions in the a-Si:H to c-Si transition regime and their deposition conditions are given
in the text and table 5.1.

TPCD measurements, is less with thinner intrinsic layers. We also observed
this: a passivation sample with 24 nm thick i-a-Si:H layers was grown under
the same conditions as the 44 nm layers and resulted in τeff = 7.2 ms after
annealing. In a flat SHJ cell we used this material as the i-a-Si:H buffer layer
with a thickness of 3 ±1 nm and achieved an energy conversion efficiency of
17.2 % (Voc = 0.65 V, FF = 71%, Jsc = 36.9 mA.cm−2) under 100 mW.cm−2

light with AM1.5 spectrum. The n- and p-layer and contact layers of the SHJ
cell were made with recipes previously applied in our research group (103 ).

The results presented in figure 5.1 and table 5.1 show how sensitive the
passivation quality of the layers is to small changes in the plasma conditions at
SF = 1.7%, near the amorphous to epitaxial growth transition. An increase in
Prf from 40 to 57 mW.cm−2 at SF = 1.7% reduced the annealed lifetime from
11.6 ms to 0.25 ms (44 nm i-a-Si:H layer equivalent of sample I and sample IV).
A decrease in silane fraction from 5.3 to 1.7% at Prf = 57 mW.cm−2 (samples
III and IV) resulted in a similar lifetime reduction. The as deposited τeff
of sample II and IV are roughly the same: τeff = 0.24 ms. However, the
effective lifetime of sample II after annealing is significantly higher and can
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Figure 5.2: The microstructure factor R* (open symbols) and the bonded hydrogen
content cH (closed symbols), determined with the FTIR spectra of the passivation
samples depicted in 5.1

be attributed to the higher hydrogen content. The only difference in plasma
conditions between sample I and II is the externally applied bias. This suggests
that the increase in ion bombardment energy causes surface damage and creates
defects that cannot fully recover with a post-deposition anneal step.

5.3.2 Structural properties of selected samples
The structural properties of the samples labeled I-VII, deposited near or in
the a-Si:H to c-Si transition regime, are studied with FTIR, SE and a repre-
sentative set of these samples also with HR-TEM (last column of table 5.1).
Deposition conditions, effective lifetimes both in the as-deposited and the an-
nealed state, and material properties are given in table 5.1. The R* values of
samples II and IV are significantly higher than those of samples I and III with
high effective lifetimes after annealing. The ion bombardment energies on the
substrate are the same for samples II and IV. The ion bombardment energy
increases from 24 eV to about 29 eV when a positive bias of +100 V is applied
to the powered electrode at Prf = 40 mW.cm−2. The same ion bombardment
energy increase is measured with mass spectrometry (measurement set-up is
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Table 5.1: Deposition parameters, effective lifetimes in the as deposited and in the
annealed state, and properties of the Si layers deposited at Ts = 130◦C.

No. facet Prf SF τeff τeff R* cH th.a TEM
b a.dc a.a.d

(%) (ms) (ms) (%) (nm) y/n
I.e (111) 40 1.7 <0.10 11.6 0.43 17.7 23 y
II. (111) 40f 1.7 0.24 1.7 0.51 20.0 34 n
III. (111) 57 5.3 0.07 10.7 0.30 17.8 67 n
IV.g (111) 57 1.7 0.24 0.25 0.48 17.9 86 y
V.g (100) 57 1.7 n/ah n/a 0.75i 5.8 95 y
VI. RCA 57 1.7 n/ah n/a 0.78 22.5 36 n
VII. (100) 40 1.7 n/ah n/a 0.80i 4.4 52 n
aLayer thicknesses based on SE modeling or HR-TEM images.
bUnit is mW.cm−2.
ca.d. means as deposited.
da.a. means after annealing
eRecipe used for the i-a-Si:H buffer layer in our flat SHJ solar cell.
fTogether with the rf discharge power a Vext,DC of +100 V was applied.
gSamples IV and V were co-deposited.
hSamples V-VII are not passivation samples (n/a: i.e. not applicable).
iThe microstructure of samples V and VII is R*� =I2114/(I2000 + I2114).

described in Chapter 2 and figure 2.1), when Prf is increased from 40 to 57
mW.cm−2. Possibly the higher R* values are correlated to the higher ion bom-
bardment energies. The HSM at 2080 cm−1 can be attributed to monohydrides
(Si-H) on the surface of nanovoids or multihydrides (Si-Hx with x > 1). The
Si-H2 complex has also a bending mode (34 , 106 ) around 880 cm−1 and this
helps us to determine the contribution of Si-H2 to the HSM peak. The inte-
grated absorbance ratio of the Si-H2 bending mode to the HSM of sample IV is
RB=I880/I2080 = 0.38, which is not much different from the ratios of samples
I-III: for sample I RB =0.42, for sample II RB =0.43, and for sample III RB =
0.41. Thus the Si-H2 bending mode is present in all passivation samples (i.e.
I-IV).

In figure 5.3 (samples I-IV, VI) and b (samples V and VII) the SE modeling
results are shown. The peak position of the pseudo-dielectric function ε2 that
models a-Si:H is at 3.7 eV for samples I-III and VI and this infers that they
consist of purely amorphous silicon. The hydrogen content of these a-Si:H sam-
ples varied between 17.7% and 22.5%, which agrees well with values found in
the literature for passivation samples deposited at low substrate temperatures
(34 , 107 ). On the other hand, the peak shift of the pseudo-dielectric function
ε2 of the T-L oscillator of sample IV towards the c-Si peak at 4.2 eV indicates
crystalline inclusions. Moreover, the peak is slimmer which is reflected in the
small value for the disorder parameter Br. For the fit of sample IV presented
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in figure 5.3, the measured SE data was modeled with a mixed phase layer of
purely amorphous silicon. If a fit is performed with a small c-Si(%) fraction
(e.g. 7%) in the mixed phase layer, the mean squared error did not change
significantly. The surface roughness layer thickness was 8 nm thick, whereas
for the other samples this thickness was below 1.5 nm.

The inset table of figure 5.3 shows that the a-Si:H deposited at Prf = 40
mW.cm−2 (samples I and II) has a higher denseness parameter A than the a-
Si:H deposited at Prf = 57 mW.cm−2 (samples III, IV, and VI). The disorder
parameter Br of the a-Si:H is about 2.15 eV for samples I-III. The A and Br
of samples I and II are similar to the values reported by Rath et al. (108 ) for
device quality a-Si:H deposited with VHF PECVD at 100◦C with SF = 5%.
Sample VI with a 2 nm SiOx layer modeled (T-L oscillator) at the interface, has
a high disorder parameter for the a-Si:H layer: Br = 2.37 eV. This high value
can be correlated to an abundance of multihydrides in the layer and nanovoids
(R* = 0.78 and low RB =0.20).

Samples V and VII are epitaxial Si layers on HF cleaned Si(100). The thick-
ness of the epitaxial layer of sample V has been determined by cross section
HR-TEM. This thickness was subsequently used as input for the SE modeling
(see figure 5.4). With a BEMA model consisting of a mixture of polycrys-
talline Si (poly-Si) and voids, we determined the void fraction to be 5.5% of
the volume. This is a large void fraction, which could have been created by
chemical sputtering of Si by H+

y ions. Chemical sputtering was previously ob-
served under the aggressive plasma deposition conditions used to deposit this
sample (see Chapters 3 and 4). The chemical sputtering rate, which is among
others proportional to the H+

y flux, can be reduced by reducing the Prf to 40
mW.cm−2. Sample VII was deposited at Prf = 40 mW.cm−2 and its void frac-
tion was indeed lower with 3.5% of the volume. The reduction in void fraction
can be observed in figure 5.4: the pseudo-dielectric function ε2 of sample VII
is closer to the c-Si substrate function than the function of sample V.

In the FTIR spectrum of sample V displayed in figure 5.5, we discern two
Si H2 bending modes at 848 cm−1 and 894 cm−1 and three Si-Hx stretching
modes at 1905 cm−1, 2000 cm−1 and 2114 cm−1 (see figure 5.5). The peak at
2114 cm−1 is attributed to SiH2 bonded on the wafer or void surface (110 ).
The peak at 2000 cm−1 is attributed to Si-H bonds in the epitaxial layer and
the peak at 1905 cm−1 is attributed to Si-H bonds with a Si dangling bond
as its first neighbor (111 ). The peak at 1905 cm−1 was not observed in the
FTIR spectrum of sample VII. These IR peaks confirm the crystalline nature of
the layer. We determined the hydrogen content of sample V to be cH = 5.8%,
based on the peak at 640 cm−1 using the same proportionality constant as used
for amorphous silicon (34 ). Microcrystalline Si growth with similar hydrogen
content has been reported in the literature for layers close to the transition
regime (44 ).
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Figure 5.3: Fits of the pseudo dielectric function ε2(eV) for the a-Si:H samples I-IV
and VI.

5.3.3 The substrate/layer interface investigated with
electron microscopy

In figure 5.6 the c Si/a-S:H interface of sample I is displayed. This sample
has an effective lifetime of 7.2 ms upon annealing. The image shows a purely
amorphous layer and this confirms the SE modeling results. At the c-Si/a-Si:H
interface (figure 5.6 a sharp change in darkness is observed, that contains no
discernible low density interface layer that would be indicative of an interface
oxide. In figure 5.7 we show an HR-TEM image of the c-Si surface after a 3 min
HF dip and regrown native oxide in ambient atmosphere on a Si(111) wafer: a
few monolayers of roughness from kinks, steps, and ad atoms remains on the
wafer surface.
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Figure 5.5: The FTIR spectrum of sample V. The green envelope of the bending
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of the stretching modes is composed of Gaussian peaks at 1905 cm−1, 2000 cm−1, and
2114 cm−1.
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Figure 5.6: HR-TEM micrograph obtained along the <112> zone axis showing the
abrupt c-Si(111)/a- Si:H interface of the annealed passivation sample I with some surface
roughness indicated by the arrows. The dashed line indicates the boundary between
the wafer substrate and the deposited Si layer.
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Figure 5.7: HR-TEM image obtained along the <110> zone axis after 3 min HF dip
and regrown native oxide in ambient atmosphere on a Si(111) wafer. The arrow shows
an area with surface roughness, also visible in another area in the inset.
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Sample IV, deposited at a slightly higher power density than sample I,
consists predominantly of a- Si:H (see figure 5.8). The c-Si/a-Si:H interface is
sparsely interrupted with the seeded growth of crystalline cones. The surface
coverage of the crystalline cones, determined with a top view SEM image (see
figure 5.10), is only 21 cones per µm2. Two cones are displayed in the HR-TEM
images of figures 5.8a-c and 5.8d-f, both starting at the substrate surface and
having an epitaxial relation to it. It is most likely that all cones in sample IV are
seeded at the substrate, since no cones starting away from the substrate surface
were found. Moreover, sample VI., which is grown under identical conditions
on a Si(100) wafer with a 2 nm RCA oxide layer (not HF dipped) did neither
show crystallinity in SE modeling nor cones protruding from the sample surface
in top view SEM. Apart from the cone structures, no crystallinity is visible in
the a-Si:H matrix of figure 5.8a,b,d as also evidenced from the FFT of the
amorphous matrix (see inset of figure 5.8c).

In figure 5.8c we take a closer look at the origin of the cones and observe
changes in crystal growth direction in the first 20 nm of the cone as a result
of two twin operations along two different rotation axes (see supplementary
material). The first horizontal epitaxial crystal planes have a very small angle
of about 1.5◦ with the plane parallel to the substrate surface, implying some
degree of freedom w.r.t. perfect epitaxy due to the limited lateral size of the
origin of the cone. The arrow in figure 5.8c indicates a twin boundary. In
figure 5.8f the cone starts with growth in the <111> direction, exhibiting a high
density of twin boundaries perpendicular to the growth direction. The zigzag-
like morphology of this part of the cone indicates the tendency of the crystal
to form 111 side facets, making an angle of 71◦ with the substrate surface.
At a height of roughly 18 nm the cone widens as a result of a more complex
defect geometry. At this height, two non-identical stacking faults occur: the
right side of the crystalline cone continues the <111> growth direction, still
exhibiting twin planes orthogonal to the growth direction (see also figure 5.8b)
. On the contrary, the left side changes growth direction, most likely due to
111 twin planes with directions inclined to the growth direction. The spotty
contrast in this region reflects differences in diffraction contrast for the different
crystalline orientations resulting from multiple twinning events. From bottom
to top the cones have a height of about 95 nm, similar to the epitaxial layer
thickness of sample V. The amorphous matrix, however, is only 86 nm thick
(given in table 5.1) and this thickness is used as input parameter for the SE
modeling of this sample. The etching rate of Si during PECVD deposition by
a SiH4-H2 discharge (52 ) or when a pure H2 plasma is applied depends on the
crystallinity of the material: a-Si:H is etched at a higher rate than (µ)c-Si (66 ).

