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I. Introduction and framework of research 

 

I.1. Climate change and photovoltaics 

 

The influence of greenhouse gases on the global climate was reported in the 19th century 

by Fourier, Tyndall, and Arrhenius. Since 1990, the International Panel on Climate Change 

(IPCC) has been publishing reports periodically on the collective scientific understanding of the 

climate change and its correlation to human activity.1 The recent Copenhagen summit (2009) and 

the so called Copenhagen Accord was a result of findings of the IPCC, where many leading 

nations decided to cut their carbon emission levels up to 45 % by 2020. The IPCC and Al Gore 

(former U.S. Vice President) were awarded the Nobel Peace Prize in 2007 “for their efforts to 

build up and disseminate greater knowledge about man-made climate change”.2  

 

 
Figure 1. The future of the energy mix as projected by the German Advisory Council on Global 

Change.3 (EJ/a - exajoule (10 18 joule) per annum) 

 

 Since the beginning of the 1990s, ecological considerations linked with the CO2/global 

warming problem have taken over as a driving force in promoting alternative energy sources, 

such as sun light, wind, rain, tides, and geothermal heat, in particular solar energy. As shown in 

figure 1, the projected future energy mix, it can be seen that several so-called renewable energy 

options are expected to be more important in the future. Solar energy is expected to account for 

more than 60 % of the future energy mix.  
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Solar energy can be harvested in the form of heat and electricity. To illustrate its rapid 

growth in the recent decade, solar power generating capacity grew by 73% in 2010, total capacity 

grew by 16.7 GW to reach 40 GW, more than double the 2008 level and overall PV capacity 

growth has averaged 39% over the past 10 years. Figure 2 shows the annual production/planned 

production capacity for different countries. 

 

 
Figure 2. World-wide PV production upto 2009 with future planned production capacity. 

(Source: PV status report 2010) 

 

The worldwide research in the field of solar cells can be categorized in three generations.4 

The “first generation” is based on the wafer-based crystalline silicon solar cells, which have 

dominated the photovoltaic market since its introduction in 1954.5 Mono- and polycrystalline 

(multicrystalline) silicon wafers are the two major contributors to the silicon wafer based solar 

cells. Commercial module efficiencies are within a wide range between 12 and 20%, with 

monocrystalline modules between 14% – 20%, and polycrystalline modules between 12% – 17% 

.6,7 In 2010, the market share of silicon wafer (mono- and poly) solar cells was ~ 86 % (PV status 

report 2011).  

 

The “second generation” solar cells are based on the thin-film technology which was 

regarded as a replacement of the first generation. It consists mainly of contributions from 

amorphous silicon (a-Si:H), a-Si:H/micro-crystalline silicon (µc-Si:H), cadmium telluride 
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(CdTe), and copper indium gallium selenide (Cu(In,Ga)(Se,S)2). Other high potential thin film 

technology comes in the second generation, is based on the creation of crystalline thin films, 

either by crystallization of amorphous silicon or by epitaxial growth on low cost substrate 

utilizing seed layers.5,8-10 In 2010, the market share of a-Si:H/µc-Si:H solar cells was ~ 5 % while 

both, CdTe and Cu (In,Ga)(Se,S)2 solar cells had ~ 7 %. 

 

The “third generation” solar cells is based on new concepts, either in terms of very high 

conversion efficiencies compared to the first and the second generations or on a substantially 

lower production costs. Most third generation solar cells have not reached the commercial stage 

yet. Organic solar cells which are based on high efficiency/low production cost have the potential 

for inexpensive mass production, but efficiency must increase significantly to be economically 

viable.11 Multi- junction solar cells based on III-V semiconductors, hot carrier solar cells, and 

solar cells with up- or down conversion of photons are capable of reaching significantly higher 

efficiencies.4,12 Apart from the above mentioned solar cells, dye sensitized cells also contribute to 

the third generation. They are based on the photosynthesis, a natural process that converts 

sunlight into the chemical energy. Record efficiency of ~12 % has been reported for dye 

sensitized based solar cells.13 Rapid advances in these technologies, hopefully, will lead to future 

breakthroughs in solar energy conversion and cost reduction. 

 

Figure 3 shows the cost- effectiveness of the three solar cell generations by considering 

the conversion efficiency and production costs per unit area. High production cost per unit area 

along with intermediate conversion efficiencies are attached to the first generation solar cells (I). 

Thin film solar cells (II), can be produced at much lower production costs, but also rendered 

lower efficiencies as compared to the first generation solar cells. Finally, low production cost 

with intermediate conversion efficiencies (IIIa) (or vice versa) and intermediate production costs 

with very high conversion efficiency (IIIb) are part of the third generation solar cells. 
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Figure 3. Relationship efficiency-cost for three generations of solar cell technologies: (I) bulk c-

Si, (II) thin films and (III) advanced thin films. The dashed lines represent equal costs per unit 

energy produced. Free after Green et al.4 

 

I.2. Crystalline silicon and thin film silicon solar cells  

 

 For a technology to be successful in the long term the key requirements are believed to 

be high efficiency and the use of non-toxic, abundant and durable materials. Silicon is a non-

toxic, abundant, and durable material, and thus an ideal candidate for a successful solar cell 

technology which can be applied at a mass scale. 

 

Bulk-crystalline silicon solar cells have been the workhorse of the photovoltaic industry 

over the past decades. This includes mono-crystalline silicon wafers, slightly lower-quality 

multicrystalline silicon wafers, multicrystalline silicon ribbons and self-supporting silicon 

sheets.14-16 Almost all PV systems with 1kW peak power rating (kWp) are fitted with crystalline 

silicon solar cells.17,18 Wafer-based crystalline silicon solar cells have relatively high efficiencies, 

with commercial modules having efficiencies between 12 and 20% (laboratory cells having a 

record efficiency of 24.4%).6,7 These cells have already proven their excellent stability and 

reliability, operating under outdoor conditions without any deterioration in their performance over 

several decades. The high cost associated with these solar cells is a major hindrance for their 

mass expansion. The high production cost is a consequence of low production volume, complex 

production steps involved in cell manufacturing (and in module assembly) and especially the 
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requirement of large amounts of highly purified and expensive silicon feedstock.14,17,19,20 The PV 

market is so far largely based on the ‘bulk’ silicon which has a share of ~ 86 %, and still has a 

huge potential for further cost reduction. This is shown in figure 4. The cost of silicon wafer solar 

cells has decreased tremendously in recent years because of the large increase in production 

capacity, mainly in China. It has been predicted that by 2012 module prices will reach 1 $ per Wp 

level, a cost figure which is generally assumed to be necessary to reach so-called “grid parity1”. 

Furthermore, the reduction in cost of silicon solar cells is also largely due to the reduction in 

wafer thickness, technology improvements, and innovations. The silicon wafer based PV modules 

are presently still getting cheaper and/or more efficient every year, making wafer modules a 

“moving target” for any competing PV technology. Despite the past and present success, there is 

one catch with silicon wafers- cost.  

 
Figure 4. Cost reduction in silicon wafer based solar cells as a function of cumulative power. 

(Source: Joachim Luther, Solar Energy Research Institute of Singapore (SERIS), Singapore) 

 

The fabrication of the silicon wafers is both material and energy intensive, and hence the 

scope for further substantial cost reduction is limited. Wafered silicon PV has reduced the 

material consumption by going to thinner wafers (~150 µm), but cannot reduce to the extent of 

thin-film silicon solar cells. Given these cost constraints, the need for a less material intensive 

silicon technology- a thin-film technology exists. Beside cost saving on the material side, thin-

                                                 
1 Grid parity is the point at which alternative means of generating electricity are at least as cheap as traditional sources (fossil 
fuels). 
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film technologies offer the additional benefits of large-area processing (unit size about 1 m2) on a 

supporting material, enabling monolithic construction, and cell interconnection. As projected, the 

share of thin-film silicon modules is going to be increase in coming years (figure 5). 

 

 
Figure 5. Annual PV Production capacities of Thin-Films (silicon (~ 5-6 %), Cu(In,Ga)(Se,S)2 

(~1.5%), CdTe (~ 5 %), and dye sensitized) and Crystalline Silicon based solar modules. (Source: 

PV status report 2011). 

 

Most common and well known silicon thin-film based technologies are a-Si:H thin-film 

solar cells, µc-Si:H thin film solar cells (tandem solar cells), and the poly-Si thin film solar cells. 

The latter type of solar cells is the subject of this thesis work. 

 

a-Si:H modules appear to be the ideal future candidate for those PV applications in which 

low cost is more important than high efficiency. The major handicap of a-Si:H solar cells is their 

low efficiency values. The present laboratory record for stabilized efficiency is 13%, obtained on 

a triple-junction cell; actual commercial modules have stabilized efficiencies between 4 and 8%.6 

One of the main reasons for the limitation in stabilized efficiency is the “Staebler-Wronski 

effect,”21,22 or light-induced degradation, in which the efficiency decreases to a stabilized but 

lower value after 1000 hours of illumination.  
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The first commercial devices using tandem solar cell concept were produced by Kaneka 

in 200223 with nominal energy conversion efficiency in the 8-9% range. A limitation of this 

approach is the requirement of a textured transparent conductive oxide (TCO) layer and the low 

deposition rate of the intrinsic absorber layer. Despite of a few disadvantages, progress is still 

being made and Oerlikon has recently (September, 2011) reported a module (1.1 × 1.3 m2) 

production cost of ~ 0.70 $/Wp with a module efficiency around 10 %. 

 

In order to face the above mentioned limitations,  the Crystalline silicon on glass (CSG) 

solar cell technology was introduced and developed10, with the aim to combine the advantages of 

standard silicon wafer-based technology, namely ruggedness, durability, good opto-electronic 

properties, with the advantages of thin-film, specifically low material usage, and large monolithic 

construction. 

 

I.3. Thin film polycrystalline silicon for solar cells 

 

For thin-silicon film technology to compete economically with silicon wafer based 

technology, the costs of module production must be reduced to ~ US $0.50/Wp with module 

efficiencies ~ 12-15 %.24 Figure 6 shows the factors which influence the cost of a solar cell. In 

order to further reduce the cost of silicon solar cells substantially, the material consumption of 

high purity silicon has to be reduced, efficiency must be increased and high throughput plus 

scalable processes must be introduced. 

 

 

Figure 6. Schematic illustration of the factors which influence the solar cell costs. 

 

Thin poly-Si films on low-cost supporting materials may represent the right approach to 

this challenge, since most of the optical absorption takes place in the upper 30 μm in a 

conventional wafer based silicon solar cell. Utilizing optical confinement of light in the active 

layer, a thickness as low as 0.5- 2 μm (with vertical grain size equal to the film thickness) would 

be sufficient to reach energy conversion efficiencies above 15%.25 Among the several approaches 

for poly-Si production, the most known are 26 

Solar cell cost ($/W)
Materials and processing costs ($/m2)

Conversion efficiency Manufacturing yield. .≈

Insolation (W/m2)
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 Epitaxial growth using seed layers 

 Rapid thermal annealing of amorphous silicon 

 Metal-induced crystallization 

 Laser induced crystallization 

 Solid phase crystallization (SPC) of a-Si:H.  

 

Figure 726 shows the improvement in Voc of poly-Si thin-film solar cells prepared by some of the 

above mentioned techniques. Although depicted in figure 7 until 2005, the reported Voc values 

(also efficiencies) have not changed significantly in the last years. The different structures of 

these solar cells have been described in Refs.26,27 

 

For a successful commercial application, an inexpensive substrate, a high deposition rate 

of the a-Si:H stack and a methodology which may be transferred to large-area fabrication are 

prerequisites. Therefore, up to now the crystalline silicon on glass (CSG) approach (Frame I) 

appears to be the best approach to obtain thin poly-Si films on glass at production scale. The CSG 

research project took off in the late 1980s to address the fundamental difficulties with the 

traditional thin-film and gained critical momentum in 1995 with the formation of Pacific Solar to 

bring the technology to commercial readiness.18 In 2002, an independently confirmed efficiency 

of 8 % was demonstrated by Pacific Solar.28 A new company, CSG Solar, was formed in 2004 

and modules started coming to market in 2006.10,29  

 



Chapter 1 

 

10 
 

 
Figure 7. Evolution of the Voc of the three poly-Si thin-film solar cells on glass (SPC of vacuum 

evaporated amorphous silicon (EVA), aluminum induced crystallization, solid phase epitaxy 

(ALICE) and aluminum induced crystallization, ion-assisted deposition (ALICIA)) under 

development at UNSW. Also shown for comparison, are the voltages of CSG Solar’s technology. 

 

From today’s perspective, it appears that thin-film poly-Si has not yet met the 

expectations in terms of high efficiency, in comparison with the record efficiency of 24.4 % using 

high-quality bulk Si wafers and complex processing. The efficiency of poly-Si solar cells depends 

largely on the average grain size, grain orientation, and the defect density. Furthermore, carrier 

transport in poly-Si film is governed by potential barriers at the grain boundaries.30 Both the 

majority carrier mobility as well as the minority carrier recombination velocity at the grain 

boundary exponentially depends on the height of the potential barrier.31 The current and the open 

circuit voltage obtained from a solar cell depends on the average of the diffusion length 

distribution.32-34  

 

The other major drawback of the CSG solar approach is the limited deposition rate (0.3 

nm/s) of the a-Si:H layer, which poses serious challenges in reaching a high throughput. A similar 

conclusion can be drawn for a-Si:H films deposited by techniques such as hot-wire CVD,35,36 

low-pressure CVD,37 glow discharge38 and RF sputtering.38  To summarize, in CSG technology 

the main challenge is to obtain large grain (~ 1.5- 10 µm) poly-Si with low defect density, upon 

crystallization of high growth rate a-Si:H.  
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Frame I- CSG solar approach 

 

 
Figure 8. A schematic of the CSG solar cell. 

 CSG Solar uses the relatively simple device structure shown in figure 8.  

 Plasma enhanced chemical vapor deposition (PECVD) technique was used to deposit 

silicon nitride   antireflection coating on textured glass substrates. 

 Thin (~2 µm) n+ p p+ amorphous silicon stack is deposited by PECVD.  

 Solid phase crystallization (SPC), rapid thermal annealing (RTA), and in-line 

hydrogenation were carried out to develop the poly-crystalline silicon on glass. 

 A white insulating resin layer is applied after laser scribing of ‘grooves’ in the silicon 

layer to define individual cells.  

 Inkjet printer is used to produce n-type ‘crater’ and p-type ‘dimple’ contacts, and Al 

metallization is patterned to connect adjacent cells in series.  

