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Abstract 
 
 
This study is concerned with plasma enhanced deposition of microcrystalline silicon (µc-Si:H) 
optimised for thin film solar cells. The phase composition of µc-Si:H, containing c-Si grains, 
voids and amorphous regions, determines critically the optical and electronic properties of the 
material: Best solar cell absorber layers are for instance obtained within a small process 
parameter window just before entering the amorphous silicon growth regime. A broad range of 
diagnostic techniques has already been applied to study the microstructure of microcrystalline 
silicon. Nonetheless, a straightforward, easily applicable diagnostic for in situ studies was still 
lacking. 
 
This thesis presents two novel approaches to optical emission spectroscopy (OES) to enrich the 
range of available diagnostics: 1) OES as a tool for studying the phase composition of deposited 
material and 2) in-situ film transmittance with the plasma as light source for deposition rate 
monitoring, and film absorption measurements.  
 
By monitoring etch products by OES and exploiting the higher etch probability of amorphous 
silicon relative to crystalline silicon, the phase composition of µc-Si:H was successfully probed 
during a short H2 plasma treatment step. The phase transition from microcrystalline- to 
amorphous silicon is identified by an increase in atomic hydrogen induced etching of a film and 
an associated increase in the SiH* emission/etch product density in the H2 plasma. The OES 
method shows a perfect correlation with in-situ absorption spectroscopy and results are in very 
good agreement with the Raman crystallinity and solar cell parameters. The measurements have 
been cross-checked on various reactors operating in a wide range of process settings. The 
method was successfully employed for the characterisation of a new deposition regime in an 
industrial reactor, which underlines its relevance for the solar cell industry. 
 
In-situ film transmittance proved to be a valuable tool for online deposition rate monitoring. In 
addition, the higher absorption of amorphous silicon in the small wavelength region compared 
to microcrystalline silicon, was employed to study the gradual transition from microcrystalline 
to amorphous silicon.  
 
The novel method based on etch product detection has been applied to study the phase 
transition from microcrystalline- to amorphous silicon as a function of silane flow, pressure and 
power. In addition the method proved to be feasible for investigating the microstructure 
evolution as a function of film thickness during growth of µc-Si:H. It is shown that an initial 
amorphous seed layer imposes a strong positive crystallinity gradient on the deposited µc-Si:H 
material. The hydrogen flux towards the substrate, playing a crucial role in the deposition 
process, is estimated and it is shown that an increasing hydrogen flux correlates with a shift 
further into the microcrystalline silicon growth regime.  
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1 General Introduction 
 
 
Together with biomass, hydro- and wind energy, energy from solar cells is an alternative for 
polluting gas-, coal-, oil- and controversial nuclear energy, that sooner or later inevitably all run 
out of resources. At the moment solar energy amounts to roughly 2% of the total energy 
consumption in the EU. The share of solar energy in the total world-wide supply is forecasted 
to increase significantly in the next decades.  
 Silicon based solar cells account for the largest share of all types of commercially used 
solar cells. Wafer based silicon solar cells dominate the market, but also thin film amorphous 
silicon solar cells are commercially available and subject to considerable investments. In fact at 
the moment the solar cell production volume increases at an average rate of roughly 40% 
annually.1 
 Energy conversion efficiency is an important aspect of a renewable energy system. 
Maximum solar conversion efficiencies of 24.7% and 11.7% were reported for wafer-based 
crystalline silicon and silicon thin film tandem solar cells respectively2. Science and industry 
cooperate to further improve module efficiency. Another important aspect is production costs. 
For solar cells to be competitive with conventional electricity, a further reduction of production 
costs is required. Manufacturing costs for thin film solar cells can be decreased by enhancing 
the deposition rate, leading to a higher production throughput. Improvement of the efficiency 
and a reduction of production costs and -energy, both contribute to a lower energy pay-back 
time. At the moment the energy to produce a thin film module, is won back within about 3 
years of operation.3  
 The main advantages of thin film solar cells compared to wafer based solar cells are the 
lower (forecasted) production costs and the smaller amount of energy required in the production 
process. In turn microcrystalline silicon (µc-Si:H) thin film solar cells have a number of 
advantages compared to amorphous silicon solar cells, of which the most important one is the 
stable efficiency over time.  
 Plasma enhanced chemical vapour deposition (PECVD) is often used for deposition of 
thin film silicon solar cells. A common approach for solar cell related research and optimization 
is the systematic variation of PECVD process parameters and the successive ex-situ 
characterisation of resulting films and cells. In this leapfrogging approach the plasma 
characteristics are generally overlooked and the plasma is treated as a black box, Figure 1.1. 
 In this thesis new in-situ diagnostic techniques will be developed providing an integral 
approach linking up ‘hidden plasma parameters’ with material- and solar cell properties. In-situ 
process monitoring can contribute to a better understanding of the growth process and 
eventually lead to a further improvement of solar cell performance and deposition rate. 
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Figure 1.1: general research approach for thin film solar cells (adapted from Roschek [82]) In contrast 

to the common approach, an integral approach considers plasma characteristics. 

                                                 
1 Photon International magazine, March 2006. 
2 Cell and submodule efficiency, Progress in Photovoltaics, M.A.Green, 2006. 
3 Alsema calculated a payback of about 3 years for current thin-film PV systems with frames. Kato and Palz calculated shorter 
paybacks for amorphous silicon, each ranging from 1 to 2 years. (Ref: http://www.nrel.gov/ncpv/energy_payback.html) 
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Before diving into a detailed study, a short context will be sketched in which the following 
subjects will be introduced:  

• microcrystalline silicon; 
• growth models and the role of hydrogen; 
• diagnostics for thin films and plasma characterisation. 

 
In §1.4 the goals pursued during the research described in this thesis are presented. Finally §1.5 
lists the outline of this thesis. 

 

1.1 Microcrystalline silicon 
 
Hydrogenated microcrystalline silicon is not a name for a well defined material. In fact µc-Si:H 
is a general term for a silicon structure build up out of varying amounts of crystalline grains, 
amorphous phase material and voids, lacking the long-range order typical for crystalline silicon. 
The phase composition depends on deposition parameters, film thickness and the type of 
substrate or seed-layer. The microstructure of the material has direct influence on the optical 
and electronic properties and defines to a large extent its quality as an intrinsic absorber layer in 
a solar cell.  
 An artist impression of the varying material composition is shown in Figure 1.2. At the 
onset of growth material properties are dependent on film thickness [4]. In the highly crystalline 
regime nucleation of microcrystalline silicon can be nearly instantaneous (dependent on the 
substrate). Films with columnar clusters of small grains with coherent crystalline regions are 
formed. Moving more to the amorphous growth regime, nucleation is delayed and an 
amorphous incubation layer can form (middle of the Figure). In this regime growth commences 
with a mixed phase layer where microcrystalline regions are alternated by amorphous silicon 
regions. At the point where the microstructure is independent of film thickness, the material is 
referred to as single phase microcrystalline silicon. 
   

"highly
crystalline regime" "amorphous regime"

 

Figure 1.3 shows a cross-section of a microcrystalline film deposited close to the amorphous 
growth regime on a ZnO-substrate as measured by transmission electron microscopy (TEM). 
The amorphous silicon incubation layer can be clearly distinguished. Inhomogeneity in the 
growth direction is detrimental for solar cell functioning. Effort is taken to optimise conditions 
to minimize the incubation layer for solar cells (Vetterl et al [1], van den Donker et al [2]) and 
thin film µc-Si:H transistors (Han et al [3]). 

Figure 1.2: Schematic diagram illustrating the microstructure of µc-Si:H. From the left to the 
right, the film composition changes from highly crystalline to predominantly amorphous. The 

crystalline columns are separated from each other by crack-like voids and disordered material. 
Figure  from Vetterl et al [5]. 
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Optical properties 
Figure 1.4 shows a typical absorption curve for microcrystalline silicon. For comparison, the 
absorption of monocrystalline silicon (c-Si) and hydrogenated amorphous silicon (a-Si:H) are 
also plotted. 
 Crystalline silicon has an indirect band gap at ~1.1 eV, and consequently the optical 
absorption decreases quickly for light with energies below this value. 

 

 
For amorphous silicon a band gap is more difficult to define due to the presence of tail states 
induced by the structural material disorder. Instead a Tauc- or optical gap (~1.6-1.8 eV for a-
Si:H) can be used as a measure for the optical transitions between extended states in the valence 
and conduction bands [6]. The amorphous material acts as a ‘quasi’ direct semiconductor and 
displays a higher absorption above 1.8 eV than c-Si. The enhanced absorption of 
microcrystalline silicon compared to c-Si in the higher energy part of the spectrum can be 
ascribed to the presence of amorphous silicon regions in the material. Internal light scattering 
on the crystalline grains has also been proposed as a mechanism enhancing the absorption. 
Between 1.8 eV and 1.1 eV microcrystalline silicon reproduces the absorption coefficient 
values of c-Si, whereas the absorption for a-Si:H decreases rapidly while shifting into the red 
and near infrared (in this region sub-band absorption plays a role). The higher absorption below 

Figure 1.4: Absorption coefficient of crystalline, microcrystalline 
and amorphous silicon, measured by photothermal deflection 

spectroscopy (PDS). From Vetterl et al [5]. 

Figure 1.3: Cross-sectional bright field TEM micrograph of a microcrystalline 
film deposited close to the amorphous growth regime on top of a ZnO TCO 

substrate. The dotted line sketches the end of the amorphous incubation layer. The 
black spots represent crystalline grains. The solar cells consist of a highly 

crystalline columnar structure. 
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1.1 eV for microcrystalline silicon compared to c-Si can be explained by band tails at grain 
boundaries or electronic defect states (Jackson et al [7], Beck et al [8]). 
 
Microcrystalline silicon solar cells 

Thin film silicon solar cells are based on drifting holes and electrons. The electric field of a p-n 
junction is stretched across the intrinsic absorber layer, where electron-hole pairs are formed by 
the incoming light. The electron and holes are separated 
and drift towards the n and p layer respectively. Figure 
1.5 shows a solar cell in the p-i-n configuration. Light 
entering this solar cell first encounters a p-doped layer, 
then an intrinsic layer and last, if not yet absorbed, a n-
doped layer. The intrinsic layer should absorb as much 
of the incident light as possible, and provide a low loss 
electrical transport for the photo-generated charge 
carriers.   
 Before entering the active part of the solar cell, 
the light passes through a thick glass substrate (~1 mm) 
and a transparent conductive oxide (tco). The tco 
functions as a front contact and, when textured, enables 
effective light scattering and -trapping in the device. 
Light trapping is essential because of the relatively low 
absorption of the very thin µc-Si:H layer, especially for 
long wavelength light. Incoming light is scattered by the 
textured tco and reflected (multiple times) between front- and back contact. The back contact 
consists of a tco layer and a metallic (e.g. Ag) contact. The (optional) back tco layer enhances 
the reflectivity of the backside of the film, and thus improves solar cell performance. 
 A solar cell structure can be turned into a module by additional process steps. High-
speed laser patterning is used to divide the solar cell area in separate series-connected cells to 
tune and increase the output voltage of the module.  
 

1.2 Deposition and the role of hydrogen 
 
Plasma Enhanced Chemical Vapour Deposition (PECVD) is the main method for deposition of 
thin silicon films for photovoltaics. A radio-frequent (RF) electrical field is applied between 
two electrodes to decompose the source gases, usually SiH4 (silane) and H2 (hydrogen). Higher 
excitation frequencies can also be used. The advantage of PECVD is the low-substrate 
temperature and the many controllable deposition parameters that contribute to the flexibility of 
the plasma process.  
 Two important parameters that characterise a plasma are the electron density (ne) and 
the electron temperature (Te). Only high energy electrons are capable of exciting, dissociating 
and ionizing gas particles. A number of important reactions in a silane plasma are listed in 
Table 1.1. Excited species can relax to a lower energy state by emitting a photon with a specific 
energy. This radiation can be seen as the fingerprint that identifies a specific particle, and gives 
insight in the reactive species and reaction mechanisms in the plasma. 
 Although we control the external conditions of a plasma via mainly pressure, gas flow 
and power, we do not directly control internal plasma conditions like sheath potential, the level 
of gas depletion, and the electron temperature. These internal plasma conditions determine to a 
large extent the properties of the deposited film.  
 
Table 1.1: A few important reactions taking place in SiH4/H2 plasma (from [15] and references therein) 

SiH4 + e- � SiH3 + H + e 8.75 eV (1) 
SiH4 + e- � Si* + H2 + 2H + e 10.5 eV (2) 
SiH4 + e- � SiH* + 2H + H + e 10.3 eV (3) 

Figure 1.5: Lay-out of a pin-solar cell. 
Note that the surface roughness of the 

wet etched tco is passed on to successive 
layers. 

1-3 
µm

substrate

TCO (front 

contact)

microcrystalline

silicon

back contact

p

i

n
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H2 + e � 2H + e 8.85 eV (4) 
H2 + e � H*(n=3) + H + e 16.6 eV (5) 
SiH4 + H � SiH3 + H2  (6) 

 
Deposition under high working pressures and high silane depletion proved to be successful for 
obtaining high efficient solar cells at high deposition rates (e.g. Guo et al [9], Vetterl et al [5], 
Rech et al [10], van den Donker et al [11]). This regime is referred to as ‘high pressure 
depletion’ (HPD), first explored in the group of Matsuda [9]. It is speculated that at high 
pressure the energy of the impinging ions is reduced, which is beneficial for the material 
quality. High depletion of silane, obtained at high plasma power, increases the amount of 
growth precursors and thus increases the deposition rate. 
 
The phase transition from microcrystalline- to amorphous silicon can be achieved by varying 
almost all deposition parameters (power, pressure, silane flow). In particular the silane flow is 
useful to control the phase composition of the material. Best µc-Si:H solar cells are generally 
obtained within a small parameter window close to the amorphous growth regime as 
demonstrated for PECVD (e.g. Houben et al [4], Roschek et al [12]) and for hot-wire CVD 
(Klein et al [13]). These solar cells are characterised by a crystalline volume fraction of 60-
70%. The highest efficiency for a microcrystalline silicon solar cell and module developed at 
Forschungszentrum Juelich are 9.4% and 8.1% respectively, at a deposition rate of 0.5 nm/s 
(Rech et al [14]). The efficiency is generally a decreasing function of deposition rate. Hence, 
strategies towards new deposition regimes yielding both high deposition rates (> 2 nm/s) and 
high solar cell efficiencies are an important topic in solar cell research. 
 
Growth model  

Numerous studies have been devoted to the mechanism of the formation of microcrystalline 
silicon (e.g. Matsuda et al [15], Sriraman et al [16], Boland et al [17]). The complexity of the 
deposition process, involving many chemical reactions, particles, and fluxes of silicon hydrides, 
ions and atomic hydrogen, makes a conclusive picture on microcrystalline growth and 
crystallisation hard to obtain. Established growth models for amorphous silicon can be 
expanded to the case of microcrystalline silicon. The dominant growth precursor for both 
amorphous and microcrystalline silicon is SiH3 (e.g. Matsuda et al [18], Kessels et al [88]), 
although a number of other radicals like SiH2 also contributes (e.g. Lyka et al [89], Smit et al 
[20]). The incident flux of growth precursors that is not reflected from the surface, either 
recombines under formation of SixHy or diffuses over the surface. Hydrogen atoms at the 
surface can then be extracted, leaving dangling bonds, to which other growth precursors can 
stick. 
 The difference in the amorphous- and microcrystalline silicon growth process is 
assumed to be the higher atomic hydrogen flux towards the growing surface for µc-Si:H. 
Atomic hydrogen is believed to play the decisive role to promote microcrystalline silicon 
growth in three ways. It is reported that adsorbed hydrogen on the surface increases the 
effective diffusion length of growth precursors (e.g. Matsuda et al [21], Gerbi et al [22]). 
Energetically favourable dangling bonds can then be occupied leading to enhanced order in the 
material. This mechanism is called ‘enhanced surface diffusion’.  

 
Figure 1.6: Hydrogen induced etching of amorphous phase material. Taken from Matsuda [15]. 



 9 

Another mechanism called ‘chemical annealing’ takes place in the sub-surface (e.g. Kaiser et al 
[23], Cabarrocas et al [24]). Hydrogen atoms can diffuse into the material, and by doing so 
break and restructure strained bonds. A third mechanism reported in literature is preferential 
etching of amorphous phase material on the surface (e.g. Tsai et al [25], Heintze and Westlake 
[26], [27]). This mechanism is schematically depicted in Figure 1.6. Higher silicon hydrides 
that form as a result of the H adsorption onto subsurface Si atoms, become trapped in the bulk. 
But weakly bound mobile silicon hydrides on the surface can desorb. Abrefah et al [28] 
describe the etch reaction of adsorbed hydrogen (Hads) with a silicon film as follows: 
 Hads + SiH2� SiH3, SiH3 + Hads � SiH4(g) 
In a recent publication of Sriraman et al [29], etching is written down as a more general class of 
reactions: 
 (4-m)H (s/g) + SiHm (s)� SiH4 (s) � SiH4 (g) with m=1,2,3 
where s and g refer to surface and gas-phase species respectively. This reaction describes the 
hydrogenation of surface hydrides to form silane. Under large hydrogen exposures silane is 
expected to be the main etch product to leave the film surface. 
 
The aforementioned three views on hydrogen-film interaction are supported by experimental as 
well as simulation studies. Concerning experimental studies, hydrogen-film interaction is 
normally investigated by exposing an as-deposited film to atomic hydrogen. An example of this 
approach are so-called layer-by-layer studies (LbL) (e.g. Vetterl et al [30], Saitoh et al [31], 
Gordijn et al [32]). LbL is based on a interrupted growth process consisting of a large number 
of two-step cycles: 1) growing a thin amorphous film, 2) treating it by a pure hydrogen plasma. 
The deposition- and hydrogen treatment time can then be tuned to obtain a fully 
microcrystalline film. 
  
Despite the amount of research, no conclusive picture can be derived from literature relating the 
relative importance of each of the three hydrogen interaction mechanisms to the formation of 
microcrystalline silicon under different process settings.  
   

1.3 Diagnostic techniques 
 
Thin film diagnostics 
UV-visible spectroscopic ellipsometry (SE) is a powerful tool for determining the optical 
properties and thickness of thin films (e.g. Collins et al [33]). SE can also be applied in-situ 
providing real-time information on the evolution of film properties during growth at moderate 
deposition rates and can be used to distinguish between amorphous and microcrystalline silicon. 
The experimental setup of SE is, however, rather difficult to apply in an industrial setting. 
Another diagnostic that can also be applied in-situ to determine the crystalline volume fraction 
of a film is Raman spectroscopy. Other surface sensitive techniques that have been applied to 
study the phase composition of amorphous- and microcrystalline silicon films include 
transmission electron microscopy (TEM), scanning electron microscopy (SEM), cross-sectional 
X-ray diffraction and attenuated total reflection spectroscopy (ATR). 
 
Plasma diagnostics 
The diagnostic techniques that are used for the characterization of silane plasmas can be 
roughly divided into two: optical diagnostics and electrical diagnostics. Optical emission 
spectroscopy (OES) has the advantage of being a non-invasive diagnostic, but the disadvantage 
that it consequently can only monitor excited species. In active spectroscopy the plasma is 
forced to give optical information, by either stimulating the emission, e.g. laser-induced 
fluorescence (LIF), or measuring absorption by for instance cavity ring down spectroscopy 
(Kessels et al [88]) or (fourier transform) infra-red absorption spectroscopy directly observing 
the plasma (e.g. Remy et al [34]) or through the gas exhaust (e.g. Strahm et al [35]). With these 
active diagnostics other species (various radicals, dust formation) can be detected in 
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comparison to OES. Mass spectroscopy (MS) and Langmuir probes can be classified as 
electrical diagnostics. MS is a relatively easy to implement diagnostic that is usually installed in 
an gas-exhaust pipe. It can be helpful for troubleshooting purposes (e.g. detection of nitrogen 
due to an air leak) and for process monitoring—it can for instance give direct information on 
the time evolution of neutral gas species (SiH4, H2), in contrast to OES. Langmuir probes give 
information on electron energy and temperature, but are particularly difficult to employ in 
deposition plasmas with RF excitation [36]. 
 
Optical Emission Spectroscopy 

During the work described in this thesis OES was used to observe a wide spectrum of plasma 
emission. An illustrative example of a SiH4/H2 plasma spectrum is shown in Figure 1.8. 
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Figure 1.8: Typical emission spectrum of a SiH4/H2 plasma. Arrows indicate atomic line emission, 

whereas bars indicate molecular bands. 
 

The emission spectrum can be unravelled as 1) peaks associated with excited atomic species, 2) 
excited molecular bands, and 3) continuum radiation. 
 1) Excited states of atoms have a limited lifetime: within the so-called radiative lifetime 
an atom will fall back to a lower energy state by emitting a photon (except when it reacts before 
it radiates). When an atom emits a photon there is a chance some other atom will absorb it. This 
effect is called self-absorption, and is most often seen for electron transitions involving the 
ground state. Because spectroscopy operates along the line of sight strong self-absorption can 
distort the linear relation between the number of emitting atoms and the measured peak 
intensities. When no absorption and re-emission takes place, the plasma is called optically thin. 
This is the case for SiH* and Si* emission under our conditions, but self-absorption might play 
a role for excited hydrogen emission. 
 2) Radiation of molecular fragments (e.g. SiH*) consists of a ro-vibrational fingerprint 
superimposed on the radiation associated with electronic transitions. The ro-vibrational shape 
changes with the rotational and vibrational temperature of the particle.  
 3) Continuum emission is mainly produced by the recombination of electrons with ions 
(free-bound radiation). 
 
Emission intensities of plasma species generally depend on electron density and temperature. 
The emission intensity of for instance SiH* can be described by the following equation [37]: 
 ISiH* = KSiH* · kSiH*(Te) · ne · nSiH4     (1.1) 
where K accounts for the collection, transmission and detection efficiencies of the light, k is the 
reaction rate coefficient for dissociative excitation of SiH4 leading to SiH*, ne the electron 
density and nSiH4 the silane density. From equation 1.1 it follows that the SiH* emission 
intensity is linear with the silane density in the plasma, for constant plasma properties (ne, Te). 
 
Optical emission spectroscopy has been applied for process monitoring and to study long and 
short term instabilities in the deposition process (van den Donker [2], [11], [84]). In numerous 
studies OES has also been applied to correlate the relative abundance of emissive species in the 
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plasma with the phase transition taking place in the film (e.g. Torres et al [38], Feitknecht et al 
[39]), see Figure 1.9. It was argued that hydrogen emission could correlate with the hydrogen 
flux towards the substrate, and that SiH* correlates with the amount of growth precursors. A 
ratio between excited hydrogen and excited SiH and Si emission has been reported in literature 
to correlate with the Raman crystallinity of a film (e.g. Guo et al [9], [38]). However, this ratio 
is strictly empirical and reactor-dependent and the relative abundance of emissive species (H*, 
SiH*) in the plasma was not found to reflect the abrupt material transition taking place on the 
substrate. This issue will be investigated on our deposition conditions in Chapter 3.  
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Figure 1.9: OES-ratio of SiH*/Hα lines for dilution- and power series. As soon as the ratio falls below 

1.7 microcrystalline silicon growth is observed. Torres et al [38]. 
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1.4 Goal of this work 
 
The title of this thesis conveys its main subject: an in-situ study of the deposition process and 
phase composition of µc-Si:H. A broad range of diagnostic techniques has already been applied 
to study the microstructure of microcrystalline silicon as it evolves as a function of process 
parameters and film thickness. Nonetheless, a straightforward, easily applicable diagnostic for 
in situ studies is still lacking. Hence, the main aim of this work was the development of a novel 
diagnostic technique using optical emission spectroscopy, to determine the µc-Si:H/a-Si:H 
phase transition in-situ.  
 The goals of this work are outlined in Figure 1.10. Two novel diagnostic approaches 
have been developed to meet the aforementioned principal aim I, and aim II (online deposition 
rate monitoring). In addition, the diagnostic techniques were applied to study two other themes: 
III) the role of atomic hydrogen in the plasma process and IV) the growth and incubation of µc-
Si:H. The first two aims can be classified as instrumental, i.e. developing a novel in-situ 
diagnostic tool, whereas the last two address the research question to elucidate the growth 
mechanism of µc-Si:H. 
 

iFT OES

I
map the phase transition
and distinguish between

µc-Si:H and a-Si:H

II
tool for determining

deposition rate

III
contribute to a better

understanding of the role
of atomic hydrogen during

etching and deposition

IV
gain more insight in the

growth and
microstructure of µc-Si:H
for technological relevant

conditions

 
 

Figure 1.10: Diagram indicating the aims of this work and the two novel in-situ approaches applied for 
this work. iFT is the abbreviation for in-situ Film Transmittance. 