Sample V (displayed in figure 5.11) and IV were deposited in the same de-
position run. Sample V consists of a layer deposited on an HF cleaned Si(100)
substrate without additional post anneal. The TEM image in figure 5.11a dis-
plays a spotty contrast. The FFT pattern of the selected area in figure 5.11a
displays a single crystalline pattern, without any evidence for additional spots
due to twin domains. Thus, this layer must be considered as being single-
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Figure 5.8: Sample IV: a,b. Seeded crystalline growth inside an amorphous Si network.
c. The arrow indicates a change in crystal growth direction, i.e. twin boundaries. The
FFT in the lower right corner is taken in the amorphous region within the green dashed
square. The FFT is identical to the FFT of a perfectly amorphous Si network: no
crystalline features can be discerned. d. Crystalline growth from substrate to top of the
layer. e. The white arrow indicates a stacking fault, where epitaxial growth is distorted
f. a zoom in on the interface of the wafer at the origin of the cone displaying epitaxial
growth with twin boundaries orthogonal to the growth direction. The c-Si surface has
a roughness of 1-2 monolayers. All images were acquired along the <110> zone axis of
the substrate.

crystalline. The origin of the spotty contrast is visible in figure 5.11b and
c: the film contains a high density of voids. The spotty contrast most likely
is the result of differences in projected density as well as local lattice distor-
tions around the voids. The top surface of the epitaxial layer is relatively flat
with only a few monolayers of roughness (figure 5.11e). The thickness of the
roughness layer modeled with SE is below 1.5 nm for sample V and VII.
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Figure 5.9: Two selected area FFT patterns (yellow and red dashes squares of fig-
ure 5.8c), both displaying a <011> zone axis. The two patterns are related by a
sequence of 2 twin operations around 2 different rotation axes. Schematic drawing of
the two twin operations. The twin mirror planes are indicated by dashed lines. All
patterns are <110> zone axis patterns. The reconstruction implies that the cone has
been formed by epitaxial growth from the substrate. The absence of (200) spots in
the upper FFT implies a small deviation from the <220> zone axis, suggesting a small
deviation in the growth direction from the epitaxial orientation.
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Figure 5.10: Top view SEM image of sample IV: a grayscale threshold has been applied
to convert the protruding head of the cone to white and the rest into black, creating a
binary image. The surface coverage of the crystalline cones is 21 cones per µm2: with
an average diameter of the protruding cone at the surface of 50 nm this amounts to
4.1% surface coverage at a layer thickness of 86 nm.
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Figure 5.11: Sample V: Epitaxial silicon layer of about 95 nm on HF cleaned Si(100)
wafer. a. TEM cross section imaged along the <110> zone axis. The epitaxial layer
is single crystalline: illustrated by the FFT of the dashed squared region. b. HAADF-
STEM image: Darks spots in the epitaxial layer indicate the presence of voids. c.
HAADF HR-STEM image: A perfect lattice continuation can be discerned (see right
arrow) at the epi/wafer interface. About 3-5 nm above the wafer surface voids are
observed (the darker regions in the STEM image). d. HR-TEM image of the top of the
epitaxial and the interface with the carbon protection layer. The epitaxial layer shows
only a few monolayers of roughness.
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5.3.4 Silicon heterojunction solar cells
Here we show J-V characteristics from solar cells that were produced with i-
layer recipes discussed in this chapter. We investigated the differences between
bifacial SHJ solar cells (see the design in figure 2.4) with 4 nm i-layers deposited
with SF=9.1% or SF=1.7% . The two sets of solar cells had the same average
fill factor (FF) of 0.64. The illuminated J-V characteristic of the two cells are
displayed in figure 5.12. There is a difference in Voc: at SF=1.7% it is 0.06 V
higher. The Voc of 0.66 V is much lower than the implied Voc of 720 mV. This
implied Voc was measured for the passivation stack with 24 nm i-layers with
the TPCD measurement.

It can be observed in figure 5.13 that the fill factor increases from 0.67 to
0.72 when the i-layer thickness is reduced from 4 to 3 nm. The dark J-V char-
acteristic of the solar cell with 3 nm i-layer had a diode ideality factor of 1.39.
The 3 nm i-layer resulted in the solar cell with the highest efficiency (17.2%).
When the layer thickness was further reduced to 2 nm the recombination at
the interface increased, and this reduced Voc and FF.

We also fabricated SHJ solar cells with higher ion bombardment energies
during the intrinsic layer deposition. An externally applied bias of +100 V on
the powered electrode shifted the SiH+

y IED peak on the grounded electrode
from 24 to 33 eV. The J-V characteristics in figure 5.15 show that the increase
in ion bombardment energy during i-layer deposition does not reduce the solar
cell conversion efficiency (for solar cells with 14% efficiency).
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Figure 5.12: The illuminated J-V characteristic of a solar cell deposited at silane
fraction SF=1.7% and SF=9.1%.

Figure 5.13: The illuminated J-V characteristic of a solar cells with i-layer thicknesses
of 2, 3 and 4 nm, deposited at silane fracton SF=1.7%.
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Figure 5.14: With the spectral response set-up we measured the external quatum
efficiency (EQE) of solar cell A with 3 nm i-layer presented in figure 5.13. The EQE is the
ratio of the number of charge carriers collected to the number of photons incident on the
solar cell. With integration of the solar response curve (Jsc[nm] versus wavelength) we
determined: Jsc = 32.15 mA.cm−2, which is much less than measured by the WACOM
set-up (see figure 5.13).

Figure 5.15: A comparison of the J-V characteristic between SHJ cell with a 4 nm in-
trinsic i-layer deposited at SF=9.1% with and without an externally applied DC voltage
of +100 V. Jsc values are not reliable. The values deviate too much from what would
have been determined with a solar response measurement
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Figure 5.16: Time evolution of the SiH* OES signal for batch depositions with condi-
tions C1-C4 show that transient depletion depends on the total flow, the silane fraction
and the discharge power. The pressure is for all conditions 2 mbar.

5.3.5 In-line versus batch-type deposition
For the deposition of the i-a-Si:H passivation layers of samples S1 (stationary)
and S2 (dynamic), we used conditions known to result in good a-Si:H layers
for thin film solar cells. We created 40-nm thick i-a-Si:H layers at a low power
density (Prf = 33 mW.cm−2), at silane fraction SF=33%, a total gas flow of
266 sccm and a pressure of 0.4 mbar. Then, we searched for a-Si:H deposition
conditions close to the a-Si:H to c-Si transition with a silane fraction series.
We used Prf = 113 mW.cm−2 and SF=7.1%, a total gas flow of 107 sccm and
p= 2 mbar to create the passivation samples S3 and S4 with a-Si:H close to
the transition.

Figure 5.16 displays the time evolution of the SiH* emission band for plasma
conditions C1-C4 and shows that the presence of transient depletion at plasma
start-up depends on the total flow, the silane fraction, and discharge power.
For plasma conditions C1 (1 sccm SiH4, 20 sccm H2, Prf = 0.23 W.cm−2)
the total flow is low and this results in a long residence time and therefore
a long depletion transient. For conditions C2 (5 sccm SiH4, 100 sccm H2,
Prf = 0.23 W.cm−2) a depletion transient of less than 5 s was measured. Sub-
sequently the silane fraction was increased from SF=5% to 7.1% (plasma con-
ditions C3 with 7 sccm SiH4 and 100 sccm H2) and then a depletion transient
of 60 s is observed. This depletion transient can be mitigated by reducing Prf
from 0.23 to 0.11 W.cm−2 (C4). C4 are the deposition conditions of sample S3
and S4.
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Figure 5.17: Raman spectra of 82 nm thick Si layers on glass, that are created by
stationary and dynamic deposition with conditions C1.

We compared the Raman crystallinity of 82 nm thick Si layers on glass
that are created by a stationary or dynamic deposition with conditions C1
(see figure 5.17). Rc is smaller for the stationary (Rc = 0.52) than the dy-
namic (Rc = 0.62) deposition, confirming a noticeable difference in the struc-
tural evolution. It is expected that the depletion transient makes the a-Si:H
incubation layer of the stationary deposition thicker than the incubation layer
of the dynamic process. A thicker incubation layer results in a lower Rc and
this corresponds to the Rc values found.

The i-a-Si:H depositions of samples S1 and S2 at SF=7.1% and Prf re-
sulted in passivation samples with the same effective lifetime upon annealing:
τeff = 1.4 ms. With growth conditions just before the onset of the a-Si:H to
c-Si transition (i.e. SF=7.1% and Prf = 0.113 W.cm−2), the i-a-Si:H layers
of the dynamically deposited sample S3 resulted in an excellent lifetime upon
annealing (τeff = 4.8 ms). We made symmetric passivation sample S4 with
stationary deposition with conditions C4 using an H2 plasma etch to remove
the RCA oxide. An HR-TEM cross section confirmed that the RCA oxide layer
was removed by the H2 plasma etch. This resulted in an effective lifetime of
τeff = 6 ms and an implied Voc of 716 mV after annealing.

The bulk a-Si:H layer properties of samples S1-S4 were compared with a
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Table 5.2: FTIRS results of the annealed passivation samples.

# Process R* cH(%) Thickn. [nm]
S1 stationary 0.43 17 42
S2 dynamic 0.43 18 36
S3 dynamic 0.40 16 23a
S4 stationary 0.43 15 26
aThe i-a-Si:H layer thickness was determined
both with HR-TEM and SE.

combined FTIRS and SE analysis: in table 5.2 the R*, cH(%), and thickness
of the i-a-Si:H layers are shown. The samples span a range of R* and cH
values that can result in good passivation layers, as we saw earlier in this
chapter. These R* and cH are commonly found for i-a-Si:H layers deposited
with PECVD at low substrate temperature. For example, Langford et al. (34 )
report R*=0.44 for an i-a-Si:H layer that is deposited by PECVD at 150◦C.
There is a difference between the FTIRS spectra of S1 and S2 on one hand,
and S3 on the other hand considering the Si-H2 bending modes. For samples
S1-S2 we observe a doublet with peaks at 843 cm−1 and 885 cm−1 and for
samples S3 and S4 we observe a single peak at 885 cm−1. The absorbance
ratio (I843 + I885)/I2075 of samples S1-S2 is 0.39 and significantly less than for
samples S3 and S4 with a ratio 0.54. This indicates that the stretching mode
at 2075 cm−1 of samples S1-S2 represents not only multihydrides (Si-Hx with
x > 1) but also monohydrides on the inside of nanovoids.

The SE modeling results of the i-a-Si:H layers of samples S1-S4 are displayed
in figure 5.18. The i-a-Si:H layers of sample S1 have more disorder and the
layers of sample S2 are less dense than the other layers. These observations
might be correlated to the presence of nanovoids. Sample S3 has a higher E0

value, indicating that the microstructure is more towards crystalline Si. Eg
of the a-Si:H layers ranges from 1.61 to 1.68 eV, which is a normal range for
device grade a-Si:H passivation layers (48 ). The above characterizations show
that there is no significant difference in bulk properties between the two types
of depositions. This confirms that the process parameters developed in a batch
type reactor for optimum passivation quality can be transferred to an in-line
reactor without any major adaptation.

We investigated the c-Si/a-Si:H interface in the middle of the wafer of sam-
ple S3 (figure 5.19) with HR-TEM. Some roughness created by inhomogeneous
epitaxial growth is visible at the c-Si/a-Si:H interface but is not seriously lim-
iting the effective lifetime. Earlier in this chapter we observed that excellent
i-a-Si:H passivation layers can be created at low SF , close to the a-Si:H to c-Si
transition by stationary deposition on Si(111).
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Figure 5.18: The fitted pseudo dielectric function ε2 to the SE measurement data of
the i-a-Si:H layers of passivation samples S1-S4.

Figure 5.19: HR-TEM image of the c-Si/a-Si:H interface with a carbon protection
layer on top the a-Si:H. The red dashed line is the demarcation between the wafer
substrate and the epitaxial roughness. Sample S3 has a roughness of 1 to 5 monolayers
on the wafer substrate and was created by dynamic deposition.
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5.4 Discussion

Passivation sample I has a sharp c-Si/a-Si:H interface and showed excellent
surface passivation with a τeff of 7.2 ms after annealing. Excellent surface
passivation is expected for i-a-Si:H that is deposited with deposition conditions
close to the amorphous to crystalline Si transition (28 ). For sample I we used
the deposition parameters SF = 1.7% and Prf = 40 mW.cm−2. By increasing
the Prf to 57 mW.cm−2, we observed an as deposited τeff = 0.24 ms for
sample IV that does not increase with post-deposition annealing. The small
increase in Prf introduced sparsely seeded crystalline conical growth in an
otherwise completely amorphous silicon layer. Despite the predominantly sharp
c-Si/a-Si:H interface and the low Ts, the effective lifetime stayed low after
annealing at 230◦C.