 The good light trapping was obtained by a combination of textured glass and rear 

reflector, and the heavily doped n+ and p+ poly-Si layers provide sufficient lateral conductivity to 

avoid the need for any TCO layers.10,29  

 A record conversion efficiency of 10.4 % has been reported.10 
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I.4. Goal of the thesis 

 

With the aim of developing thin-film poly-Si on glass, a project called NOVASIL, i.e. 

“Novel approach for thin-film crystalline silicon on glass,” was started in 2008. This project 

was funded by Agentschap.NL (former Senter Novem). The aims of the project can be 

summarized as follows: 

 

1. Investigation and tuning of the parameters characteristic of the plasma deposition 

chosen for the synthesis of hydrogenated amorphous silicon at high growth rate, i.e. the 

expanding thermal plasma.   

 

2. Insight into the influence of the microstructure of the deposited a-Si:H layers (in terms 

of hydrogen content, SiHx bonding, short-to-medium range order) on the crystallization kinetics 

towards large grain poly-Si layers, developed upon solid phased crystallization of a-Si:H. 
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II. Overview of the research 

 

II.1. Hydrogenated amorphous silicon (a-Si:H)  

 

The a-Si:H matrix is a random covalent network consisting of Si-Si, Si-H, and dangling 

bonds. The local order in the atomic structure of a-Si:H is similar to the one in crystalline silicon, 

where each Si atom is bonded in average to four neighboring Si atoms. However, a-Si:H lacks 

long-range order: due to the amorphous nature, bond length and bond angle significantly vary in 

a-Si:H, as well as atom coordination (e.g., less than four covalent bonds, dangling bonds). a-Si:H 

layers are characterized by hydrogen content in the range between 1 and 40 at. % H. H 

concentration controls the level of passivation in the film matrix and typically a minimum defect 

density of 1015- 1016 cm-3 can be achieved from 1019 cm-3 (of amorphous silicon which contains 

no hydrogen) by passivating the dangling bonds.39 Passivation of the dangling bonds allows to 

control the defect states within the band gap, which otherwise would act as trapping centers for 

the generated charge carriers. In the ETP technique, the experimental window to incorporate 

hydrogen during a-Si:H growth is in the range between 1-30 at. % H. H incorporation modifies 

the amorphous matrix by affecting the film density, band gap, defect density etc. Increasing H 

concentration (1- 25 at. % H) leads to the decrease in film density (2.25 - 1.8 gcm-3) and increase 

in band gap (1.4- 1.8 eV).40 a-Si:H films employed in a-Si:H solar cell applications typically have 

5- 10 at. % H while films utilized for solid phase crystallization to obtain poly-Si, can have a 

hydrogen content up to 20 at. %.35,40-45 

 

The microstructure characterization of a-Si:H is a subject of extensive interest and has 

been investigated in depth in literature. In view of the dependence of the poly-Si films on the a-

Si:H properties, we report here the main structural parameters used to quantify the disordered 

nature of the a-Si:H thin films. Figure 9 illustrates a schematic of an amorphous silicon network, 

where the hydrogen is present in the so- defined mono-/divacancies and nano-sized voids.46-49 The 

hydrogen atom can reside in vacancies (position 1 and 2 in figure 9) which are result of one or 

more missing silicon atoms in the amorphous silicon matrix. If one silicon atom is missing, it 

leads to a monovacancy, for two silicon atom missing, it leads to a divacancy and for more than 

two silicon atoms missing, a polyvacancy gets incorporated. A monovacancy is occupied by four 

H atoms, a divacancy holds six H atoms and a polyvacancy with m missing atoms holds 2m + 2 

H atoms.48 Hydrogen can reside in nano-sized voids (position 4 and 5 in figure 9) which represent 

~ 200 upto 104 missing atoms.50  
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The short-range order (SRO) is defined as the part of the silicon network surrounding the 

monovacancies (or divacancies) up to a distance of 3 Å, while a distance up to 25 Å defines the 

medium-range order (MRO).51-61 In the following section, an overview of the characterization 

tools aimed to quantify the parameters, earlier described, is reported. 

 

 

Figure 9. Schematic of a-Si:H network, where hydrogen in mono-/divacancies and hydrogen in 

nano-sized voids can be identified. 

 

A proper characterization and quantification of the main structural parameters of a-Si:H 

thin films, i.e. hydrogen content and SiHx bond distribution, short-to-medium range order, are 

mandatory, when the impact of the a-Si:H microstructure on the evolution of the grain size in 

poly-crystalline silicon is to be investigated. 

 

Characterization techniques such as Fourier Transform Infrared Spectroscopy (FTIR), 

Spectroscopic Ellipsometry (SE), Raman spectroscopy, X-Ray Diffraction (XRD), Scanning 

Electron Microscopy (SEM), and the cross-sectional transmission electron microscopy (XTEM) 

have been regularly employed and, therefore, their main principles and characteristics will be 

discussed here. 
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Fourier Transform Infrared Spectroscopy (FTIR): The most common technique to study the 

Si-Hx bonding is the FTIR. A Bruker Tensor FTIR spectroscope was used in this study, operating 

in the range of 300-7000 cm-1. The Si-Hx hydride vibrations have three characteristic absorption 

modes in a-Si:H: wagging modes at 640 cm-1, a bending or scissors doublet at 840-890 cm-1 

assigned to the dihydrides (Si-H2), and the two stretching modes at 1980-2030 cm-1 and 2060-

2160 cm-1 assigned to the stretching modes of monohydrides, dihydrides and trihydrides (figure 

10).  

 
Figure 10. A reference spectrum of a-Si:H, showing various vibration modes. 

 

Every bonded hydrogen atom in a-Si:H contributes to the 640 cm-1 wagging mode, therefore, this 

mode is employed to determine the total hydrogen content in the a-Si:H layer. The 1980-2030 cm-

1 mode is referred to the low stretching mode (LSM)48, whereas the 2060-2160 cm-1 mode is 

referred to as the high stretching mode (HSM).48 The impact of the SiHx configuration on the 

stretching mode absorption features is still under debate: in our data analysis we follow the 

approach from Smets et al.48, where it was reported that the monohydride in vacancies are 

predominantly associated to the LSM (1980-2030 cm-1), and hydrides on surface of a nano-sized 

void predominantly contribute to the HSM (2060-2160 cm-1).  

 

The microstructure parameter R*, which is defined as R* = AHSM/ (ALSM+AHSM) can be 

calculated from the integrated absorption area of the LSM (ALSM) and HSM (AHSM), respectively. 
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High values (0<R*<1) of R* represent more disordered a-Si:H while lower values of R* 

represents more ordered a-Si:H. 

 

The refractive index and the film thickness is calculated by fitting the interference fringes 

which characterize the spectrum of the sample in its non-absorbing spectrum range.62 From the 

integrated absorption area of a given mode, the density of bonds Nx can be determined by eq. 

(1.1): 

1 ( )N A dx x                                                                                                               (1.1) 

Where α(ω) is the absorption profile as function of the energy and Ax is the proportionality 

constant. Different proportionality constants have been published in literature for each absorption 

mode, determined by techniques such as nuclear magnetic resonance or hydrogen effusion 

measurements.63-66 In our analysis, for the 640 cm-1 mode, corresponding to the total hydrogen 

concentration, we used the proportionality constant A640 = 1.6 × 1019 cm-2, determined by Kessels 

et al.66, by means of elastic recoil detection analysis. As mentioned earlier, all hydrogen bonds 

contribute to the wagging mode at 640 cm-1. Therefore, the total hydrogen content (CH) is given 

by eq. (1.2), where NH and NSi are the atomic H and Si densities, and where it is assumed NH + NSi 

equal to 5 × 1022 cm-3 , as suggested by Kessels et al.66 

NHCH N NSi H


                                                                                                                   (1.2) 

Spectroscopic Ellipsometry (SE): The optical analysis of the deposited films was carried out by 

means of SE. SE is based on the principle of the change in polarization state, which light 

undergoes upon reflection on the thin film under investigation. The information related to the 

thickness, refractive index, and dielectric function can be inferred by analyzing the change in 

polarization. Ex situ UV–VIS spectroscopic ellipsometry (SE) (Woollam M-2000U rotating 

compensator ellipsometer) provide the parameters Ψ and Δ at an angle of incidence of 75° over 

the spectral range of 245–1000 nm, with a resolution of 1.6 nm. The Cody-Lorentz model67 was 

used to determine the thickness and refractive index of a-Si:H layers. Cody-Lorentz model has an 

advantage over traditionally used Tauc-Lorentz model: it includes absorption below the band gap. 

The Cody-Lorentz model includes parameters such as EU (Urbach energy), EP (2nd transition or 

Lorentz-to-Cody transition), and Et (demarcation energy or Cody-Urbach transition) which were 

varied to fit data below the band gap. The band gap can be calculated by using the: 
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   22 E E Eg                                                                                                                       (1.3) 

Where 2 is the imaginary part of the dielectric function, E is the photon energy and Eg is the band 

gap. The model (Complete-EASE software, Woollam) consisted of: 1) Si substrate, 2) SiO2 native 

oxide layer (≈ 2 nm), 3) a general oscillator (Cody-Lorentz). Figure 11 shows optical constants n 

(refractive index) and k (absorbance), computed after the modeling of an a-Si:H layer.  

  
Figure 11. Optical constants n and k of a-Si:H layer. 

 

Raman Spectroscopy: The microstructure of a-Si:H in terms of Si-Hx bonding can be monitored 

by FTIR while Raman spectroscopy was utilized to measure the Si-Si bonding. Since Si-Si bonds 

do not absorb IR light, FTIR cannot detect Si-Si bonding while Raman spectroscopy can detect 

Si-Si bonds as they vibrate during exposure to visible light used therein. The Raman spectra of 

the samples were recorded using a micro Raman scattering setup (In-via Renishaw) with a green 

laser (514.5 nm) and a resolution of 1.6 cm-1. The spectra have four peaks named Transverse 

Optical, TO (~ 480 cm-1), Longitudinal Optical, LO (~ 410 cm-1), Longitudinal Acoustic, LA (~ 

310 cm-1), and Transverse Acoustic, TA (~150 cm-1), as shown in figure 12. TO mode represents 

Si-Si stretching modes, TA mode gives information about the bond bending modes while the 

origin of LA and TA modes is not clear.38,68-73 
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Figure 12. Raman spectra of a-Si:H, which was deconvoluted by using 4 Gaussians. 

 

Therefore, in this study we concentrated on the TO peak position and TO peak width 

because the TO peak is more sensitive to change in deposition conditions and thus changes in 

material structure.69,70,73-75 In order to determine the peak position and full-width-at-half-

maximum (FWHM), the Raman spectrum was decomposed using 4 Gaussians.69,70,73-75 It has been 

reported in the literature that with increasing structural disorder, FWHM increases and the peak 

position shifts to lower values (480 cm-1 towards 460 cm-1). It is probably due to the structural 

distortions in amorphous silicon caused by changes in the force constants of Si-Si bonds induced 

by changes in deposition parameters.69,70,73-75  

 

X-ray Diffraction (XRD): The medium Range order (MRO) is an extensively studied feature in 

amorphous solids, especially amorphous silicon.51-58,60,61,76,77 Previously, the role of MRO in a-

Si:H properties78-81, and in other amorphous solids53,55,61,82-84, has been reported. The origin of 

MRO is very much debated in literature and it is largely agreed to follow the cluster-void model, 

where a low void density leads to an extended MRO, while a high density of voids reduces the 

MRO to smaller regions.44,52,53,56,57,76 The information related to the MRO scale (3-6 Å to as high 

as 15-25 Å54,60,80,81,85) can be inferred by the XRD linewidth analysis of the lowest angle X-ray 

scattering peak.44,86-88 A Philips X’Pert Pro system was used for the XRD measurements with Cu-

Kα X-rays, selected with a graphite crystal monochromator. The FWHM was computed by fitting 
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the first diffraction peak of a-Si:H spectra obtained by XRD.44,81,87,88 Figure 13 shows an example 

of a fit. The FWHM usually varied between 5 and 6° for all a-Si:H samples.44,86-88 A change of 1 

degree basically covers the whole range of a-Si:H microstructures: For a-Si:H films deposited at 

500 °C, the FWHM is ~ 5° (more ordered) while for films deposited at 200 °C, the FWHM is ~ 

6° (more disordered).35,44,79,86-89 To summarize, highly disordered a-Si:H films leads to high 

FWHM (ω2θ) while more ordered films have sharp peak with smaller ω2θ.  

 
Figure 13. XRD spectrum of an a-Si:H film. 

 

Scanning Electron Microscopy (SEM) and Cross-sectional Transmission Electron 

Microscopy (XTEM): In order to investigate the influence of the possible affect of morphology 

of a-Si:H on the crystallization process, SEM was used while XTEM was utilized to measure 

grain sizes in poly-Si. For XTEM measurements, many areas were scanned, the width and height 

of every visible grain was measured. Tilt was changed in order to identify grains as shown in 

figure 14. Average grain size and the maximum grain size were calculated from the analysis. 

Both the techniques are described in the Chapters 3 and 4 where they were employed in detail. 
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Figure 14. XTEM images of a poly-Si sample taken at different tilts.  
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II.2. Expanding thermal plasma deposition of a-Si:H 

 

a-Si:H layers have been deposited through several techniques among which a selection is 

reported here: The techniques that have been used in the past include: extremely fast quenching 

from the melt90, sputtering91, rf plasma discharge92, chemical vapor deposition93, vacuum 

evaporation91, hot-wire chemical vapor deposition94, and ion implantation. In addition to the 

above-listed methods, an extensive literature is present on the passivation of the a-Si:H matrix 

through the formation of Si-H bonds.41,43-45,81,95-100 The results presented in this thesis have been 

obtained using an ETP-CVD as shown in Frame II. 

 

In our experiments, the ratio of H2 to SiH4 was always kept constant equal to at 1 (10 sccs 

flow was used for H2 and SiH4). A detailed description of experimental parameters is presented in 

table I, which allows for tuning the structural properties of a-Si:H and, therefore, influence its 

crystallization kinetics towards poly-Si, upon SPC treatment. 

 

Table I. a brief overview of deposition conditions. 

 

Tsub (°C) ΦAr (sccs) Rd (nm/s) nIR R* 

200 25-55 1.5- 11 2.6- 3.45 0.4- 0.8 

300 25-55 1- 10 2.9- 3.5 0.15- 0.55 

400 25-55 1- 8 3.4- 3.6 0.07- 0.2 

500 25-55 1- 7 3.55- 3.7 0.05- 0.18 
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Frame II- ETP-CVD technique 

 

The expanding thermal plasma chemical vapor deposition (ETP-CVD) technique was adopted in this 

project to deposit a-Si:H films (figure 15). Besides the deposition of a-Si:H, the ETP-CVD technique 

has been used for the deposition of hydrogenated amorphous carbon101,102, zinc oxide103-106, silicon 

dioxide107-109, and silicon nitride.110,111 The main advantage of the expanding thermal plasma is the 

high deposition rate (8-60 nm/s), therefore, the compatibility of high deposition rate processing with 

tunable a-Si:H properties, to investigate their influence on the crystallization process is the major 

challenge. The key features related to ETP-CVD are reported below. 