 

Incentives 
An easy-to-use diagnostic for determining the phase transition, and therewith optimum 
conditions for solar cells, would facilitate the exploration of new deposition regimes and the 
optimization studies for improvement of solar cell conversion efficiencies considerably. The 
focus on deposition rate enhancement for the production of  highly efficient thin film solar cells 
is a strong incentive for aim II. Additionally, a tool for determining deposition rates can also be 
applied to study hydrogen induced etching. This is connected with the third aim of this work 
namely to get more insight into the crucial but not yet fully assessed role of atomic hydrogen 
under technological relevant deposition conditions. The main incentive leading to the fourth 
aim is the strong relation between the material microstructure and solar cell quality. Moreover, 
a better understanding of the growth mechanism could lead to new future strategies towards 
high rate growth of highly efficient solar cells.  
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1.5 Outline of this thesis  
 
This work is structured as follows: 
 
• Chapter 2 introduces the deposition setup and the diagnostic techniques used in this work.  
• Chapter 3 characterises a standard regime for deposition of state-of-the-art solar cells. This 

standard regime is used for experiments throughout this work. 
 
Feasibility of novel diagnostics: 
• Chapter 4 considers in-situ film transmittance, with which the deposition rate can be 

determined and optical properties of thin films can be studied. 
• Chapter 5 describes the novel approach to optical emission spectroscopy for mapping the 

phase transition from microcrystalline- to amorphous silicon.  
 
Application of diagnostics: 
• In Chapter 6 the novel diagnostic techniques, and complementary ex-situ diagnostics, are 

applied to study deposition and growth of microcrystalline silicon. §6.1 studies the 
microstructure of µc-Si:H as a function of film thickness. In §6.2 the influence of pressure 
and power on the phase transition and hydrogen flux will be discussed. §6.3 discusses the 
atomic hydrogen-film interaction during long term hydrogen plasma exposure.  

 
Discussion and summary: 
• Chapter 7 discusses and rephrases the contribution of the work in this thesis to a better 

understanding of deposition and growth of microcrystalline silicon. The aims mentioned in 
§1.4 will be addressed to summarize this thesis. 
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2 Experimental techniques and concepts 
 
In this chapter the deposition setup and several diagnostics will be shortly introduced. 
The experimental setup for in-situ film transmittance and optical emission spectroscopy 
will be presented.  

2.1 Deposition setup and parameters 
 
Experiments have been performed on various reactors. First the standard reactor will be 
discussed, and subsequently the other reactors will be treated insofar they differ from the 
standard. In the standard setup, five vacuum chambers are interconnected by load locks. 
Substrates can be transferred by load arms between different chambers without breaking the 
vacuum. Doped and intrinsic layers are deposited in separate chambers to avoid cross-
contamination. An overview of the whole setup is shown in Figure 2.1. All chambers are based 
on parallel plate electrodes between which a capacitively coupled plasma can be sustained. A 
plasma excitation frequency of 13.56 MHz is used. The intrinsic layer is deposited in reactor i1, 
which has a showerhead electrode configuration and an interelectrode distance of 1 cm. The 
lower (showerhead) electrode is powered, whereas the upper electrode, which also functions as 
substrate carrier, is grounded. For n-type and p-type films, phosphorus and borane gases are 
used, respectively. Standard process deposition conditions for state-of-the-art µc-Si:H absorber 
layers are listed in Table 2.1.  

LL1

LL2

LL3

SiH4, H2, Ar

Pump system

N

i1

P

i2

i3

RF Pow ermatch

Voltage meter

Mass spectrometer

Spectrometer A

Spectrometer B

SiH4, H2, Ar,

NF3, PH3, CO2,

H2, SiH4, TMB3,

CH4, SF6, O2

Substrate heater

and thermometer/pyrometer

SiH4, H2, Ar, TMB3

SiH4, H2, Ar, PH3

Transfer

valve

Transfer arm

 
Figure 2.1: Schematic of the deposition setup of the 5-chamber system. Experiments are performed in i1 
equipped with several diagnostic tools. LL is the abbreviation for load lock. Reactor i2 is dedicated for 
intrinsic amorphous silicon layers and i3 can be cleaned in-situ by reactive ion-etching, both reactors 

are not used in this work. 
 

The substrate carrier is designed for 10x10cm2 substrates. Glass covered by a magnetron 
sputtered ZnO tco-layer functions as a substrate in most of the experiments and obviously for 
solar cells. In the latter case, the tco is textured by a wet chemical etching step [40]. For solar 
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cells, the Ag back contacts are deposited as pads with sizes of 1x1cm2 (and smaller) defining 
the solar cell areas, and the front contacts are stripes connected with the tco through the silicon 
film, Figure 2.2. 

Table 2.1: Standard process settings for µc-Si:H absorber layers 

Process 

parameters  

Typical 

value/range: 

Pressure 10 Torr 
Power 80 W 
Temperature 200oC 
H2 flow 360 sccm 
SiH4 flow 1-10 sccm 

 
Measurements have also been carried out at two other reactors, the so called cluster tool and the 
large area deposition setup. The former is equipped with a VHF power generator, and can be 
used in both a showerhead and cross flow configuration. The electrode distance can be varied 
manually, and a shutter between the substrate and the plasma contributes to a higher 
controllability of the deposition process. The large area deposition setup can deposit films on 
30x30 cm2 substrates. The reactor itself is similar to i1 except for its size.  

back contact

front contact
connected to
front TCO through
absorber layer

 
Figure 2.2: View of backside of substrate with square back contacts defining the solar cell area on a 

10x10 cm2 substrate. Light enters through the glass (front side). 

2.2 Diagnostics for solar cell and film characterisation  
 
The experimental techniques that have been used for the characterisation of deposited films and 
solar cells are described in the following 5 paragraphs. 
 
1. Solar cell characteristics  
Solar cell performance is characterised by AM 1.5 illuminated current-voltage measurements 
using a class A double 2 source solar simulator. The parameters of interest are: 

• efficiency (η in %): maximum electrical power generated by solar cell divided by 
incident radiation power ; 

• short-circuit current density (Jsc in mA/cm2): maximum current density generated by 
device (i.e. with a negligible load resistance in the circuit); 

• open circuit voltage (Voc in mV): the maximum voltage generated by the solar cell 
under illumination (i.e. with an enormous load resistance in the circuit); 

• fill factor (FF in %): FF = Jmax⋅Vmax/Jsc⋅Voc, is a measure for the collection efficiency at 
the maximum power point. 
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Figure 2.3 displays the J-V characteristic as measured by the solar simulator, from which the 
electronic properties can be deduced1. 
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Figure 2.3: Typical illuminated  J-V characteristic for microcrystalline and amorphous silicon. The 
parameters Voc, Jsc and FF are defined in the graph. Amorphous silicon has a distinct higher Voc, but 

lower Jsc than µc-Si:H 
 

As shown in Figure 2.2, the 10x10 cm2 substrate consists of 16 cells of 1 cm2 and a number of 
smaller cells. The solar simulator automatically measures the electronic parameters of each 
individual cell. Comparing individual cells gives insight into the structural non-uniformity of 
the absorber layer. 
 
The electronic properties can be used as a measure for distinguishing between amorphous and 
microcrystalline silicon, Chapter 3. 
 
2. Raman spectroscopy 
The fraction of crystalline to amorphous silicon can be detected by Raman scattering 
spectroscopy. The difference in energy between the incident photon and the Raman-scattered 
photon is equal to the energy of a vibration of the scattering molecule. This energy difference 
between the initial and final vibrational levels is called the Raman shift (cm-1). A plot of 
intensity of scattered light versus energy difference, is the resulting Raman spectrum. This 
spectrum reflects the phonon density of states.  
 Raman measurements were performed using a DILOR micro-Raman monochromator. 
The wavelength of the laser is tuneable. The penetration depth of the Raman laser depends on 
the wavelength and the crystallinity of the silicon film, see also appendix F.  
 Samples can be probed from the substrate side or from the film-side, Figure 2.5. 
Inhomogeneity in the growth direction can be determined by comparing the Raman crystallinity 
obtained from measurements probing either the front or backside of the film at different 
wavelengths. More details on the experimental approach can be found in Vetterl [42] and 
references therein. 
  

                                                 
1 The p-i-n junction can be described by an equivalent electronic circuit (e.g. Meillaud et al [41]) in which the electrical 
parameters, together with series and parallel resistances are defined 
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Figure 2.4: Baseline corrected and normalised Raman plots 

for a microcrystalline- and amorphous silicon sample. 

 
 
 

 
Figure 2.5: Sketch of the Raman laser 
penetration depth in a typical sample 

for different wavelengths of the Raman 
laser. 

 
Quantification of the Raman spectra is rather arbitrary. A good procedure for calculating the so 
called Raman crystallinity fraction is described by Smit et al [43]. In Figure 2.4 two baseline 
corrected Raman plots are shown: the broad shaped peak with its top around 480 cm-1 is 
characteristic for amorphous samples, the spike-like peak round 520 cm-1 is related to 
crystalline silicon.  
 In a solar cell the a-Si:H n-layer covers the i-layer. In order to effectively measure the 
properties of the i-layer, the top layer can be etched away by a droplet of KOH. 
 
3. Ex-situ transmission 
An ex-situ spectrometer has been used to measure transmission curves of films on a transparent 
substrate for comparison with the in-situ measurements. The spectral range varies from 200 to 
2800 nm with a variable resolution between 1-10 nm. The measurement is based on a three 
phase cycle at each wavelength: calibration through ambient, measurement through sample, and 
the ‘no measurement’ phase while the wavelength is changed. 
 
4. Film Thickness 
The thickness of thin films can be measured ex-situ by means of a surface profiler (Dektak 
3030 from Veeco Instruments Inc.). First a high intensity laser is used to locally evaporate 
small stripes of the silicon film. These abrupt steps can then be readily measured. The thickness 
can be determined with an error of approximately ~20 nm.  
 
5. Scanning Electron Microscopy 

A Scanning Electron Microscope (SEM) is a microscope that uses electrons to form an image 
of a conductive sample. The sample is probed by a primary electron beam during a raster scan, 
and secondary (and back scattered) electrons are detected. Secondary low energy electrons 
originate from ~1-10 nm depth, and by detecting them the surface topology can be investigated. 
The magnification can be increased to over 400.000 times, while still obtaining high contrast 
images of silicon film surfaces. The sample is measured under a 60o angle, under vacuum 
conditions. A Leo Gemini 1550 SEM is used for the measurements. 

substrate

film

~150
nm

µc-p-layer

λ=488nm
λ=680nm

λ=413nm

a-n-layer

etching with
KOH



 18 

2.3 In-situ diagnostics 
 
In this section the diagnostic setup for in-situ film transmittance and emission spectroscopy are 
discussed. 

2.3.1 Optical emission spectroscopy 
 
Figure 2.6 shows the placement of spectrometer A and spectrometer B relative to the plasma. 
Spectrometer B is used for in-situ film transmittance (§2.3.2). 

Spectrometer A monitors the plasma emission through an optical port at the side of the 
reactor. Using a combination of lenses and mirrors the plasma can be imaged onto the entrance 
slit of the spectrometer, an Oriel MS257 spectrometer equipped with various gratings and an air 
cooled Andor DU420-OE CCD camera. The grating specifies the wavelength range and 
resolution. The light is not detected spatially resolved and is thus representative for the average 
plasma emission along the line of sight. 
 

heater

plasma

tracks

chamber

(stainless steel)

substrate holder

with substrate

electrode

transfer valve

in-situ transmittance

spectrometer B

spectrometer A  
 

Figure 2.6: Schematic of reactor with spectrometer A and B 
depicted. Spectrometer A detects the plasma emission through 

an optical port on the side. Spectrometer B is depicted for 
completeness. 
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Figure 2.7: Emission spectrum as 

detected with spectrometer A. 
Spectrum ranging from 385 to 425 

nm, with Si* and SiH* emission lines 
(a). And spectrum from 640-670 nm 

with the Hα emission line (b). 
 

The standard configuration of this spectrometer includes a high optical resolution of ~1.2 Å. In 
this setting the spectral range is limited to ~40 nm, and needs to be calibrated to include the 
species of interest: Si* (390.5 nm), SiH* (410-420nm), Hβ (486 nm), Hα (656.2 nm). Hence, the 
hydrogen emission and the SiH* emission cannot be measured simultaneously with the range of 
currently installed gratings. Figure 2.7 shows emission spectra of SiH* and Hα. 
  
During deposition- and etching experiments, emission 
spectra are recorded time resolved (with a typical time 
resolution of 1s) and optionally averaged afterwards. 
Every measurement series starts with recording the 
background emission without plasma. This spectrum is 
automatically subtracted from the spectra during the 
measurement to compensate for the sensitivity of the 
spectrometer and the background noise. The baseline 
corrected peak height is used as a measure for all emission 
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Figure 2.8: Determination of the 
baseline corrected peak intensity (red 

line) for the SiH* emission. 



 19 

intensities.1 By this method variations in the continuum- and background emission are 
compensated for. Three data points on either side of the peak are averaged and this baseline 
level is subtracted from the average value of the peak of the emission, Figure 2.8.  
 For the measurements on the cluster tool and large area reactor an Oceanoptics 
spectrometer is used, with a spectral range from 400 to 530 nm, including SiH* and Hβ 
emission. 

2.3.2 In-situ transmittance 
 
In a parallel electrode reactor chamber the application of an external source emitting a light 
beam perpendicular to the substrate is not feasible for in-situ transmission measurements. 
Instead, we investigated the concept of using the plasma as a light source. Only a simple 
spectrometer is required for the detection of the partly absorbed light.  

Figure 2.9 shows a sketch of the in-situ transmittance setup. In the middle of the 
substrate holder a circular shaped aperture is made, with a 10 mm diameter. Light from the 
plasma can pass through this opening, after traversing the film and transparent substrate. The 
light is collected in the upper part of the vacuum chamber and converged by a lens into an 
optical fibre. An Oceanoptics USB2000 spectrometer connected to a personal computer is used 
for data recording. In contrast to the Oriel spectrometer the Oceanoptics spectrometer has a 
wide spectral range from 177 to 880 nm, with an optical resolution of ~1 nm. 

In the transmitted plasma spectrum the emission lines of special interest originate from 
SiH*, Hα, Hß and molecular hydrogen (602 nm peak from the Fulcher series), Figure 2.10. 

 
 

plasma

substrate holder

spectrometer

lower electrode

reactor chamber

optical fiber

 
 

Figure 2.9: Artist impression of the in-situ film 
transmittance setup. The heater above the substrate 

holder is not shown for simplicity. 
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Figure 2.10: Emission spectrum of a 
hydrogen plasma through a transparent  

glass substrate. 
 

 

                                                 
1 Another approach is to subtract a pure hydrogen spectrum from the SiH4/H2 spectrum, and then take the full surface under the 
SiH* emission band, see also Fantz et al [44]. This approach gives the same results but proved not always to be feasible because of 
poor fitting of the spectra to the recorded reference spectrum (obtained in a manually cleaned reactor chamber). 
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3 Regime and solar cell characterisation 
 
The novel diagnostic approaches, in-situ film transmittance and OES for mapping the 
phase transition, are to be tested in a specific deposition regime, which will first be 
characterised by conventional means in this chapter. In the regime of interest a series 
of state-of-the-art solar cells has been deposited. The solar cells will be characterised 
by their electronic parameters and Raman crystallinity, §3.1. During the deposition 
process the plasma is studied by optical emission spectroscopy. In §3.2 the plasma 
emission will be analysed in search of a correlation with film properties and the 
deposition rate.  
 

3.1 Solar cell characterisation 
 
The silane concentration has direct impact on the ratio of growth precursors to hydrogen atoms 
and is thereby an easy tool to control the transition from microcrystalline- to amorphous silicon 
growth. Hence, in this work the silane flow is the main process parameter varied to study the 
material transition.  
 The specific high pressure depletion (HPD) regime as described in Table 2.1 is referred 
to as the ‘standard regime’ throughout this thesis. In this standard regime, solar cells were 
deposited at systematically varied silane flows. These solar cells will be characterised by their 
electrical parameters and the Raman crystallinity in the following. Aim is to determine at what 
silane flow the transition from microcrystalline- to amorphous silicon takes place1. 

3.1.1 Electrical parameters 
 
The electrical parameters of the solar cell series are plotted in Figure 3.1. The series ranges 
from (highly) microcrystalline- to amorphous silicon. It is observed that an increasing silane 
flow leads to a constantly increasing Voc. Also the FF, Jsc and η increase initially, up to a certain 
silane flow, after which a sudden drop can be observed. The highest efficiency is obtained 
precisely at the onset of the transition towards the amorphous growth regime. In our standard 
deposition regime, the transition point can be located at a silane flow of 3.25±0.25 sccm. 
Similar behaviour of the electronic properties as a function of silane flow were observed before 
by Vetterl et al [45], Roschek et al [12] and Klein et al [46]. 

The error bars, reflecting the lateral structural non-uniformity of the solar cell, increase 
drastically within the transition region. Although the Voc does not change abruptly in the 
transition region, the error bars do suddenly increase, and disappear again above a Voc of 700 
mV, typical for a-Si:H2, indicating the completion of the phase transition. A substrate with 
maximum efficiency cells, deposited at a silane flow of 3.25 sccm, also displays maximum 
uniformity: all cells on the substrate have comparable high efficiencies.  
 The decrease of the efficiency (and FF and Jsc) for decreasing silane flow below the 
transition threshold, is not yet fully understood. Possible reasons are a breakdown of the electric 
field, recombination losses at poorly passivated grain boundaries or interface effects between 
doped and intrinsic layers [5]. The high efficiency close to the transition is related to a 
reduction of bulk recombination effects in the absorber layer. The fast drop of the efficiency in 
the transition region can be explained in terms of a low hole mobility for a-Si:H and lower 
                                                 
1 The solar cells presented in this section do not consist of an additional sputtered TCO layer between the n-doped layer and the Ag 
back contact, which can improve solar cell performance by enhanced light scattering. Aim was not to obtain maximum efficiency 
cells, but to study the properties of the intrinsic absorber film as a function of silane flow. 
2 Note that the amorphous phase material grown in this deposition regime, is different from device grade a-Si:H. 
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infrared absorption [5]. Interestingly, an increase in efficiency is again observed for silane 
flows above 4.5 sccm. The cause for the improvement of electronic properties after the 
transition is topic of debate. 
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Figure 3.1: Electronic parameters as a function of silane flow for solar cells in the standard regime (10 
Torr, 80W). A drop in the efficiency (a), Fill Factor (b) and short-cut current density (d) coincides with 

the µc-Si:H to a-Si:H phase transition. The open circuit voltage increases monotonously (d).  

3.1.2 Raman crystallinity 
 
In Figure 3.2 the Raman crystallinity (RC) is plotted as a function of silane flow. To gain 
information on the lateral structural non-uniformity, every sample is measured in the centre and 
corner. A drop of the crystallinity above a silane flow of about 3.25 sccm is apparent. The 
transition towards a-Si:H as a function of silane flow starts in the centre of the film; the corner 
is lagging behind. The strong decrease of the Raman crystallinity within the transition region 
correlates with the drop in FF, jsc and efficiency for corresponding solar cells. The rapid 
decrease of the device performance, when a certain silane flow is exceeded, can thus be related 
to the onset of amorphous growth. Best solar cells (at 3.25 sccm) are obtained at a crystalline 
volume fraction of 65-75%. 
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Figure 3.2: Raman crystallinity for films deposited at 
various silane flows. The samples correspond to the 

solar cell properties of Figure 3.1. RC is measured in 
the centre and the corner of the film. 

 
 

 
 
 

Figure 3.3: Picture of a film deposited in the 
transition regime at fSiH4 = 4 sccm. The dark 

(red) region in the middle is amorphous 
silicon, whereas the edges of the film are 

microcrystalline silicon (orange). 
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The Raman signal does not change for films deposited at silane flows above 4.25 sccm. In 
contrast, changing solar cell properties are observed for these a-Si:H deposition conditions. 
Hence it can be concluded that the material structure on the amorphous side of the transition 
changes as a function of silane flow, but that Raman spectroscopy is not capable of 
characterising these differences.  
 Figure 3.3, shows a film deposited at a silane flow of 4 sccm (transition conditions). 
Two phases exist on the substrate. The dark (red) region in the middle is amorphous phase 
material, whereas the corner of the substrate is still predominantly microcrystalline. The 
amorphous phase can be distinguished from µc-Si:H by eye, because a-Si:H absorbs less and 
thus transmits more light in the red end of the visible spectrum. The lateral non-uniformity 
could perhaps be ascribed to a different density profile in the lateral direction for atomic 
hydrogen and growth precursors respectively, quite similar to the non-uniform density profile in 
the direction perpendicular to the electrodes as measured by Amanatides et al [48] in the exact 
same reactor chamber. Spatially resolved optical emission spectroscopy during deposition could 
provide a means to substantiate this claim. 

 

3.2 Regime characterisation 
 
In section §3.2.1 OES will be applied during deposition to correlate the emission intensity ratio 
between H* and SiH* with the phase transition from microcrystalline- to amorphous silicon. A 
specific regime in the cluster tool reactor will also be discussed for comparison. §3.2.2 
considers the correlation between the SiH* emission and the deposition rate, in the standard 
regime. 

3.2.1 Optical emission spectroscopy 
 
The SiH* and Si* emission intensities both show an almost perfect linear response to an 
increased SiH4 gas flow, Figure 3.3. This linearity is a strong indication for a constant electron 
temperature and electron density as a function of silane flow (see also Appendix G). It can be 
concluded that the SiH* emission is a good measure for the dissociation rate of SiH4, which is 
also reflected by the linearity between SiH* and the deposition rate (§3.2.2). Interestingly, the 
Hα and Hß emission intensities increase with silane flow as well. This could indicate that the 
dissociation of the relatively small amount of SiH4 as compared to H2 contributes significantly 
to the density of (excited) atomic hydrogen in the plasma, as will be discussed later.  

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

0,2

0,4

0,6

0,8

1,0

Si*
SiH*

H
β

H
α

 

 

no
rm

al
is

ed
 e

m
is

si
on

silane flow (sccm)

 
Figure 3.3. SiH*, Si* (390 nm), Hα and Hß emission 
intensities as a function of silane flow for reactor i1. 

Phase transition around 3.25 sccm. (Without 
normalisation, the Hß emission is of the same order 

as SiH*, whereas Hα is a factor 20 larger). 
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configuration. Phase transition around 4.5 sccm. 
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The evolution of the emission intensities evolves differently in the cluster tool reactor operating 
at a pressure of 1.5 Torr and an RF frequency of 94 MHz. The SiH* emission increases linearly 
for small silane flows, and then saturates, while the H* emission decreases and saturates, Figure 
3.4. At the point where the SiH* graph bends, the depletion of silane is expected to drop: a 
higher power is required to effectively deplete the higher inflow of silane. The decrease and 
subsequent stabilisation of H*, will be discussed later. 
 
A ratio between H* and Si* or SiH* is used in numerous studies as a measure to reflect the 
relative abundance of atomic hydrogen to growth precursors. Large values of the H*/SiH* ratio, 
denoted ROES in the following, are usually associated with microcrystalline silicon deposition 
conditions, whereas small values with a-Si:H deposition conditions, see Table 3.1. 
 
Table 3.1: Overview of literature studies concerning the ratio between H* and SiH* (or Si*) during 
deposition of µc-Si:H. It should be noted that the value of the ratio depends on the calculation method, 
calibration procedure and the experimental setup. 
Author Experimental Ratios Correlation 

P. Torres et al [38] VHF (110-130 Mhz) 
Dilution and power series 

SiH*/Hα < 1.7 for µc-Si:H 

J. Löffler et al [51] 
L. Feitknecht et al [39] 

VHF PECVD 
Closed chamber VHF 

Hα/SiH* > 1 for µc-Si:H 

L. Guo  et al [9] 
Y. Fukada et al [52] 

RF PECVD 
RF PECVD 

Hα/Si* ~ Raman intensity ratio 

N. Kosku et al [53] Inductively coupled RF Hα/SiH*/Growth rate 
~ Hα/(SiH*)2 

> 0.2 for µc-Si:H 
~ Raman intensity ratio 

 
ROES is plotted as a function of silane flow in Figure 3.5 (reactor i1), and for the cluster tool in 
Figure 3.6. ROES has been obtained by normalising the H* and SiH* baseline corrected emission 
intensities, and division afterwards. A decreasing trend for ROES as a function of silane flow is 
clearly observed for both reactors, which is in agreement with the shift to amorphous growth 
conditions. However, no sudden change in the transition region (as identified in §3.1) can be 
observed.  
 From Figure 3.5 it follows that ratios above ~1.6 (Hα/SiH*) or ~1.8 (Hβ/SiH*) are 
associated with microcrystalline silicon growth conditions and ratios below these values with 
amorphous silicon, in the standard regime for pressures of 10 and 15 Torr. However, this same 
value does not hold for a the cluster tool reactor, Figure 3.6. At the cluster tool reactor the 
transition occurs at a Hβ/SiH* ratio of roughly 0.75. This underlines the reactor dependency of 
the value  associated with µc-Si:H growth. Furthermore, the Hβ/SiH* ratio saturates at the 
transition point: A ratio around 0.75 can lead to the deposition of either microcrystalline- or 
fully amorphous silicon. This illustrates the limited feasibility of the OES ratio as an 
optimization tool.  
 