Our best passivation samples (I and III), on the other hand, had an abun-
dance of defects after deposition, which resulted in an as deposited effective
lifetime below 100 µs. The defects are mostly Si dangling bonds at or near
the c-Si/a-Si:H interface and are readily passivated by post-annealing at tem-
peratures above 180◦C (31 ) due to the enhanced mobility of atomic H and
reconstruction of the network near the interface (100 , 107 ). The atomic H
reduces the number of defects at the interface by forming covalent Si-H bonds
with Si dangling bonds and is most probably inducing some network recon-
struction.

In contrast to our results, Descoeudres et al. (28 ) observed that by increas-
ing the VHF discharge power the effective lifetime upon annealing of a-Si:H
passivation samples was improved. However, those layers were deposited from
pure silane feedstock gas. Fujiwara et al. (87 ) showed that for substrate
temperatures above 140 ◦C, epitaxial growth on Si(100) can be prevented by
increasing Prf . They find that both a rise in discharge power and a higher
resistivity of the wafer substrate increases the ion bombardment energy. They
conclude that the higher ion bombardment energy prevents epitaxial growth.
However, we show that sparse local epitaxial growth is actually introduced by
the rise in Prf in the amorphous Si network on the Si(111) substrate of sample
IV. The difference could be the result of the different crystal facet exposed on
the surface of the wafer substrates.

Epitaxial Si growth is observed on the Si(100) substrate of sample V and
VII. The hydrogen content of these epitaxial layers is low (cH < 5.8%) and
similar to the cH of µc-Si:H grown close to the a Si:H to µc-Si:H transition
(44 ). The microstructure parameter of our epitaxial samples is high (R*� is
about 0.75) and this can be correlated to the large presence of voids: sample
V and VII have a void content of 5.5% and 3.5% respectively. It should be
noted that the epitaxial growth of sample V is nearly continuous in the <100>
direction until the top of the 95 nm thick layer. In case of equilibrated growth
the slowest growth is in the <111> directions (112 ). The deposition rates of
samples V and VII are 0.181 nm/s and 0.172 nm/s respectively. We think that
both the fast growth and chemical sputtering by H+

y ions can introduce voids
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in the epitaxial Si layer.
When we compare the microstructure parameter R* and the hydrogen con-

tent cH of sample IV with samples I-III, we observe they are within the range
spanned by samples I-III. Apart from the seeded crystalline cones, no crys-
talline inclusions were found in the amorphous matrix of sample IV. Therefore
we suggest that the crystalline conical growth is introduced by a modification
of the growth conditions on the wafer surface. For example, the seeded growth
may be initiated at small irregularities in the Si(111) substrate plane, such as
kinks and steps. No rows of cones are observed in figure 5.10 and therefore step
edges are excluded. Sample VI showed that for the same deposition conditions
as sample IV and V, a pure hydrogenated amorphous Si layer is grown on the
2 nm RCA chemical oxide.

5.5 Conclusions

In this study we investigated the passivation quality of i-a-Si:H layer near and
in the a-Si:H to crystalline Si transition regime by varying the silane fraction
SF and discharge power density Prf of the SiH4-H2 VHF PECVD discharge.
Excellent passivation samples on Si(111) wafers (τeff = 7.2 ms upon annealing
for a 24 nm i-a-Si:H layer) were fabricated at a low SF of 1.7% and low Ts of
130◦C. This i-a-Si:H material was also used in a flat SHJ solar cell and resulted
in a solar cell efficiency of 17.2%.

A slight increase in Prf produced an a-Si:H layer with sparsely embedded
crystalline cones. A sparse surface coverage of cones seeded on the Si(111)
substrate is most probably facilitated by a combination of nucleation at steps
and kinks in the 111 surface and the more aggressive plasma conditions. It
is unique that no cones are seeded inside the a-Si:H layer, which is normally
observed for mixed phase µc-Si:H growth. The latter is in agreement with our
detailed TEM observations showing that the parameters used are on the edge
of the crystallization regime: some directional freedom in the epitaxy of the
cones, a high density of stacking faults (twin boundaries), and the inclusion
of a high void density in the epitaxial layer co-deposited on Si(100). The
c-Si wafer/a-Si:H interface of this sample is abrupt and is not qualitatively
different from that observed in the state of the art passivation a-Si:H sample
mentioned above. Nevertheless, the effective lifetime of the passivation sample
with sparsely embedded crystalline cones is poor and does not improve upon
annealing.

With in-line deposition an i-a-Si:H passivation sample with an excellent
effective lifetime of 4.8 ms was fabricated with i-a-Si:H material near the a-Si:H
to c-Si transition. The denseness, disorder, Eg, R*, and hydrogen content of
the a-Si:H passivation layers showed only small differences between batch-type
and in-line depositions. The results show that in-line and batch-type reactors
can deposit good i-a-Si:H passivation layers and therefore both methods can
equally well be considered for the production of SHJ solar cells.



6. Reduced recombination
through oxide treatment

Abstract
We used an Ar-H2 plasma treatment on an ultra thin RCA oxide layer to create
well-passivated silicon wafers with symmetric c-Si/SiOx:H/a-Si:H passivation
layer stacks. The effective lifetime after annealing at 200◦C of these samples
increased from 10 µs to 4 ms through Ar-H2 plasma treatment of the oxide.
The results indicate that the plasma treatment can modify the RCA oxide and
this enables atomic hydrogen diffusion at low annealing temperature, leading
to a well passivated c-Si/SiOx:H interface. This might lead to new possibilities
to use wet chemical oxides in c-Si solar cells, for example as tunnel contacts.

6.1 Introduction

The introduction of the hydrogenated intrinsic amorphous silicon (i-a-Si:H) lay-
ers between the crystalline silicon (c-Si) wafer and the doped a-Si:H layers is the
key point of the invention of the silicon heterojunction (SHJ) solar cell (101 ),
since this layer reduces the interface defect density (Dit) at the c-Si/a-Si:H
interface. Recently, researchers replaced i-a-Si:H with a hydrogenated SiOx
layer, either created with a wet chemical oxide (113 ) or PECVD (113–117 ),
leading to promising solar cell energy efficiencies. SiOx has several advantages
compared to a-Si:H, among others, that oxides are more transparent for blue
light, allow processing at higher temperatures (118 , 119 ) and can mask dopant
diffusion (120 ).

The c-Si/SiOx and c-Si/a-Si:H interface are similar in the sense that both
interfaces are at the boundary between c-Si substrates and amorphous over-
layers. However, the SiOx surface has half as many surface bonds as the c-Si
substrate (121 ). Therefore, roughly half the Si bonds on the c-Si surface form
covalent bonds with SiOx and the other half are dangling bonds. This amounts
to a Si dangling bond density of 3.4 x 1014 cm−2 on the Si(100) facet. These
dangling bonds can be passivated by atomic hydrogen (H). Moreover, Himpsel
et al. (121 ) found that the c-Si(111)/SiO2 and c-Si(100)/SiO2 interfaces are

95
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not abrupt, but consist of 2-3 atomic layers of intermediate Si oxidation states
(Si1+-Si3+) that are the result of strained bonds. Annealing in an H2 atmo-
sphere significantly reduced the Dit, but not the strain in the structure.

The Radio Corporation of America (RCA) cleaning procedure was devel-
oped by Kern and Puotinen in 1970 (122 ). Recently, Bian et al. (113 ) inves-
tigated the surface passivation quality of wet chemical oxides for application
in SHJ solar cells. They used SiOx layers formed by diluted NH4OH + H2O2

(RCA I (123 )), HCl + H2O2 (RCA II (123 )), HNO3 and hot de-ionized water
(DIW). Their results showed that the Dit of DIW and HNO3 oxides was lower
than of RCA I and II oxides. This is contrary to the earlier result of Yamashita
et al. (124 ), in 1998. They investigated wet chemical oxides for metal oxide
semiconductor (MOS) devices and found that the RCA II oxide has relatively
low atomic density, but it creates a smooth interface. The HNO3 oxide on the
other hand has a 10% higher atomic density and creates a rougher interface.
The smooth interface created with the HCl reagent (RCA II) had a 10 times
lower Dit than the HNO3 oxide.

Ashburn et al. (125 ) used an RCA oxide in a poly-crystalline Si emitter
transistor. Before poly-crystalline Si deposition, they either created an RCA
oxide on the c-Si base or HF cleaned the base surface. The interfacial RCA
oxide acted as a tunnel contact and the transistor had a five times higher gain
than with the HF cleaned surface. Asuha et al. (126 ) used a 1.3 nm thick
HNO3 oxide in an Al/SiOx/Si(100) MOS diode and reported a 80% reduction
in the leakage current density after a Post Metallization Anneal (PMA) in
hydrogen at 200 ◦C. Recently, Feldmann et al. (9 ) successfully applied this
concept to a c-Si solar cell: an ultra thin wet chemical HNO3 oxide separated
the base from the thin poly-crystalline silicon emitter.

In this study we created c-Si/SiOx:H interfaces by hydrogenation of an RCA
oxide with a mild Ar- H2 VHF PECVD plasma treatment and a subsequent
anneal step. Physical sputtering of SiOx by the Ar-H2 plasma was prevented
by keeping the ion bombardment energy far below 50 eV (127 ). Ar-H2 (128 )
or H2 (129 ) treatment with an inductively coupled plasma (ICP) has earlier
been used for the hydrogenation of a poly-crystalline Si transistor. Yeh et al.
(128 ) demonstrated that the gate oxide leakage current is not affected by their
plasma treatment. The maximum ion bombardment energy in their discharge
is 18 eV, which is close to the maximum ion energy in our optimal Ar-H2 plasma
treatment.

6.2 Experimental

Symmetric passivation samples (a-Si:H/SiOx:H/c-Si/SiOx:H/a-Si:H) were fab-
ricated by Ar-H2 plasma treatments on both sides of RCA-cleaned wafers and
subsequent depositions of 30-nm i-a- Si:H layers. The 2-nm thick RCA oxide
was created by cleaning a wafer with RCA I + II. We used both Si(100) and
Si(111) wafers. With an HR-TEM image (displayed in figure 6.5 of the supple-
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mentary material), we observed that this c-Si/RCA oxide interface was very
smooth (124 ). The Ar-H2 plasma treatment and the i-a-Si:H PECVD were
performed in separate chambers of a multi-chamber vacuum system, named
ASTER. The capacitively coupled VHF PECVD reactors of this set-up were
described in 2). We optimized the plasma parameters pressure, discharge
power and hydrogen dilution R (=[H2]/[Ar]) of the Ar-H2 treatment. This
dilution is determined by the inlet flows of H2 and Ar, which together add up
to a flow of 60 sccm. No external heating was applied to the substrate for this
treatment.

For the i-a-Si:H deposition, we used flows of 30 sccm SiH4 and 30 sccm
H2, p = 16 Pa, Prf = 28 mW.cm−2 at 60 MHz and a substrate temperature
Tsubs = 130 ◦C, resulting in a deposition rate of 0.25 nm/s. The SiH+

3 peak
energy in this discharge is 27.5 eV. After the Ar-H2 plasma treatment and
i-a-Si:H deposition, the samples were annealed for 3.5 hours at 200◦C.

6.3 Results

The effective lifetime upon annealing of the passivation samples is optimized by
varying the hydrogen dilution, discharge power, and gas pressure of the Ar-H2

plasma treatment on Si(111) (see figure 6.1). The highest τeff was 5 ms and
obtained with a 2 min Ar-H2 treatment with Prf = 68 mW.cm−2 at 60 MHz,
p = 16 Pa and R = 1 (i.e. 30 sccm H2 and 30 sccm Ar). τeff of an RCA
cleaned wafer is very poor (below 10 µs) and when an Ar-H2 plasma treatment
is applied (without subsequent i-a-Si:H layer deposition) followed by annealing
at 200◦C, then the lifetime does not increase. Moreover, when a 30 nm i-a-Si:H
layer is deposited directly on the RCA oxide without a prior Ar-H2 treatment,
no lifetime improvement is measured after the anneal. These results suggest
that the Ar-H2 plasma treatment promotes atomic H diffusion to the c-Si/SiOx
interface and the subsequent passivation of Si dangling bonds during the anneal
step.