 

 

Figure 15. (a) Scheme of the ETP-CVD deposition technique (b) Lab- Scale reactor used for a-Si:H 

experiments (c) a close up of arc. 
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 The expanding thermal plasma setup, schematically depicted in figure 15, consists of a high 
pressure plasma source and a low-pressure deposition chamber.  

 The ETP is remote plasma, i.e. plasma production, plasma transport, and surface treatment 
are geometrically separated.  

 The plasma source is a cascaded arc and used to generate reactive species for the dissociation 
of the deposition precursor gas in the downstream region. 

 The plasma in the arc is thermal with an electron density of ~1022 m-3 and with an electron 
and heavy particle temperature of both ~1 eV.41,112  

 The high heavy particle temperature leads to almost full dissociation of molecular gases when 
these are injected in the arc.  

 The arc plasma emanates from the cascaded arc source through a nozzle and expands into the 
deposition chamber which is typically at a pressure of 0.1-0.3 mbar.  

 Due to the large difference in pressure between the arc and the chamber, the plasma is 
accelerated leading to a supersonic expansion and then after a stationary shock at few 
centimeters from the arc, plasma expands subsonically.  

 In the supersonic expansion and shock, the electron temperature is reduced to ~0.1-0.3 eV 
and the electron density to ~1017-1019 m-3. 

 At 5 cm from the arc outlet, a precursor gas (SiH4) can be added to the plasma by an injection 
ring.  

 This precursor gas is ionized and dissociated by the reactive species emanating from the 
plasma source.  

 The H2 was admixed to the Ar in the cascaded arc as from experimental observations and 
from considerations based on data in the literature, it was expected that for high H2 flows 
atomic hydrogen would be the most abundant reactive species emanating from the arc. 

 This H would subsequently react with SiH4 leading to SiH3 radicals via 
SiH H SiH H  4 3 2   .41,62,112-115  

 It has been demonstrated that the SiH3 radical contributes dominantly (>90%) to the a-Si:H 
growth, whereas other species such as SiH2, SiH (2%–3%), Si (<0.5%), and ionic clusters (<5 
%) have a minor contribution to the growth.41,100,112,115-119  

 Any contribution of polysilane molecules, negative ions, and dust particles have not been 
observed.41,100,112,115-119 The energy of the substrate bombarding ions, i.e., the substrate self-
biasing, is typically well below 2 eV.41,100,102,112,120,121  
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The first example is the effect of the Ar flow rate (ΦAr), which allows tuning the deposition rate 

(Rd) at several substrate temperatures (Tsub). An increase in ΦAr leads to a higher flux of atomic 

hydrogen, causing an increase in dissociation of SiH4, hence resulting in higher Rd. Figure 16 

shows the variation of Rd as a function of Tsub for several settings of the Ar flow rate. At low Tsub, 

high Rd lead to porous a-Si:H films which are prone to oxidation and eventually cannot undergo 

the crystallization process as the oxygen presence hampers the nucleation step. This is due the 

fact that increasing Rd leads to low surface diffusion of growth radicals, which means more 

inclusion of nano-sized voids.122  

 

 
Figure 16. Variation of deposition rate (Rd) as a function of substrate temperature (Tsub) for 

different Ar flows. 

 

II.3. Crystallization techniques 

 

The most common technique to develop poly-Si for large area applications, is the solid 

phase crystallization (SPC) of a-Si:H films. Poly-Si as obtained by SPC of a-Si:H,29,32,123 is 

characterized by large grains (~2 µm) and large area uniformity.  

 

Techniques other than SPC of a-Si:H have been developed to realize good quality of 

poly-Si films. The leading approaches towards poly-Si as mentioned already in previous section 
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are rapid thermal annealing, metal-induced crystallization, epitaxial growth using seed layers, 

laser-induced crystallization, and deposition of poly-Si. Table II presents a brief overview and 

achieved results so far. 

 

Table II. A brief overview of techniques commonly used to obtain poly-Si. 

 

Crystallization 

technique 

Methodology Grain size 

(nm) 

Obtained 

Voc/efficiencies

Rapid thermal 

annealing (RTA): 

Heating (>700 °C) of a-Si:H films with a broad-spectrum 

tungsten-halogen lamp.124 

 

Mostly used in defect annealing of poly-Si at 900 °C. 

< 100 nm  

Epitaxial growth 

of poly-Si: 

 

 

 

 

 

 

ALICE 

(aluminium-

induced 

crystallization, 

solid-phase 

epitaxy) 

 

 

ALICIA 

(aluminium-

induced 

crystallization, 

ion-assisted 

deposition) 

Seed layer formation: Metallic impurities in a-Si:H films 

lead to reduction of the crystallization temperature of the a-

Si:H films, as metals (AI, Au, Sn, Sb, and In, ) forms 

eutectics with Si, which weaken the Si-Si bonds and 

enhance the nucleation and growth of crystalline Si.125 

Laser induced crystallization (LIC) is also utilized 

sometimes to form a seed layer. 

 

ALICE: Deposition of absorber layer on top of seed layer 

followed by crystallization at high temperature (~600 °C). 

 

 

 

 

 

 

ALICIA: deposition of absorber layer directly 

(i.e., epitaxially) on seed layer at higher temperatures (600 

°C – 1000 °C) 

 

High temperature processing and metal contamination are 

the major concerns of these techniques. 

 

1 - 100 µm VOC = 380-520 

mV8,9,26,27,126-129 

Efficiency = 4-8 

%8,9,26,27,126-129 

Deposition of 

poly-Si 

Grown directly at substrate temperature between 450 °C - 

800 °C. The grain size and carrier mobility of these films is 

much smaller than that of crystallized silicon films.130,131  

100 - 300 nm VOC = 300-400 

mV132 
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II.4. Crystallization kinetics of a-Si:H towards poly-crystalline silicon 

 

The crystallization kinetics of thermally annealed amorphous silicon films has been 

actively investigated for the past 30 years. Amorphous silicon is distinguished from the 

crystalline phase by a free energy difference of approximately 0.1 eV per atom at 300 K.133 Since 

the crystalline state has a lower free energy, there is always the driving force towards 

crystallization (figure 17).  

 
Figure 17. Schematic illustration of the free energy of the amorphous (a)- and crystalline (c) 

states. Source: Masaki et al. J. Appl. Phys. 74 (1), 129-134 (1993). 

 

Raising the temperature is a route to provide crystallization within a limited amount of 

time (e.g. few hours). Employing a classical model of nucleation and grain growth, the following 

parameters have been identified: a transient incubation time, random nucleation, and grain 

growth.134-137 The incubation time is the characteristic time corresponding to a temperature range 

where the parent phase is essentially unmodified.134-137 After the incubation time, the nucleation 

starts, when microcrystallites develop in the amorphous matrix. Grain growth will start when 

some nuclei overcome the critical size and starts growing.  

 

In order for nucleation and grain growth to occur, bond breaking (Si-H, Si-Si) must take 

place in the amorphous material. Sridhar et al.138 have reported the increase in enthalpy and 



Introduction  

27 
 

entropy caused by Si-H and Si-Si bond breaking. The higher extent of bond breaking, either 

caused by hydrogen out-diffusion or caused by high heating rates leads to an increase in enthalpy 

and entropy.138 According to the classical theory, microcrystallites will nucleate frequently, 

because of a large surface-to-volume ratio. From thermodynamic considerations, however, a few 

will become large enough and further growth will be energetically favorable. The rate at which 

each atom at an amorphous-crystalline interface makes a transition between the amorphous state 

and the crystalline state is a function of the energy levels of the two states.  

 

A cluster of atoms in a crystalline phase surrounded by amorphous phase is unstable until 

a critical size is reached, followed by a steady growth. The critical size of the crystal clusters has 

been estimated to be around 2-4 nm at a temperature of 650 °C.139 Nucleation has been shown to 

occur either heterogeneously at the substrate/a-Si interface139,140, or homogeneously throughout 

the bulk of the film.44,45,134 Different values of activation energy of nucleation have been reported, 

from 4.9 eV141,142 to 9 eV43,95,97,98,141,142 depending on the properties of the precursor amorphous 

silicon films.  

 

Once the crystalline cluster has reached the critical size, growth proceeds by 

displacement of atoms from the amorphous phase to the crystalline phase, through the interface. 

The activation energy for crystal growth is determined to be around 2.3-2.7 eV.134,143,144 The 

crystalline clusters grow into the amorphous matrix until they impinge on each other leading to 

complete crystallization of the film. In collaboration with the Solar Energy Research Institute of 

Singapore (SERIS), established at National University of Singapore (NUS), activation energy of 

crystallization 2.9 +0.2 eV for an ETP deposited a-Si:H film (R* = 0.2, CH = 7 %) was calculated. 

 

A large grain size can be obtained when the crystal growth rate is high and the nucleation 

rate is low. This can be easily achieved for crystallization at low temperatures (< 700 °C) since 

usually nucleation has an higher activation energy compared to that of the crystal growth.  

 

After analyzing a range of annealing temperatures, 600 °C145 is accepted as the best one 

based upon the rates for nucleation and growth for a-Si:H, i.e. it is a temperature value, high 

enough to enable crystallization at a rate rapid enough for film characterization, but low enough 

so that common glass substrates can be used. Previous reported studies have shown a wide range 

of incubation time, with values extending from less than 1 h to 10-15 h.  
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These variations in incubation time and final grain sizes have been interpreted as being 

due to a wide variety of factors, including differences in film hydrogen content,36,145 deposition 

type,36,145 film stress,146 source gases,147 defect formation,148 structural disorder, either in as grown 

films145,148-150 or as a result of H effusion during annealing,138,151 and incorporation of crystallite 

seeds134,152. The nucleation process has been  studied in detail in the past37,43,95,96,132,134,141,142,147,152-

169, but cannot be taken as conclusive as there is not yet a clear identification of the nucleation 

centers in a-Si:H. 

  

With the aim of understanding how the microstructure of a-Si:H affects the several stages 

of the crystallization process, in situ studies of the crystallization kinetics of a-Si:H have been 

carried out by means of in situ Raman and XRD techniques.  

 

For all annealing experiments,  a-Si:H samples were annealed up to 600 °C by ramping 

from room temperature to 400 °C at 10 °C/min and then from 400 °C to 600 °C at 1 °C/min. 

 

The transverse optical (TO) mode for amorphous (480 cm-1) and crystalline (520 cm-1) 

silicon was monitored by in situ Raman spectroscopy, as shown in figure 18. The TO mode for a-

Si:H has a FWHM in the range of 60-90 cm-1 while, the FWHM of poly-Si is in the range of 5-11 

cm-1. The crystalline silicon- related peak appeared around 325 min of annealing after reaching 

600 °C with FWHM ~12 cm-1, which gradually decreased with time and then saturated to the 

value of ~ 7 cm-1. 
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Figure 18. Evolution of the TO mode, related to amorphous and crystalline as function of the 

annealing temperature (600 °C) and annealing time (325 min).  

 

Poly-Si is also characterized by three crystalline peaks in XRD which are <111>, <220> 

and <311>. Figure 19 shows the evolution of these peaks. The evolution of crystalline volume 

content (Xc), as function of the crystallization time is shown in figure 20. Equation (1.4) was used 

to calculate Xc.
170 ∑Ihkl is the sum of the intensities of the three orientation peaks i.e. <111>, 

<220>, <311> and ∑IhklMAX represents the sum of the maximum intensities of all the three 

orientation peaks.  

 

Ihkl
hklXc IhklMAX

hkl



                                                                                                                (1.4) 

 

The phase transformation (figure 20) follows a sigmoidal where the transformation rate is 

slow at the beginning because of the time required for significant amount of nuclei of crystalline 

phase to form and start growing.135-137 During the intermediate period the transformation is rapid 

as the nuclei grow into grains and consume the amorphous phase. When only a little 

untransformed material is left, transformation becomes slow again. 
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Figure 19. Evolution of crystalline peaks of poly-Si at 600 °C as a function of annealing time. In 

the inset in Fig. 19a, the XRD spectrum of an a-Si:H layer is presented. 
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Figure 20. The evolution of the crystalline content for an a-Si:H film as a function of annealing 

time, as obtained according to the procedure outlined in section II.4. 

 

Before the SPC kinetics of a-Si:H is presented in details, a comparison among the SPC results of 

a-Si:H layers deposited by ETP, PECVD, HWCVD, e-beam, and evaporation, is carried out in 

table III.   
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Table III. A comparison in terms of parameters of a-Si:H, annealing time, annealing temperature, 

and grain size. 

 

Technique TSub 

(°C) 

Rd 

(nm/s) 

CH  

(at.%) 

R* Independent 

variation of 

CH, and R* 

Annealing 

temperature  

(°C) 

Annealing 

time (h) 

Grain 

size 

(µm) 

ETP-

CVD45,171 

 150- 

600 

1- 60 1- 14 0- 0.6 YES 600- 650 10-15 1- 2 

PECVD36,43

,44,99,153,162,16

9,172 

100- 

400 

0.2- 2 1- 24 0- 0.3 NO 550- 700 24- 72 1- 2 

HWCVD36,

43,44,99,153,162,

169,172 

100- 

400 

0.2- 2 1- 24 0- 0.4 NO 550- 700 24- 72 1- 2 

ebeam132,165

,173,174 

100- 

400 

1- 10 --------

- 

-------

- 

---------- 570- 700 24- 36 1- 2 

 

  It is evident from the comparison that the ETP-CVD deposited a-Si:H films can deliver 

large grain poly-Si as obtained by other techniques, but at much higher deposition rates. Since 

poly-Si films obtained from SPC of PECVD and e-beam deposited a-Si:H (and a-Si) have 

successfully been utilized in solar cell configurations and an efficiency up to 8 % has been 

achieved10,132,165,173,174, efforts are underway to achieve the same from poly-Si films obtained from 

SPC of ETP-CVD deposited a-Si:H films. 
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II.5. A brief overview of results and outline 

 

As briefly outlined in I.4, one of the main research goals within this Ph.D. project is to 

gain insight into the role of the a-Si:H layer properties (in terms of hydrogen content, SiHx 

bonding and medium range order) on the grain size achieved in poly-Si layers upon SPC 

treatment. This research area is motivated by a rather limited presence of works in literature 

where the influence of the a-Si:H layer properties on the poly-Si characteristics is discussed. As 

schematically illustrated in figure 21, it is expected that the final poly-Si film properties are ruled 

by the microstructure of the a-Si:H films: the main issues related to every step of this process 

(from the deposition of a-Si:H to the SPC treatment to obtain poly-Si) have been addressed in this 

thesis work.  

