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INTRODUCTION 
 

Silicon for solar cell applications 
Nowadays, crystalline silicon (c-Si) based photovoltaics is a mature and 

commercially available technology. Silicon is very abundant and a well-known element, 

and years of experience in its processing techniques allows to fabricate solar cells with 

high conversion efficiencies along with good stabilities [Green, 1991]. However, the 

techniques involved in the processing of device quality silicon from the melt, which are 

energy-consuming and present other problems (e.g. CO2 emission, feedstock 

availability), impedes a future global-scale application of the solar photovoltaic energy 

based in the existing silicon wafer technology. Other materials in thin-film form can be 

used to produce photovoltaic devices, such as Copper Indium Selenide (CIS), Cadmium 

Telluride (CdTe) or Gallium Arsenide (GaAs), but the use of highly toxic elements or 

the availability of some of their components constitute clear limitations for its global 

application. 

Since the first silicon thin film solar cell, obtained by Carlson and Wronski [Carlson 

et al. 1976], thin film photovoltaics based on hydrogenated amorphous silicon (a-Si:H) 

has become an attractive alternative to overcome the drawbacks of the c-Si cells in 

terms of fabrication costs, and today this technology is used for the production of large 

area modules. The a-Si:H is obtained in thin film from the vapour phase by plasma 

deposition techniques, and presents some basic differences when comparing with the 

crystalline form. Namely, the lack of long range order of the atomic structure leads to 

changes in its light absorption properties. The quantum selection rules governing the 

interaction between the light and the material, which makes the crystalline silicon an 

indirect gap semiconductor, are relaxed in the amorphous phase, giving rise to a direct 

gap character. Such differences make feasible the fabrication of a-Si:H solar cells with 

device thicknesses below 1 µm, instead of the 30 µm necessary to achieve an 

absorbance of 80% with crystalline material. However, a-Si:H presents some limitations 

due to its poor electronic transport properties, which are inherent to its amorphous 

nature. Furthermore, the electronic properties suffer a degradation due to the generation 

of light-induced defects (the Staebler-Wronski effect) [Staebler et al. 1977], giving rise 

to a decrease in the conversion efficiency of the a-Si:H based devices, and the relatively 
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low initial efficiency values [Green, 1982]. However, the use of the a-Si:H technology 

allows a reduction in the fabrication costs and energy investment per installed GWp 

when comparing with c-Si photovoltaics [Shah et al. 1995].  

 

The option of poly/microcrystalline silicon 
The term microcrystalline silicon (µc-Si:H) was first introduced by Veprek and 

Marecek [Veprek et al. 1968] to describe a new form of thin film silicon deposited by 

glow discharge techniques. This material is essentially a polycrystalline form of silicon 

obtained at relatively low deposition temperatures (<300ºC). The µc-Si:H consists of an 

aggregate of crystallites of sizes typically in the range of some tens of nm, being one of 

its most distinct features the presence of the grain boundaries. These defects, related to 

the limiting surfaces of the crystallites, are due to unsaturated bonds of Si atoms located 

in such surfaces. Therefore, there is a fundamental difference with the a-Si:H, in which 

the dangling bonds are homogeneously distributed in the material. However, hydrogen 

plays a similar role in both materials, presenting the same property of saturation of such 

unpassivated bonds and making these defects electrically inactive. 

The main physical properties of µc-Si:H are similar to those of c-Si, with an indirect 

bandgap of around 1.1 eV, and an enhanced absorption in the region over the bandgap 

energy, due to internal light scattering effects which have been related to the natural 

surface roughness [Poruba et al. 1997]. The dark conductivities lie in the range of 10-6-

10-7 S/cm for device grade intrinsic material, even though such values present some 

scatter in the reported values. On the other hand, the electronic transport properties 

reported to date are slightly better to those of a-Si:H, with mobilities around 10 cm2/V·s 

[Matsumura et al. 1994] and best minority carrier diffusion lengths of over 500 nm 

[Rath et al. 1998]. However, the enhanced optical absorption opens the possibility of 

fabricating solar cells with device thicknesses between 2 to 4 µm. Such features make 

the intrinsic µc-Si:H an ideal candidate as the active material in thin film solar cells due 

to the low processing temperatures, using similar technologies than in the production of 

a-Si:H cells, and thus with similarly low fabrication costs. 

Recently, promising results in the photovoltaic application of this material have been 

obtained with efficiencies approaching 10% [Yamamoto et al. 1998]. Furthermore, 

these devices do not show any degradation under light soaking experiments [Meier et al. 
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1994], and further improvement seems feasible in the near future. On the other hand, the 

industrial application of this technology is not possible due to limitations in the existing 

processing techniques. For these reasons, a new method allowing to obtain device grade 

µc-Si:H at fast deposition rates for large area applications is a main issue for the 

photovoltaic industry. 

 

Deposition of poly/microcrystalline silicon 
The difference between poly-Si and µc-Si:H is a subject of controversy, as no clear 

criteria exist to distinguish them. Usually, these criteria are purely technological and the 

so-called poly-Si refers to the material obtained at higher deposition temperatures, 

whereas µc-Si:H describes a polycrystalline material deposited at lower temperatures. 

However, there are some basic differences between them: in the µc-Si:H the reported 

crystallite sizes lie in the range of 10-60 nm, whereas the poly-Si material usually 

presents grain sizes some times higher [Kamins, 1988]. Another difference is that 

hydrogen concentrations between 1-5% have been obtained in µc-Si:H [Spear et al. 

1983], whereas no hydrogen is detected in as-deposited poly-Si due to the higher 

processing temperatures. For this reason, the microcrystalline material is also known as 

hydrogenated microcrystalline silicon (µc-Si:H), as the presence of hydrogen and the 

passivation of the grain boundaries is one of its main distinctive features. In addition, 

the µc-Si:H is usually described as a mixed material, in which a certain amount of 

amorphous phase is present along with the microcrystalline structure. Hereafter both 

denominations will be used in this work because no clear transition exists between both 

materials. 

The classical method to obtain polycrystalline silicon thin films is the Chemical 

Vapour Deposition (CVD), in which the dissociation of the silane mixture is thermally 

produced at typical substrate temperatures of about 1000ºC . Amorphous films can be 

obtained above 550ºC and the transition to the polycrystalline structure is observed at 

560-625ºC, depending on the process pressure. There are different methods as a 

function of the process pressure and reactor geometries (Low-Pressure CVD, 

Atmospheric Pressure CVD) which are commonly used in microelectronics as one of 

the manufacturing steps to fabricate integrated circuits onto c-Si wafers. One of the 

most important applications of this material is as gate electrode in MOS integrated 
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circuits [Kamins, 1988], and this material is being increasingly used to fabricate other 

devices as resistors, diodes and sensors. 

A different approach to obtain polycrystalline silicon is the recrystallization of 

amorphous silicon films. Such methods involve the deposition of amorphous or 

nanostructured silicon films obtained by different techniques (LPCVD, plasma 

dpeosition) and the subsequent crystallization. In the Solid Phase Crystallization (SPC) 

method, a thermal treatment at 650ºC for 6 h is typically carried out [Matsuyama et al. 

1990]. A UV laser pulse can be also used, which is known as Laser Melt 

Recrystallization (LMR) [Dyer et al. 1993], whereas in the Rapid Thermal Annealing 

(RTA) the sample is heated up to 1000ºC during short periods (30 s) by means of an 

intense light irradiation. Few references are reported about the application of such 

techniques to the fabrication of photovoltaic devices, even though a conversion 

efficiency of 5.3% has been achieved by using poly-Si obtained by SPC as active 

material [Matsuyama et al. 1992]. These methods yield material with larger grain sizes 

than those of as-deposited poly-Si, and its electronic transport properties are typically 

better, but the application of such techniques to large area devices presents some 

drawbacks due to the homogeneity required for commercial applications and the time 

and energy consumption. 

The deposition technique first used to obtain µc-Si:H at low temperatures was based 

in glow discharges of silane mixtures. The most common method is known as Plasma 

Enhanced CVD (PECVD), in which the silane gas mixture is submitted to a 

radio-frequency discharge (typically 13.56 MHz) to drive it to the plasma phase, in 

which a number of reactions take place, giving rise to the deposition precursors. Under 

strong hydrogen dilution (>90%) the same method allows to obtain µc-Si:H at 

temperatures as low as 200ºC [Spear et al. 1983]. However, this technique shows some 

limitations related to the physics of the plasma, due to the ionic bombardment to which 

the material is submitted during the deposition process. This fact constitutes a drawback 

for further industrial applications because of the trade-off between the material quality 

and the deposition rate, which is mainly controlled by means of the plasma power and 

the process pressure. The choice of these technological parameters determines the 

formation of nanopowder and the energy of the impinging ions, producing a damage in 

the microstructure. Different technological variations are being studied to achieve 

higher deposition rates and good quality material. The best results have been reported 
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by Very-High Frequency Glow Discharge (VHF-GD), in which higher excitation 

frequencies (70-110 MHz) are used to create the plasma [Prasad, 1991]. Other 

variations of plasma-based methods are the PECVD techniques that use fluorinated 

precursors of silicon (SiF4) [Kaneko et al. 1994], Electron Cyclotron Resonance (ECR 

CVD) [Wang et al. 1998a], or the so-called layer-by-layer techniques, in which the 

plasma discharge is modulated to achieve an in-situ crystallization of the material 

during the growth [Ishihara et al. 1993]. 