Atomic H can passivate Si dangling bonds and it can also reduce SiOx to Si
(130 ). The weakest Si-O bonds are etched first (131 ). When SiOx is stripped of
oxygen and converted into i-a-Si:H, atomic H subsequently passivates or etches
the remaining Si (62 , 132 ). Two H atoms can recombine to molecular H2 that
is trapped in the layer or diffuses and desorbs. Trapped molecular H2 is for
example formed by ion implantation and should be prevented, since this creates
a void-rich structure (17 ). Ar treatment with low energy ion bombardment at
substrate temperatures below 200◦C densifies SiNx (133 ) and a-Si:H layers
and some Ar implantation can occur (134 , 135 ). This might also apply to
SiOx:H films. The optimal plasma conditions of the Ar-H2 treatment are most
probably near the regime of chemical sputtering of SiOx by H+

y ions 4. Based
on the results of Peña et al. (132 ) and our results presented here, we suggest
that the H+

3 ion (see figure 6.2) penetrates into the SiOx layer with a collision
cascade for ion energies above 30 eV. At the moment of impact the H+

3 molecule
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Figure 6.1: Optimization of the Ar-H2 plasma treatment on Si(111)/RCA oxide stacks
by varying a. the hydrogen dilution R (with Prf = 68 mW.cm−2, p = 16 Pa) and b.
power density on top x-axis (with R = 1, p = 16 Pa) and pressure (with R = 1, Prf
= 68 mW.cm−2). In graph a. two extra data points for Si(100)/RCA oxide passivation
samples are added. Points within the circle in b. have the same plasma conditions.

is converted to 3H or H2 + H (50 ). Atomic H and H2 are thus buried in
the SiOx layer. At low pressure and high discharge power the ion energies
are high and then chemical sputtering is likely to occur. At higher pressure
the electron temperature is reduced, which affects the H2 dissociation rate.
A higher hydrogen dilution mainly increases the production of atomic H (see
supplementary material) and the addition of Ar gives the discharge inertia. τeff
deteriorates for Prf greater than 68 mW.cm−2 probably due to the creation of
voids and fast removal of SiOx.

The HR-TEM image in figure 6.3a shows a cross section of a passivation
sample created with the optimal Ar-H2 plasma treatment on a Si(100) wafer.
A compact 3 ±0.5 nm thick SiOx layer can be discerned. Only a very small
difference in structure and contrast of the layers in the HR-TEM images in-
dicates the boundary between the SiOx:H and a-Si:H. The oxygen (O) and Si
Energy Dispersive X-ray (EDX) spectroscopy maps in figure 6.3b,c also show
the presence of the SiOx layer: the lighter cyan line in figure 6.3b indicates the
presence of O and the dark line in figure 6.3c indicates the reduced Si atom
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Figure 6.2: Ion energy distributions of Ar+, ArH+ and H+
3 at the stainless steel

grounded electrode for plasma conditions (R = 1, 68 mW.cm−2, p = 16 Pa) resulting
in the passivation sample with the highest effective lifetime on Si(111). The H+

3 peak
position is at 21.2 eV. With a SiOx substrate the ion energy may be a few eV smaller
due to surface charging (136 ).

Figure 6.3: a. HR-TEM image cross section of a passivation sample created with an
Ar-H2 plasma treatment on a Si(100) wafer substrate (sample S1, see figure 6.1a). EDX
maps of b. oxygen and c. silicon at the c Si/SiOx:H/a Si:H interface shown in a.
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Figure 6.4: Complete wafers were measured with µ-PCD to show the spatial distri-
bution of effective lifetime over the wafer surface (∅ =10 cm). A 2 min Ar-H2 plasma
treatment was applied at a power of 68 mW.cm−2, gas pressure of 16 Pa and in a.
an Ar-H2 dilution R=1 on a Si(111) wafer (record in figure 6.1a) and in b. an R=7.6
diluton on a Si(100) wafer.

density. The uniformity of the passivation quality over the wafer surface was
checked with the µ-PCD analysis, but for the quantitative analysis of the life-
times we relied only on the TPCD method. The µ-PCD diagrams of figure 6.4
shows that the Ar-H2 plasma treatment on an RCA cleaned Si(100) wafer and
subsequent i-a-Si:H layer deposition creates a passivated sample with uniform
lifetime distribution on a 10 cm diameter wafer. With TPCD measurements we
measured effective lifetimes upon annealing of 5.0 and 4.4 ms for the samples
of figures 6.4a and b respectively.

6.4 Discussion

An Ar-H2 plasma treatment at room temperature reduces the oxygen content
of the SiOx film (130 ). This may lead to better passivation upon annealing as
long as the microstructure of the layer is void-free. In our case the simultaneous
Ar ion bombardment can probably densify the SiOx film. Einsele et al. (118 )
showed that SiOx:H films with an oxygen concentration below 3% can passivate
the c-Si surface by annealing at 250◦C, whereas for SiOx:H layers with higher
oxygen content higher annealing temperatures are necessary. This observation
is in accordance with our own observations when we applied the Ar-H2 treat-
ment to a wet chemical HNO3 film (see section 6.6.3) with higher stoichiometry
than the RCA oxide (124 ). Einsele et al. suggest that SiOx:H films with low
oxygen content and compact microstructure have a sufficient atomic H diffu-
sion rate and slow H2 diffusion and desorption rate, and this results in excellent
passivation layers after annealing at relatively low temperature. The reduction
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of recombination at the c-Si/SiOx:H interface at low annealing temperature is
thus a trade-off between the ability of SiOx:H to retain atomic H (the Si-H
bond is stronger in SiOx:H than in a-Si:H due to O back bonding (119 )) and
the ability to provide pathways for atomic H diffusion. This can be tuned with
the oxygen concentration.

Bian et al. (113 ) made similar symmetric passivation samples with 1.5 nm
RCA I oxides and 20 nm i-a-Si:H layers. The effective lifetime after annealing
at 200◦C was 18 µs for such a sample. This is consistent with experiments
in the present study when the Ar-H2 plasma treatment was omitted. Bian et
al.’s passivation samples with RCA II or DIW oxides had effective lifetimes
above 1 ms after annealing at 200◦C. These tunnel oxides were created on
HF cleaned wafers. Since the HF dip already provides Si-H termination on
the wafer surface, hydrogenation of the SiOx might be less important for the
creation of a well-passivated c-Si/SiOx interface in this case.

Thermal oxides, the standard insulator materials in bipolar transistors, are
produced with an oxidizing vapor in furnaces between 800◦C and 1200◦C. Wet
chemical oxides, however, are produced by wafer immersion in a liquid solution
not exceeding 130◦C. Thermal oxides are stoichiometric (i.e. SiOx with x=2),
whereas chemical oxides are usually sub-stoichiometric and have lower mass
density and dielectric constant. The wet chemical oxide can be used in SHJ
solar cells, since high electric breakdown strength is not required. For industrial
processing of SHJ solar cells, the wet chemical oxide is indeed a good option,
since the texturization is also done in a chemical bath. The Ar-H2 plasma
treatment of such oxides, of which the effectiveness is shown in this paper, can
easily be added to an industrial SHJ processing line where PECVD is a standard
process. The treatment takes only two minutes and uses only environmentally
harmless gases.

6.5 Conclusions

We studied the hydrogenation of the RCA I+II oxide through an Ar-H2 VHF
PECVD plasma treatment to reduce the recombination at the c-Si/RCA I oxide
interface of a SHJ solar cell. By careful tuning of the plasma parameters of
the Ar-H2 discharge, the effective lifetime of a symmetric c-Si/SiOx:H/i-a-Si:H
layer stack after post deposition annealing at 200◦C increased from 10 µs to 4
ms, both for RCA oxides on Si(100) and Si(111) facets. The results indicate
that a short Ar-H2 treatment can significantly enhance the passivation of the
c-Si/RCA oxide interface, presumably due to an enhanced H diffusion rate
at low annealing temperature through compact SiOx:H layers with reduced
oxygen content.
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Figure 6.5: Si(100) wafer with the 1.9 ±0.2 nm thick RCA oxide on top. The carbon
protection layer is used for microscopy purposes.

6.6 Supplementary material

6.6.1 Preparation of the RCA oxide layer
The RCA clean is a standard set of four processing steps developed by Werner
Kern (123 ) to clean the wafer surface after the polishing/planarization step
and before solar cell processing. The standard clean 1 (RCA I or SC-1) is
an organic contaminants clean with NH4OH + H2O2. The second step is
optional and involves an oxide strip by a short dip in an HF solution. The
third step is standard clean 2 (RCA II or SC-2), which is an ionic clean step
with HCl + H2O2, and the last step is also optional and involves rinsing with
de-ionized water (DIW) and drying the wafer with nitrogen gas. The RCA
oxide used in this study was prepared by Topsil Semiconductor Materials A/S.
Topsil performed SC-1 and SC-2 of the RCA cleaning process without an HF
dip in between and without the optional last step. Topsil packed the double
sided polished FZ wafers with RCA oxide in a nitrogen atmosphere and the
wafers were delivered vacuum sealed. With the HR-TEM image of figure 6.5
the thickness of the RCA oxide layer on the Si(100) wafer as received was
determined to be 1.9 ±0.2 nm.

6.6.2 Balmer-α and IEDs of the Ar-H2 discharge
Atomic H is produced by the Ar-H2 PECVD discharge and diffuses towards
the substrate. Si dangling bonds at the c-Si/SiOx interface are passivated by
atomic H diffusion through the oxide layer during post-deposition annealing.
Djurovićs et al. (137 ) and Radovanov et al. (138 ) performed studies of the
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Figure 6.6: The Hα OES peak of the Ar-H2 treatment dilution series (R = [H2]/[Ar])
at room temperature. The intensity of the Hα peak is a measure for the atomic H
production and increases with R.

Balmer-alpha (Hα) peaks and IEDs in an Ar-H2 PECVD discharges. The
Balmer-alpha line is the result of the electron transition in excited atomic H
from n=3 to n=2 (n is the principal quantum number of the electron), and
this results in a visible spectral line at 656.3 nm (38 ) and can be detected with
Optical Emission Spectroscopy (OES) (see figure 6.6). The major pathways for
the creation of excited atomic H in the Ar-H2 discharge are (6.1) dissociative
excitation of H2, (6.2) dissociative ionization of H2, and (6.3) electron impact
excitation of atomic H. The reactions are as follows:

H2 + e− −→ e− +H∗
2 H∗

2 −→ H∗ +H + Ek (6.1)
H2 + e− −→ 2e− +H+

2 H+
2 −→ H∗ +H+ + Ek (6.2)

H + e− −→ e− +H∗ + Ek (6.3)

where Ek is the kinetic energy released to the reaction products.
Most of the atomic H is formed by dissociation of H2 and therefore the

Halpha peak intensity is a measure for the production of atomic H from H2.
Thus the diffusion flux of atomic H towards the substrate depends among
others on the amount of H2 inlet flow into the reactor (the total gas inlet
flow is maintained at 60 sccm for all hydrogen dilutions R) and this can be
observed in figure 6.6. On the other hand, Djurović et al. (137 ) and Yeh et
al. (128 ) report that the addition of Ar to an H2 discharge can enhance the
amount of H* via reactions 6.4 or 6.5 and subsequently 6.7:
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H2 +Ar+ −→ H+
2 +Ar (6.4)

Ar∗ +H2 −→ ArH2 −→ H+
2 +Ar + e− (6.5)

H+
2 −→ H∗ +H+ + Ek (6.6)

With reaction 6.5 a larger percentage of the electrons in the discharge are useful
for the ionization of H2, since the electron energy needed for the excitation of
Ar (11.6 eV) is less than the energy for electron ionization of H2 (15.42 eV) and
the electron temperature is below 10 eV. This mechanism is known as Penning
effect and was observed by Yeh et al. (128 ). We did not observe a significant
contributions from reaction 6.4 and 6.5 to the Hα peak in our Ar-H2 discharges.

We displayed IEDs of Ar+, ArH+, and H+
3 in figure 6.2. Experimental IEDs

of very similar Ar-H2 discharges can be found in ref (136 ). Here we give the
reactions that are most likely to produce these ions:

Ar + e− −→ 2e− +Ar+ (6.7)
Ar+ +H2 −→ ArH+ +H (6.8)
H+

2 +H2 −→ H+
3 +H (6.9)

6.6.3 Ar-H2 plasma treatment on HNO3 oxide
We also tested the Ar-H2 plasma treatment on the HNO3 wet chemical ox-
ide. The HNO3 oxide film was fabricated on the pyramidal textured Si(100)
wafer. Also in this case a symmetric passivation sample (a-Si:H/SiOx:H/c-
Si/SiOx:H/a-Si:H) was created. For the textured symmetric passivation sample
the effective lifetime upon annealing at 230◦C was poor, but when we further
increased the annealing temperature to 290◦C, the effective lifetime rose from
0.23 ms to 0.89 ms and the implied Voc increased from 640 to 705 mV. Further
improvement of the parameter optimization of the Ar-H2 plasma treatment for
the HNO3 wet chemical oxide (and the textured wafer) can probably further
increase the effective lifetime upon annealing.