 

 
Figure 21. Schematic and simplified representation of our approach to obtain poly-Si which 

includes the deposition of a-Si-H followed by SPC. 
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With respect to poly-Si solar cell technology, the issues mentioned in figure 21 can be 

translated into several research questions. The work described in this thesis has been focusing on 

two main areas, the ETP-CVD processing technology and the material science:  

 

ETP process- related 

 

 Is it possible to deposit a-Si:H films by ETP with film quality sufficient to achieve large grain 

poly-Si after SPC? Under which conditions is this possible? 

 

 What is the highest deposition rate at which large grain poly-Si can be obtained? 

 

Material science- related 

 

 What is the role of a-Si:H microstructure (R*, SRO, and MRO) in controlling the grain size in 

poly-Si? 

 

 What are the nucleation centers in a-Si:H? Where are the nucleation centers in a-Si:H? How are 

they affected by the microstructure of a-Si:H films? Which particular property of a-Si:H film does 

control the nucleation centers and the incubation time? 

 

With respect to above mentioned questions, a systematic study has been performed in 

which all the major aspects were addressed. The results of the different studies are described in 

detail in the chapters of this thesis. Every chapter is a journal article which deals with a certain 

aspect of the a-Si:H deposition process, on the SPC kinetics of a-Si:H films, and on the grain-size 

evolution in poly-Si. The results of this study are not only relevant for the ETP technique but for 

other methods also. 

 

Below, a selection of the experimental results is presented related to every specific 

questions raised above, which are then fully addressed and discussed in chapter 2, 3, 4 and 5.  
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Is it possible to deposit a-Si:H by ETP with film quality sufficient to achieve large grain poly-Si 

after SPC? Under which conditions is this possible? 

 

In Chapter 2 this is demonstrated: a-Si:H films were deposited at high growth rate (8 

nm/s) followed by SPC at 650 °C for 10 h. Large grains (~1µm) extending throughout the layer 

were obtained, as shown in figure 22.   

 

 
Figure 22. Cross sectional TEM pictures of a poly-Si layer developed on glass substrate. The 

black trace indicates the same position within the sample, but different tilt. (Chapter 2) 

 

What is the role of a-Si:H microstructure (R*, SRO, and  MRO) in controlling the grain size in 

poly-Si? 

 

The development of poly-Si for PV applications necessitates of insights into the impact 

of the microstructure of the pristine a-Si:H on the crystallization kinetics and, therefore, on the 

development of the final grain size. An extensive literature has been developed up to now on the 

SPC kinetics and grain size development.32,36,43-45,74,97,98,123,134,146,149,152,153,155,156,158,162,166,172,175-180 

However, the reported studies have not been able to discern between the impact of the total 

hydrogen content and the a-Si:H film microstructure (defined in terms of R*, SRO, and MRO) on 
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the crystallization process, mostly because the deposition techniques employed in those studies 

do not allow to independently control the characteristics of the a-Si:H layer.74,95,96,134 Therefore, 

by means of the ETP approach, a systematic study has been carried out and extensively 

investigated in Chapter 3, where a-Si:H films were deposited at constant hydrogen content, while 

tuning the microstructure parameter in the range of R* = 0.1-0.6 .  

 

The main outcome derived by this chosen experimental approach is the relation between 

the microstructure parameter R* and the grain size in poly-Si, i.e the grain size in poly-Si 

increased with increase in R*. Figure 23 shows the increase in grain size with increasing R*. The 

grain size in poly-Si was found to increase from 0.4 µm to 1.2 µm, with an increase in R* from 

0.1 to 0.45. As it has been reported earlier that poly-Si solar cell efficiency has a strong 

dependence on the grain size34, these results are very important. 

 
Figure 23. The average and maximum grain size as function of the R* parameter. (Chapter 3) 

 

What is the highest deposition rate at which large grain poly-Si can be obtained? 

 

Advanced material processing methods are urgently needed to address the present 

limitations related to thin film PV, amongst others, the low throughput/processing rate. In 

particular, within the promising CSG thin film technology, the low deposition rate (0.3 nm/s) of 

the a-Si:H represents the limiting step towards the development of low cost, large grain, thin (< 

10 μm) poly-Si solar cells. The research reported in Chapter 4 is based on the earlier reported 
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observation45 (presented in Chapter 3) that the R* controls the final grain size in the poly-Si 

layers. High growth rate a-Si:H layers, characterized by an increasing R* parameter, would 

therefore represent the ideal structure for the development of large grain poly-Si.  

 

In Chapter 4, we therefore report on the SPC of ultra-high growth rate (11- 60 nm/s) 

deposited a-Si:H layers. Large grain (~1.5 µm) poly-Si has been obtained from a-Si:H layers 

deposited at 25 nm/s. The grain size has been found to decrease for high R* films (> 0.4) due to 

the impact of the pristine a-Si:H layer morphology on the grain size development in poly-Si: in 

highly disordered matrices, i.e. with a limited nuclei density, the presence of a columnar structure 

and voids developing throughout the film thickness, inhibits the development of large grains 

(figure 24). In collaboration with CSG Solar (Sydney, Australia) we processed large grain poly-Si 

films obtained by high growth rate (25 nm/s) a-Si:H into solar cell configuration. An unoptimized 

Voc value of ~300 mV has been measured. This result is considered to be promising for the high 

growth rate deposition of a-Si:H for poly-Si based solar cells.  

 
Figure 24. Development of the grain size as a function of the parameter R*. The deposition rates 

of a-Si:H layers are also indicated. (Chapter 4) 

 

What are the nucleation centers in a-Si:H? Where are the nucleation centers in a-Si:H? How 

are they affected by the microstructure of a-Si:H films? Which particular property of a-Si:H 

film does control the nucleation centers and the incubation time? 
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Following our initial studies on poly-Si layers as obtained by means of SPC of plasma-

deposited a-Si:H films, Chapter 5 presents in situ X-ray diffraction crystallization kinetics studies 

of the a-Si:H layers with a tunable R* parameter. Specifically, the role of the a-Si:H structural 

properties, i.e. R* and MRO, on the crystallization process and nucleation rate, is highlighted and 

discussed. Mahan et al.44 has reported a crystallization kinetics study of a-Si:H where it is 

concluded that the nucleation centers in the a-Si:H are the better ordered areas surrounding the 

hydrogen sites and corresponding to a dominant 2000 cm-1 peak in the IR spectra. They also 

report on the incubation time being controlled by the medium range order (MRO) of the better 

ordered areas surrounding the same hydrogen sites. Furthermore, it is also stated that the nano-

sized voids present in the a-Si:H film matrix do not play any role in the crystallization process.  

 

In agreement with our previous results (Chapter 3)45, we confirm that the development of 

large grains extending through the thickness of the poly-Si layer is promoted by an increase in 

R*. Furthermore, our results confirm the findings of Mahan et al.44 where it is concluded that the 

medium range order (MRO) of better ordered regions controls the incubation time. However, we 

do also show that the MRO is not the only parameter affecting the incubation time, instead nano-

sized voids present in the a-Si:H structure also affect the incubation time, in contrast with what 

reported by Mahan et al.44 This conclusion is supported by the evidence that, upon annealing, 

highly disordered layers (R*> 0.3) undergo a massive hydrogen out-diffusion process from the 

nanosized voids, accompanied by a restructuring of the network and an increase in the MRO 

during the annealing procedure.  

 

Therefore, the evaluation of the MRO of the pristine a-Si:H is not sufficient to predict the 

incubation time, instead the hydrogen distribution among vacancies and voids needs to be taken 

into consideration as well. Figure 25 shows that to started increasing with increasing ω2θ (XRD 

FWHM) but after ω2θ > 5.5, to started decreasing and the films for which to started decreasing 

were high R* films. 
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Figure 25. Incubation time (to) as function of the FWHM (ω2θ) for different a-Si:H films. The 

corresponding R* values are also reported. The solid traces are a guide to the eye.  

 

We would like to mention here that we had a strong collaboration with Photovoltaic 

Materials and Devices - ESE group at Delft University of technology and they provided us with 

the PECVD deposited a-Si:H films. In collaboration with Hahn-Meitner-Instituts (HMI), Berlin, 

efforts are underway to realize solar cells where the poly-Si absorber layer obtained from SPC of 

ETP deposited a-Si:H. ETP a-Si:H was deposited on n type a-Si:H (deposited by PECVD) 

provided by HMI, followed by deposition of p type a-Si:H (deposited by electron cyclotron 

resonance chemical vapor deposition, ECR-CVD). The stack was crystallized at 600 °C for 24-36 

h, followed by RTA at 900 °C for 1 min. Hydrogenation was performed at 600 °C for 10 min. At 

last, after the corners etch, suns Voc measurements were performed. In the first attempt, 

unoptimized Voc ranging between 200-300 mV have been obtained which is lower than the values 

obtained from PECVD and e-beam material (470-490 mV). Further optimization is being 

carrying, on achieving high Voc along with high growth rates. 
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II.6. General conclusions and outlook 

 

In this thesis, several material science- related topics within the field of plasma deposition 

of a-Si:H and its crystallization towards poly-Si are investigated and addressed in published and 

papers accepted in scientific journals. The following conclusions can be drawn.  

 

 Hydrogenated amorphous silicon (a-Si:H) films with properties suitable for 

crystallization processing are deposited at very high growth rates (8 nm/s). The microstructure 

parameter R* of the ETP deposited a-Si:H layers is fundamental in controlling the grain size in 

poly-Si. Low R* films allow developing a high density of nuclei corresponding to a limited grain 

size (0.1- 0.3 µm), while high R* films due to low density of nuclei allows the development of 

large grains (0.5- 1.5µm). In summary, at constant hydrogen content, R* controls the final grain 

size. 

 

 Furthermore, large grain poly-Si films were obtained by SPC of a-Si:H grown at 25 nm/s 

by ETP at 450 ºC with increasing pressure. The promising material properties and preliminary 

results on the performance of poly-Si based solar cells, suggests further investigation. Nucleation 

centers have been identified as the ordered silicon regions surrounding the mono-/divacancies and 

the medium range order (MRO) of these regions controls the incubation time. It has been 

observed that films rich in nano-sized voids collapse during annealing leading to a larger MRO, 

which eventually leads to a shorter incubation time. 

 

Outlook: One of the main challenges for the thin-film poly-Si solar cells to generate respectable 

(value) efficiencies is to have material and structure uniformity. A recent overview of literature 

studies point out that next to grain size, intra grain defects also play an important role in 

controlling the electronic quality of poly-Si.9,129,181-185 Process-related spatial uniformities, 

dopants concentration and grain size can be controlled by means of appropriate deposition and 

processing tool designs. Structural and electronic inhomogeneities contribute mostly to the 

erosion in solar cell efficiency.184,186 Furthermore, minority carriers have a high probability to 

recombine at grain boundaries in poly-Si layers. Recent studies have shown that impurity 

presence at grain boundaries, intragrain dislocations are the major cause for deterioration of the 

electronic quality of poly-Si layers.181,182,184-187 Some efforts have been made recently to 

understand recombination processes at defects.181,182,184,185 These defects leads to deep level and 

shallow recombination. These phenomena need to be understood in order to further improve the 
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efficiency of poly-Si solar cells. The key to achieve a high efficiency lies in the knowledge of 

recombination centers and their control. As dislocations in poly-Si reported to be the major 

recombination centers, the control over inclusion of dislocations in poly-Si could lead to potential 

enhancement of solar cell efficiency. The other challenge is to achieve defect free homogenous 

grains (preferably equal to the thickness of poly-Si layer), which leads to longer diffusion lengths. 

   

We propose a double layer approach to achieve homogenous large grain poly-Si. Based 

on our results, in this approach, first a-Si:H layer (< 100 nm) with a very high MRO can be 

deposited followed by second a-Si:H layer (~ 1–2 µm) having very small MRO. Upon annealing, 

nucleation will start first in the thin layer with high MRO, while due to very small MRO, it will 

take a long time to initiate nucleation in thick layer, and meanwhile grains from thin layer can 

extend in to thick layer.  

 

In order to control dislocations in poly-Si, it is very important to find how dislocations 

depend on the a-Si:H microstructure and annealing temperature, and finally on the choice of 

substrate. This relationship will help to choose ideal a-Si:H film deposition conditions on suitable 

substrate followed by appropriate annealing temperature to achieve poly-Si with less dislocations 

density. 
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Novel Approach to Thin Film Polycrystalline 

Silicon on Glass* 
 

 

 

ABSTRACT 

 

 

 

Thin (1µm) a-Si:H films have been deposited on glass at high deposition rate (8 nm/s) and high 

substrate temperature (400 °C) by the expanding thermal plasma technique (ETP). After a Solid 

Phase Crystallization treatment at 650 °C for 10 hours, many crystal grains are found to extend 

over the entire thickness (1µm) of the polycrystalline silicon (poly-Si) films. This result indicates 

that the scalable, high-deposition rate ETP method can contribute to increase the potential for a 

widespread diffusion of poly-Si based thin film solar cells on glass.   
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I. Introduction  

 

    Recently, thin polycrystalline silicon (poly-Si) films on cost-effective substrates (e.g. glass) 

are emerging as a promising technology for large scale photovoltaic applications, combining  the 

high efficiency potential of crystalline silicon wafers with a sharp cost reduction.1 Poly-Si based 

thin (1.6 µm) film solar cells on glass have already proved an efficiency of 10.4% at mini module 

level (8 % in production), if combined with a high quality light-trapping scheme.2 Higher 

performance can be achieved by improving the crystallographic quality of the poly-Si layers, 

while a further cost reduction of the thin a-Si:H film processing is needed in order to promote a 

widespread application of this PV technology.  