In this scenario, the deposition of a-Si:H and poly-Si by a new method consisting in 

the dissociation of a silane mixture at low pressure by means of a hot wire [Wiesmann 

et al. 1979, Matsumura 1991] opened a new research line in the field of thin film silicon 

device technology. This method has received different denominations, such as Catalytic 

or Thermo-Catalytic Chemical Vapour Deposition (Cat-CVD, TC-CVD) [Matsumura 

1989, Bauer 1998], Evaporative Surface Evaporation (ESD) [Doyle et al. 1988] or 

Hot-Wire Chemical Vapour Deposition (HWCVD) [Mahan et al. 1991]. Among those 

denominations, the latter seems to be the most commonly used in the literature and is 

the one that will be used in this work. 

 

Motivation of this work 
The first observation of deposition of poly-Si by the HWCVD technique in our 

Laboratory [Cifre et al. 1994] showed the interesting combination of low substrate 

temperatures and fast deposition rates. These features, along with the potentially good 

scalability of the technique, make the HWCVD method a very attractive technology for 

a future industrial application. The project MAT94-262 financed by the CICYT of the 

Spanish Government, entitled “Obtención de silicio policristalino mediante depósito 

químico catalítico en fase vapor”, allowed our group to start a systematic study of this 

technique with an improved version of the early reactor, as well as the beginning of the 

development of the new deposition system. Afterwards, this technique was included as 

one of the tasks involved in the project entitled “Crystalline silicon solar cells on low 

temperature substrates” (JOR3-CT97-0126) in the JOULE programme of the European 

Commission. This project, participated by different European laboratories leadered by 

BP Solar, is focused on the research of a suitable technology for the industrial 

production of thin film cristalline silicon solar cells on cheap substrates. In this project, 

our group, together with the LPICM of the École Polytechnique, is devoted to the tasks 
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regarding the Hot-Wire CVD technique. This thesis work started in 1995 and has been 

developed in the framework of these two projects. 

The aim of this work is to study the application of this technology to the deposition 

of device quality µc-Si:H, and to investigate the main dependencies of the material 

properties on the technological parameters, focused on a further application in industrial 

device fabrication. In this thesis, the influence of the technological parameters on the 

structural properties of the samples obtained by HWCVD is emphasised. In addition, 

some results concerning electrical and optical properties are also discussed, even though 

these aspects of the material are studied in more detail elsewhere [Voz, 1999a]. 

 

The thesis starts with an historical introduction of the first results obtained with this 

relatively new method. Along with some general mechanisms involved in the technique, 

the processes in the gas phase and the formation of the films, the main technological 

parameters are introduced in the first chapter of this work. 

The second chapter deals with the experimental system and procedures. A detailed 

description of the new HWCVD deposition facility is given, emphasising its most 

important features. The control of the process, the protocols and calibrations used in this 

work as well as a summary of the material characterisation techniques are reviewed in 

this section. 

Chapter 3 deals about the results obtained in the early system in the relatively high 

pressure regime (0.18 mbar), in which the structural dependences of the material as a 

function of the layer thickness and the substrate temperature are studied. 

Chapter 4 shows the results obtained with the new deposition system in an enlarged 

parameter space. Since the reported research is mainly focused on process pressures 

around 0.1 mbar, special interest is devoted to the exploration of the low pressure 

regime (<10-2 mbar), specially regarding the influence of the technological parameters 

on the structural properties of this material.  

Chapter 5 deals with the results on doped material, with special attention to the heavy 

doping regime to be used in the doped regions of p-i-n devices. Other aspects involving 

the technology involved in the deposition of doped material, such as 

cross-contamination, will be also treated.  

After the main experimental results on the material properties, Chapter 6 starts with a 

short discussion of some aspects concerning the future industrial application of the 
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technique, such as the homogeneity of the deposition and the gas efficiency. Afterwards 

our preliminary results on devices are presented, in order to demonstrate the suitability 

and potential of this method to produce photovoltaic devices and thin-film transistors, 

along with some future prospects and possible optimisation strategies. 

 Finally, the conclusions of this work, which are mainly addressed to the results on 

the newly explored deposition regimes, are given. 

An Annexe about the procedures used in this work for the determination of the 

crystallinity of the material (crystalline fraction and mean grain size) is added, in order 

to discuss the applicability of the different techniques for the assessment of the 

crystallinity from various characterisation techniques. Afterwards, the list of references, 

figures, tables and acronyms used in this work are added. 
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1. THE HOT-WIRE CVD TECHNOLOGY 
 

1.1 History and fundamentals 
The hot-wire chemical vapour deposition (HWCVD) is one of the classical 

techniques to deposit diamond coatings from methane-hydrogen gas mixtures [Angus et 

al. 1988], and was first used in the 70s by Wiesmann et al. [Wiesmann et al. 1979] as a 

new method to obtain a-Si:H. Even though this first experience gave poor results in 

terms of material quality, it established this method as an alternative to the 

plasma-based techniques to deposit silicon layers. Some years later, device quality a-

Si:H was obtained by HWCVD [Matsumura 1986, Mahan et al. 1991], and a-Si:H based 

solar cells with good properties have been recently fabricated [Nelson et al. 1994]. The 

possibility to obtain polycrystalline silicon at low temperatures and fast deposition rates 

by using HWCVD was first discovered by Matsumura [Matsumura, 1991]. Some years 

later, the first polycrystalline silicon samples were obtained in Europe by our group at 

the University of Barcelona [Cifre et al. 1994], showing that in-situ doping of 

polycrystalline material could be easily achieved by adding controlled amounts of 

doping gases [Puigdollers et al. 1994]. 

 This technique consists essentially in the dissociation of a gas mixture containing 

silane or disilane by means of a metallic filament (usually W or Ta), which is resistively 

heated up to 1500-2000ºC . This process takes place at process pressures in the range of 

10-3 to 10-1 mbar. In this situation, the cracking of the gas molecules leads to the 

deposition of silicon films. 

The deposition process in the HWCVD technique can be divided into three main 

parts: the dissociation of the gas molecules in the hot wire, the gas-phase reactions 

governing the radicals existing in the growth atmosphere, and the nucleation and growth 

mechanisms on the substrate and growing surface. These topics will be discussed in the 

following sections. 

 

1.2 Processes on the hot wire and gas phase chemistry. 
The composition of the gas phase arising from the reactions taking place in the hot 

wire is a key issue for the understanding of the growth mechanisms in the HWCVD 

technique. The effect of a hot metallic filament in a silane low pressure atmosphere 
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consists in the production of SiHn radicals, atomic hydrogen and silicon, molecular 

hydrogen, as well as electrons emitted by thermoelectric effect and radiation. 

The dissociation reactions on the hot filament surface have been claimed to be both 

pyrolitic and catalytic by a number of authors [Heintze, et al. 1996]. Moreover, changes 

in the activation energies of the deposition rate at similar pressures have been reported 

when using different metals for the filament, such as W, V and Mo, evidencing the 

dependence of the decomposition mechanism on the material of the hot surface. 

A number of silane dissociation reactions are possible, depending on the filament 

temperature and other technological factors. One of the most interesting works about 

this subject was realised by Doyle and co-workers [Doyle et al. 1988], in which mass 

spectroscopy experiments were carried out in order to determine the composition of the 

gas-phase arising from a hot tungsten filament in a silane atmosphere. It was reported 

that at a pressure 1.3x10-2 mbar and filament temperatures under 1400ºC, a Si or Si/W 

alloy film is formed onto the hot wire, and that the activation of the Si signal with the 

filament temperature agrees with an evaporation mechanism from a hot surface. For the 

regime of Tf>1500ºC, the study of the atomic Si, H and SiH3 signals indicates that the 

main decomposition reactions are: 

SiH4+ hot filament→ -SiH3+H  

SiH4+ hot filament→ Si+4H  

being the production of atomic Si and H more probable as the filament temperature is 

raised. Other authors claim that another important dissociation reaction taking place in 

the filament is [Brogueira et al. 1996]: 

SiH4+ hot filament→ -SiH2+H2  

This situation contrasts with that of silane glow discharges, in which the main 

products are -SiH2 and -SiH3 ionised radicals produced by electronic impact. However, 

some recent observations about charge effects in a-Si:H obtained by HWCVD have 

been reported [Wang et al. 1998b], which have been interpreted as the presence of 

charged radicals (-SiH3
+) in the gas phase, produced by the impact of the electrons 

emitted from the metallic filament. In any case, the differences in the precursors are 

responsible for a lower surface mobility in HWCVD as compared to PECVD, and some 

results from real-time ellipsometry and material properties of a-Si:H deposited by both 

methods supports such hypothesis [Bauer et al. 1998]. As a general fact, radicals with a 
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higher surface mobility give rise to films with a better structural quality, due to their 

ability to reach the lower energy configurations before the film structure builds up. In 

the case these assumptions are true, an increased substrate temperature or hydrogen 

dilution would be necessary in the HWCVD than in the PECVD technique. 

The composition of the deposition atmosphere also depends on the gas pressure, 

since the occurrence of collisions between the gas molecules is determined by the mean 

free path in the process atmosphere. If such collisions take place, the subsequent 

reactions modify the gas chemistry in the vicinity of the substrate. The parameter 

governing the process regime in the HWCVD technique is the product P·df-s, where P is 

the process pressure and ds-f the filament to substrate distance. The transition from 

molecular to collisional regime is usually assumed to take place at P·df-s =1x10-2 

mbar·cm [O’Hanlon, 1989]. Therefore, for a typical value of ds-f between 3 and 5 cm, a 

pressure of 0.1 mbar corresponds to the collisional flow, and the molecular regime is 

reached at process pressures in the range of 10-3 mbar.  