6.6.4 An aggressive H2 plasma treatment
We verified that when the rf power is high, leading to higher ion bombardment
energy and enhanced atomic H flux, the H2 plasma treatment can partially
remove the RCA oxide layer in 2 min. We used the plasma conditions: Prf
= 400 mW.cm−2 at 60 MHz, Tsubs = 130◦C, and 100 sccm H2 at 100 Pa.
After this aggressive H2 plasma treatment, a silicon layer was deposited, and
inhomogeneous epitaxial Si growth occurred, as was observed by HR-TEM
analysis (see figure 6.7 below).
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Figure 6.7: HR-TEM image of epitaxial layer growth on the wafer surface after the
RCA oxide was removed with an aggressive H2 plasma treatment step. The dashed line
demarks the boundary between wafer and epitaxial layer.
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7. Laser-cut molybdenum
grids for a retarding field
energy analyzer

Abstract
A retarding field energy analyzer (RFEA) with grids created by laser cutting
a honeycomb mesh in 50 µm thick molybdenum (Mo) foil is presented. Grids
with a geometrical transparency of 77% and area of 1 cm2 were laser cut out
of the Mo foil. Mo foil is suitable for laser processing and Mo has favorable
properties for use in aggressive plasmas as well. The grid foil was clamped
under tension between two diaphragm rings created from 100 µm thick Mo
sheet. This Mo assembly was electrically and physically connected by laser
spot welding. The grids were tested in a 3-grid RFEA configuration, resulting
in an analyzer depth of only 0.87 mm. With simulations we estimated the
geometrical transparency of the 3-grids stack to be 19%. Our newly designed
RFEA has an optimized transmission of ion flux from aperture to detector
to improve the signal-to-noise ratio of the collector current. This is especially
useful for measurements on plasmas with low ion fluxes such as pulsed plasmas.

7.1 Introduction

Ion bombardment plays an important role in plasma processing. An RFEA
with grids as depicted in figure 7.1a can measure the ion energy distribution
(IED) and ion flux. This flux is not mass-resolved and thus all positive ions
from the discharge contribute to the IED. The compact and robust design of
the instrument makes it a versatile probe for plasma diagnostics (139 , 140 ).
For example, RFEAs have been used to measure the spatial uniformity of the
ion flux over the surface of a wafer (140 ) and for time-resolved measurements
of IEDs and ion fluxes in pulsed plasmas (141 ).The RFEA is not only used in
Plasma Enhanced Chemical Vapor Deposition (PECVD) and Physical Vapor
Deposition (PVD; e.g. sputtering) reactors, but also under aggressive condi-
tions, such as those in the tokamak boundary plasma (142 ). RFEAs have been

107
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Figure 7.1: a. Vertical cross section of the cylindrically symmetric RFEA with four
plane parallel grids and a current collector. The device is mounted in the grounded
electrode (substrate holder) of the PECVD reactor. b. The electric potential ϕ(V) on
the z-axis of a four grid device.

Figure 7.2: a.) SEM image of the tungsten grid with a woven thread of our previous
RFEA instrument. The square opening of the grid has a width of 370 µm and the
tungsten wires are about 35 µm thick. b.) SEM image of a hexagonal orifice of the
honeycomb grid that was laser cut in 50 µm thick Mo foil. The grid has a pitch of 170
µm: the inner width of the hexagonal mesh orifice is 150 µm and the walls between
the openings have a width of 20 µm. The orifice is observed from the rear side: the
laser beam was incident on the sample from the other side.

fabricated by research groups for decades. About one decade ago the company
Impedans Ltd. started to manufacture a commercial RFEA called SEMion. In
this study we explored laser cutting and spot welding of molybdenum (Mo) foil
to manufacture the grids of the RFEA.

With laser cutting there is no need for an etch mask. A technical drawing
of the cutting pattern is used to steer the laser. The laser spot size can be con-
trolled from 6 to 15 µm. Therefore, for custom made grids with a very limited
edition, laser processing is cost-competitive, for example to electroforming. For
this study we created honeycomb grids and optimized the design of the RFEA
for transmission of ion flux.
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The standard RFEA configuration is a series of four equidistantly spaced
plane parallel grids and a current collector plate. A vertical cross section of the
device and its electric potential profile on the z-axis are depicted in figure 7.1a
and b. Our RFEA is mounted in the middle of the grounded electrode of the
parallel plate VHF PECVD reactor described in Chapter 2. Grid #1 is located
within the plane of the surface of the grounded electrode and also at earth
potential and has typically an diameter of 1 cm. The width of the orifices
in the grid should be less than two times the Debye length in the plasma
sheath to prevent that plasma invades the analyzer and that the plasma sheath
is perturbed (143 ). The electric field of the sheath of a PECVD discharge is
perpendicular to the electrode and in a collisionless sheath the ions are incident
parallel to the z-axis of the RFEA. Grid #2 repels the electrons from the
plasma. Typically, the electron temperature (kBTe) in an rf PECVD discharge
ranges from 3 to 5 eV. Thus, a negative potential of for example V2 = -25 V
repels the major part of the plasma electrons.

Grid #3 retards the ions and its voltage (V3) varies from zero to just above
the plasma potential. Ions with energies above eV3 pass grid #3 and #4 and
form the collector current density (Jcoll). When V3 = 0 V, all ions that do not
collide with the grids can pass grid #3 and the total ion flux is measured by
the collector. V3 is the only voltage that sweeps during a measurement. Thus,
Jcoll is acquired as a function of V3. Differentiating the collector current to
the sweep voltage V3 (dJcoll/dV3) gives the IED. Grid #4 has a more negative
voltage than the current collector and suppresses secondary electron emission
from the collector. The current collector measures the DC current density
Jcoll with an Ampère meter and it can be set at a DC-bias voltage Vcoll. The
separate contribution of the secondary electron current and the positive ion
current to the overall collector current can be quantified (143 ).

In our study we expect to measure a total ion flux of 1.3 x 1019 ions.m−2.s−1

(corresponding to 208 µA.cm−2) for a pure H2 VHF PECVD discharge with
a dissipated power of 57 mW.cm−2 and a gas pressure of 25 Pa (as modeled
in chapter 4). We expect that more than 60% of the ion flux is lost in the
instrument, and therefore a dynamic range for the ion current density mea-
surements that extends to 100 µA.cm−2 is sufficient in this case. The RFEA
should function in the energy range 0-50 eV We aimed to maximize the col-
lector current, which depends on the aperture size and the throughput. This
throughput is the chance that an ion, incident on grid #1, lands on the col-
lector plate when the retarding voltage V3 = 0 V. Commonly, a geometrical
and collisional transparency are distinguished for the RFEA device (144 ). The
geometrical transparency is then defined as the percentage of ions incident on
grid #1 that reach the collector plate in case the background gas pressure is
negligible. In that case signal is lost due to collisions with the grids. The
collisional transparency is defined as the percentage of ions incident on grid
#1 that reach the collector plate in the hypothetical case that there are no
grids. In that case, ions on their way to the collector plate are lost due to
e.g. charge exchange collisions with the background gas. The geometrical and



7. Laser-cut molybdenum grids for a
retarding field energy analyzer 110

collisional transparency of the grid stack limit the throughput. Operational
requirements (e.g. acceptable energy resolution) and manufacturing tolerances
(misalignments of the grid stack) are important restrictions to the obtainable
throughput of the device (144 ). With a higher collector current, a signal with
enough signal-to-noise ratio can be acquired in a shorter time interval and this
is especially necessary for ion flux measurements on pulsed plasmas.

Simpson (145 ) was in 1961 one of the first to report on the design of a
4-grid RFEA. The 4-grid configuration is still common today (139 , 143 , 144 ).
The housing of the retarding field energy analyzer is commonly not separately
pumped, but via the reactor. When the mean free path of the ions is less
than the path within the analyzer, the collector current density Jcoll is less
than the ion current density incident on the electrode (Jel). Reduction of the
analyzer depth (the distance from grid #1 to the collector plane) reduces this
difference. Ingram and Braithwaite (146 ) reported in 1988 on the design of
an RFEA with an analyzer depth of only 0.75 mm. The grids were made of
copper and had a transparency of 75%. Kapton spacers electrically insulated
the grids. They used a 2-grid design: grids #3 and #4 were absent and the
collector voltage (Vcoll) was swept to select ion energies. However, scanning
Vcoll and simultaneously measuring Jcoll is very cumbersome. For example,
the point of zero ion energy (143 ) on the I-V curve depends on the voltage of
grid #2. Gahan et al. (147 ) removed only the secondary electron suppressor
grid (#4) and this 3-grid RFEA had an analyzer depth of only 0.6 mm.

The most dominant IED peak is usually formed by ions that collided once
or twice during their trajectory through the sheath. When the gas pressure
is high and/or the mean free path for a collision very short, the IED is an
exponentially decaying function without a peak. The RFEA signal is then very
low for the highest detected energies and it becomes impossible to estimate
the plasma potential. Also, the total ion flux measurement with the retarding
voltage V3 at 0 V must be corrected with the signal loss through collisions
inside the RFEA.

In this study we improved an earlier RFEA design used in our group and
described by Verkerk et al. (53 ) with the mesh shown in 7.2a. The new
design with the molybdenum grids has a better energy resolution and a smaller
analyzer depth. Moreover, it has a modular design. This makes it possible
to vary the number of grids and it makes assembling (after cleaning) easier.
Here we report on the design, fabrication, construction and testing of our newly
developed RFEA. The RFEA is tested with pure H2 and a silane concentration
series with SiH4-H2 discharges. The structure of this chapter is as follows:
in section 7.2 we specify the design criteria of the RFEA, in section 7.2.1 we
report on the construction of the RFEA. Test results are reported in section 7.3,
in section 7.4 the test results are discussed together with design criteria, and
section 7.5 presents the conclusions of our study.
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7.2 Design criteria and manufacturing of the
analyzer

There are three design parameters that can be optimized to maximize the
throughput of the RFEA: (1) analyzer depth, (2) transparency per grid, and
(3) alignment of the grids within the stack. Thomas Hales (148 ) has proven
that any partition of the plane into regions of equal areas has at least the
perimeter of the honeycomb. Thus for a given wall thickness, the honeycomb
mesh is the most transparent structure. The material properties, the processing
methods and costs are critical to the final result. The grids should be flat, stiff,
and transparent. Our previous RFEA had a tungsten grid with a woven thread,
that was spot welded on a stainless steel ring. A scanning electron microscopy
(SEM) image of this grid is depicted in figure 7.2a. The stainless steel rings
were 1 mm thick and separated by 40 µm thick mica rings, thus the depth of
the analyzer was about 4 mm.

These days it is more common to use electroformed grids, especially nickel
grids. Nickel grids are commercially available and affordable. However, we did
not use nickel, since etched nickel contaminates the reactor and it is ferromag-
netic, which can give problems when applied in the vicinity of the magnets
of a magnetron sputtering target. This static magnetic field from the target
enhances the ionization of the sputter gas and consequently the ion flux to the
target and the deposition rate of the sputter process. Although the trajectories
of ions bombarding in a magnetron sputtering plasma and an inductively cou-
pled plasma (ICP) have some helicity, their velocity in the z-direction can be
measured with an RFEA with non-ferromagnetic grids (149 ). Molybdenum is
more resistant to chemically aggressive plasma conditions, it is paramagnetic
and suitable for laser cutting. Therefore we explore here the application of Mo
grids with a honeycomb mesh, created by laser cutting. A SEM image of such
a grid is depicted in figure 7.2b and figure 7.4a.

A reduction of the analyzer depth creates only more throughput if the mean
free path of the ions is of the same order as the analyzer depth. H+

3 ions have the
largest contribution to the main IED peak in these discharges, and their mean
free path is 2 mm or more at 25 Pa. Thus a reduction of the analyzer depth
from 4 to 1 mm creates more throughput at 25 Pa. When grids are placed
closer together the electric field increases and electric potential sagging can
start to compromise the energy resolution. Potential sagging is an electrostatic
lens effect (143 ) and is discussed below. Also electric breakdown is more likely
to occur when the distance between the grids is reduced. Electric breakdown
can occur through the gas or via a dielectric surface, which can be created
when silicon is deposited inside the RFEA. The voltage for electric breakdown
through gas depends on the gas pressure and the type of gas molecules and is
computed with Paschens law (150 ).