To conclude: the relative abundance of emissive species (H*, SiH*) in the plasma as measured 
by OES was not found to reflect the abrupt material transition taking place in the film (as 
identified by solar cell properties and the Raman crystallinity). Ex-situ characterisation is thus 
required to correlate OES signals with the phase composition of a film. With this ex-situ 
correlation the empirical and reactor dependent ratio between H* and SiH* can be used for the 
coarse prediction of whether a regime leads to microcrystalline- (high ratio) or amorphous 
silicon (low ratio) deposition. However, the method is rather inaccurate, and the use of general 
scaling laws1 might even be more helpful for rough regime characterisation. 
   
 
 

                                                 
1 scaling laws describe the shift of the phase transition as a function of process parameters, see also §6.2. 
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Discussion 
The atomic hydrogen emission was observed to increase with silane flow for reactor i1, Figure 
3.3, and this has also been observed with a different spectrometer during experiments at the 
large area reactor. For constant plasma properties (ne and Te) two possible reaction mechanisms 
could contribute to an increasing H* emission with silane flow1:  

 
SiH4 + e � H2 + H*(n=2) + SiH* + e 

 
25.6 eV [85] 

 
(1) 

 
SiH4 + e � xH + products  � 
H + e � H*(n=3) + e 
 

 
8 eV and higher 
 

 
(2) 

Reaction 1 describes the direct dissociation of silane forming excited atomic hydrogen. 
Reaction path 2 is ground state excitation of already formed atomic hydrogen originating from 
silane dissociation. Note that dissociative excitation of H2 cannot cause the increase in atomic 
hydrogen emission with silane flow (under constant plasma conditions), because the H2 density 
in the plasma is not drastically influenced by addition of silane gas into the large hydrogen 
flow. The Hα,ß emission follows a non-linear saturating trend as a function of silane flow. This 
indicates that electron impact dissociative excitation of silane, which requires highly energetic 
electrons, is not a significant production mechanism for excited H, in agreement with [49]. 
Hence, ground state excitation of atomic hydrogen is expected to play a significant role under 
our (high pressure) conditions. The saturation of H* emission at large silane flows could be 
explained by increased annihilation of atomic hydrogen in gas phase reactions with SiH4. 
Despite the lower threshold energy and larger cross section for ground state excitation of H 
relative to dissociative excitation of H2, the contribution of the former is usually neglected in 
literature studies because of typical low atomic hydrogen densities [50] (which does not seem 
to be the case for our conditions). 

In the cluster tool reactor an initial decrease of H* and subsequent stabilisation was 
observed, Figure 3.4. The decrease of H* indicates a competition between dissociation of silane 
and molecular hydrogen: the dissociative excitation reaction of H2 occurs less frequently 
because part of the high energy electrons are involved in reactions with silane. Reactions of 
type 1 are not expected to be of importance, because of the decreasing H* trend with SiH4 flow 

                                                 
1 Alternatively, it could be argued that addition of silane changes the geometrical position of the bulk plasma relative to 

the observation point of the plasma emission. If the generation of H* is not uniform in the plasma (as observed by Amanatides et al 
[48]), the observed change of H* could then be related to a different measurement spot and not to an effective increase in the 
overall H* emission and production. No direct evidence has been found yet for this possible additional factor, but future research 
could be of interest.  
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(before the saturation point). This also holds for reaction type 2. If reaction 2 would be of any 
significance a decreasing trend in the H* emission should be observable, instead of saturation. 
Thus most likely dissociative excitation of H2 is here the main formation mechanism of H*. 
 

3.2.2 Deposition rate and SiH* 
 
The deposition rate r has been determined ex-situ by means of thickness measurements with a 
surface profiler. An empirical correlation between the growth rate and the SiH* emission is 
found, Figure 3.7. 
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Figure 3.7: Deposition rate and SiH* emission intensity as a function of silane flow. Both are to a good 

approximation linear functions of the silane flow. 
 

The linearity between r and SiH* emission is in agreement with other publications e.g. [53], 
[52], [9], [28]. Because SiH* is not expected to contribute much to film growth [18], this linear 
relation is not directly straightforward. The following implications of the correlation between 
SiH* and r can be formulated: 

1. Production of SiH* is representative for production of growth precursors (normally 
assumed to be predominantly SiH3 [15]). This implies that first order dissociation 
reactions of silane determine the growth precursor flux. Because the dissociation cross-
section for growth precursors and SiH* are not the same, this implies that the EEDF 
(electron energy distribution function) does not change significantly with silane flow; 

2. Production of SiH3 through two particle reaction of H and SiH4 is not significant as 
compared to growth precursors produced by direct dissociation of SiH4; 

3. Recombination reactions of growth precursors with silane (leading to higher silicon 
hydrides) are not important. 

 
Premises 2 and 3 can be understood taking the high depletion of silane into account. The SiH4 
density in the plasma is low, and consequently the collision probability of radicals and atomic 
H with silane is expected small.1 As mentioned in the previous section, presumption 1 implies 
that ‘the plasma’ does not change significantly under addition of silane (i.e. within our 
experimental range).  
 
Note that the y-interception for SiH* is not at the origin. Apparently there is, at zero sccm 
silane flow, still SiH4 in the plasma. This is a first indication of hydrogen induced etching, as 
will be elaborated on in Chapter 5. 
 

                                                 
1 However, this is in conflict with the general assumption that the contribution of SiH2 to film growth is small [15], because of the 
high loss rate based on its high reactivity with gaseous silane. 
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To summarize this chapter: The phase transition from microcrystalline- to amorphous silicon 
was observed by Raman spectroscopy and was also reflected in solar cell properties. Best solar 
cells are obtained within the narrow process window close to the a-Si:H growth regime. The 
SiH* emission was found to be proportional to the silane flow at constant pressure/power 
conditions and to correlate with the deposition rate.   

In accordance with Appendix G, ne and Te are not expected to vary substantially as a 
function of silane flow. Atomic hydrogen emission was observed to increase and this was 
tentatively related to an increase in the atomic hydrogen density in the plasma. These concepts 
are of interest when establishing correlations between a hydrogen plasma and a highly diluted 
silane plasma, as will be touched upon in Chapter 5.  
 
Although a weak correlation between film crystallinity and the empirical H*/SiH* ratio was 
found, it is concluded that ROES is no satisfactory measure to identify the phase transition in-
situ. An alternative approach using OES, with which the phase transition can be measured 
directly without the requirement of correlations with ex-situ diagnostics, will be presented in 
Chapter 5. 
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4 Deposition rate and film absorption 
measured by in-situ film transmittance 
 
In the experimental setup the light emitted by the plasma passes through a growing thin 
silicon film on a transparent substrate and is detected by a spectrometer. Interference 
effects produce fringes in the transmission signal. The resulting spectrum is a 
fingerprint for the material properties and thickness of a deposited layer. 
 

4.1  Introduction 
 
In-situ film transmittance measurements enable time dependent process monitoring. In this 
chapter the feasibility of in-situ film transmittance will be investigated.  
 
In-situ film transmittance data can be processed in two ways, resulting in: 

1. a fringe pattern as function of wavelength; 
2. a single-wavelength fringe pattern as a function of time (or equivalently film thickness), 

in the following referred to as time-dependent transmittance. 
 
This chapter focuses on time-dependent transmittance.  
 
Appendix A discusses wavelength-dependent transmission spectra, and it will be shown how 
the refractive index n, the extinction coefficient k and film thickness d can be determined from 
such spectra. To obtain wavelength-dependent transmission spectra, plasma emission spectra 
through a substrate/film configuration (directly measured by OES) need to be normalised by a 
suitable reference spectrum. Because the plasma is used as the light source, an absolute 
intensity calibration is not as straightforward as it is with ex-situ transmission spectroscopy. 
Appendix A discusses the accuracy and limitations of the in-situ determined wavelength 
dependent transmission spectra on the basis of the modelled film properties. 
 
The procedure to obtain fringe patterns of type 2 is much simpler. No absolute calibration of the 
transmission intensity is required. In fact, the relative transmission intensities suffice to extract 
the deposition rate and the absorptive properties of the film. Provided that the index of 
refraction is known, the deposition rate can be obtained directly by determining the delay 
between the maxima (or minima) of the fringe pattern. The absorption coefficient can be 
determined by a simple fitting procedure. 
 
This chapter is organised as follows. A short introduction into thin film interference is 
presented in §4.2, and extended in §4.3 to clarify the methods to analyse time-dependent 
transmission spectra. The experimental approach for obtaining in-situ transmission spectra is 
treated in 4.4. Subsequently illustrative results are discussed in §4.5. 
 
It will be shown that in-situ film transmittance is a new powerful tool for determining the 
deposition rate in-situ with high accuracy. In addition the microcrystalline- to amorphous 
silicon phase transition will be mapped by plotting the absorption coefficient as a function of 
silane flow during deposition.  
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4.2 Principle of transmission through a layer stack 
 
This section shortly introduces the principle of transmission through a multilayer film. For 
details one should refer to text books [55], [56]. 
 Transmission through a medium depends on the refractive and absorptive properties of 
the medium. An equation for the transmission intensity of light through a thin film on a 
transparent substrate can be derived from the Fresnel equations. The Fresnel equations give the 
ratio of the amplitude of the transmitted/reflected wave to that of the incident wave. For normal 
incidence of light upon an interface between media i and j the Fresnel reflection and 
transmission equations can be written as:  
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with ni/j the index of refraction of medium i/j. 
 To calculate the intensity of light transmitted through a film (Figure 4.1) the 
contribution from all the multiple transmitted and reflected waves has to be taken into account:  
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with β the complex phase shift for light for a round trip in the film. A similar expression can be 
derived for r123. β can be expressed as 2πñ2d/λ or ½(φ+iαd), with ñ2=n2-ik the complex 
refractive index of the film with thickness d, α the absorption coefficient, λ the wavelength of 
the light, and φ/2=2πnd/λ the phase acquired traversing the film. The measured intensity of the 
reflected and transmitted beam follows from R123=r123r123*, and T123=(n3/n1)t123t123* 
respectively. 
 By taking into account the incoherent nature of the finite substrate [54], an equation can 
be derived describing the transmission through a coherent thin film on top of a thick glass 
substrate: 
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with 1 labelling the ambient (with n1 = 1) above and below the layer stack, and 2 and 3 
labelling the film and the substrate respectively. 
 
The phenomenon of thin film interference is buried in the φ dependence of equation 4.3. The 
transmission will take a maximum or minimum value, every time φ = 2mπ, or equivalently 
 2nd = mλ m = ½, 1, 1½, ..       (4.4) 
Equation 4.4 is the classic expression for thin film interference. Note that this equation gives 
information on the product nd (optical thickness) based on the measured wavelengths of the 
interference fringes and cannot give either n or d independently. Only through an equation like 
4.3 n may be extracted without knowing d, as used in appendix A. 
 
A solar cell consists of an additional tco layer between the glass and the film. For multilayer 
films a matrix method can be used to determine the final (very cumbersome) transmission and 
reflectance equations [55]. Alternatively, one can use a recursive procedure based on simple 
substitutions [56], in which a new layer is added to a virtual substrate (i.e. the ‘old’ system: 
substrate + film).  
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The Fresnel equations (4.1) can be substituted in equation 4.3 to obtain an equation for the 
transmission in terms of the refractive indices of the substrate s and film ñ and the absorption 
coefficient of the film α.  
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t12t23 t12r23r21t23

t12r23r21r23t21

I

II

III
 

Figure 4.1: Schematic diagram of a thin film 
sandwiched between two transparent,  infinite 

media. 
 

A transmission model based on the Fresnel equations for a three layer system is implemented in 
an excel-sheet and uses standard n and k values for a-Si:H obtained from literature [57], and 
experimental determined values for the tco layer. The model is demonstrated in Figure 4.2, and 
will be used to analyse wavelength-dependent transmission spectra in Appendix A.  
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Figure 4.2: Four modelled transmission spectra are shown, representative for: a glass substrate, a 

glass+tco substrate and for a-Si:H films on these two substrate configurations.  
 
The model does not include a surface roughness layer and does not take into account thickness 
non-uniformity. Both mechanisms are expected to influence the experimentally obtained 
spectra. 
 

4.3 Analyses 
 
Equation 4.3 will be used in the following to illustrate the analyses of time-dependent 
transmission spectra. By expressing the film thickness as the deposition rate, r, multiplied by 
the deposition time, t, equation 4.3 (in combination with eq. 4.1) can be conveniently rewritten 
to include a time dependence. The transmission intensity decreases exponentially due to 
absorption and varies sinusoidally due to interference effects: 

 
trtr

tr

esnDnrtesnCsnB

esnA
tT

⋅⋅−⋅⋅−

⋅⋅−

+−
=

α
λ
πα

α

24 ),()cos(),(),(

),(
)(   (4.5) 

With n and s the index of refraction of the film and substrate respectively. The functions A to D 
are defined in equation A1. Equation 4.5 is valid for a thin film on a glass substrate. n is taken 
real for simplicity. Taking into account the complexity of n yields a slightly better description 
of the real situation, only when absorption is very large (α>105 cm-1). Note that n and α are set 
constant here for one wavelength, and the only dependent variable is t. From the cosine term in 
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equation 4.5, it follows that the deposition rate r (nm/s) can be obtained by determining the 
time difference between two extrema ∆t: 

 t
n

r ∆= /
2 λ

λ         (4.6) 

with nλ the refractive index of the film at a specific wavelength, λ. A good candidate plasma 
emission line for probing the deposition rate is the Hα peak at 656.2 nm. This red light is hardly 
absorbed in the film, and its intensity is substantial and constant over time. 
   
Absorption in a film can be described by the Lambert-Beer law: 
 )exp(0 dII α−⋅=        (4.7) 

where I0 is the incident intensity at a certain wavelength, I is the remaining intensity after 
passing through a film of thickness d (nm), and α usually expressed in cm-1. Although this 
equation does not take interference effects into account, it can be used as an approximation of 
the more rigorous equation 4.5 by noting that the cosine term is on average zero, and B>>D 
(see equation A.1). Equation 4.7 can be used to fit experimentally obtained time-dependent 
transmission spectra, as will be shown shortly. The transmission transient of various emission 
lines (SiH*, Hβ, etc.) can be used to map the absorption coefficient as a function of wavelength, 
§4.5. 
 
Figure 4.3 shows two simulated transmission spectra for 656 nm (α set to 104 cm-1) and 414 nm 
light (α set to 2·105 cm-1) as a function of deposition time. Exponential (Beer-Lambert) fits of 
these simulated spectra yield absorption coefficients of α=1.1·104 cm-1 and α=2.5·105 cm-1 
respectively. A simulation with C=0 (no φ dependence) shows almost the same transient 
behaviour as the exponential fitting, as expected. A Lambert-Beer law simulation is also shown 
and the relative decrease of the transmission over time is consistent with the other transmission 
curves. The small overestimation and 10-25% error in α obtained by the direct exponential fits 
can be diminished by selecting a part of the transmission curve that is not dominated by 
pronounced fringes (if possible). Although a small error in α will be introduced by the fitting 
procedure, the method is simple and elegant, and, on the other hand, with rigorous modelling no 
substantial accuracy increase is expected due to inherent model limitations (see also appendix 
A).1  
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Figure 4.3: Simulation of Hα and SiH* transmission through growing film. Used model is an extension of 
equation 4.5 for complex n,  for a thin film on transparent glass substrate. Dotted line is model without φ 
dependence. The Lambert-Beer law fitted through the fringes (dashed) by Origin. The latter is to a good 
approximation equal to the fringe free transmission of the double layer stack (dotted line). The difference 
could be attributed to the second order absorption term in equation 4.5. Simulated Lambert-Beer law is 

also shown for comparison (blue). 

                                                 
1 In addition, it should be noted that the main aim is to distinguish microcrystalline- from amorphous silicon, not to derive highly 
accurate absorption coefficients. 
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4.4 Approach 
 
Figure 4.4 shows the measured emission spectrum through a glass- and through a glass+tco 
substrate. The transmission signal is very small for wavelengths in the far red above 800 nm 
because the plasma emission intensity is limited in this range. For wavelengths below 300 nm 
the tco- and glass layer absorb light. The strong Hα emission line is clearly observed in the 
graphs. During deposition the transmission decreases as a result of absorption in the growing 
film, Figure 4.5, but the Hα line is still pronounced. 
 
A time dependent transmission spectrum is directly obtained from raw transmission data of a 
specific emission line over time.1 The transmission can be simply normalised by the first data 
point during deposition. Only the relative height of the transmission signal and the time 
difference between the fringes is here of interest. 

 
For a correct interpretation of the transmission data 
as a function of time, the light source, i.e. the 
plasma, should be stable. Figure 4.6 displays the 
SiH* and Hα emission intensities, ISiH* and IH*, as a 
function of deposition time. The emission is 
measured through an optical port from the side of 
the reactor. A transient ISiH* is observed in roughly 
the first 30 seconds after plasma ignition after which 
the intensity stabilises. This transient is elaborately 
discussed in a related publication [11]. The emission 
from atomic hydrogen and the continuum radiation 

does not show a significant transient, and remain 
constant (±5%) during the whole deposition process. 
It can be concluded that the plasma is a stable light 
source, apart from a short term instability right after 
ignition in the wavelength range of SiH* (and Si*).  

                                                 
1 In principle the plasma emission at every wavelength can be monitored, as long as it is stable over time. Nevertheless, in the 
following only emission from distinct emissive species will be considered. 
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Figure 4.4:  Transmitted hydrogen plasma spectrum 
through glass+tco (black) and through glass (red). 

tco absorbs light between 250 and 350 nm. 
Measurement time of spectra is typically 5-15 sec. 
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4.5 Feasibility  
 
In this section the feasibility of in-situ film transmittance will be demonstrated by a few 
illustrative examples. The deposition rate will be determined from a transmission fringe pattern 
as a function of deposition time (§4.5.1). From the exponential decrease of the transmission the 
absorptivity of the deposited film will be examined (§4.5.2), and the transition from 
microcrystalline- to amorphous silicon will be mapped. 
 
Figure 4.7 shows the transmission of various emission lines from the plasma (SiH*, Hα, Hβ, H2 
fulcher), for amorphous- (a) and microcrystalline silicon growth conditions (b). Fringes are 
most distinct in the Hα signal. It is clearly observed that the transmission decreases during 
deposition, most pronounced for shorter wavelength light. The difference in the transmission 
characteristics will be exploited to distinguish between amorphous and microcrystalline silicon 
on the basis of their respective absorption coefficients. An interesting spin-off is the direct 
determination of the penetration depth for typical Raman laser frequencies (§2.2 and appendix 
F). 
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Figure 4.7: SiH*, Hβ, Hα and Hfulcher transmission through a growing film, at a-Si:H deposition 

conditions at a silane flow of 5 sccm (a), and at microcrystalline silicon conditions at 3.25 sccm on a 
rough tco substrate (b). The fringes of the latter flatten out while deposition progresses. 

 

4.5.1 Deposition rate 
 
To be able to extract the deposition rate from a time-dependent transmission spectrum, an 
accurate value of n is required. The index of refraction varies with wavelength and depends on 
the material composition, as demonstrated in appendix A. A value of n=3.8 around λ=656 nm 
was determined experimentally and will be used in a first attempt. Equation 4.6 can then be 
rewritten for the case of Hα emission: 
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Figure 4.8 shows a zoom-in of two Hα fringe patterns recorded with different measurement time 
intervals. A spline function can be used to connect the individual data points, and helps 
determining the position of the extrema and ∆t accurately.  



 33 

In Figure 4.9 the deposition rate is shown as a function of time, for deposition with a silane 
flow of 2 sccm. There is no clear trend over time observable. The mean deposition rate is 3.9 
Å/s with a deviation of 0.1, in good agreement with ex-situ determined values as will be 
discussed later. It can be concluded that the deposition rate can be determined in-situ with an 
error less than 5%, if it is assumed that r is constant during the process. Note that any changes 
in the index of refraction during growth can complicate a straightforward analyses. However it 
is assumed that n is independent of thickness in this growth regime as it does not induce a 
strong structure gradient in the growth direction. 
 The fringe pattern produced by e.g. the Hfulcher emission at 602.8 nm can also be used to 
determine r. However, less extrema are available because of a decreasing signal-to-noise ratio 
over time due to enhanced film absorption, Figure 4.7. An average deposition rate of 3.9 Å/s 
±0.2 is obtained using the same index of refraction as for Hα.

1 
 
To verify the accuracy of the in-situ obtained deposition rates and the validity of the index of 
refraction that was used, a comparison is made with ex-situ determined deposition rates. For 
this purpose the thickness of a large number of samples has been measured by a step-profiler 
(see also §3.2) and divided by the deposition time. Figure 4.10 shows the in-situ and ex-situ 
determined deposition rates as a function of silane flow. 

 
For microcrystalline silicon (silane flows < 4 sccm) the in-situ determined deposition rates (rin) 
are in perfect agreement with ex-situ determined deposition rates (rex). For amorphous silicon 
(silane flows > 4 sccm) rin seems to be overestimated with a maximum relative error of 6%. 
This indicates that a slightly higher index of refraction is appropriate for amorphous silicon 
(instead of n=3.8 a value of 4 could be used). In fact calibrating rin with rex can help 
determining the index of refraction of a specific film.  
  
 

                                                 
1 The perfect agreement with the deposition rate from the hydrogen alpha emission indicates that the index of refraction is a slowly 
varying function of wavelength in this region (i.e 602-656 nm). 
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Figure 4.8: Hα transmission fringes for deposition 

at a silane flow of 4 sccm and 2 sccm, recorded 
with different time resolution. 
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Figure 4.9: Deposition rate determined for silane 
flow of 2 sccm (Figure 4.8 and equation 4.8) as a 

function of deposition time. r remains constant 
during deposition. 
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Figure 4.10: In- and ex-situ measured deposition rates as a function the silane flow. A refractive index of 
3,8 is used for calculating the in-situ deposition rates. The fast decrease below 1 sccm can be attributed 

to a large deposition non-uniformity in the reactor for very small silane flows. 

 
4.6.2 Absorption coefficient 
 
The transmission of distinct plasma emission lines measured as a function of deposition time, 
Figure 4.7, can be plotted as a function of film thickness, by simply multiplying the x-axis by 
the deposition rate. Figure 4.11 shows three illustrative transmission characteristics at different 
wavelength/energy. The first data point is used for normalisation. A distinction is made 
between amorphous silicon (silane flow of 5 sccm) and microcrystalline silicon (3.25 sccm). It 
can be observed that the transmission of 3 and 2.5 eV light decreases most rapidly for a-Si:H, 
whereas at an energy of 1.8 eV this is the case for µc-Si:H.  
 The transmission curves can be approximated by a first order exponential decay and 
can be fitted by equation 4.7. A measure for the penetration depth, δ(nm) = 107/α(cm-1), is 
introduced to give direct insight in the absorptive properties of the film. The transient SiH* 
emission contributes to a faster initial decrease of the transmission, Figure 4.11a (most 
pronounced for the measurement at 5 sccm). Hence the first data points are not used in the 
fitting procedure. This also applies for Figure 4.11b but here the initial data points are omitted 
to increase the accuracy by eliminating the influence of fringes. For larger wavelength light the 
fringes are more pronounced (Figure 4.11c), which is reflected in the large error of the fitting 
parameter δ (and thus α).  
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Figure 4.11: Logarithmic plot of the transmission as a function of film thickness for an a-Si:H film (squares) 
and a µc-Si:H film (circles). Transmission of the 3 eV SiH* line (a), the 2.5 eV Hβ line (b) and the 1.8 eV Hα 

line (c).Note that only about 60% of this red light is effectively absorbed in the µc-Si:H absorber layer, which 
underlines the importance of effective light trapping in solar cells.  The fit parameter δ=107/α is indicated. 
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Figure 4.12 displays the resulting absorption coefficients for microcrystalline- and amorphous 
silicon as a function of energy. In the high energy part of the spectrum the absorption of light in 
amorphous silicon is more efficient (by roughly a factor two) than in microcrystalline silicon. 
Between 1.8 and 2 eV, however, a transition is observed. In this region the absorption 
coefficient of a-Si:H drops below the coefficient of microcrystalline silicon. This is in 
agreement with literature [5], see also Figure 1.4. From Figure 4.12, values for E05, the energy 
at which the absorption coefficient reaches 105 cm-1, can be roughly estimated. A value of 2.35 
and 2.65 eV are deduced for a-Si:H and µc-Si:H respectively. The latter value is in good 
agreement with Jun et al [59] for µc-Si:H with a similar crystalline volume fraction (~60-70%). 
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Figure 4.12: Absorption coefficient as a function of energy for a-Si:H (5 sccm) and µc-Si:H (3.25 sccm).  
For this graph the transmission characteristics of Figure 4.21 have been used. The data point at 2.06 eV 

is calculated from the Hfulcher transmission. The error bars represent the fit-error. 
  