In the low pressure regime, few or no molecular collisions take place between the 

filament and the substrate, and the transport of the species is of a ballistic kind. In such 

a case, the gas-phase composition basically depends on the reaction products arising 

from the hot filament, since reactions in the gas phase would be very unlikely. On the 

other hand, at relatively high pressures (10-1 mbar) the gas is under the collisional 

regime, and gas-phase reactions are likely to happen in the region between the filament 

and the substrate. In such a case, the transport of radicals is mainly due to diffusion 

mechanisms, and the radical concentration profiles can be simulated by assuming the 

decomposition reactions and the residence time of the species in the chamber, as well as 

the different diffusion constants in the gas phase. Brogueira [Brogueira et al. 1996] have 

explained the occurrence of different transitions from amorphous to microcrystalline 

material when changing different technological parameters, assuming the production of 

silene (-SiH2) to be the dominant decomposition reaction. The results of this model 

indicate that such changes promote variations of the atomic H concentration near the 

substrate, which seem to be determining in the transition from the microcrystalline to 

the amorphous growth. 

Regarding the dissociation of molecular hydrogen by means of a hot filament, this 

reaction was observed and studied by Langmuir [Langmuir, 1915]. Calculations carried 

out from the expressions of atomic hydrogen production rate [Starobinski et al. 1995] 
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show that the hydrogen is completely dissociated at the usual process pressures (5x10-3 

to 1x10-1 mbar) at filament temperatures above 1500ºC. The atomic hydrogen produced 

by means of this effect has shown the property of etching silicon layers, presenting 

differences in the etching rates between amorphous and microcrystalline layers, along 

with a good selectivity against metals [Wanka et al. 1997a]. More recently, it has been 

shown that the atomic hydrogen produced by a hot wire presents the property of 

recrystallising amorphous silicon layers [Heya et al. 1999], similarly to the effect used 

in the layer-by-layer deposition method [Nakamura et al. 1995]. However, atomic 

hydrogen also presents the drawback of reducing some transparent conducting oxides 

used as front contacts in thin film solar cell structures. This phenomenon, which has 

been shown to be dramatic in SnO2, can be avoided by using ZnO layers [Schubert et al. 

1996] that are more stable under the typical deposition conditions used in HWCVD. 

 

1.3 Nucleation and film growth of µc-Si:H. 
There is a general agreement about the fact that atomic hydrogen plays a crucial role 

in the formation of the microcrystalline phase. Much efforts have been devoted to the 

study of the mechanisms involved in the growth of PECVD µc-Si:H , from which three 

basically different models can be found in the literature: the Etching model, the 

Chemical Annealing model and the Surface diffusion model. All of them are different 

interpretations of the effects of the atomic hydrogen on the formation of the 

microcrystalline network.  

In the Etching model [Tsai et al. 1989], the atomic hydrogen in the gas phase is 

responsible for a preferential etching, producing the removal of energetically 

unfavourable bonded Si atoms (which are related to the formation of the amorphous 

structure) and leaving the stronger Si-Si bonds yielding the crystalline material, along 

with a decrease in the deposition rate.  

The Chemical Annealing model arose as an explanation of the crystallisation of 

amorphous thin layers under atomic hydrogen exposure observed in layer-by-layer 

growth [Nakamura et al. 1995]. This phenomenon occurred without noticeable etching 

effects, and was related to the permeation of hydrogen in the subsurface region, 

resulting in the recrystallisation of the material.  
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Finally, the Surface diffusion model was developed to explain the dependencies of 

the crystallinity of PECVD µc-Si:H as a function of the hydrogen dilution and plasma 

power [Matsuda, 1983], and basically consists in attributing a key role in the formation 

of the microcrystalline structure to the surface diffusion of the silicon precursors. 

Similarly, in the HWCVD technique we can assume that the main factors determining 

the material structure are the hydrogen dilution of the gas mixture and the substrate 

temperature. However, the plasma power density, which strongly influences the layer 

structure in PECVD µc-Si:H, has no direct analogy for the case of the HWCVD 

method. 

The nucleation mechanisms of µc-Si:H deposited by HWCVD onto glass substrates 

are determined by the technological parameters in the deposition process. Studies 

involving in-situ probing techniques evidenced the dependence of the nucleation density 

as a function of the substrate temperature [Wanka et al. 1997b]. In this paper, a 

minimum in the nuclei density is reached at TS=300ºC, resulting in an enhancement of 

the material structural properties. 

The morphology of the films is typically columnar, with a structure of inverted cones 

starting from the substrate. The resulting material is inhomogeneous not only in the 

surface parallel to the substrate (due to the presence of the grain boundaries between the 

columns), but also in the growth direction, perpendicular to the substrate. In addition, 

this material tends to be porous, with a lack of compacity in the intergrain regions, 

which behave as oxidation paths through the entire thickness of the film [Bertomeu et 

al. 1996]. Other groups report on the eventual formation of an intermediate amorphous 

layer between the glass substrate and the microcrystalline structure onset [Rath et al. 

1998a]. Similar results have been obtained in µc-Si:H deposited by plasma-based 

techniques [Koynov et al. 1996], which can be interpreted in terms of a different 

nucleation regime. Usually, thin films obtained at fast deposition rates present a 

columnar structure, indicating a low surface mobility of the film precursors [Ohring, 

1991]. As a result, the growth process starts with the formation of islands around the 

nuclei and the layer grows in a columnar fashion rather than with a 2D scheme, with 

columns that coalesce as they become larger, resulting in a voidy and porous structure. 
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1.4 Main technological parameters 
In order to give some insight about technological topics, a brief summary and 

description of the main technological parameters is given in this section. 

-The filament temperature (Tf): This is one of the most important parameters, 

because of its influence on the nature of the dissociation products and thus on the 

composition of the gas-phase during the film growth. It also contributes to the substrate 

heating.  

-The process pressure (P): The pressure of the gas mixture during the process 

influences the composition of the gas phase due to the dependence of the mean free path 

of the species produced by the hot wire. It also influences the mobility of the species 

onto the substrate/growing layer and on the deposition rate. 

-The filament to substrate distance (ds-f): This parameter, along with the pressure, 

determines the regime of the gas phase in the vicinity of the substrate, and thus the 

nucleation and growth of the films. It has also influence on the deposition rate and on 

the contribution of the hot wire to the substrate heating. 

-The substrate temperature (Ts): One of the most important parameters in thin film 

processing, it has influence on the surface mobility of the precursors arriving to the 

substrate, and subsequently in the microstructure of the resulting films. 

-The hydrogen dilution: A hydrogen-silane mixture is usually used to deposit good 

quality µc-Si:H layers. The amount of hydrogen added to this mixture, which 

determines the partial pressure of both gases inside the chamber, is crucial for the 

material properties. 
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2. EXPERIMENTAL 
 

2.1 Design of the new Hot-Wire CVD facility 
One of the main tasks involved in this thesis work was the development of a new 

Hot-Wire CVD system. Our first microcrystalline silicon samples were obtained by 

using a very simple reactor described in an earlier work [Cifre et al. 1994], with a 

vertical configuration as described in figure 2.1, sharing the pumping system and the 

gas lines of an existing PECVD installation. Such a reactor presented limitations, not 

only related to the fact that it was a high vacuum installation, but also due to the poor 

performance of the pumping system. Nevertheless, the layers deposited in it were the 

first HWCVD µc-Si:H samples obtained in a European laboratory by this method, and 

some conclusions were extracted from this installation, evidencing the unique 

combination of low temperature processing and fast deposition rates achievable by the 

HWCVD technique. Furthermore, some useful results about intrinsic material were 

obtained from this reactor, and the first p-i-n devices deposited onto TCO-coated glass 

substrates were also fabricated [Peiró et al. 1997a]. 

Substrate Holder

Heater (Halogen Lamp)

To the pumping system

Gas Inlet

Tungsten Filament

Thermocouple

Shutter

Figure 2.1: Scheme of the substrate holder and filament of the former HWCVD setup. 
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One of the first characteristics of the new reactor to be determined was the choice 

between High Vacuum (HV) or Ultra-High Vacuum (UHV) technology. Since the 

contamination in the material is known to be a major issue for device applications, the 

UHV choice was important to reach the best purity conditions. More recent works 

evidenced a decrease in the defect density related to the impurity concentrations in the 

material deposited in the UHV system [Schubert et al. 1998] compared with that 

obtained in a HV system. A gas purifier was also installed in the gas lines in order to 

maintain the contaminants coming from the gas lines and bottles (mainly O and C) in 

the range of ppb.  

Since one of our goals was to fabricate solar cells without breaking the vacuum 

between the fabrication steps, the general configuration of the reactor had to be intended 

for the production of such devices, and that premise determined the design and 

construction of a multichamber reactor, as doping cross-contamination is known to be a 

major problem in the fabrication of thin-film electronic devices. Therefore, the basic 

configuration of the new set-up started from the beginning as an inline multichamber 

reactor with a first chamber for the deposition of the intrinsic material with the best 

purity conditions, a second chamber for processes with doping gases, a load-lock 

chamber, isolated between them by UHV gate valves, and a transfer system. With this 

configuration, different device structures can be fabricated without exposing the device 

interfaces to the atmosphere, for example glass/TCO/p-i-n/metal or metal/n-i-p/TCO for 

an inverted structure, giving to the deposition system a wide range of possibilities. 