We considered three criteria when we optimized the inside width of the mesh
orifice (wo) for geometrical transparency: (1) the flatness and fragility of the
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grids, (2) the Debye length (λD < wo/2) criterion, (3) and electric potential
sagging. When the walls of the mesh are very thin, there is a reasonable
chance that the structure crumbles and that threads break and this leads to
electrical short cuts. Often the Debye length is mentioned in the literature as
a criterion for the maximum width of the openings in grid #1. However, the
negative charge density close to the electrode surface is very low (< 1010 m−3).
Even when during a fraction of the rf cycle an electron pulse neutralizes the
positive charge collected on the electrode, then electron (and ion density) at
the electrode are equal to about 1014 m−3 in our discharges. In that case the
Debye length (λD =

√
ε0kBTe/nee2) is about 1.5 mm and thus 10 times wider

than the orifice opening.
The equipotential lines in a three-grid electrostatic analyzer (four-grid an-

alyzer without the secondary electron suppressor grid (#4)) were simulated to
show the phenomenon of potential sagging (figure 7.3a). The potential in the
center of the hexagonal orifices of the retarding grid is 5 V smaller than the
grid potential V3 = + 25 V (V2 = -25 V, Vcoll = 0 V).The decelerating electric
field between grid #2 and #3 is larger than the accelerating field between grid
#3 and the collector and therefore electric field bulges towards grid #2. This
results also in a converging lens effect. The Jcoll - V3 characteristic (figure 7.3b
and corresponding IED in c) was simulated by ray tracing a mono-energetic
beam of 22 eV H+

3 ions for retarding voltages V3 from 0 to 50 V. The ray tracing
predicted an energy resolution (FWHM) of 5.3 eV for 22 eV ions and a peak
shift of +3 eV as a consequence of potential sagging. Thus ion energies that
cannot overcome the retarding potential (i.e. < eV3) can reach the collector
plate through potential sagging. The potential sagging effect is proportional
to the difference in electric field on both sides of the retarding grid, at the po-
tential where the main IED peak is measured (151 ). The (relative) potential
sagging effect can be reduced by increasing the distance between the grids.

A good alignment of the grid stack is possible when grids are tightly clamped
and manufacturing tolerances are small. The transparency for a grid stack of
n grids with transparency P0 is often in the literature (143 ) estimated to be
Pn0 .Taking the above mentioned effects into account, we decided to build a 3-
grid RFEA with an analyzer depth of about 0.87 mm and grids with hexagonal
orifices with an inner opening of 150 µm and a wall width of 20 µm.

7.2.1 Construction of the instrument
Laser cutting a grid from Mo foil and laser spot welding stacks of Mo sheets are
novel techniques(152 ) that were used to fabricate the grid packages depicted in
the RFEA cross section of figure 7.1a. A SEM image of the honeycomb mesh
in the Mo foil is displayed in figure 7.2b (rear side) and figure 7.4a (front side).
The hexagonal orifices were cut with a pulsed laser with at 342 nm wavelength.
The laser was pulsed at a frequency of 50 kHz and had a 250 fs pulse width
and 4 µJ was supplied per pulse. The laser spot had a 6 µm diameter. The
length of the inside perimeter of the hexagonal orifice is about 600 µm. The
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Figure 7.3: The effect of potential sagging: a.) Horizontal cross section along the
middle of the retarding grid. The potentials on the grids are the following: V1= 0 V,
V2 = -25 V, V3 = +25 V and Vcoll = 0 V. Although the retarding voltage is +25 V,
ions with energies above 20 eV can pass grid #3 through the center of hexagonal orifices
due to the potential sagging effect. The hexagonal grid orifice (opening width 150 µm
and wall width of 25 µm) has a transparency of P0=73%. The distance between the
grids is 250 µm. b.) The Jcoll-V3 characteristic created by ray tracing 22 eV H+

3 ions
for retarding voltages V3 =0-50 V (step size of 1 V, 4 x 106 ions released). The grids of
the stack were slightly misaligned. The transparency of the stack is 0.35 (close to P3

0 =
0.733 = 0.39). c.) The IED peak is shifted by +3 eV due to potential sagging and the
mono-energetic H+

3 ion beam is broadened to a FWHM of 5.3 eV.
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Figure 7.4: a.) A SEM image of the front side of a test sample with an aperture
diameter of 3 mm. After laser processing, the grid was cleaned in isopropanol solution
in an ultrasonic bath. b.) Honeycomb grid in a 50-µm thick Mo foil with a 2 cm
aperture diameter. Bending of the grid can be observed.

laser scanned at a speed of 25 mm/s and the perimeter was traced 20 times to
cut through the 50 µm foil. The laser is focused at the rear side of the Mo foil.
It takes about half a second to cut out one hexagonal opening and half an hour
to make a honeycomb grid with a diameter of 1 cm.

The laser heats the Mo foil and then it expands slightly. Critical material
properties for the laser cutting process are therefore the thickness of the foil, the
thermal conductivity, and the thermal expansion. Molybdenum (CAS: 7439-
98-7) has a remarkably small linear thermal expansion (αL = 4.8 µm/(m.K))
coefficient, a good thermal conductivity (138W/(m.K)), a high melting temper-
ature (2623 ◦C) and high creep resistance, which makes the material suitable
for laser processing into a mesh. Nevertheless, it was necessary to actively
cool the Mo foil during laser processing with a N2 gas flow. The Mo sample
was fixed with scotch tape on an aluminum holder. Surface oxidation of the
laser cut molybdenum is not observed with Energy Dispersive X-ray (EDX)
spectroscopy.

Next to the throughput optimization, we tested a larger aperture diameter
to measure a higher collector current. An example of a grid with 2 cm aperture
diameter is shown in figure 7.4b. The Mo foil started to crimp and bend and
sometimes crumpled. This is most likely related to material properties, like the
grain size, metal purity, rolling direction and temperature, and the thickness
of the Mo foil. With a thicker foil, the foil is less likely to crimp and bend.

A Mo grid package is depicted in figure 7.5a. The grid foil is clamped under
tension between two rings to stiffen and flatten it. The diaphragm rings are
made out of 100 µm thick Mo foil and the package is thus 250 µm thick. One
diaphragm ring of the grid package has a lip to provide an electrical contact
with a DC power supply. The lip is bent at 90◦ to the diaphragm ring in a
metal bending block. The grids are electrically insulated from each other by
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ruby muscovite mica rings that were laser cut out of 40 µm thick mica sheets.
The mica sheets and the 100 µm thick Mo foil were laser cut with a 515 nm
pulsed laser which gives a broader scanning field than the 342 nm laser. To
cut through the 40 µm thick mica sheets, the 515 nm laser used an energy of
80 µJ per pulse (also 50 kHz with a 250 fs pulse width) and traced the cutting
path eight times with a spot size of 15 µm at a speed of 1 m/s.

Laser spot welds are used to physically and electrically connect the three
Mo sheets of a grid package. The amount of energy per laser pulse is critical:
too much energy blasts Mo away and creates a hole and with too little energy
the Mo foil at the back side of the package is not sufficiently connected. The
quality of spot welds through a stack of three Mo sheets of 0.1 mm were tested
for an energy of 5.3 and 6.0 J per pulse from a pulsed Nd:YAG laser (1064 nm
wavelength). The best spot welds were obtained with a 6 J per laser pulse (as
displayed in figure 7.5b-d). Melting of molybdenum during laser spot welding
created roughness of the grid package, especially the top surface. The surface
was subsequently flattened with a file tool. A dedicated sample holder was
made to align and fix the sheet stack for the spot welding.

The RFEA consists of a stack of Mo grid packages that are spatially and
electrically separated from each other with mica foil (see figure 7.1a). In the
four-grid configuration the analyzer depth (distance from grid #1 to collector
plate) is thus 1060 µm and for a three grid design it is 770 µm. The current
collector consists of a Mo disk with lip and is cut from 100-µm thick foil. This
stack is clamped on a stainless steel plate (displayed in figure 7.6), that is
mounted in the substrate holder plane. This plate holds the pins that fix the
grid stack. The grid stack is clamped with Macor1 rings to electrically insulate
the stack from the pins. The Macor rings are tightened with tapered bolts.
The stiff clamping mechanism and grid alignment marks helped the alignment
of the grid stack.

7.3 Test results

We used a 3-grid set-up to measure the fluxes and energies in SiH4-H2 and pure
H2 plasmas (substrate temperature Tsubs = 130◦C, gas pressure 25 Pa). First,
we varied the collector voltage Vcoll (see figure 7.7) to investigate the contribu-
tion of secondary electron emission to the total collector current measured. In
case Vcoll= +5 V and V3= 0 V the low energy secondary electrons with energy
≤5 eV are pulled back to the collector and do not contribute to the measured
ion flux. It is expected that the majority of the secondary electrons created on
a metal surface have energies below 5 eV (153 ). This gives us the possibility
to estimate the contribution of secondary electrons to the measured ion flux
when Vcoll= 0 V: the difference is 3.1 µA.cm−2 (see arrow in figure 7.7). The
contribution of 3.1 µA.cm−2 amounts to 11% of the total collector current at
Vcoll= +5 V and V3= 0 V.

1fluorphlogopite mica in a borosilicate glass matrix, traded under the name Macor
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Figure 7.5: a. The Mo grid and diaphragm rings are electrically and physically
connected through laser spot welding. The Mo grid package has an outer diameter
of 4 cm. The arrow is pointing to a spot weld. Each large hole in the package was
eventually surrounded by two spot welds (i.e. six welds per package). The optical
microscope images show the results of a spot weld created with a 6.0 J pulse. b. Top
view of top sheet ( ∅= 1.2 mm), c. Full melt ( ∅= 0.3 mm) at the backside of the stack.
d. Top view of second sheet after peeling off the first sheet. Peeling off the first sheet
does not remove the sheet on the point of the spot weld (∅ = 0.6 mm), i.e. the weld
is stronger than the sheet material. A heat affected zone encircled by white reflecting
material is visible.

Figure 7.6: A picture of the assembled stack with loosened tapered bolts and ceramic
rings.
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Figure 7.7: Jcoll-V3 characteristics at different collector voltages Vcoll for pure H2

plasmas at Prf = 114 mW.cm−2, p = 25 Pa and Tsubs = 130◦C. The voltage step size
is 0.25 V and the integration time per sample is 200 ms. The voltage of grid #2 is set
at -25 V.

Subsequently, we measured the IEDs of a series of gas mixtures with dif-
ferent silane fractions SF ranging from SF= 0% to 20% with the 3-grid RFEA
configuration. SF (SF (%)= [SiH4]/[H2]*100) is defined as the inlet flow ratio
of the silane and hydrogen feedstock gas. The area under the IED curves of
figure 7.8 correspond to their total ion flux, which is assumed to be 89% of
the collector current density measured at V3 = 0 V. The peak shifted from 27
to 24 eV for SF= 1.7%- 20% and the FWHM reduced from 11 to 10 eV. The
FWHM is related to the noise level of the J-V characteristic measurements and
therefore larger than expected based on potential sagging (5.3 eV for 22 eV H+

3

ions).
The IEDs were compared to accumulated IED measurements displayed in

figure 7.10. These measurements were performed with the plasma analyzer
(Hiden EQP 1000 series) described in chapter 2 and under identical conditions
as for the RFEA measurements. The IED peaks measured by the plasma
analyzer shifted from 21.6 to 19.3 eV for SF= 1.7%-20%. Thus the peak shift
with increasing SF is smaller and the peak position is on average 5 eV lower
than the RFEA results. It is most likely that the RFEA peak position has an
offset of roughly +5 eV due to potential sagging, a bit more than the predicted
+3 eV shift. The combined flux of H+

y and SixH+
y ions, as measured by the

RFEA, reduced less with SF than the (accumulated) flux trend measured by
the plasma analyzer (figure 7.10).
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Figure 7.8: IEDs of the SF series measured at the grounded electrode with the 3-grid
RFEA at plasma conditions Prf = 57 mW.cm−2, Tsubs = 130◦C, p = 25 Pa.

Figure 7.9: Jcoll versus retarding voltage V3 characteristic. The total ion flux (pro-
portional to Jcoll,tot) is measured at for V3= 0V. The IEDs of figure 7.8 were created
by differentiating Jcoll to the voltage V3 (V2 = -25 V, Vcoll= 0 V).
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Figure 7.10: Summed IEDs (sum of the H+
2 , H

+
3 , SiH

+
2 , and SiH+

3 IEDs) measured
with the Hiden EQP plasma analyzer under identical plasma conditions as used for the
IED series of figure 7.8.

7.4 Discussion

We explored the use of laser-cut Mo grids in a RFEA with the aim to optimize
the throughput of the RFEA. The alignment of the grid stack is critical for
the transparency and thus the throughput of the RFEA. The tolerances for
the alignment (both lateral shifts and rotations reduce the transparency of the
honeycomb grid stack) should be minimized. Baloniak et al. (144 ) made a
Monte Carlo simulation of the transparency distribution of a four-grid stack
with small random relative lateral displacements. In their example, a grid
had a squared mesh and a geometric transparency of 55%. In case of random
alignment of a 4-grid stack, a stack transparency of (55%)4 = 9.15 % is ex-
pected. The most probable transparency is however 6.6%. Calibration of the
ion flux with a Langmuir probe and a biasing method revealed that the real
stack transparency was between 2.23% and 3.32%.