Phase transition mapped by absorption coefficient 

To further investigate the absorptivity as a function of material properties, films were  deposited 
at various silane flows ranging from 1.5 to 8 sccm during which the transmission was recorded. 
Figure 4.23 displays the absorption coefficient at 3 eV as a function of silane flow. An increase 
in the absorption by a factor two is observed going from highly microcrystalline- to 
predominantly amorphous silicon growth conditions. The phase transition towards the 
amorphous growth regime, taking place around 3.25 sccm SiH4 (see §3.1),  is very well 
reflected in the absorption of the material. 
 
The absorption coefficient in Figure 4.13 is representative for material with a thickness of 
roughly 150 nm (because the transmission decreases to 1% within about the first 150 nm, 
Figure 4.11a). The presence of an amorphous incubation layer could lead to an overestimation 
of the absorption of the µc-Si:H film. This effect is not expected to play a significant role in 
these experiments because the samples are grown on a highly crystalline seed layer which 
effectively suppresses the incubation phase. The absorption characteristics for bulk material are 
thus not expected to differ from Figure 4.13. 
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Figure 4.13: Absorption coefficient at 3.0 eV (SiH*) for solar cell absorber layers deposited at various 
silane flows. The microcrystalline to amorphous silicon transition occurs at a silane flow of ~3.25 sccm 

(§3.1). The reproducibility of the method can be estimated from the data points around 3 sccm. This 
deviation is not incorporated in the error bars. 

 
It can be concluded that the transition from microcrystalline- to amorphous silicon can be 
successfully mapped by the absorption coefficient in the high energy end of the spectrum. 
 

4.7 Discussion 
 
In this chapter single wavelength time-dependent transmittance was considered. No absolute 
calibration of the light intensity is required for its feasibility. In contrast, an absolute calibration 
of the light source intensity is required to obtain wavelength dependent transmission spectra. 
The reference spectrum for normalisation needs to be recorded during well defined substrate- 
and constant plasma conditions. In addition, the wavelength range over which the plasma emits 
together with the spectral range of the spectrometer, limit the number of detectable fringes. As a 
consequence the optical properties as a function of wavelength that can be extracted from the 
spectra are limited. The acquisition and calibration procedure could be further improved to 
increase the accuracy of wavelength dependent in-situ transmission spectra and the extracted 
film properties. 
 
A non-uniformity in film thickness due to the hole in the substrate carrier (for the optical path) 
is observed for films on glass. Although the non-uniformity is small, in-situ film transmittance 
can thus not be classified as fully non-intrusive for glass substrates. In contrast, the influence of 
the hole is practically non-existent for tco-substrates. It is speculated that the local electrical 
field is not altered because of the presence of the conductive tco layer.  
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4.8 Summary and outlook 
 
In-situ film transmittance does not require an external light source, only a simple optical 
spectrometer is required for detecting the transmitted plasma emission. It is a quasi-non-
invasive diagnostic for monitoring deposition rates and optical properties of films. In-situ film 
transmittance can be installed easily if the reactor geometry is suitable for constructing an 
optical path for the transmission signal. Its application is not limited to the solar cell industry, 
but extends to a wide number of plasma processes for deposition on transparent substrates. 
 

Wavelength-dependent transmission spectra 
A limitation to the accurate extraction of optical properties by means of the Swanepoel method 
or by computer modelling, are the limited number of fringes in the wavelength-dependent 
spectrum, the possible film non-uniformity and light scattering effects and the lack of an 
absolute calibration method of the transmitted light. Nevertheless, reasonable values for the 
characterisation of film absorption (E05) have been obtained and a difference between the 
refractive index of microcrystalline- and amorphous silicon is observed.  
 
Deposition rate 
The in-situ transmission from strong emission lines in the red end of the plasma emission 
spectrum (e.g. Hα, associated with low absorption in the film) can be monitored to obtain a 
fringe pattern from which the deposition rate can be deduced. It can be concluded that high 
deposition rates can be determined accurately, with a relative error below 5%.  
 
Phase transition by difference in absorption 

The absorption coefficient can be used to distinguish between amorphous silicon and µc-Si:H: 
the former exhibits a higher absorption coefficient for light in the high energy part of the 
spectrum. Film absorption has been studied by directly monitoring the transmission transient 
for certain wavelengths during film growth. The transition from microcrystalline- to amorphous 
silicon was successfully mapped by plotting the absorption coefficient at 3 eV as a function of 
silane flow during deposition.  
 
In §6.3 in-situ film transmittance will be used to determine time dependent etch rates at 
different substrate temperatures. 
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5 Phase transition measured by OES 
 
Optical emission spectroscopy is a widely used tool for investigating chemical 
reactions in a plasma. In this chapter it will be demonstrated that OES can be used to 
gauge plasma-film interactions and locate the transition from microcrystalline- to 
amorphous silicon, the principal result of this thesis. 

5.1 Introduction 
 
Preferential etching of strained Si-Si bonds by hydrogen is reported as one of the mechanisms 
playing part in the growth of microcrystalline silicon, and is in this respect a topic of scientific 
interest in itself (§1.2). But the preference of hydrogen atoms to etch amorphous phase material 
also suggests that by monitoring hydrogen induced etching one might gain information on the 
amorphous content of a sample, and in addition on the hydrogen flux towards the film. 
 In general plasma enhanced etching can be characterised by monitoring the relative 
abundance of etch products in the plasma. An illustrative application of etch product detection 
for III-V semiconductors is published by Feurprier et al [63]. Both OES (In*) and mass 
spectroscopy (PH3) are used to monitor reactive ion etching of InP in a CH4-H2 plasma. It is 
concluded that the signals are characteristic for the individual In and P etching mechanisms and 
that a combination of surface analysis and plasma diagnostics lead to further understanding of 
plasma-surface interaction.  
 In the field of (micro)crystalline- and amorphous silicon, however, very few systematic 
studies on the observation of etch products have been performed so far. Worth mentioning here 
are the observations of SiH* emission originating from etching of a silicon film in a pure 
hydrogen plasma by Heintze et al [26,27]. Abrefah et al [28] studied the reaction of atomic 
hydrogen (thermally generated) with crystalline silicon, by monitoring the SiH4 flux by a mass 
spectrometer. Kae-Nune et al [65] derives an etching probability for a-Si:H by monitoring SiH4 
and SiH* by MS and OES respectively.  
   
In this chapter the feasibility and sensitivity of optical emission spectroscopy for etch product 
detection will be tested. The ability of hydrogen atoms to preferentially etch amorphous phase 
silicon will be exploited for determining the phase transition from microcrystalline- to 
amorphous silicon. 
 
The measurement approach will be discussed in section 5.2. The feasibility of the method will 
be proven with an illustrative experimental result in section 5.3. A detailed discussion is left for 
§5.4. 
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5.2 Approach 
 
The experimental sequence will first be introduced. Secondly it will be discussed how the OES 
measurements can be calibrated and correlated to a physical quantity, denoted ‘etch flow’, that 
enables quantitative comparisons between deposition conditions irrespective of the 
experimental setup and measurement conditions and that can be interpreted in terms of particle 
fluxes and an associated etch rate. 
 
The ability of hydrogen to etch silicon layers was verified by thickness variations during long 
term hydrogen treatment of silicon films, see also §6.3. Such thickness variations can only be 
measured over longer time periods and are related to a net etching rate, because of chemical 
transport and re-deposition of etch products. Both aspects make thickness measurements during 
hydrogen treatment an unsuitable approach for fast in-situ detection of the amount of etching of 
a film with well defined properties. As we will see in this chapter, the measurement of etch 
products is a better alternative. 
 
The main etch product during hydrogen treatment is SiH4 (§1.2). In Chapter 3 it has been 
shown that the SiH* emission scales linearly with the SiH4 flow. It can thus be stated that the 
SiH* emission intensity scales with the amount of etch products in a pure hydrogen plasma—
this is, under constant plasma conditions.  
 
The measurement sequence used to determine the silane flow at which the transition from 
microcrystalline- to amorphous silicon takes place is based on alternating cycles of deposition 
and successive hydrogen treatment. Layers are grown on top of each other on the same 
substrate, and between every deposition round the surface properties are ‘probed’ by a 
hydrogen plasma. Eventually, the baseline corrected SiH* emission intensity during etching 
will be plotted as a function of the silane flow at which the films are deposited. The sequence 
will be discussed in two steps (see Figure 5.1). 
 
1) Deposition of layer 
The sequence is started by growing a layer. This is carried out at ‘low’ silane flow to obtain a 
microcrystalline silicon film. To obtain amorphous silicon this is carried out at ‘high’ SiH4 
flows. The silane flow for successive deposition rounds is 
increased in small steps.1 
 
2) Etching of layer 
After deposition, the plasma is shut off and the chamber is 
pumped down (below 0.1 Torr), after which it is filled with 
pure hydrogen gas. Hydrogen treatment is carried out at the 
same conditions as deposition (pressure, power, gas flow, 
temperature)—only the silane flow is shut off. An emission 
spectrum containing the SiH* emission around 414 nm is 
recorded during a 1-2 minute hydrogen treatment step of a 
specific film. 
 
The thickness of the layer grown during successive cycles can be varied, but a certain minimum 
thickness is needed to cancel out the influence of the underlying layer and obtain steady-state-
growth. In this respect it is also important to deposit a sufficiently thick film in the first run to 
obtain uniform film properties and precondition the chamber (see section discussion §5.4.1). In 

                                                 
1 To determine the onset of the transition as accurate as possible in an unknown regime, it is important to measure enough layers 
deposited at conditions around the transition. For this purpose every data point (i.e. emission during etching) is evaluated during the 
experiment and on basis of the relative increase of the emission the silane flow for the next measurement is selected. 

1) deposition of layer

2) hydrogen treatment
and OES measurement
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Figure 5.1: Measurement sequence 
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the experiments a layer thickness of 100-150 nm is used for the sequence starting from 
microcrystalline- towards amorphous silicon layers. The other way around requires longer 
deposition times to obtain steady-state-growth because amorphous silicon seed layers suppress 
the nucleation of microcrystalline silicon, see also §6.1. 
 
Figure 5.2 shows the emission spectrum for a deposition and an etch plasma. The SiH* 
emission during etching is clearly observed. The time resolved SiH* emission during etching is 
averaged by taking all data points into account, Figure 5.3. This average emission intensity is 
used as a measure for the relative amount of etching.  
 During the short etch interval the SiH* emission is relatively stable. This is a first 
indication that on these time-scales film properties are not substantially modified by hydrogen-
surface interaction or re-deposition (§6.3). For the average value of the SiH* intensity during 
deposition (which is required to calculate the etch flow as will be discussed shortly) the first 
minute is not taken into account, because within this period a strong transient in the SiH* signal 
is present, Figure 5.3. This effect is extensively discussed in reference [11]. 
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Figure 5.2: OES spectra during deposition and 
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(εetch), graphs correspond to Figure 5.2  

 
Etch flow 

The calibration method of the SiH* emission during etching will be discussed in this section. 
The SiH* emission during deposition, εdep, originates from the decomposition of 1) silane from 
the gas input and 2) an additional silane flow induced by etching. It can then be claimed that the 
‘real emission’ corresponding to a certain silane flow, can be estimated by: εdep – εetch, with εetch 
the SiH* emission during hydrogen treatment. Dividing εdep – εetch by the silane flow during 
deposition yields a value for the emission per silane flow, σ. The last step is dividing εetch by σ, 
which yields the etch flow: the x-interception labelled Φetch (sccm) as sketched in Figure 5.4. 
The procedure can be expressed in formulas as follows: 
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εεσ
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4

     (5.1) 

with ΦSiH4 the silane feed gas flow (sccm) during deposition. Note that σ needs to be obtained 
only once during a measurement cycle1: it can be used to translate every εetch to a corresponding 
Фetch(sccm). 

                                                 
1 However, σ can also be determined for every silane flow—effectively reducing the influence of long term drifts in the optical 
emission intensity. 
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Under changing plasma properties (change in power and pressure for instance) the SiH* 
emission is not a good measure for the amount of etch products in the plasma. A higher power 
(higher ne) will for instance shift up the SiH* emission during etching but does not necessarily 
mean that the etch product density increases proportionally. In contrast to the SiH* emission, 
Фetch is a good measure to quantify the amount of hydrogen induced etching and is not directly 
dependent on plasma properties (ne, Te), because the plasma properties are compensated for by 
the calibration with the SiH* emission during deposition (see also Appendix E). Фetch is thus a 
measure for the etch product generation rate, and consequently reflects the gross etch rate of the 
film.  
 The etch flow can be used for qualitative comparisons between reactors and regimes—
from this point of view possible systematic errors in its determination are not important. For 
quantification of particle fluxes, however, it is necessary that the calculated value of the etch 
flow is as accurate as possible. 
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SiH* emission

silane flow

during
H2 treatment

~ Φetch

Φetch

σ
} ~ 1.5 sccm inflow

}

σ

during deposition

 
 

Figure 5.4: The SiH* emission as a result of etching (red circle) can be projected on the x-axis to derive 
a flow of SiH4 in units of sccm. σ is a measure for the number of counts per sccm when the emission 

during deposition is corrected for the additional silane due to etching. It has been verified that 
experimental values of σ determined at various silane flows only differ marginally (<5%).  

 
The procedure of calculating the etch flow is based on the assumption that hydrogen induced 
etching of a film during deposition and during H2 treatment are to a good approximation 
similar, see Appendix E.  
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5.3 Feasibility 
 
The feasibility of the new approach to OES to detect the phase transition is tested in the 
‘standard regime’ (10 Torr, 80W) for direct comparisons with the Raman crystallinity and solar 
cell parameters (see Chapter 3).  
 
Transition as a function of silane flow 

In Figure 5.5 (left axis) the average SiH* emission intensity during hydrogen treatment is 
plotted as a function of the silane flow at which the corresponding films are grown. Going from 
small- to large silane flows, three regions can be distuingished in the graph:  
 
 1) < 3.25 sccm: a plateau corresponding to microcrystalline growth conditions;  
 2) 3.25 – 5 sccm: a step-like increase in SiH* emission in the transition region;  
 3) > 5 sccm: a second (sloping) plateau corresponding to amorphous growth. 
 
The increase in SiH* emission in the transition region is caused by an increased SiH4 etch 
product density in the plasma, which is again the result of preferential etching of amorphous 
silicon tissue. It can be concluded that hydrogen induced etching is a mechanism very sensitive 
to the amount of disordered material on the film surface. 
 
The Raman crystallinity and the solar cell parameters as a function of silane flow (§3.1) are in 
very good agreement with the in-situ OES measurements. The transition towards a-Si:H as 
measured by OES, corresponds to the onset of the transition as indicated by the high solar cell 
conversion efficiency at a silane flow of 3.25 sccm, and the successive drop in the efficiency 
for larger silane flows. There is a good agreement between the Raman crystallinity and the 
SiH* emission during etching. This is especially so considering the fact that the Raman signal 
is measured at two locations on the sample, whereas the OES method gauges the global surface 
properties (i.e. including that of reactor walls exposed to the plasma). The small discrepancy 
between the Raman data and the SiH* emission can additionally be ascribed to an 
underestimation of the crystalline fraction close to the onset of amorphous growth by the 
Raman crystallinity value [42]. 
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Figure 5.5: SiH* emission during H2 plasma treatment of films deposited at various silane 
flows. The sudden increase is linked up with the transition to a-Si:H growth. Note that the 

increase is observed by only changing the silane flow during deposition. 
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The etch flow can be interpreted as an etch product generation rate and is plotted on the right 
axis of Figure 5.5. Hydrogen treatment under µc-Si:H conditions yields an etch flow of ~0.7 
sccm SiH4. The etch flow increases to ~1 sccm for amorphous films. The etch flow thus 
increases by ~40% going from microcrystalline- to amorphous silicon growth conditions.  
 
Not only the onset of the transition, but also the width of the transition region can be readily 
obtained from Figure 5.5. This region ranges from roughly 3.25 to 5 sccm silane flow. The 
transition region characterises  

1. the change in the amorphous (or crystalline) content of the material (at one 
location); 

2. the lateral surface non-uniformity (i.e. a-Si:H in the centre, µc-Si:H at the 
corner). 

This has been discussed in more detail in §3.1.  
 

The measurement has been carried out multiple times in the standard regime, and a very good 
reproducibility was obtained—the onset of the transition (fµc) can be determined with an error 
below ~0.25 sccm. The reproducibility of the etch flow is within ~0.05 sccm. The validity of 
the absolute value of the etch flow can be roughly verified by translating the etch flow into an 
etch rate (Å/s) and comparing the outcome with experimentally determined etch rates as will be 
done in §5.4.2.  
 
The measurement approach has been succesfully cross-checked on the clustertool reactor 
operating in the very high frequency regime in both showerhead and crossflow configuration. 
Results are discussed in Appendix C. Additionaly, the optical emission signal during a 
deposition/etch cycle has been succesfully compared with infrared absorption spectroscopy in 
the gas-exhaust. A perfect correlation between the SiH* emission and the SiH4 absorption 
signal during hydrogen treatment was observed. Experiments were performed on the large area 
reactor equipped with a 30x30 cm2 electrode configuration, and the results are elaborately 
discussed in Appendix B. 
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5.4 Discussion 

5.4.1 Measurement discussion 
 
Hydrogen treatment was used as a surface probe (etching reactions are restricted to the film 
surface mostly): disordered amorphous phase material yields a higher flow of detectable etch 
products into the plasma than ordered µc-Si:H regions. The global properties of all the material 
in the reactor (exposed to the plasma) contribute to the SiH* emission intensity (OES signal) 
during etching. In first order the change in the OES signal should thus be related to a change of 
average surface properties of deposited material in the total reactor. The good correlation 
between the global OES signal and the local transition on the substrate (measured ex-situ) 
suggests that the film on the substrate has similar properties as the material on other reactor 
surfaces. This is not trivial: non-uniform deposition in the reactor can be caused by e.g. a 
temperature difference, gas flow and plasma non-uniformity or powder accumulation. The film 
on the lower electrode, built up during many deposition runs, cannot easily be characterised ex-
situ. To study preconditioning of the reactor chamber by a homogenous seed layer and quantify 
the amount of etch precursors originating from the 100 cm2 substrate, experiments have been 
carried out. The share of the global SiH* signal arising from etching the film on the substrate 
has been investigated by comparing the emission during etching with a film on the substrate, to 
the emission during etching without a film on the substrate, appendix D. On the basis of these 
measurements, the following conclusions can be drawn: 1) Preconditioning the reactor chamber 
works (i.e. material on the lower electrode is similar to the material on the substrate), 2) About 
1/3 of the global SiH* emission originates from etching the film on the substrate. This is in 
agreement with the surface ratio exposed to the plasma: film surface/total surface ~1/3. Thus 
from a 1 sccm flow of etch products (etching of a-Si:H at standard conditions), about 0.3 sccm 
originates from the film on the substrate, and ~0.7 sccm from the counter electrode and 
substrate holder. 
 
A long term drift decreasing the SiH* signal (during both etching and deposition) is sometimes 
observed and can be effectively compensated for during the measurement, see also appendix H 
and I. The cause of the long term drift (possibly influencing the solar cell deposition process) 
has not yet been identified.  
 
The Raman crystallinity (RC) as shown in §3.1 is valid for films with thicknesses of 
approximately 1 µm. The RC as a function of silane flow was found to (anti-) correlate well 
with the SiH* intensity during H2 treatment of much thinner layers ~100-200 nm, for a 
measurement cycle starting at microcrystalline silicon growth conditions. Hence material 
properties of the thin layers are to a good approximation independent of layer thickness. It 
follows that the phase transition towards a-Si:H growth is relatively independent of film 
thickness for deposition on a µc-Si:H seed layer. In contrast, we shall observe in §6.1 that the 
material structure is highly dependent on layer thickness for deposition on an amorphous seed 
layer.  
 
The SiH* signal originating from etching films deposited in the a-Si:H growth regime, slowly 
increases as a function of silane flow. At a pressure of 5 Torr this effect is very pronounced, see 
Figure 5.6. No saturation in the SiH* intensity during H2 treatment can be observed, which 
indicates that the etch rate increases steadily on the amorphous side of the transition. This 
strongly suggests that the morphology of the amorphous silicon, e.g. number of strained Si-Si 
bonds or the porosity of the material, changes as a function of silane flow during deposition. A 
similar observation is made by A. Heya et al [66] who studied etching by hydrogen generated 
by a heated tungsten catalyser. They argue that on the basis of the etch rate different amorphous 
structures can be discerned that cannot be distinguished by Raman spectroscopy.  
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Figure 5.6: SiH* emission as a function of the 
silane flow during deposition at a pressure of 5 
Torr. All other experiments have been carried out 
at a pressure of 10 Torr unless noted otherwise. 
 

 

5.4.2 Etch rate and hydrogen flux 
 
In the following section the etch flow, Фetch (sccm), will be translated into an etch rate (Å/s) and 
a hydrogen flux. First the simple relation between Фetch and the hydrogen flux will be discussed. 
 
The etch flow, Фetch (sccm), was introduced to quantify the generation rate of etch products. 
Фetch can be straightforwardly translated in a particle flux (s-1cm-2), and is then proportional to 
the H-flux towards the film multiplied by the probability of an etch event. The experimentally 
obtained Фetch can thus be translated into an hydrogen flux by stating that: ГH = Фetch/ε, with ε 
the etch probability of a hydrogen atom arriving at the film surface. Shortly ГH will be 
determined by introducing a value for ε, but in principle we can state that Фetch ~ ГH, provided 
that ε is a constant. We observed that ε corresponding to a-Si:H is larger than for µc-Si:H (in 
§6.3 we will see that the substrate temperature also has a strong influence on the etch 
probability). So if the film properties (and substrate temperature) are kept constant, Фetch 
reflects the atomic hydrogen flux towards the substrate. This concept will be exploited in §6.2 
to study the influence of pressure and power on the hydrogen flux.  
 
Before estimating the hydrogen flux on basis of the etch flow, the accuracy of Фetch will be 
tested by deriving an etch rate (Å/s) from Фetch and comparing this to experimentally 
determined values. 
 
Etch rate 
With the following equation the etch flow of silane into the hydrogen plasma (Φetch) can be 
translated into a gross etch rate, Σ(Å/s): 
 

 ( ) )(1.3Å/s
::

sccm
A

RTM

A etch
HSia

metch

HSia

Mass
etch Φ⋅=

Φ
=

Φ
=Σ

−− ρρ
   (5.2) 

 
with Φmass the mass flow (kg/s) extracted from an a-Si:H film, ρ the density of a-Si:H at 200oC 
(2189 kg/m3), A the surface area of both electrodes (300 cm2), Mm the molar mass of Si (28.09 
g, R the gas constant and T the standard temperature at which the sccm unit is defined (273 K). 
This equation is based on the conservation of mass: the mass flowing into the plasma is 
proportional to the mass extracted from a silicon film with a certain density. In deriving 
formula 5.2 it is assumed for simplicity that reactor walls (not directly exposed to the plasma) 
have no influence, that the etch rate from the lower electrode is the same as from the substrate 
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and that all the hydrogen atoms in the etch product originate from the hydrogen plasma and not 
the film. 
 Substituting an etch flow of 1 sccm as measured for a-Si:H, yields a gross etch rate of 
~3.1 Å/s. This gross etch rate will be higher than a corresponding net etch rate because of 
chemical transport and re-deposition. In fact, if a depletion of 70% is assumed, 0.7 x 1 sccm is 
decomposed and contributes to re-deposition. A net etch rate of ~1.1 Å/s then results. This is in 
relatively good agreement with the in-situ estimated initial etch rate of 1.25-1.5 Å/s for a-Si:H 
under standard conditions, see §6.3.3. 
 