The design of the arrangement inside the deposition chamber was influenced by the 

experience obtained at that time. One of the most important observations in the former 

system was the formation of powder during the deposition process under certain 

conditions, and such result led us to an inverted arrangement of the substrate holder. In 

this geometry the substrates are oriented downwards, with the filament and the gas inlet 

below to avoid the formation of pinholes due to this phenomenon. A shutter was added 

just below the substrate holder to control the process. All the mechanisms were 

designed in the simplest way in order to achieve the best reliability of the installation, 

and with these criteria the valves and shutters, transfer system or the filament power 

supply were designed to be manually controlled. 
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Another important feature for the new reactor had to be that the main technological 

parameters could be easily and independently controlled. This premise had to allow a 

systematic research of the different deposition regimes to study the technique and the 

main processes involved. This idea led to an initial configuration with the substrate 

holder located at 4-6 cm over the hot wire, in order to reduce the heating of the 

substrates from the filament and thus to control the substrate temperature mainly by 

means of a heater, independently of the filament temperature. A pyrolitic graphite 

resistive heater of 10 cm diameter was chosen, in order to achieve a good temperature 

uniformity over relatively large areas. Another characteristic of the system is the use of 

all-metal UHV butterfly valves to isolate the pumping system from the reactor. This 

kind of throttle valve has a relatively low cost and permits at the same time to change 

the pumping section of the turbo pump. This feature allows to control the process 

pressure in a wide range, independently of the gas flows. 

 

2.1.1 Geometry and internal arrangement. 

The resulting system consists of three inline cylindrical stainless steel chambers of 

25 cm diameter and a volume of 41 l, and were fabricated in the Vacuum Unit of the 

Scientific-Technical Services of the University of Barcelona. Both HWCVD deposition 

chambers are equipped with the electrical feedthroughs required for the filament and the 

heater, a double thermocouple feedthrough for the temperature measurements and the 

pressure gauges. A capacitive manometer on the top of the chamber for the 

measurement of the absolute gas pressure during the deposition process (range 10-3 to 1 

mbar), and a cold-cathode ionization gauge, in front of the turbopump, for measuring 

the base pressure (10-9 to 10-4 mbar). A glass viewport with a shutter was added to the 

reactor in order to measure the filament temperature by optical pyrometry. Figure 2.2 

shows schematically the geometry of the reactor. 
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2.1.2 The load-lock and TCO deposition chamber 

 An RF-Magnetron Sputtering unit of 2” diameter, equipped with a ZnO:Al target, 

was installed in the load-lock chamber, in order to deposit TCO layers. Two gas lines 

(Ar and O2) equipped with MFC, were connected to the load-lock gas inlet. The 

pressure inside the chamber is measured by either a capacitance manometer or a 

compact Pirani/Cold Cathode gauge, and a second Pirani gauge is used to control the 

pressure at the turbo outlet. A 24V/100W halogen lamp is used as substrate heater, and 

the substrate temperature is directly measured with a thermocouple in contact with the 

substrate. A 300W (13.56 MHz) RF power supply and an automatic matching network 

are used in this system to operate the 2” magnetron sputtering head. 

Figure 2.2: Geometry and internal arrangement of the new HWCVD reactor. 
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2.1.3 The pumping system. 

The HWCVD reactor is equipped with a pumping system designed taking into 

account the experience with silane glow discharges in the PECVD facility. In both CVD 

methods, the silane mixture is introduced into the chamber and then dissociated to form 

the radicals responsible for the deposition of the films. Therefore, the pumping system 

had to permit at the same time low base pressures and good performance when the gases 

are pumped during the process. Our resulting system is slightly different than the usual 

configuration used by other groups, in which a separate turbopump and rotary vane 

pump system is used to reach the base pressure, and the Roots blower is used to pump 

down the gas mixture during the deposition process [see for example, Flückiger 1995, 

Feenstra 1998, Guillet 1998a]. In our facility, the process is carried out by using all the 

pumps (Turbopump, Roots and Rotary vane pump), allowing us to perform depositions 

at lower pressures than with the usual arrangement. 

A turbomolecular pump for corrosive applications, with a nominal pumping speed of 

360 l/s and ultimate pressure of <10-10 mbar is installed in each process chamber. These 

pumps are equipped with ceramic bearings lubricated by grease, nitrogen purge system, 

and water cooling. The primary pump is a rotary vane double-stage pump with a 

pumping speed of 144 l/s and an ultimate pressure <10-3 mbar. The version using 

perfluorized polyether (PFPE) oil was preferred to avoid chemical interaction with the 

process gases. It is also equipped with the accessories necessary for the pumping of 

special (pyrophoric) gases, such as an inert Gas Ballast/Outlet Purge system, a chemical 

filter in the inlet and a particle filter with oil recovery in the outlet port. The mechanical 

pump is shared by the two turbopumps corresponding to the HWCVD deposition 

chambers. A pneumatically operated normally-off valve is used to separate the 

turbopumps from the rotary pump, in order to protect the system against power 

shutdowns. A conventional rotary vane pump is used as a primary pump for the 

turbopump corresponding to the load-lock chamber, as no special gases have to be 

evacuated with this system. After the first months of operation, a Roots blower was 

installed between the Turbopump and the Rotary vane pump, in order to increase the 

performance of the system during the process (the maximum process gas flows) and to 

reduce eventual contamination due to backdiffusion of contaminants. The structure of 

the pumping system and the complete multichamber reactor are shown in figure 2.3. 
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 Figure 2.3: Photograph and scheme of the multichamber set-up and pumping system in the new

HWCVD facility. 
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2.1.4 The gas lines and valve panels 

 The new gas line installation shares the gas cabinet located outside the reactor room 

with the PECVD facility, and the gas lines were built by using 1/4” stainless steel pipes 

and Swagelok-type fittings. Five lines were intended for the different gases to be used: 

SiH4, H2, B2H6, PH3, and N2, and two more were added for a future use. Ultrapure 

quality gases are always used, corresponding to a purity of 4.7 (99.997%) for silane and 

6.0 (99.9999%) for hydrogen. The B2H6 bottle was diluted at 1% in 6.0 hydrogen, and 

PH3 was diluted 5% in ultrapure silane (purity 4.7). 

Two separate panels were designed to install the valves and accessories. The first one 

is for the valves connecting the lines coming from the gas cabinet outside the reactor 

room with the second panel, in which the gas flow controls are installed. In this second 

panel, two types of gas flow regulators are used: Mass Flow Controllers (MFC) for the 

gases with relatively high flows to be supplied (SiH4 and H2), and needle-type manual 

regulation valves in order to adjust the flows required for the doping gases (B2H6 and 

PH3). In this work, the hydrogen dilution has been calculated from the gas flows 

measured by the MFCs by using the formula: 

100
F+F

F
%

SiH4H2

H2 ⋅=H  

However, the gases of the mixture are differently pumped and the hydrogen ratio in 

the growth atmosphere was found to be lower than the corresponding hydrogen dilution 

obtained from the gas flows. 

Before the gas flow regulation stage, particle filters of 0.3 µm are used to protect the 

MFC and needle valves. The gas inlet to the reactor is controlled by means of 

pneumatically operated normally-off valves for high-purity applications, which are 

operated with electrovalves from a switch panel in the rack. All the lines are connected 

to a common line to bypass the second panel, in order to pump down the pipes after 

every process. Additionally, a zeolite gas purifier was installed after the MFC 

corresponding to the H2 and SiH4 to maintain the contaminants (mainly O and C) under 
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ppb levels. The structure of the gas line installation, with both valve panels, is depicted 

in figure 2.4. 
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2.1.5 The control rack 

An independent rack has been used to install the controls of the system. In this rack 

are installed the following apparatus: the frequency converters to operate the 

turbomolecular pumps, the gas flow displays, temperature controllers, electronic cards 

and displays for the pressure gauges, switch panel to operate the valves, electrical AC 

power modules to supply intensity to each filament, and also a PC for the monitoring of 

the technological parameters during the process. 

The temperature controllers are conventional on/off type using a 

proportional-integral-derivative (PID) control of 220V/50 Hz power pulse lengths in a 

heating cycle. A led-display provides simultaneous readouts of the temperature setpoint 

and the measurement obtained from a K-type thermocouple. The power pulses are 

supplied to the heater inside the reactor, and a proper tuning of the PID parameters 

provides a stable temperature read. A programmable ramp function of 20ºC/min is used 

to avoid thermal shock of the substrates during the heating process. 

Figure 2.4: Structure of the gas panels and valves of the gas lines of the HWCVD set-up. 
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The pressure measurements from various gauges installed in the system are obtained 

in a combination vacuum gauge system, which allows the installation of five electronic 

cards to achieve simultaneous pressure readouts in a LCD display. The configuration 

used in the HWCVD reactor consists of a Cold-Cathode (HV/UHV) controller, two 

Pirani and two capacitive connection cards. 

A switch panel with a block scheme was also constructed in the laboratory 

workshop in order to operate the pneumatic valves in the system. The valves located 

after each MFC and needle-type regulation valves in each gas line, as well as the one 

connecting the turbopumps to the Roots pump and the rotary vane pump purge switch, 

are operated from this panel, in which a led indicator gives information about the status 

of every switch. The valves labelled Cn (see figure 2.4) are pneumatically operated by 

the corresponding electrovalves, supplying compressed-air pressure for its operation. 

The electrical supply modules are basically the same than the used in our former 

HWCVD reactor. It consists of a manual Variac-type transformer, which is used to 

control the AC voltage supplied to a transformer equipped with 4 low-voltage outputs 

(12 V/33 A) which are directly connected to the filament. A shunt resistance is 

connected in the secondary circuit, in order to measure the intensity through the 

filament (If). The voltage drop is also measured, allowing the monitoring of the 

dissipated power and the resistance of the filament during the process. 

 

2.2 Experimental Procedures 
2.2.1 Measurement of the substrate temperature. 

One of the typical experimental problems in thin film processing is the accurate 

measurement of the actual substrate temperature during the deposition. This issue is still 

more difficult in the systems equipped with a load-lock chamber and transfer 

mechanisms, where contact methods for the temperature measurement become difficult. 