We used a 3-grid configuration which has an expected stack transparency of
(77%)3= 46% (144 ). Despite our efforts to align the stack, it is likely that the
actual stack transparency in our case is also 3 times smaller than expected. For
the pure H2 plasma at 57 mW.cm−2 (in figure 7.7) the ion flux is 27 µA.cm−2.
With simulations which were shown in chapter 4 we computed the H+

3 ion flux
to the grounded electrode to be: 0.8 x 1019 ions.m−2.s−1. In our pure H2

discharge the H+
3 flux is about 90% of the total ion flux. The H+

3 peak is very
close to the plasma potential, thus it is unlikely that a H+

3 ion collides in the
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sheath or inside the RFEA. Therefore we assume the collisional transparency
of the RFEA 100%. Thus from the modeled ion flux we deduce that our 3
grid-analyzer has a geometrical transparency of 19%.

It is good practice to calibrate the ion flux and ion energies measured with
the RFEA. However, the calibration methods commonly used are cumbersome
and have limited accuracy. Baloniak et al. (144 ) for example, used the Lang-
muir probe to determine the ion flux on the electrode and the plasma potential.
The ion flux on the electrode is the Bohm current and can be determined with
the electron density and electron temperature near the sheath. Subsequently,
the geometrical grid stack transparency and collisional transparency of the de-
vice can be determined by fitting the collector current to the Bohm current in
a pressure series. Baloniak et al. (144 ) also DC biased the electrode with the
RFEA and measured the DC current on the electrode to determine the ion flux.
This method assumes that the electrons with electron temperature Te = 5 eV
in the rf ICP discharge do not reach the electrode at a bias of -60V (Te in
our SF series ranges between 3 and 5 eV (see also chapter 3)). However, the
contribution of secondary electrons to the measured ion flux remains a point
of discussion. When it can be proven that this contribution is negligible, then
this method gives a fairly accurate calibration. We suggest to use a Faraday
cup (145 ) to measure the ion flux. However, we did not have a Faraday cup or
a Langmuir probe at our disposal. Thus, the geometrical transparency of our
the stack was not determined through calibration.

The position of the IED peak measured by the RFEA is ∼5 eV higher than
for the plasma analyzer, and it is most likely due to potential sagging. The
effect of potential sagging was simulated for a mono-energetic beam of 22 eV
H+

3 ions (see figure 7.3). In that case the peak at 22 eV shifted +3 eV. The
plasma potentials in the discharges that we analyzed are relatively small and
do not exceed 50 eV. Therefore the maximum sweeping potential is only 50 V
and the effect of potential sagging is limited.

7.5 Conclusions

We described the construction of an RFEA with Mo grids created with laser
cutting. An earlier RFEA design of our research group was optimized for the
transmission of ion flux through a reduction of the analyzer depth from 4 to
0.87 mm and a higher transparency for the grid stack. Transparent grids were
made in a novel way: a honeycomb grid was laser cut in 50 µm thick molyb-
denum foil and the foil was clamped under tension between two Molybdenum
rings created from 100 µm thick Mo foil. This Mo assembly was electrically
and physically connected by laser spot welding. Mo foil is suitable for laser
processing and Mo grids have favorable properties for use in chemically aggres-
sive plasmas. We measured IEDs and ion fluxes in SiH4-H2 discharge with this
new RFEA and compared the results with an accumulated IED, created by
summing the prominent IEDs measured with a mass resolved energy analyzer.
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The measurements results were in line with predictions by simulations.

Contributions and resources

The analysis of potential sagging with ray tracing simulations was performed
by A. Kobelev and prof. A. Smirnov. The laser cutting of Mo foil and mica
sheets was developed by Johan Bosman (ECN). Ruby muscovite mica sheets
were supplied by Dean & Tranter Ltd and Molybdenum foil was supplied by
Romminger GmbH. Laser spot welding for Mo packages, bending Mo lips,
adjustments to the vacuum stage, and confocal microscope measurements of
the relievo of the grids was performed by VDL ETG research (André Benschop,
Sven Stoffelen). The Scientific Instrumentation workshop of University Utrecht
(IGF) helped with the design of the RFEA, the packaging of the grid packages
and the electronics (Sander Deelen, Marcel Rossewij and Dante Killian). Arjen
de Waal coded the Labview VI for the data acquisition and Ioannis Poulios
helped with the assembly of the instrument.
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Summary

Tuning of ion bombardment in plasma processes
for the fabrication of crystalline silicon solar
cells

In this PhD thesis we analyzed the role of ion bombardment in glow discharges
that are used to manufacture crucial layers of crystalline silicon (c-Si) solar
cells. To this end, capacitively coupled plasma enhanced chemical vapor de-
position (cc-PECVD) discharges at 60 MHz are used. In the PECVD process,
silane vapor is dissociated and ionized with a glow discharge. This creates
radicals and ions that stick on the substrate and form a layer. The discharge
makes it possible to deposit at low substrate temperature and with a relatively
high hydrogen content in the silicon. In this thesis we concentrate on one type
of c-Si solar cell: the silicon heterojunction (SHJ). The record efficiency for
the SHJ solar cell is currently 26.33%, which is already close to the theoretical
maximum efficiency for a c-Si cell (29%). The c-Si/i-a-Si:H interface in the
SHJ solar cell is formed through plasma deposition of a 5 nm i-a-Si:H layer on
the crystalline Si(111) wafer. A key to record efficiency SHJ solar cells is the
reduction of Si dangling bonds at this interface. Si dangling bonds facilitate
recombination of electrons and holes and thus current loss.

PECVD of i-a-Si:H is performed at a low substrate temperature, usually
130◦C. During post-deposition annealing at 200◦C the diffusion of atomic hy-
drogen through the a-Si:H is activated and Si dangling bond recombination
centers at the interface are passivated by the formation of covalent Si-H bonds.

In cc-PECVD discharges ions are accelerated by the electric field from the
edge of the boundary layer (sheath) to the grounded substrate. As long as
the SixHy+ ion impact energies are below the threshold energy for bulk Si
atom displacement (36 eV), ion bombardment is not necessarily limiting the
obtainable solar cell conversion efficiency. Ion bombardment energies can be
tuned by varying the discharge power, gas pressure, geometrical asymmetry
of the discharge and by applying an external DC bias voltage to an electrode.
Also, the SixH+

y ion flux forms a significant part of the Si deposition flux at low
SiH4 concentration in SiH4-H2 discharges, e.g. 30% at a SiH4 concentration of
1.7%.

In chapter 3 and 4 we studied trends in ion energies and fluxes in a silane
concentration series (SF = 0-20%) with mass resolved energy measurements
and simulations (fluid model plus a Monte Carlo code). The experimental
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SiH+
3 peaks were around 27 ±2 eV and showed a decrease of a few eV with

increasing silane concentration. The elastic peak positions of the experimental
H+

2 Ion Energy Distributions (IEDs) stayed constant but a few eV lower than
the SiH+

3 peak energies. This was in good agreement with simulations, more-
over, the charge exchange peaks in the experimental H+

2 IED were successfully
reproduced with simulations. The experimental SixH+

y flux is not proportional
to the SiH4 inlet concentration.

In chapter 4 we hypothesized that this trend is the result of chemical sput-
tering of Si with H+

y (i.e. H+
2 and H+

3 ) ions. This etching mechanism has a rate
proportional to the H+

y ion flux and the bombardment energy (above a thresh-
old energy of about 20 eV). Chemical sputtering by H+

y ions was studied in an
asymmetric discharge: a power series with H2 discharges resulted in chemical
transport of Si from the powered electrode, precoated with Si, to a glass sub-
strate. Modeling showed that in this power series the H+

y ion flux to the powered
electrode was larger than to the grounded electrode, whereas the atomic H flux
to the powered electrode was smaller than to the grounded electrode. With the
chemical sputtering model an etch yield (etched Si atoms per H+

y ion) of YG =
(0.3-0.4)±0.1 was determined at the grounded electrode. At the powered elec-
trode the etch yield varied from YP = 0.4 ±0.1 for Prf = 57 mW.cm−2 to YP
= 0.65 ±0.1 for Prf = 171 mW.cm−2. The H+

y bombardment energies are well
above 20 eV in our silane concentration series. However, the hypothesis that
the chemical sputtering mechanism can completely explain the experimental
SixH+

y flux trends is not true. Splitting the SiH+
y lump sum in the fluid model

and the addition of the reaction between H+
3 and SiH4 that creates SiH+

3 are
also mechanisms that help explain the trend.

In chapter 5 the passivation quality of Si layers deposited near and in
the a-Si:H to crystalline Si transition regime was investigated. This transi-
tion regime was scanned by varying the SiH4 concentration and the discharge
power. Excellent symmetric passivation samples on Si(111) wafers (τeff =
11.6 ms upon annealing) were fabricated with a 1.7% SiH4 concentration and
Prf = 40 mW.cm−2. This i-a-Si:H material was also used in a flat SHJ solar
cell and resulted in a solar cell efficiency of 17.2%. In the deposition regime
near the amorphous to epitaxial transition, we found local epitaxial growth
that was only detectable with HR-TEM. Moreover, we observed that local epi-
taxial growth is not prevented by higher ion bombardment energies at higher
discharge power. For conditions without transient silane depletion at the start
of the deposition process, good passivation layers can be deposited both with
batch-type and in-line deposition.

In chapter 6 an Ar-H2 plasma treatment is applied on an ultra thin RCA
oxide layer on a silicon wafer to create passivation samples with the stack
c-Si/SiOx:H/a-Si:H. The effective lifetime after annealing at 200◦C of these
samples increased from 10 µs to 4 ms provided that the Ar-H2 plasma treatment
was applied. The results indicate that the plasma treatment reduces the oxide
and therefore more atomic hydrogen can reach the c-Si/SiOx:H interface after
annealing at a low temperature of 200◦C.
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In chapter 7 we describe the construction and testing of a retarding field
energy analyzer (RFEA) with laser-cut molybdenum grids. The RFEA is a
small and versatile device for in-situ plasma diagnostics, such as ion bombard-
ment measurements. An earlier RFEA design was adjusted to minimize the
loss of ion flux inside the device: the analyzer depth was reduced from 4 to 1
mm, and the grid design was improved. A honeycomb mesh was laser-cut in
thin molybdenum foil, the foil was clamped between two diaphragm rings and
this Mo sheet package was connected by laser spot welding. Mo foil is very
suitable for laser processing and Mo grids have favorable properties for use in
chemically aggressive etch plasmas. Laser cutting a Mo grid gives more design
freedom than common fabrication methods to optimize the energy resolution
(limited by the potential sagging effect) and throughput (transparency of the
mesh) of the device. IEDs and ion fluxes in SiH4-H2 discharge were measured
with this new RFEA and the results were in agreement with predictions based
on simulations and measurements with a plasma analyzer.

In short, this thesis elucidated the role of low energy ion bombardment
during PECVD of the i-a-Si:H layer that is used to passivate the crystalline
silicon surface. Excellent PECVD passivation layers of i-a-Si:H can be grown
with simultaneous ion bombardment at energies 27±2 eV. With H+

y ions above
20 eV chemical sputtering occurs during PECVD layer growth. Ion bombard-
ment below 36 eV mainly enhances surface diffusion of growth precursors and
therefore it enables a more equilibrated growth at low substrate temperature
(130◦C). Seeded nano-crystalline growth in the amorphous matrix obstructed
the c-Si surface passivation at the interface. This local epitaxial growth that
occurred at a 1.7% silane concentration is most probably possible due to more
equilibrated growth. We found that both a decrease in silane concentration or
an increase in discharge power could introduce this local epitaxial growth on
Si(111). Moreover, we found that both in-line and batch-type reactors can de-
posit good i-a-Si:H passivation layers, also when transient depletion at start-up
is absent. The RCA oxide on a Si wafer surface can be modified by treatment
with an Ar-H2 VHF PECVD discharge such that hydrogenation results in a
well-passivated c-Si/SiOx:H interface. This finding supports the broad based
effort to replace the i-a-Si:H layer in the SHJ cell with a thin siliconoxide layer.
We introduced a novel way to fabricate metal grids for an Retarding Field En-
ergy Analyzer (RFEA): honeycomb mesh was created in molybdenum foil by
laser cutting.
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Samenvatting

Het afstemmen van het ionenbombardement in
plasmaprocessen voor het fabriceren van
kristallijn silicium zonnecellen

In dit proefschrift analyseren we de rol van ionenbombardement in glimont-
ladingen voor de fabricage van kristallijn silicium (c-Si) zonnecellen. We ge-
bruiken capacitief gekoppelde glimontladingen die met hoogfrequent vermogen
worden aangedreven op 60 MHz (in het VHF gebied). Glimontladingen (ook
wel plasma’s genoemd) worden door de halfgeleiderindustrie gebruikt voor op-
pervlaktebehandelingen, om te etsen of om laagjes te deponeren. Het depo-
sitieproces heet plasma-versterkte chemische damp depositie (PECVD). We
richten ons in dit proefschrift vooral op PECVD van een circa 5 nm dik amorf
silicium (a-Si:H) laagje op een kristallijne Si plak (d.i. de wafer, het actieve
materiaal van iedere c-Si zonnecel). De kwaliteit van dit kristallijn/amorfe
(c-Si/a-Si:H) grensvlak is cruciaal voor het rendement van de silicium hetero-
junctie (SHJ) zonnecel. Het hoogste gerapporteerde rendement voor de SHJ
zonnecel is 26.33%. Dit is dicht bij het theoretisch maximale rendement (29%)
voor een zonnecel die slechts met c-Si zonlicht absorbeert en omzet in elektri-
sche energie. Het rendement van de SHJ zonnecel kan gelimiteerd worden door
stroomverlies aan het eerder genoemde c-Si/i-a-Si:H grensvlak. Si bindingen
aan het waferoppervlak zijn vaak neutraal, maar kunnen negatief of positief
geladen raken als zij respectievelijk een elektron (vanuit de geleidingsband)
of een gat (vanuit de valentieband) opnemen. Als de losse bindingen vervol-
gens een ladingsdrager met tegenovergestelde lading opnemen, veroorzaken ze
stroomverlies en beperken zij het haalbare rendement van de zonnecel.