 

Thin poly-Si on glass can be prepared by a variety of techniques such as: Solid Phase 

Crystallization (SPC) of amorphous silicon films, direct deposition of poly-Si layers3 (via high 

temperature >1000°C Chemical Vapor Deposition from a gaseous precursor) or a combination of 

a seed layer formation (via Aluminum Induced Crystallization4 or Layered Laser Crystallization5) 

and an epitaxial technique (via Vapor Phase Epitaxy or Solid Phase Epitaxy6). Of these methods, 

SPC of a-Si:H films has been the most extensively studied technique to obtain poly-Si and until 

now the most successful in the production of photovoltaic (PV) modules.2 

 

The grain size is a crucial first step in the production of high quality poly-Si films for PV 

applications. Although intra-grain crystalline defects can limit the electrical properties of poly-Si 

thin films, several experimental and theoretical results indicated that the efficiency of poly-Si 

solar cells improves significantly with increasing grain size.7,8 In recent years, the kinetics of the 

solid phase crystallization process has been extensively investigated, with the aim of maximizing 

the grain size, by growing crystal grains through the entire film thickness.9 

 

II. Experimental  

 

a-Si:H thin films have been deposited by ETP technique: an argon-hydrogen plasma is 

created in the sub atmospheric thermal arc (p ≈ 0.2-0.6 bar, T ≈ 1 eV, ne ≈ 1022 m-3) which 

expands supersonically into a vacuum vessel up to a stationary shock, after which a subsonical 

expansion occurs (p ≈ 0.1-0.3 mbar, T ≈ 0.1-0.3 eV, ne ≈ 1017-1019 m-3). As deposition precursor 

gas, silane is admixed in the vessel just behind the arc exit via an injection ring. The arc operates 
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as an intense atomic hydrogen source, so that the dominant radicalization mechanism is the 

hydrogen abstraction reaction of Silane:  

 

4 3 2SiH H SiH H     .10 The expanding plasma is characterized mainly by a large 

flux of SiHx and H of up 1022 m-2 s-1
 and 1023 m-2 s-1 respectively, and low ion energy (< 2 eV), 

thus resulting in a negligible ion bombardment effect on film growth.10  

 

Thin (1 µm) a-Si:H films have been deposited on both c-Si and 7059 Corning glass at 

400 °C. The amorphous silicon structure of the as deposited films is clearly indicated by the 

broad peak centered at around 480 cm-1 in the Raman spectra11, reported in the insert in figure 1. 

Refractive index, thickness and hydrogen content have been measured in a-Si:H films on c-Si 

substrate by Fourier Transform Infrared (FTIR) technique, as described elsewhere.12,13 This 

analysis indicates that high deposition rate (8 nm/s) and high substrate temperature (400 °C) 

result in compact a-Si:H films with a refractive index of 3.55 and a total hydrogen content of 7%.  

 

The a-Si:H films have been annealed in a vacuum furnace (p = 10-6mbar) at 650 °C. 

Temperature has been increased from 25 °C to 400 °C with a rate of 10 °C/min. The ramping up 

was then reduced to 2 °C/min from 400 °C to 650 °C in order to induce a slow nucleation rate in 

the a-Si films, thus favoring large grain growth. Then the films have been annealed at 650 °C for 

10 hours. 

 

III. Results and Discussion  

 

The annealing treatment results in poly-Si films, as indicated by the sharp peak centered 

around 520 cm-1 in the Raman spectra in figure 1.  

 

The poly-crystalline peak is broader than the crystalline silicon peak and has a weak tail 

in the lower frequency side, possibly due to the relaxation of the selection rule, induced by the 

presence of grain boundaries.14 
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Figure. 1 Raman Spectra of poly-Si film on glass substrate. Insert: Raman spectra of as deposited 

a-Si:H on glass substrate.    

 

Grain size in 1 µm thick poly-Si film has been measured by means of cross sectional 

Transmission Electron Microscope (TEM). Top and bottom picture in figure 2 refer to the same 

cross section of the poly-Si film, where crystal grains with a lateral size of 1 µm are measured by 

applying a different diffraction contrast. The contrast variations within the grains are due to strain 

(bending contours) and stacking faults. Many of similar grains are found to extend over the entire 

thickness of the film. 

 

Solid phase crystallization of RF-PECVD a-Si:H was reported as a suitable technique in 

order to produce good quality poly-Si films for microelectronic applications.15 Low deposition 

temperature, combined with the low deposition rate of RF-PECVD technique, determines high 

amorphicity (i.e. structural disorder) of the silicon network which reduces the nucleation rate 

during the phase transformation from a-Si to poly-Si. This limits large grain growth in short (< 10 

h) SPC annealing time. Nevertheless, RF-PECVD a-Si:H films are currently used in the industrial 

production of thin poly-Si films on glass for solar cells application.2 
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 Figure. 2 Cross sectional TEM pictures of poly-Si layer on glass substrate. Dashed line links 

identical positions in the two pictures. Before Focused Ion Beam preparation, a protective 

aluminum layer has been evaporated on the whole sample in order to protect the layers of 

interest. 

  

Although an efficiency of 9% is obtained in production, both long SPC annealing time 

(~70 h) and low deposition rate (0.01-0.7 nm/s) hinder a high throughput. Therefore various 

methods or different deposition techniques have been proposed in order to increase the 

throughput16,17, thus reducing the preparation cost of the silicon layer. 

 

The Electron beam evaporation technique is capable of depositing a-Si films at high 

growth rate (up to 1 µm/min). Electron beam a-Si is usually considered inappropriate for 

photovoltaic cell quality because of the high defect density in the silicon network.18 However, it 
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has been proposed that the higher structural disorder of electron beam a-Si induces a lower 

nucleation rate during the SPC, as compared to RF-PECVD a-Si:H, thus resulting in bigger grains 

poly-Si film.19 Nevertheless low efficiency solar cells (3.9%), based on thin poly-Si film on glass, 

have been obtained by SPC of electron beam a-Si films.20 As an alternative deposition method, 

HWCVD technique is able to deposit electronic-grade a-Si:H films at high growth rate (~1.5 

nm/s), thus potentially being an economical manufacturing technique for large area devices.21 

Despite the high growth rate, HWCVD a-Si:H is characterized by highly ordered, hydrogen free 

regions in the Si network, which promote a high nucleation rate leading to small grains.22,23 

 

As compared to RF-PECVD technique, ETP is capable to deposit device quality a-Si:H 

films at high deposition temperature (400 °C) with higher hydrogen content at a deposition rate (~ 

8 nm/s) one order of magnitude higher than RF-PECVD.10 Moreover, as shown in this letter, the 

solid phase crystallization of ETP a-Si:H is an effective approach to produce poly-Si thin films on 

glass. 

 

IV. Conclusions  

       

In conclusion, we found that solid phase crystallization of high deposition rate (~ 8 nm/s) 

ETP a-Si:H films, grown on glass at high temperature (400 °C), results in poly-Si films with 

crystal grains extending over the entire thickness (1 µm) of the film. The results reported in this 

paper indicate that the scalable, high-deposition rate ETP technique can contribute to reduce the 

production cost of poly-Si thin films on glass, by significantly improving the throughput of a-

Si:H deposition,  thus increasing the potential of this PV technology in reaching grid parity in the 

near future.  
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On the Effect of the Amorphous Silicon 

Microstructure on the Grain size of Solid Phase 

Crystallized Polycrystalline Silicon* 
 

 

ABSTRACT 

 

 

In this paper we report on the effect of the microstructure of remote plasma-deposited 

amorphous silicon films on the grain size development in polycrystalline silicon upon solid phase 

crystallization. The hydrogenated amorphous silicon films are deposited at different 

microstructure parameter values, R* (which represents the distribution of SiHx bonds in 

amorphous silicon), at constant hydrogen content. Amorphous silicon films undergo a phase 

transformation during solid phase crystallization and the process results in fully (poly-) 

crystallized films. An increase in amorphous film structural disorder (i.e. an increase in R*), leads 

to the development of larger grain sizes (in the range of 700-1100 nm). When the microstructure 

parameter is reduced, the grain size ranges between 100 and 450 nm. These results point out to 

the microstructure parameter having a key role in controlling the grain size of the polycrystalline 

silicon films and thus on the performance of polycrystalline silicon- solar cells. 
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I. Introduction 

 

Thin-film photovoltaics massively reduces the silicon content of the finished product, 

with 150-200 times less material usage than in conventional crystalline Si wafer based solar cells, 

resulting in cheaper, though presently less efficient (up to 13%) solar cells. Polycrystalline Si 

(poly-Si) thin-film solar cells (< 10 μm) are considered to be a promising alternative candidate,1-4 

because they couple the advantage of using the crystalline Si technology with thin film processing 

techniques. CSG solar has developed a solar cell technology where poly-Si is fabricated on glass 

showing a conversion efficiency of 10.4 %.2 

 

Poly-Si can be obtained by direct deposition,5,6 epitaxial growth,7,8 solid phase 

crystallization (SPC),9-11 metal induced crystallization,12,13 and excimer laser annealing.14 

Recently, poly-Si obtained by SPC of thin amorphous silicon (a-Si:H) films has been widely 

investigated14-17 because of the larger grain size when compared to directly deposited or epitaxial 

grown poly-Si films. Recently, we developed poly-Si layers (1 μm) having grains extending 

through the layer thickness upon solid phase crystallization (SPC) of high growth rate (> 8 nm/s) 

expanding thermal plasma (ETP) deposited a-Si: H films.18  

 

Hydrogenated amorphous silicon has been widely investigated for more than two 

decades. It is well known that the structural properties of a-Si:H films, such as the short- or long-

range order and density of the matrix, are determined by the silicon hydrogen (Si-Hx) bonding 

configurations.19,20 The Si-Hx vibrations are characterized by three absorptions bands in the a-

Si:H regions, i.e. wagging modes at 640 cm-1, a bending or scissors doublet at 840-890 cm-1 and 

two stretching modes in the region 1980-2010 cm-1 and 2070-2100 cm-1, the so-called low 

stretching mode (LSM) and the high stretching mode (HSM), respectively. In a new 

interpretation, consistent with Nuclear magnetic resonance studies, Smets et al.21 have reported 

that monohydrides in divacancies dominantly contribute to the LSM, whereas the hydrides on the 

nanosized void surface are mainly associated to the HSM.  

 

   The microstructure factor R*22 is defined as R* = IHSM/ (ILSM+IHSM) where IHSM and ILSM 

are the integrated absorption intensities of the HSM and LSM, respectively. In general, lower 

values of R* corresponds to a higher structural order in the a-Si:H material, while higher values 

of R* relate to lower structural order in the a-Si:H material.  
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The crystallization of a-Si:H is directly correlated to the release of hydrogen atoms as a 

consequence of the Si-H bond scission in the film. The crystallization of a-Si:H at relatively low 

temperatures (< 1000 ºC) is thought to follow a classical model of nucleation and grain growth, 

where after a certain incubation time, random nucleation takes place, followed by grain growth. 

As the activation energy for the nucleation is reported to be much higher than that for the grain 

growth,10,23 large grain poly-Si films can be obtained by suppressing the nucleation rate during 

annealing. The dependence of the two steps, i.e. nucleation and grain growth, on parameters such 

as the deposition method,24 deposition gases,24 substrate temperature,11,24-29 hydrogen 

content,11,24,30 medium range order,24 and film stress,24 in the as- grown films or as a result of H 

out- diffusion during annealing, have been reported in earlier studies. 

 

 However, the reported studies in literature have not been able to discern between the 

influence of the total hydrogen content and the a-Si:H film microstructure R* on the 

crystallization process separately. In particular the influence on grain size development has been 

challenging because controlling the two parameters independently in most of the a-Si:H 

deposition techniques.23,25,28,31 A deeper understanding of the dependence of the poly-Si grain size 

on the microstructure of a-Si:H can eventually lead to a significant improvement in 

polycrystalline silicon-based solar cells. In this paper, we will address the crystallization of 

plasma-deposited a-Si:H by showing the effect of the film microstructure on the grain size of 

poly-Si keeping the total hydrogen concentration in the a-Si:H film constant. The deposition of a-

Si:H layers is carried out by means of a remote plasma as a tool to control the hydrogen content, 

while tuning the film microstructure parameter, R*. We present the crystallization results by 

means of Raman spectroscopy and cross-sectional Transmission Electron Microscopy (TEM) 

measurements. Finally, we discuss the effect of the microstructure of a-Si:H film on the grain size 

distribution of poly-Si after solid phase crystallization.  

 

II. Experimental 

 

 The remote plasma deposition technique used in this work, i.e. the expanding thermal 

plasma-CVD (figure 1) is based on the generation of an Ar-H2 thermal plasma in a cascaded arc 

at typical pressures of 0.2-0.6 bar and flow rates in the range 25-100 sccs1. 32,33 It is used to 

                                                 
11 sccs = 1 cm3/s at STP 
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generate reactive species (i.e. Ar ions, electrons and H atoms) necessary for the dissociation of 

the precursor gas (SiH4) injected in the downstream region.  

 

 
Figure 1. Scheme of the expanding thermal plasma setup used for the a-Si:H film deposition. 

 

The discharge in the cascaded arc is controlled by a dc power supply and the power 

dissipated is typically within the 2-5 kW range. The plasma in the arc is thermal with an electron 

density of ~1022 m-3 and with an electron and heavy particle temperature of ~ 1 eV.32,33 The high 

heavy particle temperature leads to almost full dissociation of the molecular gases when injected 

into the arc plasma source. The plasma emanates from the high pressure plasma source through a 

nozzle and expands into the low pressure deposition chamber, leading to reduced electron 

temperature, i.e. 0.1-0.3 eV as well as the electron density, reduced by 3 orders of magnitude in 

pure Ar plasma and down to ~ 1016-1017 m-3 in Ar/H2 mixtures.33 Silane, which is injected 

downstream, is dissociated by atomic hydrogen mainly into SiH3 radicals for relatively high H2 

flow rates through the arc (≥ 5 sccs).32-34 The deposition takes place by the growth precursors on a 

temperature-controlled substrate holder placed at 35 cm from the arc nozzle. An accurate 

substrate temperature control (100-500 ˚C) is achieved by means of a He backflow between the 

yoke and the substrate holder, and between the substrate holder and substrates. 
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Very high deposition rates can be achieved, i.e. in the case of a-Si:H, deposition rates as 

high as 60 nm/s have been reported.32 The substrate self-biasing is typically < -2 V, 35,36 because 

of the low electron temperature, ruling out any influence of ion bombardment during growth. 

More details on the ETP technique can be found in Kessels et al. 32 and van de Sanden et al. 33 

 

1 µm thick a-Si:H films were deposited on c-Si <100> substrates (with no prior treatment 

to remove the native oxide layer) at 200 ˚C. An external RF substrate bias 37,38 was applied during 

film growth in order to further control the film microstructure and hydrogen content. The total 

hydrogen content was kept constant at 14 + 2 %. The RF power was generated by means of a 

RFPP power supply through an L-type matching network, used for impedance matching. The 

output of the matching network is coupled to a copper strip and the end of the copper strip is 

attached to the back side of the substrate holder. An overview of the experimental conditions is 

given in Table I. 