Hydrogen flux 
The H-flux towards the substrate can be calculated by multiplying the etch flow by the 
reciprocal of the etch probability. However, no well established values for the etch probability 
exist in the literature. Moreover, the probability is expected to be dependent on experimental 
conditions as substrate temperature (Tsub). 
 Kae-Nune et al [65] reports an experimentally determined etch probability for 
amorphous silicon of 3% at a temperature of ~80oC. Abrefah et al [64] obtained the same value 
for etching by thermally generated hydrogen of crystalline silicon at room temperature. A study 
carried out in the PMP group in Eindhoven [69] reports a probability of ~1.3% for etching a-
Si:H (Tsub = 50-200oC) by a calibrated H-source.  
 Our experimental conditions can be best compared with that of Kae-Nune et al (except 
for our higher substrate temperature of 200oC, usually accompanied with a lower etch 
probability). In the following an upper limit for the etch probability of 3% will be used. The 
relation between the atomic hydrogen flow and the etch flow can then be written as: 
 0.03ФH = Фetch        (5.3) 
To create an etch flow of 1 sccm a total H-flow of ~30 sccm towards the substrate and lower 
electrode is required—the H-flow towards the substrate/film is thus a fraction of this total flow. 
With equation 5.4 derived from the ideal gas law, a flow in units of sccm can be translated into 
units of particles per second: 
 Ф(sccm) = 4.4·1017 particles s-1      (5.4) 
A H-flow of 30 sccm (towards the 2x150 cm2 electrodes) can thus be translated into a hydrogen 
atom flux of approximately ~4.4.1016 s-1 cm-2.1 
  
 

                                                 
1 Is this value also representative for the hydrogen flux during deposition? In §3.2 it was discussed that ne and Te are not likely to 
vary substantially for a highly diluted silane plasma in comparison to a ‘pure’ H2 plasma. Dissociation of silane produces atomic 
hydrogen, but on the other hand silane molecules can also annihilate atomic hydrogen under formation of H2 and SiH3 (when nSiH4 
and nH are large). Both processes can contribute to a different hydrogen density and -flux under addition of silane, but this 
contribution is expected to be small provided that the silane concentration is kept low. See also Appendix E “Hydrogen flux in 
H2/SiH4 plasma”. 
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5.5 Summary and outlook 
 
The measurement approach discussed in this chapter is based on a deposition-etch cycle. The 
short etch- or hydrogen treatment step is used for probing surface properties by monitoring the 
SiH* emission intensity. It has been shown that the SiH* emission during hydrogen treatment is 
a measure for hydrogen induced etching of a silicon film, and increases sharply in the transition 
region. A strong preferentiality for etching amorphous phase material was observed. It can be 
concluded that the detection of etch products by OES1 is sensitive enough to map the phase 
transition with high precision, and discern between microcrystalline- and amorphous silicon. 
Results are consistent with data obtained by ex-situ Raman spectroscopy and electronic 
properties of solar cells. The method was successfully tested in four different reactors, 
including an industrial role-to-role reactor2. The unprecedented method for identifying 
microcrystalline silicon in-situ by OES is the principal result of this thesis.  
 
Outlook 
A new approach based on the in-situ detection of the phase transition can speed up the 
characterisation of a deposition regime for solar cell production dramatically. The new 
approach consists of two steps: 

1. determine the transition in-situ and therewith optimum deposition conditions; 
2. deposit a solar cell at these optimum conditions, and measure solar cell characteristics 

afterwards. 
Every regime is then represented by its best solar cell and associated deposition rate3—and 
ideally only one solar cell needs to be deposited. A suitable regime for manufacturing solar 
cells or a systematic road-map towards new promising regimes is thus much faster determined 
by this new approach.  
 

The etch flow method enables a quantification of the SiH* emission during etching and by 
introducing an etch probability the hydrogen flux towards the surface can be quantified.  For 
similar film conditions (and thus etch probability), the etch flow correlates with the hydrogen 
flux towards the substrate. In §6.2 this concept will be used to study the influence of power and 
pressure on the hydrogen flux and on the phase transition. 
 
Depending on deposition conditions, microcrystalline silicon exhibits a phase transition as a 
function of film thickness (§1.1). The successful application of the deposition/etch cycle 
approach for gauging the phase evolution as a function of silane flow promotes its use as a 
diagnostic for investigating the structure evolution of µc-Si:H as a function of film thickness. 
The phase transition during growth of microcrystalline silicon on an a-Si:H seed-layer will be 
investigated in §6.1 
 
 

                                                 
1 or alternatively by FTIR absorption spectroscopy (directly as SiH4), appendix B. 
2 at Helianthos b.v. division of NUON. 
3 determined by in-situ film transmittance (§4). 
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6. Application of novel diagnostic 
methods to study deposition and growth 
 
The novel diagnostic approaches developed in chapter 4 and 5 are applied to study 
issues related to deposition and growth of microcrystalline silicon.  
 The nucleation mechanism of microcrystalline silicon will be studied as a 
function of process conditions and thickness (§6.1). The mechanisms favouring 
microcrystalline silicon growth can be related to the hydrogen flux towards the 
substrate. The role of hydrogen will first be assessed by linking the hydrogen flux to the 
phase transition as a function of process parameters (§6.2). Secondly hydrogen-film 
interaction will be studied during long-term hydrogen exposure of amorphous and 
microcrystalline silicon films (§6.3). 
 

6.1 Growth and incubation of microcrystalline silicon 
 
The successful application of optical emission spectroscopy for mapping the transition from 
microcrystalline- to amorphous silicon as a function of silane flow (§5.3), promotes its use as a 
new diagnostic for growth and incubation studies. So far those studies were mainly carried out 
using in-situ film diagnostics such as in-situ Spectroscopic Ellipsometry (e.g. Collins et al [33], 
Cabarrocas [24]), Attenuated Total Reflection infrared spectroscopy (Fujiwara et al [70]), and 
ex-situ techniques such as TEM (e.g. Houben et al [4], Messier et al [72]), AFM (Ledinsky et 
al [73], Mates et al [74], Sieber et al [75]) and Raman spectroscopy (e.g. Vetterl et al [45]). 
 In this section OES, Raman spectroscopy and Scanning Electron Microscopy (SEM) 
will be applied to study the structure evolution of µc-Si:H with film thickness on an amorphous 
seed layer. The phase transition during growth generally evolves from predominantly 
amorphous- to microcrystalline silicon (e.g. [33]). The surface crystallinity fraction will be 
introduced as a new parameter, facilitating comparisons between the different diagnostics. 
 In section 6.1.1 the experimental approach will be outlined. In §6.1.2 the results will be 
presented, and discussed. Subsequently the results will be combined into a phase diagram 
displaying the phase transition as a function of thickness and silane flow. It will be 
demonstrated that the thickness dependent microstructure of the i-layer heavily depends on the 
silane flow. Nucleation of microcrystalline silicon on an amorphous seed layer is substantially 
delayed especially for deposition conditions close to the amorphous growth regime.  
 

6.1.1 Experimental 
 
Optical emission spectroscopy combined with a 
deposition and etch cycle approach was used to study the 
phase composition as a function of film thickness. 
Figure 6.1 shows the measurement cycle. During one 
experiment the measurement cycle is repeated many 
times. For every subsequent cycle the deposition time 
and thus the thickness of the film deposited under 
microcrystalline silicon growth conditions (µcc) is 
increased. After every deposition (under µcc) the phase 
composition is gauged during an hydrogen plasma etch 
step. Successively, after every etch step, a thick 

corning+tco

 a-Si:H

a-Si:H

a-Si:H

µcc

deposition of
a-Si:H seed layer

deposition under
µc-Si:H

growth conditions

hydrogen
treatment step and
SiH* monitoring

(a) (b)

Figure 6.1: Measurement approach: 
alternating cycles of deposition and 

etching (a) results in a stacked layer (b). 
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amorphous seed layer is deposited as a starting point for the next measurement. This procedure 
is followed because hydrogen treatment might modify the surface properties of the layer, and 
therewith influence the growth of a successive film. It was verified that a thickness of ~150 nm 
is enough to obtain reproducible a-Si:H properties irrespective of the underlying film—
continuous amorphous growth commences rapidly irrespective of the film on which it is 
deposited.  
 Experiments were performed in the standard regime with silane flows between 0.5 and 
3 sccm1. H2 was carried out for less than 1 minute and the average SiH* emission intensity 
during this time is used as a measure for the amorphous content in the µc-Si:H film. A relative 
drop in the SiH* emission intensity of about 30-35% distinguishes between a pure a-Si:H film 
and a µc-Si:H film as was demonstrated in §5.3. For every separate experiment (i.e. different 
silane flow corresponding to µcc) a new glass+tco substrate was used.  

A long term drift in the SiH* emission intensity during etching can slightly influence 
the measurement, but can be compensated for as described in appendix H. The determination of 
the a-Si:H incubation layer is most susceptible for errors if no correction is applied. 
 
Surface crystallinity fraction 
A semi-quantitative number for the surface crystallinity fraction (SCF) can be estimated from 
the SiH* emission during etching by the following procedure. The decrease in the SiH* 
emission intensity stabilises at a certain level when stable single phase µc-Si:H is formed. This 
plateau corresponds to a surface crystallinity fraction of 100%, whereas the SiH* emission 
during etching of the amorphous seed layer corresponds to a SCF of 0%. The conversion of the 
SiH* emission intensity into SCF can be described by equation 6.1: 
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with ISiH*(d) the emission during etching of a layer with thickness d, Imin the minimal SiH* 
emission as observed during the experiment (corresponding to the lower plateau and single 
phase µc-Si:H), and Imax the maximum SiH* emission corresponding to etching of a-Si:H. 
   

6.1.2 Results 
 
Figure 6.2 displays the normalised SiH* emission intensity during etching as a function of film 
thickness. The films are deposited at a silane flow of 0.5 sccm. The first data point (at 0 nm) 
corresponds to etching of the a-Si:H seed layer, and is used to normalise the data points. A 
decrease in the SiH* intensity is observed up to a film thickness of 30±5 nm. For larger 
thicknesses the SiH* intensity is constant, indicating that the surface consists of single phase 
microcrystalline silicon. Hence, the phase composition of the surface has become independent 
of film thickness. The y-axis of Figure 6.2 is translated into a surface crystallinity fraction 
displayed in Figure 6.3, according to equation 6.1.  

                                                 
1 Silane flows within this range are associated with microcrystalline silicon films when deposited on a µc-Si:H seed layer, with 
crystalline volume fractions between 80-65%, §3.1. 
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Figure 6.2: Normalised SiH* emission during 

etching as a function of film thickness. Note that 
this not the accumulated thickness. Deposition at 

0.5 sccm silane flow. 
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Figure 6.3: Surface crystallinity fraction as a 

function of film thickness. This graph is derived 
from Figure 6.2. a+µc denotes mixed phase film 

properties consisting out of microcrystalline- and 
amorphous silicon regions. 

 
Figure 6.4 shows the surface crystallinity fraction as a function of film thickness for various 
silane flows. The full transition from amorphous to microcrystalline silicon occurs around  
~125 nm for a film deposited at a silane flow of 1 sccm, and shifts to larger thicknesses for 
deposition at higher silane flows. For silane flows of 2.5 and 3 sccm the surface crystallinity 
fraction remains constant around zero (within the accuracy of the measurement) for very thin 
films. This indicates the presence of a fully amorphous incubation layer. To substantiate this 
claim a film with a thickness of 60 nm (silane flow of 3 sccm) was grown on top of an a-Si:H 
seed layer and measured by Raman spectroscopy, Figure 6.5a. The Raman graph shows no 
crystalline silicon contribution and is thus in perfect agreement with the delayed incubation of 
microcrystalline silicon at larger silane flows as observed by the OES method. A film thickness 
of 200 nm deposited under the same conditions does lead to a pronounced crystalline peak in 
the Raman graph, Figure 6.5b. Note that these Raman graphs are measured with a blue laser 
with a penetration depth of ~100-150 nm. The crystallinity that can be extracted from Figure 
6.5b underestimates the actual crystallinity of the film surface, because of the positive 
crystallinity gradient in the film. 
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Figure 6.4: Surface crystallinity fraction as a 
function of film thickness (on amorphous seed-

layer) for three different silane flows. 
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Figure 6.5: Raman spectra of layers deposited with 3 
sccm SiH4 on an a-Si:H seed-layer, 60 nm (a), 200 

nm (b). Only the latter shows a crystalline 
contribution at 520 cm-1. 

 
To further investigate the correlation between the surface crystallinity obtained by the OES 
method and the Raman crystallinity (RC), a thickness series of four samples was prepared. The 
samples each consist of an a-Si:H seed layer and a top layer with a thickness of 20, 45, 80 and 
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160 nm respectively, all deposited at a silane flow of 2 sccm. These thicknesses were selected 
on basis of the surface crystallinity fraction as measured by the OES method. In order to gauge 
the surface properties of the films as good as possible the wavelength of the Raman laser is 
tuned to 413 nm corresponding to an ‘information depth’ of less than 30 nm. Because of the 
positive crystallinity gradient with thickness, the influence of the 30 nm subsurface will result 
in only a small underestimation of the crystallinity of the top layer.  

 
The surface crystallinity fraction (squares) as measured by OES and the Raman crystallinity are 
plotted in Figure 6.7. The Raman graphs are shown for comparison in Figure 6.8. There is a 
perfect correlation between the evolution of the Raman crystallinity and the surface crystallinity 
fraction. A structure evolution going from an initial amorphous incubation layer, to a mixed 
phase, and ultimately a fully microcrystalline silicon surface with a RC over 70% is observed.  
 
Additionally the samples of the thickness series are investigated by scanning electron 
microscopy. A clear transition from a smooth a-Si:H to a rough grain dominated surface 
structure is observed. 

Figure 6.7: Surface crystallinity fraction as a function of 
film thickness for deposition at a  silane flow of 2 sccm on 
an a-Si:H seed layer (left axis). Raman crystallinity (right 
axis) for four different layer thicknesses, corresponding to 

Figure 6.8. 
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Figure 6.8: Raman spectra of 4 films of 
different thickness deposited with 2 sccm SiH4 

flow on a-Si:H seed-layers. The surface 
crystallinity increases with thickness. 
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~0,5 µm

(b)

(c) (d)

(a)

D = 20 nm D = 45 nm

D = 80 nm D = 160 nm  
Figure 6.9: SEM images of films of various thicknesses deposited on an a-Si:H seed layer. (a) 20 nm, 
RC=0%, (b) 45 nm, RC=8%, (c) 80 nm, RC=52%, (d) 160 nm, RC=72%. Images correspond to the 

Raman graphs, Figure 6.8. 
  
Figure 6.9a shows the surface of a 20 nm film deposited at 2 sccm on top of an amorphous seed 
layer. The surface morphology, with dome-like structures varying in size from 100 to 200 nm, 
is typical for a-Si:H. Hence the 20 nm capping layer takes over the morphology of the 
underlying film. On the bottom left side of Figure 6.9a two small isolated crystallites that grow 
out of the amorphous material can be observed. This indicates the onset of nucleation. Figure 
6.9b shows the surface of the layer with a thickness of 45 nm. The amorphous surface topology 
is still recognised. But on top many small and mostly isolated spherical shaped grains can be 
observed with diameters in the range of 25 to 35 nm and a typical surface density of 450 
grains/µm2. The surface of the 80 nm film is dominated by many grains with a broad diameter 
distribution, Figure 6.9c. The grains are no longer separate, but joined together in clusters. The 
roughness has increased substantially compared to Figure 6.9a. The grain size increases further 
for the 160 nm film and the size distribution becomes smaller, Figure 6.9d. The Raman 
crystallinity of 72% indicates a fully µc-Si:H surface. 
 A surface crystallinity fraction can be determined from Figure 6.9b. An average grain 
diameter of 30 nm can be estimated from the micrograph, which results in an average surface 
area of ~700 nm2/grain1. Multiplying this with the estimated grain surface density a surface 
crystallinity fraction of about 30% results. This is in very good agreement with the SCF as 
obtained by OES, Figure 6.7. 
 
Phase diagram 
The phase changes that occur during growth can be plotted in a phase diagram as introduced by 
Collins et al [33]. In such a diagram the transition thicknesses are plotted as continuous 
functions of the silane flow. It gives insight into the depth profile of the microstructure of a 
deposited film.  
 The results from the OES method have been used to sketch the phase diagram in Figure 
6.10. A surface crystallinity fraction below 5% at a certain film thickness is linked to the 
presence of an a-Si:H incubation film and a SCF above 95% is used to indicate a fully 

                                                 
1 Surface area ≈ π(d/2)2 
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microcrystalline silicon film1. The a � (a + µc) transition and the (a + µc) � µc transition are 
incorporated in the phase diagram.  
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Figure 6.10: Sketch of phase diagram in the plane of the silane flow and the film thickness. Valid for 
deposition on top of an a-Si:H substrate under the deposition conditions applied. Data points refer to 

OES measurements, supported by the Raman crystallinity measurements at 2 and 3 sccm.  
 
The structure evolution of microcrystalline silicon depends critically on the silane flow. No 
amorphous incubation layer is formed in the highly crystalline regime (silane flows < 1.5 
sccm). For these conditions nucleation of crystallites starts directly at the interface between the 
film and the amorphous seed layer. Steady state microcrystalline silicon growth commences 
before a film thickness of ~50 nm is reached. For films deposited at moderate silane flows (1.5 
– 3 sccm) a structure evolution from amorphous- to mixed-phase to microcrystalline silicon is 
observed. The thickness of the incubation- and mixed phase layer increases rapidly with silane 
flow. For silane flows close to the amorphous growth regime (~3 sccm) only film thicknesses 
above ~1 µm result in single phase microcrystalline silicon growth. The strong increase of the 
line that identifies the (a + µc) � µc transition suggests that, under the applied conditions,  
single phase µc-Si:H cannot be deposited on an a-Si:H seed layer above silane flows of roughly 
~3.5 sccm.  
 
It can be concluded that the new diagnostic technique based on etch product detection by OES 
is a valuable tool for growth and incubation studies. In summary, it was demonstrated that a 
strong positive crystallinity gradient exist in the film for deposition on an a-Si:H seed layer, and 
that the thickness of the incubation and mixed phase layers are critically determined by the 
silane flow. 
 

                                                 
1 These values are (rather arbitrarily) chosen (instead of 0% and 100%) to account for the measurement inaccuracy 
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6.2 Power and pressure dependence  
 
In §6.1 it was shown how the phase composition (a-Si:H, mixed phase, single phase µc-Si:H) of 
a film depends on film thickness and silane flow. In this section the phase transition as a 
function of power and pressure will be studied for thin layers of ~100-200 nm in thickness.  
 
The accurate determination of the hydrogen flux towards a film during plasma operation is an 
experimental challenge. Here, the new approach based on the determination of the etch flow as 
introduced in Chapter 5, will be employed to estimate the influence of power and pressure on 
the hydrogen flux.  
 
In the following a deposition regime is characterised by the plasma power (PRF) and deposition 
pressure (pdep). To investigate how the phase transition shifts with PRF and pdep the following 
regimes have been explored by the in-situ method of Chapter 5: (80W; 5, 10, 15 Tor) and (60, 
80, 120W; 10 Torr).  
  
Figure 6.11 shows the etch flow (sccm) during hydrogen treatment as a function of silane flow 
for 80 and 120W plasma power. The onset of the transition to the mixed phase (µc+a) regime, 
fµc (sccm), and the silane flow at the transition from µc+a to amorphous silicon (fa) are indicated 
in Figure 6.11. It is observed that fµc shifts from 3.25 to 4 sccm by increasing the power from 80 
to 120W. Also the plateau corresponding to microcrystalline silicon (Фµc) shifts upwards, 
indicating a higher etching rate at elevated powers. 
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Figure 6.11: SiH4 etch flow (sccm) as a function of silane flow during deposition for P=80 and 120W for 

standard conditions. The 120W graph is shifted upwards, and the transition region is shifted to higher 
silane flows, compared to 80W conditions. fµc, fa and Фµc are indicated in the figure for 80W conditions.  

 
Figure 6.12b and 6.12d show fµc and fa as a function of pressure and as a function of power 
respectively. The µc�(µc+a)- and the (µc+a)�a-transitions are indicated by dashed lines. 
Parameter space in between these lines represents growth conditions leading to mixed-phase 
material. 
 The phase transition shifts to lower silane flows with increasing pressure, just opposite 
to the effect of increasing power1. In other words at a fixed silane flow we should increase the 
power to prevent a shift towards the amorphous growth regime at elevated pressures.  
 

                                                 
1  in good agreement with results from Roschek et al [12] who determined the transition by verification of a vast number of solar 
cells. This approach is very laborious compared to the new in-situ approach. 
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The atomic hydrogen flux towards the substrate correlates with the measured etch flow under 
different process conditions, as long as the material that is etched (and thus the etching 
probability) is similar (see §5.4.2). To study the effect of power and pressure on the hydrogen 
flux towards the film, the etch flow corresponding to etching µc-Si:H, Фµc, was determined for 
various process conditions. Results are plotted in Figure 6.12a and 6.12c.  
 The hydrogen flux is observed to decrease as the pressure increases from 5 to 15 Torr. 
In contrast, higher powers drive up the hydrogen flux, and an almost linear response to power is 
observed. It should be stressed that this is a direct experimental determination of the behaviour 
of the hydrogen flux with power and pressure and it should be noted that this approach is more 
powerful than simple modelling (Appendix E) or establishing correlations with excited 
hydrogen emission (§3.2).  
 Figure 6.12 shows that a shift further into the µc-Si:H growth regime (higher power or 
lower pressure, ceteris paribus) is accompanied (or induced) by an increase in the hydrogen flux 
towards the substrate1. 
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Figure 6.12: Etch flow (sccm) corresponding to etching µc-Si:H during hydrogen treatment, as a 

function of pressure (a) and power (c). µc�(µc+a) and (µc+a)� a transition as a function of pressure at 
PRF = 80W (b), and as a function of power at pdep = 10 Torr (d) for ~150 nm layers. Valid for the 

deposition conditions applied.  
 

Discussion 
The onset of the transition as determined in-situ for powers of 60 and 120W is, as expected, in 
good agreement with solar cell properties, Figure 6.13. 
 Figure 6.13 underlines that solar cell performance is not only a function of silane flow, 
but also of deposition parameters like power and pressure. However, an elaborate assessment of 
regime dependent material quality is outside the scope of this discussion, and can be found in 
a.o. Roschek et al [82] and Vetterl et al [5]. 
 
Scaling laws describing the phase transition as a function of pdep and PRF can be helpful for 
finding optimum silane flows for deposition of solar cells in new regimes and for understanding 
general principles of deposition and growth of microcrystalline silicon. To obtain such scaling 
laws, data from Figure 6.12b and 6.12d are fitted by a power equation. The transition as a 
function of pressure can be described by: fµc(sccm) ~ pdep

-0.63. The scaling law for power is: fµc 

(sccm) ~ PRF
0.43. These empirical scaling laws are reactor specific and valid within a limited 

range of process conditions, though their qualitative description of the phase shift is more 
general. 

                                                 
1 under the assumption that the hydrogen flux in a pure hydrogen plasma is a good approximation for the hydrogen flux in a highly 
diluted silane plasma, elaborately discussed in appendix E. 
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Figure 6.13: Electronic parameters for solar cells deposited at pdep of 10 Torr and PRF of 60W (squares) 
and 120W (circles). The sharp decrease of FF, Jsc and η, and the increase of the error bars indicate the 

onset of the µc�a phase transition taking place at 3 sccm (60W) and 4 sccm (120W). 
 

The plasma chemistry model presented in Appendix E describes the hydrogen flux in terms of a 
contribution from H2 and SiH4 dissociation. In a hydrogen plasma the dissociation of silane 
(etch products) contributing to the atomic hydrogen density can be neglected. In this model the 
simplified expression for the atomic hydrogen production rate is then 2nek2(Te)nH2, with k2 the 
reaction coefficient for H2 dissociation and nH2 the H2 density in the plasma. 
 The measured increase in Фµc (and thus in the hydrogen flux) as a function of power, 
can be readily explained in terms of a rising electron density (ne) with power. Pressure has an 
effect on more aspects of the plasma chemistry. Increasing pressure might affect ne, decreases 
the electron temperature Te and can increase the residence time of gas particles. It could be 
argued that the observed decrease of the hydrogen flux with pressure is related to a decreasing 
electron temperature effectively reducing the dissociation of H2. 
 
The ratio between the atomic hydrogen flux and growth precursor flux towards the film, 
denoted R, is expected to critically determine the phase composition of a deposited film. A 
discussion relating R to the shift of the phase transition with power and pressure is saved for 
§7.1. 
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6.3 Etching and material modification during hydrogen 
treatment 
 
During H2 treatment certain aspects of hydrogen-film interaction can be studied that are rather 
unclear during deposition where all processes occur at the same time.1 In §6.2 it was for 
instance shown how the hydrogen flux varies with power and pressure. These measurements 
were based on short term H2 treatment steps to quantify the gross etch rate in terms of a SiH4 
etch flow (sccm). The hydrogen treatment step to probe film properties was kept short to 
diminish the effect of material modification and re-deposition. In this section we will study long 
term hydrogen treatment. The preliminary results underline that during long term H2 treatment, 
material modification and re-deposition do occur (dependent on process settings).  
 
In this section a comparison is made between microcrystalline silicon, just before the µc/a- 
transition, and amorphous silicon just after the transition. Ex-situ Raman spectroscopy is used 
to measure the film crystallinity of as-deposited films and films after hydrogen treatment 
(§6.3.1). Scanning electron microscopy images give more insight in the change of the surface 
structure of the film (§6.3.2). The principal result of this section is the measurement of the etch 
rate as a function of time by in-situ film transmittance (§6.3.3). A strong dependency on the 
substrate temperature will be identified. This section ends with an elaborate discussion on 
hydrogen-film interaction during hydrogen plasma treatment (§6.3.4).  
 