Alternatively, non-contact methods based on infrared pyrometry can be used, but 

presented some drawbacks for our purpose. To solve the problem, we have used a 

calibration procedure carried out at similar conditions than during the deposition 

process (filament temperature and gas pressure). This procedure consisted in measuring 

the substrate temperature (with a thermocouple attached to the glass substrate) as a 

function of the temperature setpoint (thermocouple at the heater). The arising substrate 

temperatures are the result of the contributions from different heat sources, namely the 
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resistive heater and the hot wire, and the heat dissipation paths, basically the gas 

thermal conduction and the radiation towards the cool walls. The calibration resulted in 

a nearly linear relationship between both temperature measurements, as evidenced in 

figure 2.5. In this plot, the calibrations at process and base pressure conditions are 

shown, evidencing the cooling effect of the gas on the resulting substrate temperature. 

Therefore, in this work we will use the setpoint temperature at the back of the heater as 

the technological substrate temperature, since the result of the calibration depends on 

the process conditions, and this parameter will be only consistent for samples deposited 

under similar parameters, being the value of the calibration only useful for having a 

rough estimation of the actual substrate temperature. 
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2.2.2 Process control 

Another calibration was necessary for the monitoring of the filament temperature 

during the process. This point was essential due to the key role of this parameter in the 

deposition process. Such monitoring was carried out by means of a calibration of the 

filament temperature as a function of the filament intensity, as described in an earlier 

Figure 2.5: Calibration of the substrate temperature as a function of the
temperature setpoint. Solid points were obtained under process conditions,
whereas blank circles were obtained at base pressure. 
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work [Peiró, 1997b]. This procedure was carried out after replacing every filament at 

the process pressure, once the filament had reached a stable behaviour. The calibration 

is carried out by means of an optical pyrometer, and such data are obtained by changing 

the values of the electrical intensity through the filament. These data are fitted by means 

of a power law function If=k·Tf n, which is used afterwards to calculate the filament 

temperature from the filament intensity data. This calibration has proven to be quite 

reliable, but presents the drawback of being pressure-dependent. Therefore, such a 

procedure has to be performed for every pressure regime to be used. Figure 2.6 shows a 

calibration carried out for the same filament for two different hydrogen pressures. 
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This calibration, along with the IEEE-488 data card installed in the pressure 

controller and the RS-232 ports of the multimeters used for measuring the electrical 

parameters of the filament, permits the monitoring of the process by means of a simple 

QuickBasic program. The program inputs are the process pressure (from the capacitance 

manometer) and intermediate pressures in the system, and also the electrical parameters 

of the filament, from which the filament resistance, dissipated power (PWf) and filament 

temperature (Tf) (calculated by means of the fitting Tf-If from the calibration) are 

Figure 2.6: Calibration of the filament temperature as a function of the filament intensity,
carried out under different hydrogen pressures. 
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continuously displayed in a graphical screen and saved in process datafiles. The 

pressure values are obtained by means of a IEEE-488 acquisition card in the PC, 

connected to the same kind of interface in the pressure controller, and the electrical 

parameters of the filament are acquired from the COM1 and COM2 computer ports. 

Other operations, such as the on/off control of the cold-cathode gauge, the measurement 

of the outgassing rate in the deposition chamber previously to each process, or the 

calibration of the regulation valves to select the doping gas flows, are also available in a 

menu-operated program. Both measurements (calibration of the regulation valves for 

the doping gas flows and outgassing rate), are carried out by measuring the slope of the 

pressure to time ramp (dP/dt), which allows the calculation of the corresponding flow 

by multiplying by the volume of the vacuum vessel. 

 

2.2.3 The filament geometry 

The geometry of the filament has also been subject of study, since there are no clear 

criteria for an optimum choice. The lifetime of the filament has been a problem for 

some of the groups using this technique, since the formation of silicides onto the W 

filament, which was observed by different authors [Doyle et al. 1988, Matsumura 

1989], has proven to be responsible for a dramatic reduction of its lifetime. This effect 

takes place mainly when using low filament temperatures (1400-1500ºC), and therefore 

this fact seems to impose a lower limit for this parameter, at least when using tungsten 

wire. For this reason, a suitable geometry to avoid cold regions, mainly at the contacts 

with the holder, is desirable for long lasting filaments. On the other hand, the range of 

relatively high filament temperatures presents as a drawback the incorporation of W to 

the layers, which has been detected at temperatures over 1900ºC [Heintze et al. 1996]. 

As a remark, this effect can be a problem at still lower filament temperatures, since 

deleterious effects in the electrical properties can take place for concentrations lower 

than the typical detection limits of W in the µc-Si:H layers. 

Regarding the filament geometry, the first consideration was the aim of minimising 

the contribution to the substrate heating, in order to control the substrate temperature 

independently of the other parameters (mainly Tf/PWf). Figure 2.7 shows the geometries 

used in this work, two of them presenting a W-shape filament located in a plane 6 cm 

below the substrates (fig.2.7.a), with a filament of either 1 or 0.5 mm, corresponding to 

filament surfaces of 12.5 and 6.25 cm2, respectively. A third geometry (fig.2.7.b) was 
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tested, with an inverted basket of 6 loops 1 cm above the gas inlet and 3 to 5 cm below 

the substrates, yielding an effective decomposition surface of 3.9 cm2, since the thick 

(1mm) tungsten wire remained relatively cold. For all these geometries, we have used 

W wire of 99.95% purity. 
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 The decrease in the filament diameter and the change of the geometry from a “W-

shape” to a “basket” type led to a substantial reduction of the power dissipated at the 

same filament temperature, by maintaining at the same time a similar dissociation 

efficiency and thus reasonable deposition rates, as shown in figure 2.8. Furthermore, in 

the basket arrangement, direct contact of the hot wire with the stainless steel filament 

holder is avoided, in order to reduce the release of impurities from hot metallic regions. 

On the other hand, the filament to substrate distance is not well defined with this 

geometry. Calibration procedures like those described previously show that process 

substrate temperatures as low as 140ºC can be achieved with this geometry, leading to 

an enlargement of the Ts parametric space in its lower range. 

 

Figure 2.7: Filament geometries used in this work. Figure 2.7.a shows the W-shape geometry, for
which 1.0 and 0.5 mm diameters were used, whereas figure 2.7.b depicts the basket geometry. 
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2.2.4 Substrate cleaning and process protocol. 

The process protocol can have influence on the film growth, and for such reason a 

well-defined protocol is essential to correlate the technological parameters and the 

results concerning the properties of the material, reducing the possibility of 

uncertainties due to uncontrolled factors. 

One of the main subjects has been the control of the contamination in the material, 

which is an important issue in µc-Si:H processing. To this end, the predeposition 

outgassing rate has been used as an indication of the purity conditions inside the reactor 

before each process. After pumping down the gas lines and stabilising the substrate 

temperature, the outgassing rate is measured by the pressure ramp method in order to 

record the data for each process. For samples deposited at relatively high temperatures 

(300ºC), overnight pump-down with the substrates at the nominal process temperature is 

Figure 2.8: Dissipated electrical power in the hot wire as a function of the filament
temperature for different geometries. 
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necessary to achieve the standard values of outgassing rate, which has been arbitrarily 

set at 4x10-5 sccm (obtained after pumping 4-5 hours with the temperature setpoint at 

150ºC) corresponding to a base pressure around 2x10-8 mbar. The control of the 

outgassing rate by means of the base pressure has proven to be not so reliable, since our 

cold-cathode pressure gauge presented deviations in the readouts due to changes in the 

state of the internal electrodes. 

The cleaning procedures are also important to control the material contamination. 

Our usual degreasing procedure was used for all the substrates (Si(111) and Corning 

7059 or 1737 glass) and consisted of a 5 min. ultrasonic bath in triclorethylene, then the 

same with acetone and ethanol. Afterwards, a deionised water rinse to 10 MΩ·cm and 

drying with nitrogen flow is carried out to remove the remaining contaminants. 

The process starts once the outgassing rate reaches the standard value. Then the gas 

flows are stabilised with the shutter protecting the substrate holder assembly. Before 

selecting the process pressure by means of the butterfly throttle valve, the filament is 

steadily heatedin order to reach the temperature chosen for the process, then the 

pressure is adjusted by using the butterfly valve Vi, and after checking the filament 

temperature with the optical pyrometer, the deposition starts by opening the shutter and 

exposing the substrates to the incoming species.  

Before starting the deposition process itself, a sacrificial layer was obtained with the 

shutter closed at the process conditions, in order to deposit a capping layer on the 

reactor walls, in order to minimise the release of contaminants. The reactor walls were 

baked out up to 200ºC, in order to promote the effusion of species adsorbed in the inner 

surface. These procedures were only used in the late samples of this thesis, as an 

attempt to control the incorporation of contaminants in the material. 

The deposition is stopped by closing the shutter. Then the silane gas flow is 

suppressed and the filament is then switched off under hydrogen atmosphere, in order to 

avoid eventual oxidation. After this, the layers are slowly cooled down and all the lines 

are pumped down from the remaining gas. 

 
2.3 Characterisation techniques. 
2.3.1 Morphology and structural properties. 
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The first characterisation tool for the µc-Si:H layers is carried out by means of a 

Dektak 3030 stylus profilometer. With this apparatus we have measured the film 

thickness from step profiles, which have been used to determine the averaged deposition 

rate. 

The morphology of the samples is studied by Scanning Electron Microscopy (SEM). 

The samples deposited onto c-Si substrates are observed in a Leica LC360 microscope, 

in which planar views and cross sections were observed. These observations allow to 

investigate the surface morphology as well as the structure in the growth direction, 

which was observed from cleaved samples mounted vertically on the sample holder. 

The specimens were prepared with an Au metallization (around 200 Å thick) to 

optimize the parameters of the observation. In general, an acceleration voltage of 6 kV, 

a probe intensity of 15 pA, and a working distance of 4 mm were used, in order to 

achieve a good compromise between image quality and definition.  