 

Table I. Experimental conditions for the deposition of a-Si:H films. 

 

          ΦAr  [sccs]           Pchamber [mbar]          RF power [W]              Vdc [V]              Rd [nm/s] 

35                         0.12                                0                               0                    2.2 

35                         0.12                              30                            -50                    3.1 

35                         0.12                              58                            -80                    3.8 

25                         0.12                                0                               0                    0.8 

25                         0.12                              47                            -85                    1.4 

25                         0.12                              64                          -100                    2.2 

 

The a-Si:H films undergo annealing in a vacuum oven (10-6 mbar) at 650 ˚C for 10 hours. 

Temperature is increased from room temperature to 400 ˚C at a rate of 10 ˚C/ min and from 400 

˚C to 650 C at 2 ˚C/ min. 

 

In order to determine the hydrogen content, film thickness and hydrogen bonding 

configurations, infrared transmission spectra have been recorded. The film refractive index nIR 

and film thickness are determined from the interference fringes of the resulting background 

spectrum in the non-absorbing spectrum range as described elsewhere.39 Every H bonded to 

silicon contributes to the 640 cm-1 wagging mode and consequently, this mode is used to 

determine the total hydrogen content by using proportionality constants determined by Smets et 
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al. 40 In a similar fashion, the LSM and HSM densities was also calculated by using the 

proportionality constants determined by Smets et al. 40  

 

The optical analysis of the deposited films was carried out by means of ellipsometry. Ex 

situ UV–VIS spectroscopic ellipsometry (SE) (Woollam M-2000U rotating compensator 

ellipsometer) provided the parameters Ψ and Δ at an angle of incidence of 75° over the spectral 

range of 245–1000 nm, with a resolution of 1.6 nm. The Cody-Lorentz model41 was used to 

determine the thickness and refractive index of a-Si:H layers. The model (Complete-EASE 

software, Woollam) consisted of: 1) Si substrate, 2) SiO2 native oxide layer (≈ 2 nm), 3) a general 

oscillator including a Cody-Lorentz oscillator. The Raman spectra of the crystallized films were 

recorded using a micro Raman scattering set up (In-via Renishaw) with a resolution of 1.6 cm-1, 

the crystallization degree being monitored by the 520 cm-1 Raman phonon mode. Samples for 

Transmission Electron Microscopy (TEM) inspection were prepared in cross section by 

mechanical grinding and polishing of the layer with the substrate being glued on a glass 

protection plate, followed by Ar ion milling. 

 

III. Results and discussion 

 

III (a). a-Si:H film deposition at constant H content 

 

The control of the hydrogen content and the microstructure parameter has been possible 

by means of a proper manipulation of the ion bombardment delivered to the growing a-Si:H layer, 

as shown in figure 2 (a-d), where the effect of the substrate bias voltage on the a-Si:H film 

properties is reported.  
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Figure 2. (a) Microstructure parameter R* (b) Refractive index in the IR (c) Refractive index 

visible range (d) Total hydrogen content determined by FTIR analysis , as function of the applied 

bias voltage. 

 

It is worth noticing that an overall increase in bias voltage is generally associated to an 

increase in average ion energy, which only reflects the averaged energy of the broad distribution 

of ions and not the width of energy distribution.21,37,42 At low bias voltages |Vdc|, mainly ion–
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surface interactions take place, leading to Si atom displacement at the surface, beneficial for 

reducing the defect incorporation by limiting the nanosized voids (associated to the HSM) in the 

film.42 When the bias voltage |Vdc| increases further, ion-bulk processes occur and the film 

densifies as supported by the increase in refractive index21,37 and a massive decrease in the 

microstructure parameter (Fig. 2 (a-c)): the bulk of the layer becomes rich in divacancies 

(associated to the LSM) while the nanosized voids are suppressed.   

 

Figure 3 shows the doublet bending and stretching modes of the a-Si:H films. As R* 

decreases, the intensity of the HSM peak centered at 2090 cm-1 reduces and the LSM peak 

centered at 2000 cm-1 becomes more dominant. Similarly, the intensity of the bending doublet 

modes becomes less dominant with decreasing R*.21,37,42  

 
Figure 3. FTIR spectra of the a-Si:H films for different values of R*.  
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III (b). Poly-Si characterization 

 

Raman spectroscopy measurements were performed on the solid phase crystallized 

films, where no hydrogen was detected below the detection limit of the FTIR. It is well 

known that c-Si is characterized by a sharp peak in the Raman spectrum at 521 cm-1,43,44 

whereas a-Si:H is identified by a broad spectrum in the range 460-480 cm-1.43,44 The Raman 

spectra (figure 4) of the crystallized layers exhibit a peak of the phonon mode at 521 cm-1 

and a shoulder at about 510-516 cm-1.  

 

No amorphous content was detected using Raman spectroscopy. It has been reported that 

the presence of a shoulder, or a broader Raman band width in poly-Si layers, is mainly caused by 

phonon damping associated with lattice defects and grain boundaries, due to the relaxation of the 

k~0 selection rule. This results in a finite phonon density-of-states contribution to the one phonon 

scattering cross-section.43 Three characteristic peaks, {111}, 45 and {311} centered around 28.5°, 

47.3° and 56.2°, respectively, was observed by X-ray diffraction measurements.10,11,30  

 
Figure 4. Raman spectra of the poly-Si layers at different R* values. The spectrum of c-Si is 

provided for comparison. 

 

The grain structure of the films can be studied in detail from cross-sectional TEM 

microscopy, as reported in figure 5. Random orientation and random size of grains rule out the 
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possibility of any possible substrate effect such as preferred nucleation etc. Larger grains are 

evident for higher R* values (0.42 and 0.34), whereas no visible difference was observed for 

lower R* values. Although the film with the highest R* (0.63) value has grains extending through 

the film thickness of 200 nm, this experimental condition was excluded from the data analysis as 

the film peeled off. This is most certainly caused by the large density of nanosized voids in the a-

Si:H layers where atomic hydrogen can recombine to H2. This results in pressure buildup and 

therefore in film delamination. 

 

 
Figure 5. Cross sectional TEM images of poly-Si films characterized by different R* values. 
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The grain size distribution (GSD), obtained from several scans on the crystallized 

samples, is reported in figure 6: the range of grain sizes becomes larger with increasing R*. This 

is quantified in figure 7, where the average and maximum grain size values are shown as function 

of the R* parameter. It can be concluded from the TEM results that a-Si:H films with lower 

values of R* leads to smaller grain sizes while a-Si:H films with higher values of R* leads to 

larger grains. At constant hydrogen concentration in a-Si:H films, R* controls the final grain size 

of poly-Si films after SPC. 

 
Figure 6. Grain size distribution (number of grains normalized by total scan area) as function of 

the grain size for different R* values.  

 

Grain size in poly-Si depends on the nucleation density in the a-Si:H matrix. Hishikawa 

et al.46 reported that the areas surrounding hydrogen in the divacancies (LSM) are favorable sites 

for nucleation, as the inclusion of LSM induces compressive stress in the a-Si:H structure. This 

means that the density of Si atoms is relatively high in the surrounding of a LSM, which increases 

the probability of nucleation. Therefore, the a-Si:H films with higher structural order (low R*) 

and similar hydrogen concentration have a higher density of nucleation sites compared to a-Si:H 

films with high structural disorder (high R*). On the basis of our results, it can therefore be 

concluded that R* is a key parameter in determining the final grain size of the annealed poly-Si 

films.  
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Figure 7. The average and maximum grain size as function of the R* parameter.  

 

IV. Conclusions 

 

a-Si:H films with different microstructure parameter, R* were deposited at constant 

hydrogen content, with the purpose of understanding the effect of the a-Si:H microstructure on 

the grain size of poly-Si films after SPC. For that purpose the crystallization behavior of a-Si:H 

films annealed in a vacuum furnace at 650 ºC for 10 hours have been investigated depending on 

the microstructure parameter and at constant hydrogen concentration. As R* increases, promotes 

an increase in structural disorder (decrease in nucleation centers) and leads to the development of 

a larger grain size (700-1100 nm) after SPC. When R* decreases, thus inducing more order in the 

film and promoting the development of more nucleation centers, which eventually results in a 

smaller grain size (100-450 nm) after SPC. The R* parameter is, therefore, a key parameter in 

determining the final grain size of the poly-Si films. The understanding of the dependence of the 

grain size on the R* parameter can eventually leads to a significant improvement of the efficiency 

of the polycrystalline silicon-based solar cells, as well as allows a more straightforward transfer 

of the process on industrial scale.  
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Chapter 4 
 

 

 

Solid-Phase Crystallization of Ultra High Growth 

Rate Amorphous Silicon Films* 
 

 

 

ABSTRACT 

 

 

 In this paper, we report on the deposition of amorphous silicon (a-Si:H) films at ultra-

high growth rate (11-60 nm/s) by means of the expanding thermal plasma technique, followed by 

solid-phase crystallization (SPC). Large-grain (~1.5 µm) polycrystalline silicon was obtained 

after SPC of high growth rate (~ 25 nm/s) deposited a-Si:H films. The obtained results are 

discussed by taking into account the impact of the a-Si:H microstructure parameter R* as well as 

of its morphology, on the final grain size development. 
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I. Introduction 

 

  Thin-film crystalline silicon on glass (CSG) solar cell technology aims to address the 

challenges related to low cost and large area processing/ high throughput, while guaranteeing the 

good intrinsic, opto-electronic properties of crystalline silicon.1,2 In the CSG solar approach, 

polycrystalline silicon (poly-Si) thin films are developed from a-Si:H layers by means of SPC.2-4 

SPC promotes the development of large grains extending through the layer thickness (~2 µm) and 

allows for good uniformity over a large area compared to other approaches (e.g. laser-induced 

crystallization5 or direct-deposition of poly-Si6). CSG Solar has demonstrated a conversion 

efficiency of 10.4% based on the SPC of a-Si:H layers deposited by plasma-enhanced chemical 

vapor deposition (PECVD) technique.1,2 However, the major drawback of this approach is the 

limited deposition rate (0.3 nm/s) of the a-Si:H layer, which poses serious challenges in reaching 

a high throughput. A similar conclusion can be drawn for a-Si:H films deposited by techniques 

such as hot-wire CVD,7,8 low-pressure CVD,9 glow discharge10 and RF sputtering.10 Therefore, in 

this paper we report on the SPC of a-Si:H films deposited at ultra high growth rate to develop 

large grain poly-Si. Moreover, the impact of the morphology of high growth a-Si:H layers on the 

grain size development in poly-Si in reported. 

  

When addressing specific deposition techniques and/or experimental conditions leading 

to high growth rates, their effect on the structural order/disorder in the a-Si:H film needs to be 

investigated, since the latter controls the nucleation rate during the SPC process and, eventually, 

the grain size.8,9,11-13 The SPC of a-Si:H follows 3 steps: incubation (the time prior to the onset of 

nucleation), nucleation (creation of random nuclei) and grain growth (where the grain 

development is in competition with the nuclei formation).14 Experimental evidence has pointed 

out that the density of nuclei is limited in films characterized by a high degree of structural 

disorder, thus leading to poly-Si with large grains.8,9,11,12 Recently, we specifically addressed the 

relationship between R* and the grain size development in poly-Si obtained upon SPC of a-Si:H 

films deposited by means of the expanding thermal plasma chemical vapor deposition (ETP-

CVD). R* represents the order (low R*)/disorder (high R*) in the matrix according to the Si-H 

bond distribution in mono-/di-vacancies (–low stretching mode-LSM) and nano-sized voids (–

high stretching mode-HSM), and it is quantified by the integrated IR absorption band ratio AHSM/ 

(ALSM+AHSM), where ALSM and AHSM are the integrated absorbance. The grain size in poly-Si was 

found to increase from 0.4 µm to 1.2 µm, with an increase in R* from 0.1 to 0.45.15 Therefore, 
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these preliminary considerations suggest that a high growth rate and a high R* would represent 

the ideal combination for the development of poly-Si films exhibiting large grains.  

 

II. Experimental section  

 

a-Si:H films were deposited by the ETP on c-Si and on glass substrates (corning 7037) 

coated with 100 nm of Si3N4, which acts as diffusion barrier for impurities (B, Al, Cr, Na etc.) 

present in the glass. The ETP-CVD setup is described in detail elsewhere.16 The pressure was 

varied in the range of 0.15-0.47 mbar and the substrate temperature (Tsub) was set to 450 °C. The 

choice of this substrate temperature setting in comparison with the studies previously carried out 

at 200°C15 , is based on the - often reported in literature17- compromise between high growth rate 

and porosity in the deposited layer. In the specific case of a-Si:H, films deposited at low substrate 

temperature and at high growth rate are prone to oxidation, which hampers the crystallization 

process. A higher processing temperature is a necessary condition to develop high growth rate (> 

10 nm/s) a-Si:H films stable upon exposure to the environment. A key parameter to control the 

deposition rate in an expanding thermal plasma is the deposition pressure (Pdep): an increase in 

Pdep allows increasing the growth flux of the depositing radicals arriving at the growing film on 

the substrate, as already shown in [19,20].  

 

The a-Si:H films deposited on c-Si substrates were analyzed by means of Fourier 

transform infrared spectroscopy (FTIR) and scanning electron microscopy (SEM), while the a-

Si:H films on Si3N4-coated glass substrates were used for the crystallization kinetics studies, 

carried out by means of in situ X-ray diffraction (XRD), and for cross section transmission 

electron microscopy (XTEM) measurements. In order to determine the hydrogen content, film 

thickness and hydrogen bonding configurations, infrared transmission spectra were recorded. The 

film thickness values were determined from the interference fringes of the resulting background 

spectrum in the non-absorbing spectrum range, as described elsewhere.18 Every hydrogen atom 

bonded to silicon contributes to the 640 cm-1 wagging mode and, consequently, this mode was 

used to determine the total hydrogen content using the proportionality constants determined by 

Smets et al.19 The Raman spectra of the samples were recorded using a micro Raman scattering 

setup with a resolution of 1.6 cm-1. Elastic recoil detection (ERD)/ Rutherford backscattering 

spectroscopy (RBS) measurements were performed to determine the a-Si:H density.  
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The a-Si:H films underwent the annealing process in a vacuum oven (10-6 mbar) at 600 

°C for 10 h. The temperature was increased from room temperature to 400 °C at a rate of 10 

°C/min and then from 400 °C to 600 °C at 1 °C/min. The crystallization kinetics was monitored 

in situ using a Anton Paar DHS 1100 domed hot stage coupled to X-ray diffraction instrument 

(XRD) using the above mentioned recipe. The incubation time was chosen as the time needed to 

observe the c-Si XRD (111) peak rise to 1/10 of its final intensity.13,20,21 The morphology of a-

Si:H samples was measured with a Jeol JSM-7500 FA scanning electron microscope. Samples for 

XTEM inspection were prepared in cross section by mechanical grinding and polishing of the 

layer with the substrate being glued on a glass protection plate, followed by Ar ion milling. 