6.3.1 Raman crystallinity 
 
To investigate hydrogen induced crystallisation ex-situ Raman measurements have been 
performed on as-deposited films and films treated by a hydrogen plasma.  
 Figure 6.14a shows the intensity of the Raman shift for two 0.4 µm µc-Si:H films of 
which one was treated by a 30 min hydrogen plasma. The blue laser (488 nm), that probes the 
film to a depth of approximately 100-150 nm, was used for this measurement. Both films 
exhibit a Raman crystallinity (RC) of over 80%. It can be concluded that plasma treatment of 
microcrystalline silicon doesn’t change the crystalline volume fraction of the bulk material.2  
 For as-deposited a-Si:H a crystalline peak corresponding to a RC of ~80% is observed 
after hydrogen exposure, Figure 6.14b. The microcrystalline top-layer must have a thickness of 
at least 100-150 nm (because otherwise the influence of the a-Si:H phase should be more 
pronounced). The thickness of the a-Si:H film is reduced from ~0.45 µm to ~0.25 µm after 
hydrogen treatment. 
 In an attempt to get some more insight in the typical range of the crystallisation 
process, Raman spectroscopy has been carried out at two different wavelengths (red and blue), 
from the film side and from the substrate/p-layer side. Unlike the blue laser, the red laser probes 
the whole film. Measurements were performed on a thick (1.1 µm as-deposited and 0.9 µm 
after H2 treatment) a-Si:H sample after a hydrogen treatment step of 1 hour. The upper part of 
the film is again fully crystallised—no amorphous signal around 480 cm-1 can be observed, 
Figure 6.15a. Measured from the substrate side, however, only a very small crystalline 
influence around 520 cm-1 is observed—most probably caused by the crystalline seed-layer of 
approximately ~30 nm. Figure 6.15b displays the graphs obtained by probing the film with a 
red laser. The spectrum measured from the substrate side does not show any crystalline peak. 
This means that the influence of the seed layer and the crystalline top-layer on the average 
Raman signal is apparently negligible. The measurement from the film side indicates a Raman 

                                                 
1 An interesting issue is induced bulk crystallisation by diffusing atomic hydrogen into the film. It is a challenge to distinguish 
between on the one hand bulk crystallisation by in-diffusing hydrogen and on the other hand chemical transport and re-deposition, 
as causes for an increase in the crystallinity volume fraction, during hydrogen treatment and ultimately deposition. 
2 In contrast to our experiments Kaiser et al [23] observed a decrease of the crystalline fraction of µc-Si:H after one hour hydrogen 
treatment in a clean electron-cyclotron-resonance system 
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crystallinity below 5%. This suggests that the thickness of the crystallised top-layer compared 
to the total film thickness is small.  
 It can be concluded that during hydrogen treatment of a-Si:H films an increase in 
crystallinity can be observed, that is not limited to the film surface nor extended to the entire 
film. 
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6.3.2 Surface morphology 
 
Scanning Electron Microscopy (SEM) was used to visualise the surface morphology of 
microcrystalline and amorphous silicon samples. As-deposited films will be compared with 
films after hydrogen exposure. 
 Figure 6.16a and 6.16c are SEM micrographs of the surface of as-deposited µc-Si:H 
and a-Si:H respectively. The µc-Si:H surface is more irregular, and exhibits structures with 
sharper edges than the amorphous silicon surface. The latter is characterised by dome-shaped 
structures varying in size from 50-150 nm. The RMS surface roughness cannot be directly 
quantified from the SEM graphs, but qualitatively the µc-Si:H surface appears more rough than 
the a-Si:H surface. 
 Figure 6.16b and 6.16d show micrographs of the surface after etching of 
microcrystalline and amorphous silicon films respectively. A dramatic increase in the surface 
roughness is observed. The inset in Figure 6.16b is a zoom-in of a similar µc-Si:H film after 
treatment. The isolated grains are clearly observable as bright cauliflower-like structures. The 
image of the a-Si:H film after etching is less bright due to a different conductivity (Figure 
6.16d) suggesting a lower degree of crystallinity. The porosity of the amorphous film has 
increased drastically. 
 The observations are in agreement with Otobe et al [76] that report an increase in 
surface roughness as measured by AFM, for both crystalline silicon and amorphous silicon 
films after hydrogen exposure. 

Figure 6.14: Raman intensity (blue laser) of ~400 nm 
films before and after etching, for as-deposited µc-

Si:H films (a) and a-Si:H (b) (~250 nm after etching). 

Figure 6.15: Raman intensity for ~0.9 µm a-Si:H 
(5 sccm) film after etching. Measured with blue 

laser (a), and red laser (b). 
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6.3.3 In-situ etch rate 
 
The deposition rate can be determined from a fringe pattern obtained by monitoring spectral 
transmission through a growing film (Chapter 4). In the following the etch rate during hydrogen 
treatment will be determined online by the very same approach, for various experimental 
conditions. 
 Figure 6.17 shows the evolution of the Hα peak through an a-Si:H film. H2 treatment 
was carried out for 1 hour at a heater temperature of 200oC (standard regime). Two fringes 
appear within the first 30 minutes. An increase in the transmission signal (e.g. at the extrema) 
with time indicates a decreasing film thickness. From the time delay between the peak and the 
valley of the fringe a time period and an associated net etch rate can be estimated. The fringes 
expand and the time period increases over time, indicating that the etch rate slows down during 
etching. The etch rate derived from the fringes has been plotted in Figure 6.19. After 30 
minutes the Hα transmission starts to decrease and, within the time period observed, no more 
fringes appear: significant etching is not observable anymore. The successive slowly decreasing 
transmission could indicate re-deposition. 
 A similar film has been etched at a substrate temperature of 50oC. The transmission of 
the Hα- and the H2 Fulcher peak are plotted as a function of time in Figure 6.18. The 
transmission increases exponentially with time, indicating significant etching. In contrast to 
Figure 6.17, the time interval between the fringes remains constant which implies that the etch 
rate does not drop over time. The derived etch rate is 2.7±0.2 Å/s, almost a factor two larger 
than the initial etch rate at Tsubs=200oC. The effect of high rate etching can be seen by the naked 
eye: the ~1 µm film has almost vanished after 1 hour treatment.  
 Hydrogen treatment at Tsubs = 100oC, leads to a constant etch rate of 2.2±0.2 Å/s. 

Figure 6.16: SEM images (at 60o tilt) of the surface of as-deposited µc-Si:H (3 sccm, ~0.4 µm) (a), 
µc-Si:H (~1µm) after 60 min. H2 treatment (b), as-deposited a-Si:H (5 sccm, ~0.4 µm) (c), and a-

Si:H (~0.9 µm) after 60 min. H2 treatment (d). 



 60 

0 10 20 30 40 50 60

400

500

600

700

800

900

T=200oC

½ ∆t
2

½ ∆t
1

 

 

H
α
 tr

an
sm

is
si

on
 (

a.
u.

)

etching time (min)

 

0 10 20 30 40 50 60
0

100

200

300

400

500
T=50oC

H
602

H
α

 

 

pe
ak

 tr
an

sm
is

si
on

 (
a.

u.
)

etching time (min)

 
Additionally, several µc-samples have been exposed to a H2 plasma. No distinct fringes are 
observed. The Hα transmission fluctuates very marginally with a typical time period larger than 
the etching time of 1 hour. On the basis of this an upper limit for the etch rate of ~0.1-0.2 Å/s 
can be determined. However, because no clear increase in the transmission is observed a net 
deposition by chemical transport of growth precursors cannot be ruled out on the basis of these 
in-situ measurements. Ex-situ determined values for the thickness before and after etching 
indicate an average net etching rate for µc-Si:H of approximately 0.1 Å/s.  
 It can be concluded that the etch rate as a function of time depends both on 
experimental conditions as well as on the crystallinity of the film. Under technological relevant 
deposition conditions at 200oC a decreasing net etch rate is observed for a-Si:H, whereas for 
Tsubs=50oC and Tsubs=100oC conditions only etching is observed, Figure 6.19. A decreasing etch 
rate can be related to an increased surface crystallinity. This will be discussed in more detail in 
§6.3.4. 
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Figure 6.17: Hα peak transmission through a-Si:H (5 
sccm) film during etching at standard conditions 

(200oC).  

Figure 6.18: Hα and Hfulcher (602 nm) peak 
transmission through an a-Si:H (5 sccm) film during 

etching at 50oC substrate temperature.  

Figure 6.19: In-situ determined etch rate for a-Si:H (5 sccm) samples at heater 
temperatures of respectively 200oC (red), 50oC (blue) and 100oC (green). The etch 

rate for µc-Si:H has been estimated on the basis of ex-situ measurements. 
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Discussion 
The absence of pronounced fringes and the almost flat transmission after 30 minutes etching at 
200oC (Figure 6.17) could also be indicative for an increased surface roughness. This 
hypothesis is in agreement with the increased surface roughness as observed by SEM, Figure 
6.16d. In fact Feitknecht [77] shows a linear correlation between the RMS height of 
transmission fringes and the RMS roughness of the corresponding film as measured by AFM—
the smoother the film surface, the more pronounced are the interference fringes.  
 The decrease in the etch rate with temperature is in agreement with other experimental 
studies [23], [78], [79]. Several models have been proposed to account for this temperature 
dependence, explaining the decrease in etching by 1) a decrease of hydrogen surface coverage 
due to increased recombination, and due to higher temperature activated desorption of atomic 
hydrogen [68] and 2) increased hydrogen in-diffusion into bulk material. It could be argued, 
however, that in-diffusion is a self-limiting process, and consequently can only account for an 
initial lower etch rate at elevated temperature. 
 

6.3.4 Discussion 
 
Apart from etching there are two other processes reported in literature that could play a role 
during H2 plasma treatment:  

1. Bulk crystallisation by in-diffusing atomic hydrogen (chemical annealing); 
2. Chemical transport and re-deposition (e.g. [31], Veprek et al [80]1). 

Both processes in relation to our experimental results, are assessed in the following.  
 
During treatment the etch products (silane) (also originating from the counter electrode) are 
partly depleted and transformed into growth precursors that re-deposit on the substrate. Etching 
and re-deposition take place simultaneously, but do not need to be in equilibrium. The 
significance of re-deposition during H2 treatment is indicated by the decreasing transmission 
between 30 and 60 minutes of hydrogen treatment at a substrate temperature of 200oC (Figure 
6.17). Moreover, in other experiments (not shown) it was observed that net deposition during 
H2 treatment could lead to an increase of film thickness, at other process conditions (e.g. higher 
power). In the standard regime etching of a-Si:H results in a SiH4 etch flow of ~1 sccm. Hence, 
re-deposition takes place under very high hydrogen dilution conditions, i.e. in the highly 
crystalline growth regime. This suggests that re-deposited material increases the surface-, and 
on accumulation, bulk crystallinity.  
 
Under the same standard conditions net etching of a-Si:H is observed during the first 30 
minutes of H2 treatment (Figure 6.17). An amorphous silicon sample that was treated by a 
hydrogen plasma for 30 minutes, showed a Raman crystallinity of 80%. If etching is 
approached as layer by layer only influencing the surface, it would be tempting to conclude that 
during net etching the bulk crystallised up to a depth of roughly 100-150 nm (‘information 
depth’ of Raman laser). However, the SEM images show that hydrogen treatment leads to a 
very porous film and irregular surface. This suggests that etching depends on the local surface 
spot. The balance between etching a-Si:H and re-deposition of µc-Si:H results in net etching 
during the first 30 minutes. But this net etch rate should be approached as averaged over a 
surface area—note that the transmission passes through a surface spot of roughly 1 cm2. On the 
micro level nucleation of grains could take place at a certain spot, whereas on other locations 
amorphous silicon is etched. From this line of thought, the Raman peak associated with µc-Si:H 
then originates from the material that has been re-deposited.  

                                                 
1 in the pioneering work of Veprek et al it was shown that microcrystalline silicon could be grown on a substrate by chemical 
transport of growth precursors originating from etching of an amorphous film on the counter electrode. 
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Chemical annealing is not expected to change surface roughness significantly. In other words, if 
chemical annealing would be the only mechanism contributing to an increased crystallinity of 
the amorphous film, a porous and rough film would not be expected. However, despite the 
observed rough surface, chemical annealing cannot be excluded, and could contribute to 
nucleation of crystallites, especially in the initial phase. When the surface exhibits µc-Si:H 
properties, the ‘chemical’ in-diffusion of hydrogen by breaking strained bonds is expected to 
diminish. Appendix I discusses the possibility of hydrogen in-diffusion to explain the SiH* 
emission transient during in the initial stages of etching. 
 
At lower substrate temperatures (50oC, 100oC) a constant etch rate over time was observed, 
indicating that no structural change of the a-Si:H takes place and that apparently bulk 
crystallisation can be excluded under these conditions. The influence of re-deposition can be 
understood by taking into account the large etch flow under these conditions, ~1.8 sccm SiH4 
(at 50oC), which shifts re-deposition conditions more to the a-Si:H growth regime. In addition, 
the lower substrate temperature decreases surface diffusion of growth precursors which has a 
negative influence on surface crystallinity. On the other hand it could be hypothesized that the 
preferentiality of etching amorphous silicon compared to crystalline silicon decreases at lower 
temperature. Re-deposition of material with a higher crystallinity then only influences the etch 
rate marginally. Additional experiments of etching µc-Si:H samples at low temperatures could 
give more insight. 
 
Figure 6.20 schematically displays the influence of preferential etching, re-deposition and 
possibly chemical annealing at three successive instances during H2 treatment.  
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Figure 6.20: Surface structural change of a-Si:H sample: proposed crystallisation mechanism during 
hydrogen treatment under technological relevant conditions at a substrate temperature of 200oC. In the 

intial stage also bulk crystallisation could play a role.   
 

Increased crystallinity of a-Si:H after hydrogen exposure has also been reported by Shimizu et 
al, Heya et al [66], Kaiser et al [23], whereas Vetterl et al [30] did not observe a crystallinity 
increase during long term plasma treatment. Saitoh et al [31] points out that for their conditions, 
an a-Si:H coated counter electrode leads to net deposition, whereas for clean reactor conditions 
net etching is observed.  
 In accordance with literature, it can be concluded that the dominant mechanism during 
hydrogen treatment depends heavily on experimental conditions. The preliminary results in this 
section also underline the importance of time dependent H2 treatment studies, as the process, 
film structure and dominant mechanism can change over time. 
 Moreover the experiments in this section show the usefulness of the etch flow to 
quantify the hydrogen-film interaction/etching: The etch flow is recorded during the initial 
stages of etching and reflects the gross etch rate of a specific as-deposited film (e.g. a-Si:H). In 
contrast the measured net etch rate obtained by monitoring thickness variations, is recorded 
over a longer time period in which modification of the as-deposited film takes place. 
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7. Concluding remarks 
 

7.1 Discussion 
 
In this paragraph issues from different chapters relevant to the topics of deposition, growth and 
solar cell manufacturing will be combined and discussed. Growth is here referred to as an 
evolutionary process as a function of film thickness, whereas deposition is related to the 
interdependence of process parameters and the phase composition of a film.  
 
Growth 

Growth of microcrystalline silicon was studied for amorphous substrates in §6.1. 
Microcrystalline silicon growth starts at nucleation centres as identified by SEM. The 
nucleation of crystallites can occur immediately or after an incubation phase, dependent on the 
deposition conditions. The growth process is initially inhomogeneous: at certain spots on the 
surface crystallites grow out of the amorphous tissue whereas in other regions the a-Si:H layer 
imposes its structure on the growing film. For progressively thicker films more and more 
nucleation centres originate and at the same time existent crystallites become larger and larger. 
At a certain thickness the grains coalesce and the surface crystallinity is maximum. At this 
point the presence of disordered material is mostly restricted to grain boundaries. The results 
suggest that the growth process is non-uniform in the initial phase: there is a preferential growth 
tendency in crystalline regions. The number and size of the crystallites are generally functions 
of process conditions [33], and ultimately determine solar cell performance. 
 
The a-Si:H substrate (or seed layer) condition does not imply that the mechanisms deduced 
from such studies are limited to this specific condition. By reviewing other growth and 
incubation studies in literature (e.g. [33], [15], [24], [81]) it can be concluded that the process 
evolving from incubation to steady state growth is general for µc-Si:H growth irrespective of 
the substrate. Hence the effect of the a-Si:H seed layer is not to fundamentally change the 
growth process, but rather to alter the thickness scales on which it takes place. 
  
Deposition 
The combination of process parameters, e.g. pressure, power, substrate temperature and silane 
flow, determines whether nucleation of crystallites takes place and how the growth process 
evolves. As discussed before the abundance of atomic hydrogen during the deposition process 
is crucial for the formation of microcrystalline silicon. A certain dose of atomic hydrogen per 
deposited silicon atom is required for obtaining µc-Si:H. To recall, the role of atomic hydrogen 
was threefold: removing amorphous phase material (preferential etching), re-structuring 
strained bonds in the bulk (chemical annealing) and leading growth precursors to energetically 
favoured dangling bonds on the surface (hydrogen enhanced surface diffusion). The influence 
of preferential etching will be estimated for our deposition conditions, but first the phase 
transition as a function of power and pressure will be looked at in more detail.  
 
To understand the shift of the µc�a phase transition with process parameters, the role of these 
process parameters on the ratio between atomic hydrogen and growth precursors, R, should be 
assessed. The simple plasma model introduced in Appendix E can be helpful for a first-order 
qualitative understanding of the measured transition shift and the derived scaling laws. In this 
model R was conveniently simplified and it was found to have a negative correlation with the 
silane input flow, ΦSiH4, and a positive correlation with the depletion, D. 

In §6.2 it was observed that increasing power shifts the deposition more towards the 
µc-Si:H growth regime, at constant pressure and silane flow. An increase in power leads to a 
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higher depletion of silane and consequently shifts up R. In other words, by increasing power the 
hydrogen flux increases more rapidly than the growth precursor flux, favouring µc-Si:H growth 
conditions. It could also be argued that by depletion of SiH4, the formation of higher silicon 
hydrides with low surface mobility is suppressed1. In addition it is sometimes argued [9, 82] 
that under high depletion conditions the annihilation reaction of H with SiH4 occurs less 
frequently, as discussed shortly. 
 Increasing pressure leads to a-Si:H growth conditions at constant power and silane 
flow, and a decreasing R with pressure is thus assumed. In first order one would expect that 
increasing pressure leads to a longer residence time and ceteris paribus thus increased depletion 
of SiH4 (which leads to an unexpected increase in R in the simple model). But the electron 
temperature will be reduced at elevated pressure, and this effect will in turn decrease the 
depletion. These two opposite effects show the limited feasibility of the simple model and 
suggest the need for a more quantitative (or experimental) approach assessing the role of 
process parameters on the depletion. Roschek et al [82] conclude on basis of experiments that 
in our deposition regime depletion is relatively independent of pressure (decrease of Te and 
increase of residence time might cancel out). However, a constant depletion would imply, 
according to the simple model, that R (and thus the crystallinity) does not change significantly 
with pressure, contrary to the experimental results. It could thus be argued that additional 
factors need to be taken into account. Especially at high pressure recombination and higher 
order reactions as,  
 H + SiH4 � SiH3 + H2        (7.1)  
could become of increasing importance. Reaction path 7.1 will cause a decrease of R with 
pressure, because the atomic hydrogen density is reduced by reaction with gaseous SiH4 (under 
formation of growth precursors). This assumption does fit the experimental results that higher 
pressures cause amorphization of the material (at constant silane flow and power), but is 
difficult to match with the observed increase of the atomic hydrogen emission with silane flow 
(§3.2). Whether the annihilation of atomic hydrogen by SiH4 becomes larger than the 
production of atomic hydrogen from SiH4, depends on various parameters as nSiH4, nH and ne. 
Rath et al [95] show by a one dimensional plasma model that reaction 7.1 is not significant 
under high pressure, as long as the silane concentration is kept low. Future research sorting out 
a.o. the influence of reaction 7.1 could contribute to a better understanding of the plasma 
chemistry in the µc-Si:H growth regime and the influence of pressure under the technological 
relevant conditions applied. 
 
Apart from the atomic hydrogen flux also the ion flux might influence the phase composition of 
a growing film [71]. Ions can contribute to deposition as growth precursors, but on the other 
hand high energy ion bombardment might also increase the disorder in the material structure 
[87]. The impact of high energy ion bombardment diminishes with pressure. This implies that if 
ions have an effect on the phase composition of a film, this effect will increase by lowering the 
pressure. But on the contrary by decreasing the pressure from, say, 15 to 5 Torr, at a constant 
silane flow and power, we observed an increase in crystallinity. This indicates that ion induced 
amorphization is not a dominant process under our high pressure deposition conditions. In 
agreement with a simulation study of Katsia et al [19] for similar process settings. 
 
On the basis of our etch experiments we can estimate the influence of hydrogen induced etching 
during the deposition process. To quantify this influence a ratio φ between the gross etch rate, 
denoted Σ, and gross deposition rate, r, is introduced. The SiH4 etch flow (Фetch) correlates with 
Σ and will be used as an approximate measure for the amount of etching during deposition2. 
Фetch is roughly ~0.7 sccm for µc-Si:H during hydrogen treatment (§6.2). During deposition the 
inflow of silane (ФSiH4) is ~3 sccm for µc-Si:H. Roughly 70% (depletion) of ФSiH4 will be 
                                                 
1 this effect is expected to be small, because of the linear relation between deposition rate and SiH* emission intensity, §3.2. 
2 The material during after-treatment is slightly different than during deposition, the former consisting of less strained bonds that 
have already been etched during the deposition process. Other possible differences between the gross etching rate during hydrogen 
treatment and deposition were considered in Appendix E. In any case Фetch should be interpreted as a rough estimate for the gross 
etch rate during deposition.  
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converted into growth precursors, SiHx. In addition also the decomposition of the etch products 
Фetch will contribute to a gross deposition rate (re-deposition). From equation 7.2, it can then be 
estimated that roughly 25% of the growth precursors are etched back.  
 

( ) 25.0
4

≈
Φ+Φ

Φ
≈

Σ
=

Dr etchSiH

etchϕ       (7.2) 

 
It follows that preferential etching is a significant mechanism under technological relevant 
deposition conditions for microcrystalline silicon. This is an important conclusion despite the 
already abundant literature on hydrogen etching: many studies have not been carried out under 
technologically relevant conditions and mostly the net etch rate is quantified instead of the 
gross etch rate. Moreover the role of hydrogen induced etching is sometimes underestimated in 
discussions concerning the role of hydrogen during deposition [35], [15].  
 
Application to solar cell technology 
Deposition of microcrystalline silicon for solar cells is normally carried out on µc-Si:H p-
layers. The incubation process then occurs in the p-layer which is deposited in the highly 
crystalline growth regime [45].   
 Van den Donker [2] reports that even small incubation layers of 20 nm in the intrinsic 
absorber layer already have a pronounced detrimental effect on solar cell performance. Close to 
the onset of the transition in our standard regime a solar cell efficiency of 7.5% was obtained. 
This efficiency could not have been reached if a significant amorphous incubation layer would 
have been present in the absorber film. It can be concluded that the optimum solar cells in the 
standard regime consists out of single phase microcrystalline silicon and do not exhibit a strong 
structure evolution in the growth direction, in agreement with other studies (e.g. [2], [45]). In 
contrast, for the amorphous seed layer condition a significant positive crystallinity gradient was 
observed (§6.1). Microcrystalline seed layers thus strongly enhance the nucleation of 
microcrystalline silicon, and successive deposition of microcrystalline silicon on top of such a 
p-layer surface is not expected to involve serious incubation effects. 
 It can be concluded that the microstructure of state-of-the-art microcrystalline silicon 
absorber layers is critically determined by the type of substrate or seed layer. The strong 
substrate or seed layer influence on the microstructure of µc-Si:H, suggests that optimum 
deposition conditions for solar cell absorber layers need to be adjusted to the type of substrate.  
 
The deposition process of state-of-the-art solar cell absorber layers is very sensitive to process 
drifts. A related study [84] considers the influence of process drifts (plasma induced substrate 
heating, transient depletion, etc.) on solar cell quality. The results of §6.1 suggest that unstable 
initial deposition conditions leading to an amorphous interface layer can critically determine the 
microstructure of the total film. Controlling the stability of initial deposition conditions is thus 
of importance.  
 Furthermore hydrogen induced etching of reactor surfaces can be identified as another 
process drift which mainly affects process reproducibility. For a dirty reactor the effective 
silane flow during the deposition process is expected to be larger than for a relatively clean 
reactor. Some margin for process drifts and instability should be taken into account when 
translating the onset of the transition as determined by OES to optimum deposition conditions. 
To account for drifts, the silane flow for deposition should be chosen conservatively a little 
before the actual phase transition. 
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7.2 Conclusions  
 
Two new approaches to optical emission spectroscopy were explored in this thesis to study 
themes related to deposition and growth in the microcrystalline silicon growth regime. The 
aims outlined in §1.4, will be addressed in the following. 
 