The microstructure of the samples was studied by means of different techniques. 

X-ray Diffraction (XRD) was one of the first tools to characterise the crystallinity of the 

layers, and to this purpose a Siemens D500 diffractometer in the Bragg-Brentano 

geometry was used. The standard method was the θ/2θ scan, in which the diffraction 

peaks are obtained from the crystallographic planes oriented with the (hkl) axis 

perpendicular to the layer surface. This measurement allows the study of the 

texturisation of the samples and the determination of the crystallite sizes from the 

broadening of the diffraction peaks, as discussed in more depth in the annexe. The peak 

widths were obtained by fitting a pseudo-Voigt function, and the crystallite size is 

calculated by means of the Scherrer formula [Cullity, 1977]: 

D
k

Bhkl
f B

=
λ

θcos
  

where λ is the radiation wavelength of the CuKα1 line (0.15406 nm), θB is the Bragg 

angle corresponding to the (hkl) diffraction, and Bf is the width of the pure diffraction 

peak width in radians. 

The other structural characterisation used in this work was the Raman spectroscopy. 

In such a technique, a Laser beam of a wavelength of 514 nm is focalised onto the film 

surface, and the backscattered light spectra is then analysed by means of a triple 

spectrometer and a CCD detector. The studies about µc-Si:H are based on the analysis 
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of the TO-phonon band of Si, from which a crystalline fraction (XC) can be calculated 

by deconvoluting the amorphous and the microcrystalline contributions and by using the 

formula [Tsu et al. 1982]: 

X
I

I IC
C

C A
=

+σ
 

where IC and IA are the integral intensities corresponding to the amorphous band, 

centered around 480 cm-1, and the microcrystalline contribution, located near 520 cm-1, 

respectively. The parameter σ is the cross section ratio for the Raman effect in a-Si:H 

and µc-Si:H, which presents a broad variation in the literature, and a value of 0.14 is 

taken in agreement with the most typically used for this kind of material [Brodsky et al. 

1977]. 

The structure of the films has also been investigated by means of Transmission 

Electron Microscopy (TEM). The images presented in this work were obtained in a 

Philips CM30 microscope, and were obtained in bright field (BF) or dark field (DF), 

diffraction and high resolution (HRTEM) mode with an acceleration voltage of 300 kV. 

This method allows the direct observation of the crystalline domains (about 10 nm) and 

the substrate-film interface. Selected area electron diffraction (SAD) is also studied so 

as to obtain similar information than from by X-ray diffractometry. 

 

2.3.2 Compositional analysis 

The compositional aspects of our µc-Si:H samples have been studied basically by 

means of two characterisation techniques: Infrared Transmittance, carried out by means 

of a BOMEM DA3 FTIR spectrometer, and Secondary Ion Mass Spectrometry (SIMS). 

The former is a transmittance spectroscopy in the mid-infrared region, in which 

vibrational modes in the material give rise to absorption bands. The presence of 

molecular absorptions in the infrared region allows studying the presence of hydrogen 

and oxygen in the material. In this work, the content of hydrogen bonded to Si was 

estimated from the integral absorption related to the Si-H wagging band, which is active 

in the region of 630 cm-1 [Curtins et al. 1986]: 

[ ] ω
ω
ωα dxatC

Band
∫−= )( 102.3 % 2  
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The SIMS technique was used in this work to perform compositional surface analysis 

in thin film specimens, due to its sensitivity for the minority species existing in the 

material and its surface analysis properties. Compositional depth profiles of doping 

atoms and contaminants have been obtained in an ATOMIKA 3000-30 ion microprobe 

apparatus by sputtering the samples with Ar or O ions of an energy of typically 9 keV 

and analysing the positive secondary ions. The determination of the concentration of 

doping atoms (B and P) was carried out semi-quantitatively by measuring the masses 11 

and 31, corresponding to the isotopes 11B+ and 31P+, respectively, and obtaining the ratio 

with the mass 30 (corresponding to isotope 30Si+). Such signal ratio was compared with 

that obtained in a c-Si standard implanted with a known dose of doping atoms. 

 

2.3.3 Optical and electrical properties 

Although the electrical and optical properties of the µc-Si:H are not the main 

subject of this work, some results regarding these properties are also discussed in this 

thesis. The optical characterisations used here were Optical Transmittance and 

Photothermal Deflection Spectroscopy (PDS). The values of the refraction index (n) and 

film thickness (d) have been calculated from the interference patterns obtained in the 

transmittance spectra near the absorption edge. The optical bandgap and subgap 

absorption level, this latter used as an indication of the deep defect density in the 

material, were obtained from PDS measurements [Jackson et al. 1983]. 

The electrical characterisations used in this work have been carried out by depositing 

two Al stripes on the top surface with a separation of 1 mm, in order to perform dark 

conductivity (σD) and photoconductivity (σph) measurements in the coplanar 

configuration. The activation energy (Ea) has been obtained by measuring the dark 

conductivity under vacuum as a function of the temperature in the range of 20-100ºC, 

and was used as an indication of the position of the Fermi level in the material. The 

mobility-lifetime product of majority carriers (µτ), which has been used in the literature 

as a quality parameter in µc-Si:H [Goerlitzer et al. 1996], was obtained from Steady-

State Photoconductivity (SSPC) measurements carried out at 630 nm. 

 

As a short résumé of this section, the information to be obtained from each 

characterisation tool are summarised in Table 2.1. 
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Characterisation Technique Substrate used Information 

Stylus profilometry Whatever Layer thickness/homogeneity 

Scanning Electron Microscopy Si(111) Surface and cross section morphology 

X-ray diffraction Glass Crystallographic orientations/ 

Grain sizes (gs(hkl)) 

Raman Spectroscopy Glass Crystalline fraction (XC)/ 

Domain sizes/ Stress 

Transmission Electron Microscopy Si(111) Morphology and crystalline structure 

High Resolution Electron 

Microscopy 

Si(111) Domain size/Study of the substrate-layer 

interface 

Infrared Spectroscopy Si(111) Molecular absorption bands/Hydrogen 

concentration and oxidation effects 

Secondary Ion Mass Spectrometry Si(111) Doping density/Detection of 

contaminants 

Photothermal Deflection 

Spectroscopy 

Fused silica/Glass Optical Bandgap (Eg)/Subgap absorption 

Dark conductivity Glass Activation Energy (Ea) 

Photoconductivity Glass Mobility-lifetime product (µτµτµτµτ) 

 

Table 2.1: Summary of the characterisation techniques used in this work. The substrates to be used, as 
well as the data obtained from each technique, are also given. 
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3. THE HIGH PRESSURE REGIME 
 
3.1 Introduction 

In this chapter, first experimental results on intrinsic layers obtained from the former 

HWCVD system are presented. These films were obtained at a relatively high pressure 

(1.8x10-1 mbar), which is the most common deposition regime reported with this 

technique. Only structural aspects of the material are studied in this section, since this 

deposition set-up presented a poor vacuum performance and purity conditions. 

Results about the structure of the material, changes in the hydrogen content and the 

deep defect density are given as a function of the substrate temperature. Another 

important issue for the application of this technique to the fabrication of devices is the 

dependence of the material structure on the layer thickness. This subject has been 

studied by means of a series of layers deposited at the same conditions but with 

different thicknesses. The aspects concerning this evolution are discussed from the 

structural results obtained in this series. 

 

3.2 Technological series 
The first series obtained in the high pressure regime (0.18 mbar) was deposited by 

changing the substrate temperature from 200 to 350ºC. Other parameters were the 

filament temperature of 1600ºC, the hydrogen dilution of 90% (2 sccm silane and 18 

sccm hydrogen), a filament diameter of 1.0 mm and a filament to substrate distance of 6 

cm. The main parameters are listed in Table 3.1. 

 

sample Ts(ºC) d (µm) Dep.rate (Å/s) 

0509t 200 2.1 11.7 

1009t 225 2.4 13.3 

3107t 250 2.2 12.2 

0909t 300 2.2 12.2 

0609t 350 2.3 12.8 

 

 

 

Table 3.1: Technological parameters used for the temperature series.
The samples were obtained at P=0.18 mbar and Tf=1600ºC. 
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A second series was obtained in the same deposition regime by using the same gas 

mixture and filament shape, but reducing the filament to substrate distance to 5 cm and 

increasing the filament temperature to 1700ºC. This series has been deposited by 

varying the process time, resulting in layer thicknesses ranging from 0.2 to 3.0 µm. This 

series is listed with the corresponding parameters in Table 3.2. 

 

sample Dep.time (min) d (µm) Dep.rate (Å/s) 

3110d 2 0.2 16.6 

2910d 4 0.4 17.1 

2510bd 8 0.9 18.7 

2510d 15 1.8 20.0 

2310d 30 3.0 16.7 

 

 

 
3.3 Results 
3.3.1 The substrate temperature series 

The first evidences about structural changes as a function of the substrate 

temperature were obtained from Raman spectroscopy. Figure 3.1 shows the Raman 

spectra obtained for the samples of this series. The sample deposited at 200ºC was 

essentially amorphous, as evidenced by the broad band centred around 480 cm-1, 

whereas the arising of a sharp peak near 518 cm-1 evidenced a transition to 

microcrystalline material for TS>225ºC. This band became sharper and closer to that of 

a c-Si reference as TS was higher, evidencing an increase in crystallinity as this 

parameter was raised. Similar results were obtained from X-ray diffraction techniques. 