 

III. Results and discussion 

 

Figure 1 shows the development of the hydride (Si-Hx) stretching mode as monitored by 

means of FTIR spectroscopy for a-Si:H films deposited in the pressure range of 0.15- 1 mbar. The 

LSM (1980-2010 cm-1)22 and the HSM (2070-2100 cm-1)22 absorption peaks can be observed. The 

HSM intensity increased with increasing Pdep and it can be further deconvoluted into two 

contributions in the case of the films deposited at high pressure conditions (0.40 and 0.47 mbar). 
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Figure 1. IR absorbance spectra of the stretching modes of a-Si:H (open circles) for several Pdep 

values. The deconvolution is carried out by means of Gaussian functions.  

 

This is due to the presence of higher hydrides (SiH2, SiH3) on the surface of voids.18,23-25 

However, in the definition of the R* parameter, both modes contribute to the HSM.22 Increasing 

HSM contribution with increasing Pdep led to increased porosity in a-Si:H films, but a-Si:H films 

deposited above 0.47 mbar were highly porous and oxidized immediately after taking out from 

deposition tool. Oxidized films can’t be used for SPC as it hinders the crystallization process. 

Therefore, films deposited above 0.47 mbar were not utilized for further processing. Table I 

reports the values of R*, deposition rate, film density (ρa-Si:H) and hydrogen content (CH) for Pdep 

setting upto 0.47 mbar. Table I reports the values of R*, deposition rate, film density (ρa-Si:H) and 

hydrogen content (CH) for each deposition pressure setting. R* and the deposition rate (Rd) are 

found to increase (from 11 to 58 nm/s) with increasing Pdep, promoting a decrease in the ρa-Si:H 

(although no oxygen content was detected by RBS measurements) and an increase in CH.  
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Table I. R*, deposition rate (Rd), film density (ρa-Si:H) and hydrogen content (CH) for the a-Si:H 

films deposited at several Pdep settings. 

 

 

  Pdep                              R*                                   Rd                     ρa-Si:H                    CH        

(mbar)                                                                (nm/s)               (g cm-3)                 (at.%)   

0.17                             0.17                              11                    2.21                5.4+0.4 

0.30                             0.32                              25                    2.19                5.6+0.4 

0.40                             0.41                              40                    2.00                7.6+0.5 

0.47                             0.48                              58                    1.86                8.8+0.6 

 

The decrease in the ρa-Si:H is related to the incorporation of nano-sized voids, which is a 

result of the limited radical surface diffusion competing with the increasing growth flux arriving 

at the surface of the growing layer.17,22 This is confirmed by the analysis carried out in figure 1 

where the HSM contribution progressively increases with the increase in pressure. Since nano-

sized voids with a radius of 1-4 nm correspond to several missing Si atoms (200 up to ~104)26, 

they have a direct impact on the film density.17 To summarize, an increasing deposition pressure 

leads to a-Si:H films with increasing disorder (i.e. an increasing R*), increasing CH and 

decreasing ρa-Si:H.  

 

Cross-sectional TEM (XTEM) measurements were carried out on the poly-Si films, 

which resulted fully-crystallized, as inferred by Raman spectroscopy. Figure 2 shows the average 

and maximum grain size as a function of R*. Based on our previous studies,15 the grain size is 

expected to increase with increasing R*. Instead, a maximum in grain size for an R* value of 

about 0.32 is found.  
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Figure 2. (a) Development of the grain size as a function of R*. The deposition rate of a-Si:H 

layers is also indicated.  

 

This result could be considered plausible if the a-Si:H layers would contain nuclei 

embedded during the plasma deposition step, however, the ETP deposited layers did not show 

any presence of nuclei for the pressure range here under investigation, i.e. from 0.17-0.47 mbar, 

as inferred from Raman and XRD measurements. According to literature14,27-32, stable (i.e. above 

the critical size) nuclei of approx. 2-4 nm, can already be detected by means of Raman and XRD. 

Instead, nuclei were detected as embedded in the a-Si:H matrix, when deposited at a much higher 

pressure conditions, i.e. ≥ 0.85 mbar. Furthermore, time-resolved measurements of the 

crystallization process occurring during the SPC treatment (Fig. 3a), show that the layers under 

investigation (pressure in the range of 0.17-0.47  mbar) exhibit the expected trend, i.e. an increase 

in incubation time (to) with increasing R* (Fig. 3b).13,14,21 In fact, if nuclei were present in the a-

Si:H matrix prior to the SPC treatment, the onset in crystallization would be expected to occur at 

earlier stages, as observed by Spinella et al.32 and Dabney et al.32,33 On the basis of the above-

mentioned observations, it can be concluded that the nuclei development during the plasma 

deposition of a-Si:H in the pressure range of 0.17-0.47 mbar can be excluded. Therefore, a priori 

nucleation, (i.e. a high nuclei density), is not the cause for the decrease in grain size for R* values 

larger than 0.32. 
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Figure 3. (a) Crystallization kinetics of a-Si:H films measured by in situ XRD, where Xc is plotted 

as a function of the annealing time for different values of R*. The solid lines are fits to the data 

using the methodology of Iverson and Reif.14 (b) Variation of incubation time (to) as a function of 

R*. 

 

To further investigate this subject, cross-sectional SEM studies were carried out on two 

as-deposited a-Si:H samples (R* = 0.17 and 0.48) in order to highlight any difference in film 

morphology. Figure 4a shows the low R* film (0.17; 11nm/s) exhibiting a smooth surface and 

homogeneous bulk structure, while the high R* film (0.48; 58 nm/s) is shown to develop a 

columnar structure and presents a rather rough surface (Fig. 4b). It should be reported that the 

layer is still fully amorphous. For comparison, the morphology of a high R*, low Rd (0.44; 4.2 

nm/s) is shown as well (Fig. 4c). This later has been deposited at lower Tsub (300 °C) with a CH = 

8.9+0.8 at.% and also exhibits a smooth surface and compact bulk structure. This comparison in 
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terms of layer morphology suggests that the (expected) grain size development in high Rd, high 

R* layers, is hindered by the columnar structure of the amorphous material.  

 

 
Figure 4. (a) Cross-sectional SEM pictures of cleaved, as-deposited a-Si:H samples with (a) R* 

= 0.17, Rd = 11 nm/s, (b) R* = 0.48, Rd = 58 nm/s, (c) R* = 0.44, Rd = 4.2 nm/s.  

 

It is also worth mentioning here that columnar growth was observed in a-Si:H films 

deposited above Pdep = 0.40 mbar. Therefore, the effect of the columnar growth on the grain size 

development in poly-Si is restricted to films deposited at Pdep = 0.4 mbar and 0.47 mbar. This 

observation can be further supported by XTEM studies of crystallized films, which show the 

development of smaller grains (Fig. 5c and 5e), accompanied by voids extending through the film 

thickness (Fig. 5f) in the case of high Rd, high R* films, whereas layers characterized by low R* 
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values (Fig. 5a-b) are characterized by larger grains. For comparison, the XTEM image of the 

crystallized high R*, low Rd sample (Fig. 5d) is also displayed: large grains up to 1.5 µm are 

reported. In conclusion, the morphology of the pristine a-Si:H layer plays an essential role in 

controlling the grain development and final grain size.  

 

 

Figure 5. XTEM images of poly-Si on Si3N4-coated glass substrates for different values of R*, (a) 

0.17, (b) 0.32, (c) 0.41, (d) 0.44-low deposition rate (e) 0.48, and (f) a close-up of the sample 

characterized by an R* value of 0.48, showing the voids extending through the film thickness. 

 

A final consideration concerns with the potential application of the poly-Si layers here 

under investigation. Previously, poly-Si thin films obtained from SPC of amorphous silicon films 

deposited by PECVD and e-beam techniques have been used in poly-Si solar cell fabrication 

yielding a maximum Voc in the range of 470-490 mV.34,35 Aiming to achieve comparable results,  

ETP (25 nm/s) a-Si:H layers (1 µm thick) have been deposited on a phosphorus doped SiNx layer 
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followed by SPC at 600 °C for 36 h. The spin-on dopant technique has been used to provide 

boron which diffuses into the poly-Si layer during the rapid thermal annealing at 930 °C for 4 

min. Finally, hydrogenation has been carried out to improve the material quality before 

measuring the Voc. An unoptimized Voc value of ~300 mV has been measured. This result is 

considered to be promising for the high growth rate deposition of a-Si:H for poly-Si based solar 

cells. 

 

IV. Conclusions 

  

It has been demonstrated that it is possible to obtain large grain development in the poly-

Si layer using high-rate deposited a-Si:H layers: an optimum has been reached for films at 25 

nm/s showing grains of 1.5 µm. Furthermore, it has been shown that next to the microstructure 

parameter R*, the pristine a-Si:H morphology has a large impact on the grain size development: 

even in highly disordered matrices, i.e. with a limited nuclei density, the presence of a columnar 

structure and voids developing throughout the film thickness, inhibits the formation of large 

grains. The effect of morphology of a-Si:H on the final grain size has never been reported earlier 

within the field of poly-Si. 
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In situ Crystallization Kinetics Studies of Plasma-

Deposited Hydrogenated Amorphous Silicon 

Layers* 
 

 

 

ABSTRACT 

 

 

 

The impact of the amorphous silicon properties, i.e. the microstructure parameter R* and the 

medium range order (MRO), on the crystallization process is highlighted and discussed. In 

agreement with literature, the development of large grains extending through the thickness of the 

poly-Si layer is found to be promoted by an increase in the amorphous silicon microstructure 

parameter, R*. Furthermore, while the role of the MRO in controlling the incubation time and, 

therefore, the onset in crystallization, is generally acknowledged, it is also concluded that the 

presence of nano-sized voids play an essential role in the crystallization kinetics. 
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I. Introduction 

 

Solid-phase crystallization (SPC) of amorphous silicon (a-Si:H) is nowadays widely 

investigated and reported in literature, due to the recognized potential of poly-Si as absorber in 

thin film photovoltaics.1 Poly-Si as obtained by SPC of a-Si:H,2-4 is characterized by large grains 

(~2 µm) and good area uniformity when compared to other approaches (e.g. laser-induced 

crystallization5 and direct-deposition of poly-Si6). For example, CSG Solar has reported on a 

conversion efficiency of 10.4% based on the SPC of a-Si:H layers deposited by plasma-enhanced 

chemical vapor deposition (PECVD).3,7  

 

According to the classical model of nucleation and grain growth, the SPC of a-Si:H 

follows the three classical steps of (1) incubation (the time before the onset of nucleation), (2) 

nucleation (creation of random nuclei) and (3) grain growth (where the grain development is in 

competition with nuclei formation).8 Several studies have been carried out to determine the effect 

of the structural properties of a-Si:H on the crystallization process and, in particular, on the 

nucleation phase.2,8-16 In order to present an overview of the work reported in literature, we report 

in figure 1 a sketch of an amorphous silicon network, where the hydrogen is present in mono-, 

divacancies and nano-sized voids.17-20 IR spectroscopy is a widely known and adopted diagnostics 

to identify the presence of hydrogen in mono-/divacancies (low stretching mode -LSM-, in the 

range of 1980-2010 cm-1) and in nanosized voids (high stretching mode -HSM-, in the range of 

2070-2100 cm-1).17-20 Furthermore, it is essential to define also the ordered regions within the a-

Si:H network, as they are reported to control the incubation time in a-Si:H upon annealing,1 as it 

will be later addressed. In particular, the short-range order (SRO) is restricted to the region of the 

silicon network up to a distance of 3 Å from the mono-/divacancies, while the medium-range 

order (MRO) extends up to 25 Å from the mono-/divacancies.21-23  

 

It is generally acknowledged9,11,15,24 that the development of nuclei in an a-Si:H layer is 

hampered by the degree of structural disorder, often quantified in terms of the microstructure 

parameter R*, defined as IHSM/ (ILSM+IHSM), where IHSM and ILSM are the integrated absorption 

areas of the LSM and the HSM, respectively. Recently, we also specifically addressed the 

relationship between R* and the grain size development in poly-Si obtained upon SPC of a-Si:H 

films deposited in a remote plasma configuration, i.e. the expanding thermal plasma (ETP).25 The 

grain size in poly-Si was found to increase (from 0.4 µm to 1.2 µm) with increasing R* (from 0.1 

to 0.45).25 Furthermore, when referring to the crystallization kinetics studies, Mahan et al.1 
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investigated the development of poly-Si from a-Si:H films deposited by RF capacitively coupled 

PECVD and hot wire CVD. They identified the nucleation centers to be the hydrogen-deficient 

regions, i.e. the regions surrounding the hydrogen sites corresponding to a dominant 2000 cm-1 

peak in the IR spectra. They also reported on the incubation time being controlled by the MRO of 

the better ordered areas surrounding the same hydrogen sites. 

 
Figure 1.  Schematic of an a-Si:H network, where hydrogen in mono-/divacancies and H in nano-

sized voids can be identified, together with the area covered by the short range and medium 

range order. 