1. Phase transition from microcrystalline- to amorphous silicon 
The principal result of this thesis is the novel approach based on deposition/etch cycles, in 
combination with etch product detection by OES, to map the phase transition from µc- 
Si:H to a-Si:H in-situ. The SiH* emission intensity as measured by OES can be linked to the 
generation of etch products during a short term H2 plasma treatment step of silicon films. By 
exploiting the higher etching rate of amorphous silicon, it was demonstrated that the phase 
composition of a film can be monitored with high accuracy. The relation between the phase 
transition and relevant deposition parameters (silane flow, power and pressure) was examined. 
The novel diagnostic approach can be classified as non-intrusive and is easy applicable in a 
wide range of reactors. 
 
In addition in-situ film transmittance was used to map the phase transition from 
microcrystalline- to amorphous silicon by the increasing absorption coefficient at 3 eV as a 
function of silane flow. 
 
2. Deposition rate 
In-situ film transmittance with the plasma as a light source has been developed as a novel 
diagnostic. The deposition rate can be determined accurately from a fringe pattern obtained by 
monitoring specific emission lines through a growing film. Especially the Hα emission line was 
found suitable for probing the sample, because of its high intensity and the very small 
absorption in the film. The application of in situ film transmittance is not limited to the solar 
cell industry, but extends to a wide number of plasma processes for deposition on transparent 
substrates. 
 
3. Atomic hydrogen during H2 treatment and deposition 

The hydrogen flux towards the film surface was estimated using the etch flow, a measure for 
the generation rate of the etch product SiH4. The hydrogen flux was found to increase 
significantly with power and decrease with pressure. The influence of preferential etching by 
atomic hydrogen during the deposition process was estimated between 20-30%, implying that 
this fraction of growth precursors is etch back during growth. The net etch rate measured by in-
situ film transmittance was determined as a function of substrate temperature. A high and 
constant net etching rate over 2 Å/s was observed for low substrate temperatures (<100oC), 
indicating that bulk-crystallisation is not a significant effect under these conditions. A lower 
etching rate was observed for technological relevant conditions and it was found to decrease 
during the process due to increased film crystallinity. 
 
4. Microstructure of microcrystalline silicon and structure evolution during growth 

The structure gradient during growth of microcrystalline silicon has been studied for deposition 
on rough substrates covered by an a-Si:H seed layer. A consistent picture on the incubation of 
microcrystalline silicon was obtained by the novel OES method. It was observed that the 
positive crystallinity gradient in the µc-Si:H film depends strongly on the silane concentration 
during deposition. The microstructure of µc-Si:H is critically determined by the type of 
substrate or seed layer, especially close to the onset of the amorphous growth regime relevant 
for solar cell manufacturing. 
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Appendices  
 

A. Wavelength-dependent film transmittance 
 
This section considers in-situ film transmittance as a function of wavelength. The envelope 
method (also called Swanepoel method) to extract valuable film properties from such spectra 
will be discussed in section 1. Section 2 discusses briefly the calibration method to obtain the 
transmission spectra. Finally in- and ex-situ determined transmission spectra will be presented 
and processed in section 3. 

1. Analyses 
 
With the envelope method n, k and the film thickness can be extracted from a transmission 
spectrum of a double layer structure (film on glass substrate). Although computers have 
nowadays facilitated the use of advanced multilayer models, the envelope method is still 
valuable and easily applicable [64]. The main idea of the method will be illustrated here, a 
detailed description can be found in the paper of Swanepoel [54].  
 Figure 1 shows a typical transmission spectrum of a silicon film on glass. The 
transmission spectrum can be described by equation 4.3, which can be rewritten as: 
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and n and s the refractive index of the film (with thickness d) and the substrate respectively, x 
the absorbance and φ the phase shift. Note that the complex refractive index of the film is 
approximated by its real part, ñ ≈ n, to reduce the complexity. This is a valid approximation 
over most of the transmission spectrum region where n>>k. Note also that n and x are functions 
of wavelength. The relation between the absorption coefficient and the extinction coefficient is: 
k=αλ/4π. 
 Now depending on the value of cosφ, either 1 or -1, the interference envelope can be 
defined by the two functions that pass through the extreme points in the spectrum: 
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These functions can be determined experimentally by interpolating between the extrema in the 
transmission data. Because the interference envelope is rather smoothly varying, a 
straightforward first order interpolation was used between the extrema to obtain TM and Tm. 
Note that in practice both functions are discrete functions (consisting of the data points depicted 
as circles in Figure 1). 
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Figure 1: Measured transmission spectrum of thin silicon film on a glass substrate. The discrete 

envelope functions TM and Tm are also plotted: Circles represent the (interpolated) input values for the 
Swanepoel method. Regions of strong absorption, medium-weak absorption and transparency can be 

distinguished. 
 
Now three regions can be discerned from Figure 1: the strong absorption region, the medium-
weak absorption region and the transparent region.  

1. In the transparent region α ≈ 0, and x ≈ 1, and the refractive index can be directly 
derived from Tm.  

2. In the medium-weak absorption region (α ≠ 0) an expression independent of x can be 
obtained by subtracting Tm and TM, from which n can be derived directly. When n is 
found, the thickness can be determined straightforwardly by 2nd=mλ and then k and α 
can be readily obtained.  

3. No fringes are visible in the strong absorption region and it is thus impossible to 
determine n and x independently from the transmission spectrum. For large α, (x<<1) 
Tm and TM converge to a single function T0. Now by extrapolating the refractive index 
into this region of strong absorption, k and α can be estimated. 

 
In summary: the envelope method can be used to determine n and k and the film thickness d, 
from a transmission spectrum with fringes. The only input parameters in the model are the 
experimentally determined discrete envelope functions TM and Tm and the index of refraction of 
the substrate. The refractive index is determined independently from film thickness, whereas 
for the determination of k (and thus α) accurate values for d and n are required. Note that the 
Swanepoel method is limited to systems comprising a thin film on a thick transparent substrate. 

2. Approach 
 
For transmission spectra as a function of wavelength the absolute value of the transmission 
signal is important to accurately extract optical properties and film thickness, in contrast to time 
dependent fringe patterns. Hence, transmission spectra (denoted Itrans in the following) require a 
suitable and accurate reference spectrum (Ireference) for normalisation. No absolute calibration is 
possible, but a pure hydrogen plasma transmission spectrum through an empty substrate is 
expected to be a good candidate for such a reference spectrum. This reference spectrum is 
obtained before deposition, during a short term hydrogen plasma step. 
 When deposition of the film is completed, a hydrogen plasma can be used again to 
probe the transmission properties of the film configuration. The emission spectrum obtained 
during this short-time hydrogen plasma treatment step (Iafter) can then be divided by Ireference, to 
obtain a wavelength dependent transmission spectrum.1 

                                                 
1 Just like Iafter, the plasma emission (through the film) during deposition, Idepo, can also be normalised by Iafter to obtain Itrans. 
However, it has been verified that the accuracy of the by this method obtained wavelength dependent transmission spectrum is less 
compared to the method with Iafter. The difference in accuracy is directly linked to: 1) (small) differences in the emission profile 
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3. Feasibility of wavelength-dependent transmittance 
 
First a computer simulated model based on the Fresnel equations (see §4.2) will be used to 
determine the thickness of an a-Si:H film. In the main section the Swanepoel method is applied. 
  
Amorphous silicon films were deposited on glass and on glass+tco. Both samples were 
measured by ex-situ transmission spectroscopy, Figure 2 and 3. The thickness of the modelled 
curve has been varied till a best fit was obtained. The wavelength position of the fringes and the 
shape of the transmission spectrum can be matched very well with the experimental data. 
However, the fringes are slightly less pronounced for the experimental curves. This is most 
probably due to scattering effects or thickness inhomogeneity that are not taken into account in 
the model, see discussion. Moreover, the standard n and k values used in the model might 
deviate slightly from the actual film properties. 
 Film thicknesses obtained by modelling are in good agreement with ex-situ determined 
values by surface profiling. It can be concluded that by modelling, film thicknesses can 
effectively be determined for both two- and three layer systems. 
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Figure 2: Ex-situ transmission spectrum of a-Si:H 
layer on a corning glass substrate (black) and a 

best fit model (dashed red). 
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Figure 3: Ex-situ transmission spectrum of a-Si:H 
layer on a glass+tco substrate (black) and a best 

fit model (dashed red). 
 

An in-situ determined transmission spectrum for an a-Si:H film on glass is plotted in Figure 4. 
Two fringes are observed in this wavelength range. The SNR ratio is reasonable but deteriorates 
above a wavelength of 750 nm. The modelled spectrum in Figure 4 matches the experimental 
spectrum very well. A thickness of approximately 365 nm is determined. This is smaller than 
the ex-situ estimated thickness of the same sample (Figure 2). This discrepancy can be ascribed 
to a different measurement spot on the surface. The hole in the substrate holder, through which 
the light passes, induces a thickness non-uniformity, which can be visually observed after the 
experiment.  
 Figure 5 shows a transmission spectrum of a microcrystalline silicon film. It can be 
observed that the SNR ratio is higher as compared to the spectrum in Figure 5. This is related to 
the thinner µc-Si:H film, which yields a higher transmission signal. A first clue for the different 
absorptivity of a-Si:H and µc-Si:H is the increasing transmission around 450 nm for the µc-
Si:H film—in this wavelength region a-Si:H absorbs all the light. 
 

                                                                                                                                               
between a deposition and ‘pure’ hydrogen plasma, 2) unstable film properties during recording of Idepo: during the measurement 
time (~10 s) the layer thickness changes with about 5 nm. In contrast during recording of Iafter only some etching (for a-Si:H) takes 
place, and the measurement time can be enlarged to obtain a better signal-to-noise (SNR) ratio in the final transmission spectrum. 
Using the first spectrum of a deposition plasma to normalise successive spectra (Idepo), is another method to obtain Itrans during the 
deposition process. 
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Figure 4: In-situ transmission spectrum of a-Si:H 
layer on glass substrate. The dotted blue curve is 

best fit model, the red curve is a smoothing 
function. This film corresponds to the ex-situ 

measurement displayed in Figure 2. 
 

Figure 5: In-situ transmission spectrum of µc-Si:H 
layer on glass substrate. The red curve is a 

smoothing function. 

The Swanepoel method has been applied to in- and ex-situ transmission spectra, and the results 
for the refractive index are plotted in Figure 6. Although some scatter in the data is observed, a 
general trend of decreasing n with wavelength can be noticed, as expected. The ex-situ data 
generates more data points because of a larger number of fringes extending into the red end of 
the visual and near infrared. The in- and ex-situ determined refractive indices are in good 
agreement. It is observed that the index of a-Si:H is slightly higher than of microcrystalline 
silicon, as expected. Refractive indices obtained by Spectroscopic Ellipsometry of a standard 
µc-Si:H film are plotted for reference1. The values obtained by transmission spectroscopy are 
significantly lower (10-15%). This discrepancy can again be related to surface roughness or 
thickness non-uniformity that is not accounted for in the Swanepoel model. Note however that 
the SE reference should not be treated as the real or exact values for the corresponding films: 
The refractive index and the extinction coefficient k depend critically on the crystallinity 
fraction (and porosity) of the material (Smit et al [58], Jun et al [59],  Soppe et al [60]). 
 The extinction coefficient is plotted in Figure 4.7. For wavelengths above 800 nm k is, 
to a good approximation, zero. This indicates that the film is nearly transparent for light at these 
wavelengths. Below 800 nm the absorption in the film increases exponentially. The k-values 
have been translated into absorption coefficients to facilitate a comparison with literature 
values. A common used measure for the absorption is E04 (and E05), the energy at which the 
absorption coefficient reaches 104 (or 105) cm-1. Values obtained from ex-situ transmission 
spectra are shown in Table 1, together with literature values. E04 is in good agreement with 
literature values, but proves to be inaccurate for discriminating between a-Si:H and µc-Si:H, 
because the energy region for an absorptivity of 104 cm-1 is roughly the same for both materials. 
This can also be concluded by observing data from Vetterl [42] and Soppe et al [60]. E03 has 
also been determined, but this value strongly deviates from expected values. Especially in the 
very weak absorption region inaccuracies in the envelope functions lead to large relative errors 
in the extracted absorption properties. 
 
Table 1: Graphically determined values for E04 compared to values from literature 

E04 (eV) 
Sample 

Ex-situ 
transmission 

Literature 
 

µc-Si:H (3 sccm) 1.9 eV 1.85 ±0.05 eV [59], 1.92 eV [60] 
a-Si:H (5 sccm) 1.85 eV 1.95 ±0.05  eV [45], 1.86 eV [60]  

 

                                                 
1 these data are standard data for reference used in FZJ. 
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Figure 4.6: Index of refraction as a function of 
wavelength. Values determined by the Swanepoel 

method are compared to SE data. 
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Figure 4.7: Extinction coefficient as a function of 
wavelength. Values determined by the Swanepoel 

method are compared to SE data. 

 
Strong absorption 

The strong absorption region does not exhibit any fringes. The raw transmission data can now 
be used, instead of manually constructed envelope functions, for the determination of the 
absorption coefficient. Figure 8 shows the absorption coefficient as a function of energy. The 
distinction between a-Si:H and µc-Si:H is apparent. The in-situ determined absorption 
coefficients are in relatively good agreement with the ex-situ determined values. Table 2 lists 
the graphically obtained E05 parameter. The data are in good agreement with literature. 
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Figure 8: Absorption coefficient in the strong 
absorption region as a function of energy. For the 

input parameter n(E), experimental SE data is used: 
No distinction between a-Si:H and µc-Si:H is taken 
into account. This results in an error of maximum 

5%. 
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Figure 9: Determination of the Tauc gap as the x-
axis interception, for an amorphous silicon film. 

For accurate results extrapolation should be 
restricted to the linear part of the graph. 

The absorption coefficient in the region of strong absorption can be used to determine the Tauc 
gap Etauc, valid for a-Si:H. By plotting the square root of the product of α with energy (E), the x-
interception yields Etauc [6] : 

 )( taucEEBE −=α        (3) 

A linear extrapolation fit produces the following values for the ex-situ data: B = 1035±12 cm-1 
eV-1 and Etauc = 1.78±0.05 eV, Figure 9. B is inversely proportional to the extent of the tail 
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states at the conduction and valance band edges. B is in the same order as obtained by AY et al. 
[61]. Etauc is in good agreement with the value obtained by Smit et al [58] for a-Si:H near the 
transition towards the microcrystalline silicon growth regime.  
 Because of the extrapolation procedure the Tauc gap did not prove to be a very accurate 
measure to study gradient changes in film structure. E05 is a better ‘Figure of merit’ for the 
optical absorption of microcrystalline- and amorphous silicon. 
 
Table 2: Values for E05 compared to literature.  

E05 (eV) 

Sample 

In-situ Ex-situ 

transmission 

Literature 

 

3 sccm 2.5 eV 2.58 eV 2.7 ±0.05  eV [59] 
5 sccm 2.25 eV 2.30 eV 2.3-2.4 eV [5] 

 
Discussion 
The in-situ transmission spectra as a function of wavelength contain 2 (or at most 3) fringes for 
thin films ~ 0.5 µm. These fringes are located in the medium- to weak absorption region, but do 
not extend to the transparent region. Thick films of e.g. 1 µm generate 4 fringes in the 
wavelength range of interest. However, increased thickness brings about a further reduction of 
the signal-to-noise ratio due to increased absorption. It can be concluded that there is a trade-off 
between the number of data points (fringe extrema) that increase with thickness and the SNR. 
 
The inaccuracy in k and α stems from the many input parameters and their associated errors, in 
the Swanepoel model: the refractive index, film thickness and the envelope functions. The 
accuracy of the envelope functions is largely determined by the calibration method for 
obtaining transmission spectra. 
 In the low energy, semi-transparent range k is almost zero and the relative error is large. 
In contrast, the accuracy of the index of refraction is only determined by the envelope 
functions, and according to Swanepoel a 1% error in the envelopes leads to only a 3% 
maximum error in n.  
 
The standard Swanepoel method does not take into account surface roughness or 
inhomogeneous film thickness. Both mechanisms reduce the envelope functions. Swanepoel 
describes a method [62] to compensate for the non-uniform film thickness. However, this 
correction can only be applied accurately if absolute values of film inhomogeneity are known. 
 
In Chapter 4 single wavelength time-dependent transmission spectra are used as an alternative 
more direct means to determine film thickness and study film absorption. 
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 B. FTIR absorption spectroscopy and OES 
 
Fourier transform infrared absorption spectroscopy (FTIR) in the gas exhaust can be used to 
study transient depletion and quantify the silane concentration in the plasma [35]. Here FTIR 
has been used as a complementary diagnostic to optical emission spectroscopy. It is expected 
that the SiH* signal during etching corresponds with an equivalent silane concentration 
detectable in the gas-exhaust. 
 In Figure 1 the experimental setup is sketched. Experiments have been performed on 
the large area reactor in the high pressure depletion regime, Table 1. 
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Figure 1: Schematic of the experimental setup. 
 

 

 

 
Table 1: Deposition parameters 

Process 
parameters  

Typical value/range: 
 

Pressure 8 Torr 
Power 400 W 
Temperature 150oC 
H2 flow 2000 sccm 
SiH4 flow 10-100 sccm  

The measurement approach is based on deposition and etch cycles. Films were deposited at 
various silane flows and each time probed by a pure hydrogen plasma. Deposition was carried 
out for roughly 5 minutes, resulting in an average layer thickness above 100 nm. Etching was 
carried out for 2 minutes. During both deposition and etching OES and FTIR signals were 
recorded. 
 A typical FTIR spectrum before plasma ignition is shown in Figure 2. Silane 
contributions are present around 2189 cm-1 and 913.3 cm-1. The ro-vibrational fine structure of 
the silane absorption is displayed in Figure 3. In the following the Q-branch is used as measure 
for the silane absorption. 
 Figure 4 shows the transient FTIR signal during both deposition and etching. The 
plateau during deposition (time<25s) corresponds to the situation without plasma. When the 
plasma is ignited, the SiH4 is depleted and the absorption of SiH4 in the gas-exhaust decreases. 
A depletion of 60% can be directly estimated from the graph. The FTIR signal shows an 
increasing but saturating trend during etching. The etch products that flow into the plasma are 
partly dissociated by electron impact. Silicon containing species that do not contribute to re-
deposition together with the not dissociated etch products will eventually reach the gas exhaust. 
Due to recombination, it is expected that only SiH4 and H2 reach the pumping line. The time to 
reach a stable FTIR signal during etching is in agreement with the calculated residence time for 
the particles (~70s), at these specific process settings. 
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Figure 2: FTIR absorption spectrum ranging from 
400-6000 cm-1. Silane absorption is indicated. The 
signal around 3250 cm-1 is a measurement artefact. 
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Figure 3: Rovibrational absorption spectrum of 
silane displaying the P, Q and R branch associated 
with a rotational quantum number transition ∆J = 

+1, 0 and -1 respectively.  The rotational fine 
structure is clearly observed 

 
Figure 5 shows the FTIR signal as a function of silane flow, before plasma ignition 
(corresponding to the plateau in Figure 4). When extrapolated the FTIR signal should go 
through the origin, and a slightly non-linear trend can be observed. This could be related to a 
lack of resolution (Cleland et al [91]). The stabilized SiH* emission intensity during plasma 
operation is also shown. The FTIR signal as plotted in Figure 5 will be used later to quantify the 
FTIR signal during etching by translating it into an equivalent silane flow. 
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Figure 4: Transient FTIR signal (Q-branch) as a 
function of time during deposition and etching. 
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Figure 5: FTIR signal of gas flow (without plasma) and SiH* 
emission with plasma as a function of silane flow. 

 
The (stabilised) FTIR signal after ~90s of etching  is used as a measure for the amount of SiH4 
that can be detected during the etch step. Figure 6 shows the FTIR signal during etching as a 
function of the silane flow during deposition. The FTIR signal rapidly increases for films 
deposited at silane flows above 40 sccm, indicating the onset of the transition from µc-Si:H to 
a-Si:H. The etch flow as derived from the SiH* emission during etching is also plotted. The 
FTIR signal during etching correlates perfectly with the etch flow. 
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Figure 6: Etch flow as determined by OES and the FTIR signal at ~90s of etching (circles) as a function 

of silane flow during deposition.  
 

In this regime a solar cell has been deposited at a silane flow of 34 sccm. Its electronic 
properties are listed in Table 2. The high efficiency, the open circuit voltage around 500 mV, 
and the very small lateral structure non-uniformity as symbolised by the error in the parameters 
indicates optimum deposition conditions close to the transition to amorphous silicon growth. 
This notion is in agreement with the onset of the transition at 40 sccm as determined in-situ. 
 
Table 2: Electronic parameters of solar cell deposited at 34 sccm 

η FF Voc Jsc 
7.5±0.2 % 71.6±0.5 % 505±1.6 mV  20.6±0.6 mA/cm2 

 
The FTIR signal during etching is related to a ‘residual flow’ of etch products from the plasma 
into the pumping line. To translate the measured FTIR signal during etching into an equivalent 
residual SiH4 flow, a ratio (say φ) between the FTIR signal and silane flow is required 
(calibration). Despite the non-linearity a value of φ=0.04 sccm-1 (i.e 0.6/15 sccm) can be 
estimated from the 15 sccm data point of graph 5. As an example, we can take the FTIR signal 
measured during etching of a film deposited at 70 sccm (Figure 6) and find for the residual SiH4 
flow: 0.135/(0.04 sccm-1) = 3.4 sccm. The SiH4 etch flow as determined by OES is ~13 sccm. It 
follows that from this 13 sccm, apparently 13-3.4=9.6 sccm is depleted in the plasma. This 
comes down to a depletion of roughly 74%. This degree of depletion is slightly higher than 
determined by FTIR during deposition at 15 sccm (60%). It should be taken into account that 
the non-linearity of graph 5 complicates the determination of an accurate FTIR signal/flow–
ratio. A relative error of 30% in the calculated residual flow should be taken into account. 
 
It can be concluded that infra-red absorption spectroscopy in the gas-exhaust can be used to 
measure and quantify the etch product SiH4 generated during hydrogen treatment of prior 
deposited films. The phase transition from microcrystalline- to amorphous silicon can be 
determined in-situ by both OES and FTIR. The application of FTIR is especially valuable if no 
optical port is available in the reactor chamber. 
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C. OES and the phase transition at different reactors  
 
The OES method for determining the transition from µc-Si:H to a-Si:H is cross-checked on the 
cluster tool and large area reactor. Figure 1a shows etch flow (sccm) as determined by OES 
during a deposition/etch cycle as a function of silane flow during deposition (cluster tool). At 
the point where the etch flow increases, best solar cells are deposited, Figure 1b.  
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Figure 1: Etch flow (sccm) as a function of silane flow for the cluster tool operating with VHF frequency 
(94 MHz), a power of 20W, and a pressure of 1.5 Torr, compared to solar cell properties. An increase in 

the etch flow corresponds to the onset of the phase transition from microcrystalline- to amorphous 
silicon growth conditions (a). Solar cell efficiency as a function of silane flow (b). Best solar cells are 

obtained at the point where the etch flow increases. 
 
The same regime as corresponding to Figure 1 has been examined but now in the cross flow 
configuration. The phase transition shifts from 5 sccm SiH4 (showerhead) to 7 sccm, Figure 2. 
This shift is also reflected in the electronic properties of a series of solar cells deposited in this 
regime. Figure 3 displays the transition as measured in the large area setup. A sharp increase in 
the etch flow is observed around 45 sccm.1  
 It can be concluded that the OES method for determining the phase transition is reactor 
and process regime independent. 
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Figure 2: Cluster tool with cross flow configuration 
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Figure 3: Large area reactor 

 

                                                 
1 In this standard regime optimum solar cells are deposited at 40 sccm. A certain margin between the onset of the 

transition and standard process cells is usually maintained to increase process reproducibility and to avoid too strong a deviation 
from the optimum deposition regime by process drifts. 
 



 83 

D. Pre-conditioning 
 
Two questions will be addressed in the following section: 
• Can the reactor chamber be pre-conditioned? 
• What part of the total SiH* emission during hydrogen treatment originates from the 

substrate? 
 