Figure 3.2 plots the dependencies of the diffracted integral intensities obtained for the 

same series as a function of the substrate temperature, with the powder and thickness 

corrections. No diffraction peaks were obtained for the sample prepared at TS=200ºC, 

whereas increasing diffracted intensities were detected as TS was higher. Moreover, the 

intensity of the Si(220) peak gradually increased as the substrate temperature was raised 

from 225 to 350ºC. This graph evidences that the orientations (111) and (311) remained 

essentially constant, whereas the (220) intensity increased gradually as TS was raised. A 

Table 3.2: Technological parameters used for the thickness series. The
samples were obtained at P=0.18 mbar and Tf=1700ºC. 
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(220) preferential orientation was obtained for the samples deposited at temperatures 

over 250ºC.  
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Figure 3.1: Evolution of the Raman spectra for samples of the temperature series,
obtained at P=0.18 mbar and a H-dilution of 90%. The spectrum corresponding to
TS=200ºC is magnified. 

Figure 3.2: Evolution of the crystalline orientations as a function of the substrate temperature. 
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The grain sizes calculated from the (220) diffraction peak, along with the Raman 

crystalline fraction are shown in figure 3.3 as a function of the substrate temperature. 

An increase in the grain size was obtained when raising TS from 225ºC (gs(220)=15 nm) 

to 250ºC (45 nm), but similar values of grain sizes and crystalline fractions were 

obtained for further increasing of TS. 
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Infrared spectroscopy measurements were carried out for the samples deposited onto 

Si(111) substrates. The absorption peaks centred at 630 cm-1 (wagging), between 800 

and 900 cm-1 (bending) and in the 2000-2100 cm-1 region (stretching), related to 

vibrational modes of Si-Hx groups, evidenced qualitative and quantitative differences 

when the material changed from the amorphous to a microcrystalline structure, as 

shown in figure 3.4. An intense absorption band at 630 cm-1 was detected for the 

(amorphous) sample deposited at 200ºC, and a clear decrease in intensity can be 

observed in the microcrystalline samples. Other differences took place in the 2000 cm-1 

region, in which two contributions, centred at 2000 and 2100 cm-1, can be observed for 

the case of the amorphous sample. These absorptions have been attributed in the 

literature to Si-H and (Si-H2)n stretching modes in internal voids or surfaces, 

respectively [Brodsky et al. 1977]. However, the 2000 cm-1 contribution completely 

Figure 3.3: Dependencies of the grain size, obtained from the Si(220)
diffraction peak, and the Raman crystalline fraction, as a function of
the substrate temperature (TS). 
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vanished in the case of microcrystalline material. On the other hand, intense absorptions 

in the 1000-1200 cm-1 region (not shown in this figure) arose with the exposition of the 

samples to the atmosphere, as reported elsewhere [Bertomeu et al. 1996]. These features 

are Si-O stretching modes, indicating a strong oxidation of the material. The bands at 

875 and 2250 cm-1 were ascribed to vibrational modes of Si-H groups in presence of O 

atoms [Ubara et al. 1984]. 
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Figure 3.4: Infrared absorption spectra for layers obtained at different substrate
temperature. Labels denote different Si-H absorption bands. 

Figure 3.5: Hydrogen content obtained from the Si-H wagging absorption band, as
a function of the substrate temperature (TS).  
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Figure 3.5 shows the hydrogen concentration in %at. [H] calculated from the 

wagging absorption peak as a function of TS. In this plot, a relatively high [H] of 7% 

was obtained for the amorphous sample, deposited at 200ºC, whereas similar 

concentrations around 3.5% were obtained in the remaining microcrystalline samples. 

However, the sample deposited at 350ºC seems to suggest a decreasing trend in the 

hydrogen concentration when increasing TS. 

The absorption spectra obtained by the Photothermal Deflection Spectroscopy 

technique from some samples of this series are plotted in figure 3.6, along with the 

absorption coefficient of the c-Si as a reference. A qualitatively different spectrum was 

obtained for the case of the amorphous sample (TS =200ºC), due to the change in the 

optical bandgap in a-Si:H. On the other hand, the spectra of the microcrystalline 

samples are similar, but some variations were detected in the subgap absorption (hν<1 

eV) of the layers. These changes consist in an increased absorption in the subgap energy 

region for the layers deposited at 300 and 350ºC (not shown) with respect to the others 

obtained at lower TS, suggesting a higher deep defect density for TS >300ºC.  
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Figure 3.6: PDS spectra obtained for layers deposited at different substrate
temperatures at P=0.18 mbar and a H-dilution of 90%. The solid line is a c-Si
spectrum, used as a reference. 
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3.3.2 The thickness series 

The surface morphology of the samples of the thickness series has been studied by 

Scanning Electron Microscopy (SEM). The micrographs corresponding to the top 

surface are shown with the same magnification (x20K) in figures 3.7.a to 3.7.e. The 

surface morphology depended on the film thickness, with a grainy surface becoming 

rougher as the films were thicker. In addition, the presence of different grains with a 

“faceted” shape arose for the sample of 0.9 µm, becoming more visible for a thickness 

of 1.8 µm, and completely covering the surface of the thickest sample of the series (3.0 

µm).  

A cross section of the 0.9 µm thick layer is also shown (figure 3.8), in order to 

evidence the strong columnar structure of this material. These columns presented a 

characteristic conic shape, originating dependencies of the surface morphology on the 

layer thickness. No evidence of the presence of any amorphous interlayer was detected 

from this image, although this magnification did not allow to discard the presence of a 

thin amorphous region. 

 

 
 

 

 

Figure 3.8: SEM cross-section micrograph corresponding to the 0.9 µm thick layer. 
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Figure 3.7: SEM planar views of the top surface of the samples corresponding to the thickness 
series, with thicknesses ranging from 0.2 (fig.3.7.a) to 3 µm (fig.3.7.e). 

a) 0.2 µm b) 0.4 µm 

c) 0.9 µm d) 1.8 µm 

e) 3.0 µm 



Microcrystalline silicon obtained by Hot-Wire CVD… 47 
 

 

 

The results obtained from X-ray diffraction are presented as the integrated diffracted 

intensities as a function of the film thickness in figure 3.9. In this plot, a (111) 

preferential orientation was observed for thicknesses lower than 1 µm. However, a 

gradual enhancement of the (220) intensity resulted as the film thickness increased, 

becoming preferential for the samples thicker than 1.8 µm. Those changes are correlated 

to the arising of faceted grains in the SEM planar views. These results may indicate that 

the (220) orientation is likely related to this type of grains, in agreement with the 

observations of other authors [Ichikawa et al. 1999], which gave rise to the increased 

apparent surface roughness observed from SEM micrographs, as reported from LPCVD 

poly-Si layers [Kamins, 1988]. 
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The results from Raman Spectroscopy are shown as a function of the film thickness 

in figure 3.10, along with the H-content. A decrease in the crystalline fraction (XC) was 

detected as the films became thinner, along with an increase in the H concentration. 

This result could indicate the existence of an amorphous interlayer between the glass 

substrate and the layer, but could also be due to a lower grain size in the nucleation 

stage, along with a higher H-content, or to other unknown effects. This fact would 

decrease the apparent crystalline fraction (obtained from Raman Spectroscopy) of the 

Figure 3.9: Evolution of the crystalline orientations as a function of the film thickness,
for samples deposited at P=0.18 mbar and a 90% H-dilution. 
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thinnest layers, since the contribution of such region to the resulting spectra becomes 

more important. However, an amorphous incubation layer would also lead to a higher 

H-concentration, as shown in the previous section. 
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3.4 Discussion 
The substrate temperature plays an important role in the high pressure regime. This 

fact was evidenced by the transition from amorphous to crystalline growth between 200 

and 225ºC. However, as we will see in the next chapter, the temperatures at which this 

transition takes place also depends on other parameters, such process pressure or 

filament temperature. Other changes in the structure of the layers were detected as a 

function of TS, namely in the change of the preferential orientation from (111) to (220) 

and the increase in the mean grain sizes from 15 to 45 nm. These results are consistent 

with those obtained in our first samples [Cifre et al. 1994], in which the layers obtained 

at higher deposition temperatures presented an enhanced Si(220) orientation. 

At temperatures higher than 225ºC, the main effect of increasing TS is the change in 

the H-content in the microcrystalline structure. The hydrogen concentration was nearly 

constant with a value around 3% for the samples deposited at TS <300ºC. However, a 

decrease in [H] was observed when increasing TS beyond 300ºC, along with a higher 

Figure 3.10: Raman crystalline fraction and hydrogen concentration, obtained from
the Si-H wagging absorption band, as a function of the film thickness. 
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subgap absorption, which could indicate a less efficient defect passivation. Our 

interpretation is that some of the hydrogen incorporated to the material evolves at 

substrate temperatures in this range during the deposition process, leaving unsaturated 

dangling bonds acting as active defects.  

 As already reported on PECVD µc-Si:H [Curtins et al. 1986, Prasad 1991], a 

different hydrogen bonding configuration with respect to the amorphous material has 

been deduced from Infrared spectroscopy. In our samples, the 2000 cm-1 mode is only 

present in the amorphous layer, and therefore this characteristic spectral feature can be 

used to check the structure of our layers. In other works, the presence of the 

contribution at 2000 cm-1 was attributed to a Si(220) material with reconstructed grain 

boundaries [Rath et al. 1998b], in which the hydrogen bonding would take place in a 

different manner than in our case. However, such result arose in the conditions in which 

an amorphous interlayer between the substrate and the microcrystalline film developed 

before the crystalline growth onset, and the attribution of such band to the presence of 

this amorphous region would be an alternative explanation.  

Intense absorption bands related to Si-O groups arose in the infrared spectra of our 

layers under exposure to air. This effect has been studied in more depth elsewhere 

[Bertomeu et al. 1996], evidencing that O atoms diffuse through the whole film 

thickness, preferentially along the grain boundaries. This phenomenon indicates that 

this material is extremely porous, as also reported by other groups [Middya et al. 1995]. 