 

 In the present contribution, we proceed further with the investigation of a-Si:H films 

deposited by means of the ETP-CVD, and provide a detailed in situ XRD study on the 

crystallization kinetics during the SPC treatment. Although our results appear to confirm the role 

of the MRO in controlling the incubation time (to), the investigation of an extended R* range 

covered by our experimental conditions suggests that the MRO of the pristine a-Si:H layer is not 

the only parameter accounting for the control of nuclei formation. We show evidence that the 

pristine a-Si:H microstructure changed upon SPC treatment and that these structural 

modifications induced a change in the MRO, which eventually affect the incubation time towards 

poly-Si formation. 
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II. Experimental  

 

a-Si:H films were deposited on c-Si and Si3N4-coated glass substrates (Si3N4 was used as 

a diffusion barrier against impurities from glass) by an expanding thermal plasma (ETP) 

technique, previously described in details26,27 , at substrate temperatures of 200-500 °C. a-Si:H 

films with a varying R* at a constant hydrogen content (CH) were deposited at each substrate 

temperature (Table I). The characterization techniques used in this study were Fourier transform 

infra-red (FTIR) spectroscopy, Spectroscopic ellipsometry, Raman spectroscopy, cross-section 

transmission electron microscopy (XTEM) and X-ray diffraction (XRD). Ex situ UV-VIS 

spectroscopic ellipsometry (SE) (Woollam M-2000U rotating compensator ellipsometer) 

provided the parameters Ψ and Δ at an angle of incidence of 75° over the spectral range of 245-

1000 nm, with a resolution of 1.6 nm. The Cody-Lorentz model28 was used to determine the 

thickness and refractive index of the a-Si:H layers. The model (Complete-EASE software, 

Woollam) consisted of: 1) Si substrate, 2) SiO2 native oxide layer (≈ 2 nm), 3) a general oscillator 

including a Cody-Lorentz oscillator. The Raman spectra of the samples were recorded using a 

micro Raman scattering setup (In-via Renishaw) with a resolution of 1.6 cm-1. The FTIR 

measurements were carried out using a Bruker Tensor 27 Fourier Transform Infrared 

Spectrometer. The total hydrogen content (CH) was calculated from the Si–H wagging mode 

using a proportionality constant previously reported in literature.17,29 A Philips X’Pert Pro system 

was used for the XRD measurements with Cu-Kα X-rays, selected with a graphite crystal 

monochromator. The information related to the MRO scale (3-6 Å to as high as 15-25 Å22,30-33) 

were obtained by XRD linewidth analysis of the full-width-at-half-maximum (FWHM) of the 

lowest angle X-ray scattering peak.1,34-36 The FWHM was computed by fitting the first diffraction 

peak of a-Si:H spectra.1,32,35,36 The FWHM usually varied between 5 and 6° for all of a-Si:H 

samples.1,34-36 For the to measurements, all a-Si:H samples were annealed up to 600 °C by 

ramping from room temperature to 400 °C at 10 °C/min and then from 400 °C to 600 °C at 1 

°C/min. The crystallization was monitored in situ using an Anton Paar DHS 1100 domed hot 

stage. The sample was placed on the hot stage with spring clips, covered with the dome, 

evacuated and purged with argon five times. Data was taken under argon atmosphere every 10 

minutes until full crystallization was achieved (approximately after 10-12 h). Equation 1 was used 

to calculate crystallization content (Xc).  

Ihkl
hklXc IhklMAX

hkl



                                                                                                           (1) 
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∑Ihkl is the sum of the intensities of the three orientation peaks i.e. <111>, <220>, <311> 

and ∑IhklMAX represents the sum of the maximum intensities of all the three orientation peaks. The 

incubation time was chosen as the time needed to observe the c-Si XRD (111) peak rise to 1/10 of 

its final intensity.1,13,37 Lift-out Focused Ion Beam (FIB) sample preparation was performed to 

prepare samples for XTEM. The XTEM studies were carried out using an FEI Tecnai F30ST. 

 

The values of thickness, refractive index, R*, CH, XRD FWHM, and incubation time of a-

Si:H films deposited at varying substrate temperature were reported in table I. 

 

Table I. Substrate temperature (TSub), R*, and hydrogen content (CH) for the a-Si:H films 

deposited at several Pdep settings. 

 

TSub(°C) d (nm) nVis R* CH (at. %) ω2θ(°) to(min) 

200 °C 942 
1075 
961 
1030 

4.03 
3.97 
3.87 
3.80 

0.18 
0.3 
0.44 
0.59 

14+ 1.3 5.91 
5.97 
6.05 
6.15 

431 
384 
308 
124 

300 °C 930 
982 
1032 

4.18 
4.13 
4.09 

0.17 
0.3 
0.44 

9+ 0.8 5.41 
5.64 
5.79 

308 
261 
214 

400 °C 987 
975 
1010 

4.31 
4.29 
4.2 

0.06 
0.13 
0.27 

7+ 0.6 5.04 
5.15 
5.26 

92 
130 
180 

500 °C 1062 
1036 

4.36 
4.31 

0.05 
0.16 

5+ 0.4 4.97 
5.17 

62 
135 
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II. Results and Discussion 

 

A detailed analysis of the deposited films has been carried out and reported in Table I and 

figure 2. The latter shows the area of the LSM and the HSM absorption peaks as a function of R* 

for different hydrogen content (CH) values. The LSM area decreased and the HSM increased with 

an increase in both R* and CH, which is caused by a reduction of the number of divacancies and 

the inclusion of hydrogenated nano-sized voids. Figure 2c shows the corresponding XRD 

FWHM, ω2θ (computed by fitting the first diffraction peak of a-Si:H XRD spectra35,36), as a 

function of R* for different values of CH. Higher structural disorder in the a-Si:H films leads to a 

higher ω2θ, because the hydrogenated nano-sized voids density increases.1,23,38 Furthermore, ω2θ is 

found to increase with an increase in CH, due to increase in density of hydrogenated vacancies 

and hydrogenated nano-sized voids.   
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Figure 2. Area of the (a) LSM-, (b) HSM- related IR absorption peaks,(c) ω2θ , as function of R* 

for several a-Si:H films with different CH values, deposited under the experimental conditions 

(Tsub) in Table I. 
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No difference in crystallization was observed in crystallization of a-Si:H films deposited 

on c-Si and Si3N4-coated glass substrates. However, a-Si:H films deposited on Si3N4-coated glass 

were adopted for the in-situ crystallization kinetics study, in order to get an insight into the 

crystallization kinetics of a-Si:H films deposited on glass. a-Si:H samples underwent an SPC 

treatment towards crystallization. The SPC kinetics was monitored by means of in situ XRD. 

Figure 3 shows the evolution of the XRD peaks during annealing. All samples were fully 

crystallized after in situ annealing as inferred by Raman spectroscopy, as shown in figure 4.  
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Figure 3. Evolution of XRD peak <111> upon crystallization for an a-Si:H film, time mentioned 

in the legend is the annealing time when sample reached 600 °C. XRD spectra of a-Si:H also has 

been shown in inset. 
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Figure 4. Raman spectra of fully crystallized poly-Si films upon crystallizing a-Si:H films, inset 
shows a typical Raman spectra of a-Si:H. 

 

Furthermore, figure 5a shows an example of the evolution of the XC as a function of the 

annealing time for one value of MRO and CH.  Figure 5b shows the relation between to and ω2θ 

(since MRO controls to): under conditions of high MRO (ω2θ < 5.5), the to inversely correlate with 

the MRO, i.e. the larger the MRO, the smaller the to. However, for progressively larger values of 

ω2θ, the to appeared to decrease, suggesting that the crystallization kinetics in films characterized 

by large ω2θ and higher R* (>0.3) values is not solely controlled by the MRO. 
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Figure 5. (a) Crystalline content (Xc) as function of the annealing time (600 °C). The solid line 

is a fit to the data using the approach described by Iverson and Reif.[8] (b) Incubation time (to) 

as a function of the FWHM (ω2θ) for different a-Si:H films along with R* values, 

deposited under the experimental conditions (Tsub) reported in Table I, solid lines are 

guide to the eye.  
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respectively. Upon annealing, the HSM intensity was found to decrease drastically when 

compared to the LSM intensity. This observation is supported by the fact that hydrogen 

associated with nano-sized voids starts to diffuse out at 150-400 °C, whereas hydrogen present in 

divacancies escapes around 550-600 °C.39 It can be, therefore, concluded that the films with a 

larger concentration of nano-voids, i.e. higher values of R*, undergo larger structural changes 

upon annealing.39-43 

 
Figure 6. Raman spectra of the as- deposited and annealed (a) low R and (b) high R* a-Si:H 

films, both with a hydrogen content of 14%.  

 

To further investigate the impact of the hydrogen out-diffusion in high R* films, ex-situ 

XRD measurements were also carried out on the samples after annealing at 450 °C and 550 °C. 

Figure 7 shows the change in ω2θ during annealing as a function of R* for different CH values. 

The MRO is found to increase upon annealing for the films characterized by a higher R*. This 

suggests that, in highly disordered films, nanosized voids collapse upon hydrogen out-diffusion, 
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shorter to, as previously observed in figure 5b.  
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Figure 7. The FWHM (ω2θ ) upon annealing as function of R* for a-Si:H films characterized by a 

CH of 9 and 14 at. %. 

 

Furthermore, in order to investigate the effect of to on the grain size of poly-Si, cross-

sectional transmission electron microscopy (XTEM) measurements were carried out on a low and 

high R* samples, as shown in figure 8. Large grains are evident for high R* films as compared to 

low R* films. A quantitative data analysis in terms of the average and maximum grain size as a 

function of R* for different CH values is shown in figure 9. 
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Figure 8. XTEM images of poly-Si films crystallized from a-Si:H films having low and high R*, 

(a) R* = 0.14, CH = 9 % (b) R* = 0.44, CH = 9 %  (c) R* = 0.18, CH = 14 %  (d) R* = 0.60, CH = 

14 % 

 

Despite the shorter to, a-Si:H films characterized by high values of R* (0.44 and 0.60) 

lead to the development of larger grains than the films characterized by a lower R* and longer to. 

This additional experimental evidence confirms the results presented in25, i.e. R* controls the 

final grain size in poly-Si. While the role of MRO in controlling the incubation time is 

acknowledged, it is also concluded that the evaluation of the MRO of the pristine a-Si:H is not 

sufficient to predict the incubation time, since highly disordered layers (i.e. R*> 0.3) undergo a 

massive hydrogen out-diffusion process from the nanosized voids, accompanied by a 

restructuring of the network and an increase in the MRO during the annealing procedure. 
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Figure 9. The variation of the maximum and average grain size as function of R* for a-Si:H films 

characterized by a CH of 9 and 14 at. %. 

 

IV. Conclusions 
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voids are actively involved in controlling the nucleation step, since they induce a restructuring of 

the a-Si:H layer upon annealing. These results are partially in contrast with the work by Mahan et 

al.,1 where it is generally concluded that the microstructure of the a-Si:H layer (i.e. presence of 

nano-sized voids) does not influence the crystallization process.  
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Summary 
 
 

This Ph.D. thesis addressed the deposition of hydrogenated amorphous silicon (a-Si:H), 

the impact of its microstructural properties on the development of polycrystalline silicon (poly-Si) 

upon solid-phase crystallization (SPC), and the crystallization kinetics. The developed knowledge 

allows for an in-depth understanding of the SPC process of a-Si:H and paves further the way 

towards plasma deposition of a-Si:H for high quality poly-Si absorber layers. 

 

Experiments have been performed by means of the expanding thermal plasma (ETP), a 

remote plasma deposition technique that allows for an independent parameter variation with a 

large freedom in operating conditions. The ETP technique is capable of depositing a-Si:H at rates 

up to 60 nm/s, i.e. 10–100 times faster than with conventional deposition techniques. 

Furthermore, a selected experimental approach based on an extensive use of in situ and ex situ 

surface and bulk film diagnostics is applied with the purpose of disclosing the impact of the a-

Si:H film properties on the crystallization kinetics. In particular, a-Si:H bulk parameters such as 

the hydrogen content and microstructure parameters (R*, SRO, and MRO) were studied in depth.   

 

The approach chosen in this Ph.D. project initiates from the development of state-of-the-

art poly-Si layers characterized by a grain size developing up to a 1 µm, upon SPC treatment of a-

Si:H deposited at 8 nm/s. These results demonstrate the potential of ETP technique to reduce the 

production cost of poly-Si thin films on glass by significantly improving the throughput of a-Si:H 

deposition.  

 

Furthermore, large grains are found to be promoted by an increase in the a-Si:H 

microstructure parameter R*, a conclusion drawn after crystallizing a-Si:H films with varying R* 

while having constant hydrogen content. An increase in R* promotes an increase in structural 

disorder and leads to the development of a larger grain size (700-1100 nm) after SPC.  When R* 

decreases, thus inducing more order in the film and promoting the development of more 

nucleation centers, which eventually results in a smaller grain size (100-450 nm) after SPC. 

 

In view of the manufacturing challenges related to the high throughput, the ETP 

technique is further explored for the deposition of high growth rate a-Si:H films, in the range of 
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11- 58 nm/s. Poly-Si layers characterized by large grains (~1.5 µm) were obtained from high R* 

a-Si:H films deposited at 11- 25 nm/s. Next to the very high growth rates achieved in this study, 

the novelty of this work was the investigation of the impact of the pristine a-Si:H layer 

morphology on the grain size development in poly-Si: in highly disordered matrices, i.e. with a 

limited nuclei density, the presence of a columnar structure and voids developing throughout the 

film thickness, inhibits the development of large grains. An unoptimized Voc of 300 mV was 

obtained by incorporating large grain poly-Si layers into solar cell configuration. 

 

 Furthermore, the incubation time towards nuclei formation appears to be not only 

controlled by the MRO in the a-Si:H films, as previously reported in literature, but also by the 

density of nano-sized voids which undergo a faster hydrogen out-diffusion and chemical bond 

rearrangement towards a higher MRO and more ordered microstructure. It has been found that, 

upon annealing, highly disordered layers (R*> 0.3) undergo a massive hydrogen out-diffusion 

process from the nanosized voids, accompanied by a restructuring of the network and an increase 

in the MRO during the annealing procedure. Therefore, the evaluation of the MRO of the pristine 

a-Si:H is not sufficient to predict the incubation time, instead the hydrogen distribution among 

vacancies and voids needs to be taken into consideration as well. This study confirmed the role of 

the MRO and the R* parameter in affecting the crystallization kinetics of a-Si:H, i.e. the 

incubation time and the grain size development, respectively. 

 

The present thesis addresses the results of the research efforts towards high conversion 

efficiency, high throughput thin-film poly-Si solar cells. It addressed a significant contribution to 

the insight on the SPC kinetics, the impact of a-Si:H microstructure on the incubation step and 

grain development and demonstrates the potential for large grain (~1.5 µm), high growth rate 

(~25 nm/s) poly-Si from SPC of ETP deposited a-Si:H films. 
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Abbreviations 

 
ETP-CVD :  Expanding thermal plasma chemical vapor deposition 

PECVD :  Plasma enhanced chemical vapor deposition 

a-Si:H  :  Hydrogenated amorphous silicon 

Poly-Si  :  Polycrystalline silicon 

c-Si  :  Crystalline silicon 

SPC  :  Solid phase crystallization 

RTA  :  Rapid thermal annealing 

CSG  :  Crystalline silicon on glass 

FTIR  :  Fourier transforms infrared spectroscopy 

SE  :  Spectroscopic ellipsometry 

XRD  :  X-ray diffraction 

SEM  :  Scanning electron microscopy 

XTEM  :  Cross-sectional transmission electron microscopy 

LSM  :  Low stretching mode  

HSM  :  High stretching mode  

R*  :  Microstructural parameter 

SRO  :  Short-range order 

MRO  :  Medium-range order 

FWHM  :  Full-width-half-maximum 

ω2θ  :  XRD FWHM 

to  :  Incubation time 
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