PECVD van a-Si:H vindt plaats bij een relatief lage substraattemperatuur
(<250◦C). In dit onderzoek wordt amorf Si gedeponeerd op een wafer van
130◦C en na de depositie wordt het sample gebakken (annealen) bij 200◦C.
Het bakproces activeert de diffusie van atomair waterstof (H) dat aanwezig is
in het gedeponeerde a-Si:H. Dit atomaire waterstof vindt zijn weg naar het
grensvlak en passiveert daar losse Si bindingen door vorming van een covalente
Si-H binding.

In capacitieve PECVD ontladingen versnelt een elektrisch veld loodrecht
op de elektroden de ionen van het centrum van de ontlading naar het geaarde
substraat. Zolang de SixHy+ ionenenergieën in het plasmaproces niet boven
de drempelenergie voor het wegduwen van Si atomen uit hun roosterpositie
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(36 eV) uitkomt, is het ionen bombardement niet noodzakelijkerwijs schadelijk
voor de zonnecel. De ionenenergie, d.w.z. de piek in de ionenenergie distributie
(IED), kan worden ingesteld met het vermogen en de excitatiefrequentie van
de ontlading, de gasdruk, de geometrische asymmetrie van de reactor en met
het aanleggen van een externe gelijkspanning op een elektrode. Bovendien is
een significant deel van de Si atomen in de gegroeide laag afkomstig van SixH+

y

ionen. Bij een silaan (SiH4) fractie van SF (=[SiH4]/[H2]*100%) = 1.7% in een
SiH4-H2 gasmengsel zijn 30% van de Si atomen in de laag afkomstig van ionen.

Het PECVD proces kent vele instelbare parameters (gasdruk en -stroomsnel-
heid, temperatuur, vermogen, etc.) die niet onafhankelijk zijn. Zo kan een fluc-
tuatie in de substraattemperatuur teniet worden gedaan door een verandering
in de gasdruk. De substraattemperatuur is dan weliswaar constant gebleven,
maar de verandering van de gasdruk kan een grote invloed hebben op de che-
mische en kinetische processen in de reactor en dus op de eigenschappen van
de gedeponeerde laag. Een werkend model dat voor een breed bereik van in-
stelbare plasmaparameters de materiaal eigenschappen van de gedeponeerde
lagen kan voorspellen bestaat nog niet. Daarom werkt men in de industrie nog
met parameterstudies. In dit proefschrift bouwen we voort op een bestaand
vloeistofmodel voor het simuleren van de SiH4-H2 PECVD ontlading. In dit
model is een globale beschrijving van de laaggroei meegenomen. Met dit model
is het mogelijk om voor een breed domein aan instelbare plasma parameters
de laaggroei te simuleren. Ook is het mogelijk om met een extra Monte Carlo
code de energieën en invalshoeken van de ionen op de elektroden te simuleren.

In hoofdstuk 3 en 4 bestuderen we trends in ionenenergieën en -fluxen
(d.i. de ionenstroom per cm2) op de geaarde elektrode in een silaan-waterstof
verdunningsserie (SF = 0-20%). Hiertoe vergelijken we metingen aan massa-
specifieke ionenenergie distributiefuncties (IEDs) met simulaties. De experi-
mentele SiH+

3 IED pieken liggen rond de 27 ±2 eV en vertonen een afname van
een paar eV met toenemende silaanconcentratie. De elastische H+

2 pieken blij-
ven constant, maar een paar eV lager dan de SiH+

3 piekenergieën. Deze trends
zijn in overeenstemming met simulaties. Bovendien worden de ladingsruilpieken
in de H+

2 IEDs goed gereproduceerd met simulaties. De experimentele SixH+
y

flux is niet evenredig aan de SiH4 concentratie van het gasmengsel, maar neemt
juist af voor concentraties boven de 1.7%.

In hoofdstuk 4 stellen we de hypothese dat deze trend veroorzaakt wordt
doordat silicium in de vorm van silaan door H+

y (d.i. H+
2 en H+

3 ) ionen van
de elektroden wordt weggesputterd. Dit etsproces heet chemisch sputteren en
heeft een snelheid die evenredig is aan de H+

y flux en energie (mits de energieën
boven de drempelenergie van 20 eV uitkomen). Chemisch sputteren met H+

y io-
nen werd bestudeerd met asymmetrische ontladingen: een vermogenserie met
waterstofplasma’s etste de reeds aanwezige siliciumlaag van de bekrachtigde
elektrode en dit silicium sloeg deels neer op een glas substraat op de geaarde
elektrode. Het vloeistofmodel berekent dat in deze vermogenserie de H+

y flux
naar de bekrachtigde elektrode hoger is dan naar de geaarde elektrode, ter-
wijl de atomaire H flux naar de bekrachtigde elektrode lager is dan naar de
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geaarde elektrode. Met het gegeven model voor het chemisch sputterproces is
een etsopbrengst (uitgedrukt in het aantal geëtste Si atomen per H+

y ion) van
YG = (0.3-0.4)±0.1 bepaald aan de geaarde elektrode. De etsopbrengst aan de
bekrachtigde elektrode varieert van YP = 0.4±0.1 voor Prf = 57 mW.cm−2 tot
YP = 0.65±0.1 voor Prf = 171 mW.cm−2. Hoewel de H+

y ionenenergieën in
onze silaanconcentratiereeks boven de drempelenergie (20 eV) uitkomen, kan
het chemisch sputtermodel niet volledig de experimentele SixH+

y flux trend
verklaren. Dit verschil wordt echter kleiner, wanneer we de SiH+

y lumpsum op-
splitsen en wanneer we de reactie tussen H+

3 en SiH4, welke SiH+
3 produceert,

aan het model toevoegen.
In hoofstuk 5 bestuderen we de passivatiekwaliteit van Si lagen die zijn

gedeponeerd nabij de overgang van amorfe naar kristallijne groei. Dit groeire-
gime wordt afgetast door de silaanconcentratie en het gedissipeerd vermogen
in het plasma te variëren. Uitstekende symmetrische passivatiesamples zijn
gefabriceerd op Si(111) wafers (τeff = 11.6 ms na annealen) bij een SiH4 con-
centratie van SF= 1.7% en een vermogen Prf = 40 mW.cm−2. Dit a-Si:H
recept hebben we gebruikt voor een vlakke SHJ zonnecel en dit resulteerde in
een rendement van 17.2%. Nabij de overgang zijn er groeicondities waarbij
een scherpe c-Si/a-Si:H grenslaag wordt gecreëerd, die wordt onderbroken door
lokale epitaxiale groei. Voor het vaststellen van deze lokale epitaxiale groei
was HR-TEM noodzakelijk. Bovendien wordt lokale epitaxiale groei bewerk-
stelligd met iets hogere ionenenergieën (een toename in de ionenenergie van 24
naar 27 eV) en -fluxen bij een iets hoger vermogen dan gebruikt voor de beste
passivatie lagen. Voor groeicondities zonder een zichtbaar opstarteffect in de
silaanconsumptie, is het mogelijk om zowel met stationaire als met dynamische
depositie goede passivatie lagen te maken. Deze groeicondities zijn te vinden
in de buurt van de overgang in de groei van amorf naar kristallijn materiaal in
de silaanverdunningsserie.

In hoofdstuk 6 maken we een c-Si/SiOx in plaats van een c-Si/a-Si:H grens-
vlak voor passivatie van de wafer. Een SiOx laag heeft een aantal voordelen ten
opzichte van a-Si:H, onder andere: oxides zijn transparanter voor blauw licht,
zijn beter bestand tegen hogere fabricagetemperaturen en kunnen de diffusie
van dotering (boor of fosfor) naar het grensvlak beter tegen houden. We maken
gebruik van een oxide dat standaard wordt gecreëerd wanneer het wafer opper-
vlak wordt schoongemaakt (de RCA clean). Een Ar-H2 plasma behandeling
wordt toegepast op dit RCA oxide (slechts 2 nm dik) op een wafer om met
de stapeling c-Si/SiOx:H/a-Si:H passivatiesamples te creëren. De effectieve le-
vensduur van deze passivatiesamples neemt na annealen bij 200◦C toe van 10
µs tot ongeveer 4 ms mits de Ar-H2 plasmabehandeling van het oxide wordt
toegepast. De resultaten duiden erop dat de plasmabehandeling het oxide redu-
ceert. Zodoende bereikt meer waterstof het c-Si/SiOx:H grensvlak en worden
meer losse Si bindingen gepassiveerd tijdens het annealen bij slechts 200◦C.

In hoofdstuk 7 wordt de constructie van een "remmend veld energie analysa-
tor"(RFEA) met ingenieuze gaasjes beschreven. Een bestaand RFEA ontwerp
werd aangepast om het verlies van ionenflux in de RFEA te minimaliseren:
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de analysatordiepte werd gereduceerd van 4 naar 0.87 mm, er wordt gewerkt
met drie in plaats van vier gaasjes, en het ontwerp van de mazen in de gaasjes
werd verbeterd. Honingraatmazen werden met een laser in molybdeen (Mo)
folie gesneden. Het folie werd tussen twee diafragmaringen ingeklemd en deze
stapeling van Mo folies werd verbonden door middel van puntlassen met een
laser. Mo folie is zeer geschikt voor bewerking door een laser en Mo gaasjes
zijn geschikter om gebruikt te worden in (chemisch) agressieve ets- en sputter-
plasma’s dan Ni gaasjes. Met deze nieuwe RFEA hebben we ionenenergieën
en -fluxen in SiH4-H2 ontladingen gemeten. De resultaten zijn in goede over-
eenstemming met onze verwachtingen op basis van simulaties en vergelijkbare
metingen met de Hiden plasma-analysator.

Tot slot zet ik de bevindingen van dit promotieonderzoek op een rijtje. Ten
aanzien van de rol van ionenbombardement tijdens PECVD is vastgesteld dat
goede a-Si:H PECVD passivatie lagen kunnen worden gegroeid met ionen ener-
gieën van 27 ±2 eV. H+

y ionen met een landingsenergie boven de 20 eV kunnen
silicium chemisch wegsputteren, ook tijdens het PECVD groeiproces. Wanneer
ionen met energieën onder de 36 eV het oppervlak bombarderen versterken
zij voornamelijk de oppervlaktediffusie van groei precursors en maken op die
manier een meer gebalanceerde groei mogelijk bij lage substraattemperatuur
(130◦C). De lokale epitaxie bij een silaanconcentratie van 1.7% is hoogstwaar-
schijnlijk het gevolg van groeicondities die als gevolg van intens SixH+

y bombar-
dement een meer gebalanceerde groei mogelijk maken. We zagen dat zowel een
reductie in silaanconcentratie als een toename van het gedissipeerde vermogen,
locale epitaxie kan veroorzaken. Voorts zagen we dat een in-line reactor met
zowel dynamische als stationaire deposities goede i-a-Si:H passivatie lagen kan
maken nabij de a-Si:H/epitaxiale groeitransitie. Het RCA-oxide op een Si wa-
feroppervlak kan worden veranderd met een behandeling van een Ar-H2 VHF
PECVD ontlading. De verandering is zodanig dat hydrogenatie en vanzelf-
sprekend ook passivatie van het c-Si/SiOx grensvlak al met annealen bij 200◦C
te bewerkstelligen is. We hebben een compacte(re) RFEA gemaakt met een
hogere ionentransmissie. De gaasjes zijn gemaakt op een innovatieve manier:
met een laser is een honingraatstructuur uit molybdeenfolie uitgesneden.
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