Pre-conditioning means that homogeneous material properties can be obtained in the reactor by 
deposition of a layer under microcrystalline- or amorphous silicon growth conditions. Reactor 
refers here to the lower electrode, the substrate and the substrate holder—other reactor surfaces 
are not exposed to the plasma and are expected to play no significant role in the following 
analyses. The SiH* emission during hydrogen treatment originates from etching of all the 
material deposited in the reactor chamber, but is linked up with the material properties of the 
film on the substrate. Because a correlation between global SiH* emission during etching and 
local film properties exists, it is expected that preconditioning works sufficiently and this idea 
will be tested in the following. 
 Both electrodes have the same area (150 cm2), the substrate surface is 100 cm2, leaving 
50 cm2 of the upper electrode for deposition (Figure 1). To further investigate what part of the 
SiH* emission during hydrogen treatment originates from the film on the substrate and whether 
pre-conditioning of the chamber works, several experiments have been performed. First a film 
is deposited on a glass substrate (condition A) at 
1.5 sccm SiH4 (µc-Si:H). After a short hydrogen 
treatment step to measure the SiH* emission, the 
substrate with film was replaced by a new glass 
substrate without a film (condition B). Hydrogen 
treatment was carried out again, and the emission 
recorded. This procedure was repeated under 
amorphous growth conditions. Results are plotted 
in Figure E.2. From this graph it follows that: 

1. The SiH* emission is higher for 
condition A than for B (comparison of 
line 1 and 2, and line 3 and 4); 

2. The SiH* emission for condition B 
increases to a stable value within about 40s. It is hypothesized that chemical 
transport of etch precursors from the showerhead electrode cause a deposition on 
the glass substrate under microcrystalline silicon growth conditions. The etch rate 
increases within the first 40 seconds because the re-deposited material on the glass 
substrate can now also be etched. The emission stabilises when an equilibrium 
between etching and re-deposition is set (line 2 and 4). 

3. The SiH* emission for condition B is 40% higher for amorphous chamber 
conditions than for microcrystalline conditions (comparison of line 2 and 4, for 
times < 40s).  

showerhead electrode: 150 cm2

plasma

substrate holder exposed to plasma:
50 cm2

film: 100 cm2

Figure 1: Sketch of reactor. Plasma 
exposed surface areas are indicated. 
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Figure 2: Emission as a function of time during 
etching with and without a film on the substrate 
under microcrystalline and amorphous conditions. 

 
Figure 3: Share of SiH* originating from etching 
of a film on a substrate and etching from reactor 
walls, for µc-Si:H (3 sccm) and a-Si:H (5 sccm) 
deposition conditions 
 

The ratio of the SiH* emission originating from a film on the substrate to the total SiH* 
emission, can be obtained by comparing line 4 with 3 and line 2 with 1 while only taking into 
account the first 10 seconds to avoid the influence of re-deposition. For both amorphous and 
microcrystalline conditions the emission during etching of a dirty chamber with a film on the 
substrate is 30% higher than during etching of the dirty chamber without a film on the substrate. 
It can thus be concluded that roughly 1/3 of the SiH* emission originates from the film on the 
substrate, and 2/3 from other surfaces. This agrees with the surface ratio between the film 
surface area and the total effective reactor area. Figure 3 schematises the contribution of the 
film to the global emission intensity during etching. 

Furthermore, as is already known from section 5.4, the SiH* emission increases by 
~40% going from microcrystalline- to amorphous silicon (condition A). As has been mentioned 
under point 3) the increase of etching for condition B (no film on the substrate) is also ~40%. 
Hence it can be concluded that preconditioning the reactor chamber works well: the deposited 
top layer on the lower electrode is expected to have the same properties as the film on the 
substrate.  
 This conclusion is expected to be reactor- and substrate temperature dependent. In a 
reactor where a serious temperature difference exist between the lower electrode and the 
substrate, different etch rates should be expected. 
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E. Plasma modelling 
 

In this section a simple plasma chemistry model is introduced to: 
 1) express the etch flow (see Chapter 5) in terms of the atomic hydrogen density;  
 2) determine a simple ratio, R, between the hydrogen- and the growth precursor flux; 
 3) compare R to ROES the ratio between H* and SiH*; 
 4) assess the influence of the silane gas flow on the hydrogen density/flux. 
  
A model describing the main mechanisms taking place in a hydrogen/silane plasma has been 
proposed by van den Donker [90], Howling [67] and Strahm [35]. Main aspects of these models 
will be introduced and adapted to our situation in the following, but for a detailed study one 
should refer to above mentioned publications. 
 The model does not take into account ion formation or higher order reactions like three 
particle reactions and the abstraction reaction: H + SiH4 � H2 + SiH3.

1 Adding these (perhaps 
significant) additional factors improves the model, but for simplicity and to be able to derive an 
analytical solution they will be omitted in the following.  
 
Balance for SiH4 during deposition 
The silane density nSiH4 in the plasma is constant over time: 
  

⇒=
∂

∂
04

t

nSiH  ФSiH4 – ne k1 nSiH4 – p nSiH4 + ε∇ ΓH = 0  

 
With ФSiH4 the silane feed gas flow here expressed in (cm-3s-1), ne (cm-3) the electron density, k1 
(cm3s-1) the generalised reaction coefficient for silane dissociation (dependent on Te), p=1/τres a 
pumping term to reflect the residence time of the particles. The term ε∇ ΓH is the production 
term of SiH4 by etching, with an etching probability ε (large for a-Si:H, small for µc-Si:H and 
dependent on substrate temperature), and ΓH the flux of atomic hydrogen (cm-2s-1) which can be 
written according to Fick’s law [92] as ГH = δH ∇ nH ≈ δH (2/dgap)nH, with δH (cm2s-1) the 
diffusion coefficient for hydrogen, dgap the electrode gap and nH the atomic hydrogen density. In 
the following a generalised etching coefficient which takes into account particle diffusion, E = 
ε δH ∇

2 (s-1), is introduced for simplicity. 
 
Balance for SiH4 during etching 
  

⇒=
∂

∂
04

t

nSiH  E nH – ne k1 nSiH4 – p nSiH4 = 0 

 
We can solve for the silane density during deposition and etching: 
 deposition:  nSiH4 = (ФSiH4 + E nH )/(ne k1 + p) 
 etching:  nSiH4 = E nH/(ne k1 + p) 
 
The SiH* emission can be expressed as: 

deposition:  SiH* = (Koes χ) ne k1 nSiH4 = (Koes χ) fdepl (ФSiH4 + E nH) 
etching: SiH* = (Koes χ) ne k1 nSiH4 = (Koes χ) fdepl E nH  

 

                                                 
1 In section 3.2 it was argued that the dissociation of silane is the main mechanism for the production of growth precursors, and 
consequently that the reaction between H and SiH4 is not significant. Future (modelling) work, like in ref. [95] where it is 
concluded that the importance of the abstraction reaction depends on plasma settings, could include this reaction to estimate its 
influence on the atomic hydrogen density. 
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with, fdepl = ne k1/(ne k1 + p) a factor taking into account the depletion of the silane flow, and 
KOES a proportionality term taking into account for instance the detection efficiency, and χ the 
share of SiH* from the total dissociation of SiH4. χ thus depends on the electron energy 
distribution function (EEDF).  
 
Assuming that fdepl is the same for a hydrogen/silane- and for a pure H2 plasma (i.e. pumping 
rate remains constant) and that etching, EnH, is to a good approximation also similar (this will 
be discussed shortly) we can write: 

 
σ = (SiH*depo – SiH*etch) / ФSiH4 = fdepl KOES χ  
SiH*etch / σ = E nH = ε∇ ГH = Фetch  

 
Conclusion: Фetch is proportional to the hydrogen flux, ГH, and Фetch is not directly dependent 
on plasma properties (e.g. in contrast to SiH* emission that depends on e.g. ne) or measurement 
specifics. Only through nH, Фetch is indirectly dependent on plasma properties. 

It follows that the H-flux, can be determined by Фetch/ε. Note here that Фetch needs to be 
expressed in the rights units, to be either a flow (cm-3s-1) or a flux (cm-2s-1), the latter takes 
account of the surface exposed to the plasma (see also §5.4). For a constant etch probability and 
thus material properties, the measured Фetch reflects the hydrogen flux towards the film, under 
different process settings (e.g. power). Determination of Фetch during H2 treatment thus provides 
a means to study the hydrogen flux as a function of process parameters (§6.2). 
 
Three more equations are needed to define nH and complement the chemistry model by the 
introduction of the aforementioned ratio R.  
 
Balance for SiHx (growth precursors) during deposition and etching 

 

⇒=
∂

∂
0

t

nH ne k1 nSiH4 – S nSiHx = 0 

 
With S a generalised sticking coefficient for deposition (also taking account of radical diffusion 
similar to E). Pumping of radicals can be neglected compared to the other loss mechanism. 
 
Balance for H during deposition and etching 
 

 ⇒=
∂

∂
0

t

nH 2 k2 ne nH2 + a ne k1 nSiH4 – 4 E nH – r nH = 0 

 
With r = 1/τreac taking into account surface recombination, other than etching. The factor a can 
be set to 2 indicating that dissociation of silane releases 2 hydrogen atoms on average [19]. The 
dissociation coefficient for H2 is approximated by k2. The term 4E reflects that on average 4 
hydrogen atoms from the plasma are required to form the main etch product silane.  
 
Balance for H2 during deposition and etching 
  

⇒=
∂

∂
02

t

nH
ФH2 + S nSiHx + ½ r nH – k2 ne nH2  – p nH2 = 0 

 
Pumping rate, p, for H2 and SiH4 are similar. The factor S takes into account the release of H2 
under deposition of silane radicals (to a good approximation the film consists of Si only).  
 
Because pumping of atomic hydrogen can be neglected compared to the other loss terms (E and 
r), the H-atom diffusion rate can be described by: 



 87 

 
 λH = 2 ne k2 nH2 + 2 ne k1 nSiH4      (1) 
 
It follows that λH (and thus the hydrogen flux) is determined by both the H2 and silane density 
in the plasma, as well as by ne and by Te (through k1 and k2). Gas phase recombination of H-
atoms is not taken into account.  
 
Ratio between the hydrogen- and the growth precursor flux 
On the basis of the model Strahm et al introduce a ratio to reflect the  atomic hydrogen to silane 
radical flux ratio as follows: 
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With λSiHx=nek1nSiH4 (the rate of film growth per unit volume) and κ = k2/k1, cp = nSiH4/(nH2 + 
nSiH4) the silane concentration in the plasma, which is related to the input silane concentration, 
c, through cp = c(1-D), with D the depletion. c can be expressed as c = ФSiH4/(ФSiH4 + ФH2), the 
ratio between the input flows. Equation 2 shows that the silane concentration in the plasma is an 
important parameter determining the atomic hydrogen to radical flux ratio, and consequently 
film crystallinity. R can now be conveniently expressed in terms of ФSiH4 and D, 
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During our experiments ФH2 is held constant at 360 sccm and κ≈1/40 [94]. 

Equation 3 relates the ratio between atomic hydrogen and growth precursors to the 
silane feedstock gas and depletion. Large values of R can be related to µc-Si:H deposition 
conditions, whereas small ratios lead to a-Si:H. R is a decreasing function of ФSiH4 and 
increasing function of D. The depletion is a function of process parameters like pressure and 
power. Assuming a constant depletion, the decrease of R with silane flow is in qualitative 
agreement with the experimentally determined phase transition towards a-Si:H growth as a 
function of silane flow.  
 
H*/SiH* ratio compared to R 

On the basis of the model we can now determine whether the ROES (H*/SiH*) as introduced in 
Chapter 3 reflects the ratio between particle fluxes as expressed by R. We can describe ROES as: 
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With k3 and k4 the rate coefficients for dissociative excitation of H2 and for ground state 
excitation of atomic hydrogen respectively, and k5 the rate coefficient for dissociative excitation 
of silane producing SiH*. For large nH the ROES ratio thus also depends on the atomic hydrogen 
density in the plasma, and is in this respect different to R. It is only in the limit of (k4nH and 
k1nSiH4 ) << k3nH2, that ROES correlates with R and reflects the hydrogen to growth precursor 
flux. Although even in this limit and dependent on deposition conditions, quenching [86] and 
self-absorption [47] could weaken the relationship between ROES and R. This underlines the 
importance of a more direct approach for studying the hydrogen flux towards the substrate, 
instead of monitoring excited hydrogen emission, as will be demonstrated in §6.2. 
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Hydrogen flux in H2/SiH4 plasma 
The etch flow, and the hydrogen flux that can be derived from it, were determined in a 
hydrogen plasma. In general we are interested in the amount of etching and the hydrogen flux 
during deposition. An important question is thus: are the measured hydrogen flux and etching 
rate for a H2 ‘etch’ plasma comparable to those for a deposition plasma?  
A difference in the gross etching rate between the two plasmas can be caused by: 

1. Different plasma properties (ne, Te); 
2. Different hydrogen density; 
3. Different etch probability. 

The main difference between a H2 ‘etch’ plasma and a H2/SiH4 deposition plasma is the higher 
silane density in the latter, but note that an etch plasma also contains silane as a product of 
etching. No clear evidence was found for changing plasma properties (ne, Te) with silane flow 
(Chapter 3) and this leads us to conclude that cause 1 can be neglected.  
 
The atomic hydrogen density depends on the H2 and SiH4 density in the plasma (equation 1) 
and is thus expected to change with silane flow. The influence of the silane flow on the atomic 
hydrogen density can be assessed by introducing a straightforward ratio reflecting the atomic 
hydrogen fluxes in a H2/SiH4 and in a H2 plasma: 
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With a ratio k1/k2 of ~40, the hydrogen flux in our H2/SiH4 plasma (~3.5 sccm SiH4, D ≈ 0.7) is 
only about 10% larger as compared to a pure H2 plasma. Qualitatively, this is in agreement with 
the increase in H* emission as a function of silane flow (§3.2). (In this plain model we 
considered SiH4 to be a source of H only, which is only valid for specific conditions [95].) 
 
The etch probability of a hydrogen atom arriving at the surface of a silicon film is determined 
by factors like surface recombination, the surface diffusion constant, surface roughness, and 
most importantly the surface composition (i.e. crystallinity). In a deposition plasma the amount 
of growth precursors at the film surface is larger than in a ‘etch’ plasma. Consequently the 
reaction rate of atomic hydrogen with these surface radicals will be higher. Because of the 
typical low density of radicals, however, it is questionable if this factor contributes significantly 
to the etch probability.  
 
The three aforementioned mechanisms that influence the gross etch rate under addition of silane 
were discussed, and are expected to be rather small under large hydrogen dilutions. The 
assumption that Фetch (measured under H2 plasma conditions) is also representative for the 
amount of etching during deposition under different process settings (power, pressure, etc.) is 
expected to be valid provided that the silane input concentration is low.  
 
 
To summarize the whole section: the simplified model provides a phenomenological framework 
to understand the mechanisms playing a role in the deposition process leading to µc-Si:H 
growth conditions. It was shown how the etch flow can be related to the hydrogen flux and 
density. A ratio R between the hydrogen flux and growth precursor flux was introduced in 
terms of the depletion and silane input flow, and it was shown to differ from the empirical ROES 
ratio. The differences between etching in a hydrogen and a H2/SiH4 plasma were discussed. 
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F. Raman information depth 
 
The depth dependent probability of a Raman scattering event is proportional to the exponential 
Beer-Lambert absorption equation. A scattering event occurs at a certain depth d, but the 
(wavelength shifted) light (λ+∆λ) can only be detected after travelling another distance d before 
leaving the film. The total absorption length is then to a good approximation 2d 1. 

The information depth profiles of several Raman laser wavelengths are plotted in 
Figure 1. A distinction is made between amorphous silicon (dotted lines) and microcrystalline 
silicon. Absorption coefficients determined by the in-situ single wavelength transmission 
experiments have been used to approximate film absorption at the specific Raman laser 
wavelength: The SiH* emission is used for the violet laser line (413 nm), Hβ for the blue-green 
line (488 nm) and for the red line (648 nm) the Hα emission (656 nm) is used. 
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Figure 1: Information depth profiles for Raman spectroscopy for different probe light wavelengths.  

 
An arbitrary measure for the penetration depth, facilitating a comparison between a-Si:H and 
µc-Si:H at different wavelengths,  can be estimated by verifying the depth corresponding to for 
instance 80% of the total Raman signal. At 413 nm the Raman signal is dominated by the 
surface and subsurface for a-Si:H (15 nm) and µc-Si:H (30 nm). For 488 nm light the film is 
probed deeper, 30 nm for a-Si:H and 120 nm for µc-Si:H. The red light probes a µc-Si:H film to 
depths over 1 µm. Amorphous silicon films do not exhibit significant absorption in this range, 
and the Raman signal thus incorporates information on the average microstructure of the whole 
film. 
 It can be concluded that the penetration depth of the Raman laser at different 
wavelengths differs significantly for a-Si:H and µc-Si:H. This notion should be taken into 
account for investigating the depth dependent microstructure of a film. 
 
 

 

                                                 
1 In reality the light is detected under a certain angle, which slightly reduces the information depth  
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G. Comparison between ‘deposition’- and ‘etch’ plasma 
 
The silane concentration in the plasma, cp, might influence Te and ne. Kampas et al [49] report 
for instance that ne decreases and Te increases with cp for their specific conditions. The 
influence of the silane flow on plasma properties will be investigated in the following. 
 It is observed that the continuum emission increases with silane flow, Figure 1 and 2. 
The increase follows the same trend as the H* emission. The increase in continuum emission 
could perhaps be ascribed to enhanced hydrogen ion recombination or a higher ne. The SiH* 
(and also Si*) emission, however, increase linearly as a function of silane flow, Figure 4. If the 
silane flow would change ne significantly, a perfect linear relationship is not expected, but 
instead a curve with an increasing slope. Significant changes in Te should be reflected in the 
Hβ/Hα-ratio [18], plotted in Figure 3. No clear trend is observed, and Te is thus not expected to 
change drastically as a function of silane flows under the applied conditions, in agreement with 
Howling et al [37]. 
 The SiH* spectrum has been compared with a modelled spectrum with the program 
Lifbase to obtain a rotational temperature Trot = 450±100 K and vibrational temperature Tvib = 
2500±500 K, see Figure 5 and 6. Interestingly, we observe that there is no high rotational 
excitation for SiH*, contrary to other studies [85, and references therein]. In fact, under our 
experimental conditions including high pressure, SiH* seems to be in good thermal 
equilibrium, and Trot is comparable with the gas temperature. This notion is in agreement with a 
much smaller collision time of about 30 ns as calculated for SiH* under our conditions, than the 
radiative lifetime of 530 ns. An increasing Tvib (indicative for Te) or a clear trend with silane 
flow (indicated by an increase in the ratio between 420 and 414 nm SiH* peak), was not 
observed. Small differences in the spectra of Figure 5 and 6 are attributed to the fitting 
procedure, in which a pure hydrogen plasma (recorded in a clean reactor) is subtracted from the 
H2/SiH4 spectrum, rather than to fluctuations in Trot and Tvib. This limits the accuracy of 
experimentally studying plasma properties by changes in the rovibrational shape of the SiH* 
emission. 
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Figure 1: Emission spectrum in the range of SiH* 
emission shifts upwards with silane flow. 

 
Figure 2: Emission spectrum in the range of Hβ 
emission shifts upwards with silane flow. 
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Figure 3: Ratio between Hβ and Hα emission as a 
function of silane flow. No clear trend observed. 
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Figure 4: Intensity of SiH* branches at 414, 413 
and 420 nm as a function of silane flow. 
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Figure 5: SiH* spectrum measured (circles) at 1.5 
sccm, and  simulated with Tvib = 2500 K and Trot = 

450 K. 
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Figure 6: SiH* spectrum measured (circles) at 8 
sccm,  and simulated (corresponding to Figure 5) 

 
It can be concluded that there is no unequivocal experimental evidence for a change in ne and Te 
as a function of silane flow. Further research on this aspect, e.g. by comparing SiH* and H* 
emission with H2 fulcher emission (nH2 is expected to be relatively constant in the plasma), 
could be of interest.
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H. Experimental approach depth profiling 
 
This section serves to elucidate the measurement approach of §6.1. Figure 1 shows the SiH* 
emission intensity corresponding to several deposition and etch cycles. The first 5 data points 
correspond to deposition at amorphous silicon growth conditions and subsequent etching 
(squares). A small (long term drift) can be observed in both the deposition and etch signal. The 
6th data point corresponds to deposition under highly crystalline growth conditions (1 sccm) for 
2 minutes. The etch signal corresponding to this film decreases drastically. This indicates that 
the film has a higher crystallinity fraction than the amorphous seed layer. The 7th data point 
corresponds again to amorphous deposition conditions. It is observed that the SiH* signal 
during etching is at the same initial level again. The next data point is obtained for a film 
deposited at a silane flow of 2 sccm for 2 minutes. A significant decrease in the etch signal is 
observed, indicating an increased surface crystallinity. Note that the crystallinity for the 2 sccm 
SiH4 film is lower (etch signal higher) than for the film deposited at 1 sccm SiH4, as expected. 
The measurement ends with deposition and etching of another amorphous seed-layer. 
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Figure 1: SiH* emission intensity for subsequent deposition/etch cycles. Signals are normalised. 

 
It can be concluded that the SiH* emission intensity during both etching and deposition 
decreases over time (maximum 10% over the total measurement time). However, the decrease 
in the SiH* intensity during etching, due to increased surface crystallinity and thus less 
preferential etching of a-Si:H, is much more pronounced. The long term drift can be 
compensated for by dividing the etch signal by the relative decrease of the emission during 
deposition of the amorphous seed layer. 
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I. SiH* transient during long term hydrogen treatment 
 
The average SiH* emission during the first minutes of hydrogen exposure correlates with the 
amorphous content of a treated film (Chapter 5). On these small time scales material 
modification is negligible. To study long term hydrogen-film interaction the SiH* emission 
during H2 treatment was monitored for up to two hours for a large number of samples, of which 
some illustrative examples are plotted in Figure 1 and 2. 
 It is observed that the SiH* emission during etching decreases exponentially with time. 
The decrease after 60 minutes is ~25% for µc-Si:H samples and ~35% for a-Si:H samples. To 
be able to interpret the long term drift, a comparison is made with the long term drift observed 
during deposition. After a strong initial decrease in the first minute ascribed to back diffusion 
[11], the slope of the decreasing emission is comparable to that during etching of a 
microcrystalline sample. This strongly suggests that the cause for the long term decreasing 
emission is very much the same for both deposition and etching of microcrystalline samples. It 
is hypothesised that the decreasing (but saturating SiH* signal) could be related to a decreasing 
gas density at constant pressure, due to plasma induced heating of the reactor chamber.  
 For amorphous samples the more pronounced decrease of the SiH* emission could be 
attributed to surface modification and crystallisation leading to a lower etching rate. Because 
the etch rate decreases with substrate temperature, plasma induced substrate heating could also 
play a role in the decreasing SiH* signal. The strong decrease during etching at 50oC can be 
explained by a more effective plasma induced gas and substrate heating at low substrate 
temperatures. 
 The intensity of the SiH* peak reaches its maximum value between 30-90s after plasma 
ignition. An illustrative example is shown in Figure 2. The initial increase cannot be explained 
by plasma instability. The plasma is stable within a couple of seconds, as indicated by a 
constant Hα emission intensity. The initial increase of SiH* emission could indicate that a 
certain time is needed to fully initiate the etching mechanism. This effect is also present for 
microcrystalline silicon samples, but less pronounced and occurring on shorter time scales.  
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Discussion 
A reason for the initial increase in SiH* emission can be the diffusion of hydrogen into the 
subsurface of the film. Hydrogen atoms that diffuse into the material cannot contribute to 
etching reactions on the surface, and therefore the etch rate is lower in the beginning. This in-
diffusion decreases rapidly with time as the film becomes more hydrogen rich. This observation 

Figure 1: Long term evolution of the SiH* emission 
during etching of a-Si:H and µc-Si:H. Long term 

drift during deposition shown for comparison. 

Figure 2: SiH* emission transient at the onset of 
etching for a-Si:H (5 sccm) 
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is in agreement with Kail et al [79] who observe a delay between plasma ignition and etching 
particularly at high substrate temperatures. Rath et al report an in-diffusion timescale of ~50s 
for a-Si:H material [83].  
 Another, totally different explanation for the initial increase in SiH* can be ‘forward 
diffusion’, the opposite effect of ‘back diffusion’ [11]. The reactor is completely filled with 
hydrogen, but when the plasma is ignited there is a relative abundance of etch products in the 
plasma volume. These species now diffuse into the reactor chamber to balance out the 
difference in concentration. Note that this explanation claims that the SiH* emission is not 
representative for etching in the initial stages, because the etch product diffuses out of the 
plasma before decomposing.  
 
Although the various causes for the long term drift during etching (and deposition) are under 
debate (van den Donker, [84]), there is a reproducible difference between the evolution of the 
SiH* emission during hydrogen treatment of µc-Si:H and a-Si:H layers. The faster decrease of 
the latter is tentatively ascribed to a decrease of the etch rate (and consequently amount of etch 
products), due to progressively more crystalline surface. 