Furthermore, this oxidation influences the coplanar electrical properties of the layers 

[Peiró, 1997b], but does not seem to affect the device performance in a solar cell 

structure [Meier et al. 1994]. 

The results regarding the dependencies on the layer thickness evidenced a clear 

effect of the thickness on the microstructure. The crystallinity of the material increased 

as the layers were thicker, and a change from the Si(111) to a (220) preferential 

orientation was detected for thicknesses higher than 1.8 µm. These results seem to 

indicate that the first growth stages take place with a (111) orientation, and that the 

(220) orientation becomes preferential as the thickness increased. This fact seems to be 

correlated with a change in the surface morphology, with the presence of grains with a 

faceted shape. Such grains covered completely the surface of the thickest layer of the 

series (3.0 µm), and gave rise to an increased surface roughness, as compared to 
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samples featuring a (111) preferential orientation [Voz, 1999a]. This result influences 

the light absorption properties, and could be used in light trapping schemes. 

Nevertheless, a typical device thickness around 2 µm would not yield in this regime a 

Si(220) preferential orientation neither the enhanced roughness obtained for our thickest 

layer. However, the use of higher substrate temperatures has been shown to promote the 

Si(220) orientation in this deposition regime [Rath et al. 1997a]. 

The surface morphology obtained for the thickest sample is similar to that obtained 

for our first samples deposited at higher temperatures [Cifre et al. 1994], in agreement 

with the film thickness and the Si(220) orientation presented by such specimens. The 

SEM cross sections evidenced a columnar structure with inverted cones, which gave 

rise to thickness-dependent surface morphologies and apparent grain sizes, which are far 

from the values obtained from the determination by means of the Scherrer formula. 

Finally, the presence of the amorphous interlayer, which would strongly affect the 

application of this technique to the fabrication of devices, cannot be discarded from our 

measurements, even though SEM cross sections do not evidence such fact. The decrease 

in the crystalline fraction, along with the increase in the H-concentration for the thinner 

layers, may be an indication of this phenomenon, even though such interlayer would be 

quite thin in our samples. However, this conclusion presents as a weak point the fact 

that the H-content is usually calculated from Infrared spectroscopy, i.e. from samples 

deposited onto c-Si without oxide stripping, whereas the Raman spectra were obtained 

from glass substrates. Differences in the nucleation stage cannot be discarded between 

both substrates, and thus our conclusions from these results need a confirmation from 

direct TEM observations. 

As a conclusion, an optimised material in terms of a compromise between 

crystallinity and subgap absorption was obtained for TS=250ºC in this technological 

regime. The substrate temperature seems to be limited in our upper range (TS>300ºC) 

by the increase in the defect density, which is likely related to the decrease in the 

hydrogen concentration and the increase in unsaturated dangling bonds localised in the 

grain boundaries. On the other hand, amorphous material was obtained in these 

deposition conditions at temperatures lower than 225ºC. A mean grain size of 45 nm 

was measured for the optimised material, obtained at TS=250ºC, whereas no further 

increase was achieved by using higher substrate temperatures. At the same time, the 
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subgap absorption is still relatively low (α<10 cm-1 at E(hν)=0.8 eV), or at least lower 

than for the samples deposited at higher temperatures. However, an enhancement of the 

electrical transport properties resulting from this trade-off between structural 

enhancement and defect density still need to be confirmed for samples deposited in 

conditions of best purity. 

A clear evolution of the material properties has been evidenced as a function of the 

layer thickness. A decrease in the [H] and an enhancement in the Si(220) orientation 

was observed as the layers became thicker, showing that this material is inhomogeneous 

in the direction of the layer growth. 
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4. THE LOW PRESSURE REGIME 
 

4.1 Introduction 
In this chapter, the results about intrinsic µc-Si:H layers deposited in the low 

pressure regime (P<5x10-2 mbar) are presented. All these samples were obtained in the 

new HWCVD facility, which allowed the study of an enlarged space of parameters, in 

particular the deposition at relatively low process pressures, in which few results are 

reported to date [Matsumura, 1998]. The interest of this regime is discussed from the 

structural results obtained from a technological series obtained by varying the process 

pressure.  

The effect of the other parameters on the properties of the material prepared in this 

deposition regime is studied in this chapter. To this end, the H-dilution, the substrate 

temperature and the temperature of the filament were varied in order to obtain different 

technological series. We will emphasise the structural aspects of these samples, and 

some optical and electrical results will also be given, though they will be studied with 

more detail elsewhere [Voz, 1999a]. 

 

4.2 Technological series 
In this section we will describe the parameters used to obtain the technological series 

in the new reactor. The first series, labelled as P-Series, consisted in the variation of the 

process pressure (P) by means of the change of the pumping section, by using the same 

gas mixture (2 sccm silane and 18 sccm hydrogen). The range of variation of P was 

from 4.5x10-3 to 5.7x10-2 mbar. This series was obtained by using a W-shaped filament 

and a nominal substrate temperature of 190-200ºC. The technological parameters are 

listed in Table 4.1. 

sample P (mbar) d(µm) 

1301bp 5.7x10-2 0.9 

1901p 1.2x10-2 1.4 

1501bp 7.2x10-3 1.1 

2402p 6.0x10-3 0.5 

2301p 4.5x10-3 0.5 

 
Table 4.1: Technological parameters used for the pressure series (P-Series).
The gas flows was 2 sccm silane and 18 sccm hydrogen (H-dilution of 90%),
and the substrate temperature was 190-200ºC.
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Two technological series were obtained by varying the hydrogen dilution of the gas 

mixture. The first one was prepared by using the same silane partial pressure. This was 

achieved by selecting the same pumping section, by means of the butterfly valve V1 

(see fig.2.3) with the same silane flow (2 sccm), and then changing the hydrogen gas 

flow. This procedure led to vary the hydrogen dilution and the process pressure at the 

same time. We refer to this series as HP-Series, listed in table 4.2. 

 

sample P (mbar) FH2 (sccm) FSiH4 (sccm) d(µm) H-dilution (%) 

0109hp 2x10-2 38.0 2 1.0 97 

2608hp 7x10-3 18.0 2 1.0 90 

1610hp 5x10-3 13.4 2 1.7 87 

1510hp 4x10-3 11.3 2 1.5 85 

1409hp 3x10-3 8.0 2 1.5 80 

 

 
 

Another series was obtained by varying the H-dilution along with the gas flows and 

the pumping section, in order to set the process pressure fixed at 7x10-3 mbar This 

procedure promoted the variation of the silane partial pressure, and the substrate 

temperature was fixed at TS=150ºC. This series was labelled as H-Series  

 

sample FH2 (sccm) FSiH4 (sccm) d(µm) H dilution (%) 

2110h 29.0 1.00 0.6 97 

1910h 19.0 1.00 1.2 95 

0110h 27.8 2.23 1.2 92 

2909h 27.0 3.00 1.0 90 

0510h 26.8 3.22 1.0 88 

 

 

 

 

Table 4.3: Technological parameters used for the H-dilution series (H-Series). The
process pressure was fixed at 7x10-3 mbar and the substrate temperature was 150ºC. 

Table 4.2: Technological parameters used for the HP-Series. The substrate temperature
pressure was fixed at 150ºC. 
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Two series have been deposited in order to study the effect of the substrate 

temperature on the material properties in the low pressure regime. The first one, labelled 

as TS1-Series, was obtained by using a hydrogen dilution of 10% (FSiH4=2 sccm, 

FH2=18 sccm), whereas the second one, the TS2-Series, was deposited with a higher 

flow regime (FSiH4=4 sccm, FH2=76 sccm), corresponding to a hydrogen dilution of 5%. 

The range of variation of the nominal substrate temperature was from 150 to 300ºC, as 

summarised in Tables 4.4.a and 4.4.b.  

 

sample d(µm) TS (ºC) 

3001ts 0.8 250 

0402ts 0.7 225 

0202ts 0.7 200 

0302ts 0.7 175 

 

sample d(µm) TS (ºC) 

0209ts 1.6 300 

0211ts 1.5 225 

0215ts 1.7 150 

 

 

 

The influence of the filament temperature was also studied by means of two series. 

The first of them, the TF1-Series, was obtained by varying this parameter with a rather 

large increment, from 1740 to 1610ºC, whereas the second one, labelled as TF2-Series, 

was obtained by modifying this parameter from 1675 to 1610ºC, in order to study the 

effect of this variation in detail. In addition, slight differences in the basket filament 

were introduced between both series, since the second wire had a supplementary loop. 

Each series was obtained by using the same filament and calibration, so as to obtain 

consistent measurements of Tf. The maximum value of filament temperature was kept 

relatively low (Tf <1740ºC) in order to control the substrate temperature independently. 

Table 4.4: Technological parameters used for the TS1 (4.4.a) and TS2-Series (4.4.b). The
H-dilution was 90% in the first series and 95% in the TS2-Series,  with P fixed at 7x10-3

mbar for the TS1-series and 8x10-3 mbar for the TS2-series. 
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The samples listed in Tables 4.5.a and 4.5.b were deposited at TS=150ºC and an H-

dilution of 90% in the low pressure regime (7x10-3 mbar). 

 

sample d(µm) Tf (ºC) 

2608tf* 1.0 1740 

0909tf 1.2 1740 

2109tf 1.6 1700 

1509tf 1.1 1650 

1009tf 0.9 1610 

 

Sample d(µm) Tf (ºC) 

0610tf 1.5 1675 

0710tf 1.7 1665 

0810tf 1.3 1650 

0910tf 1.3 1635 

1410tf 1.3 1610 

 

 

 

 

Finally, two series were obtained to study the intrinsic character of the undoped 

material. The first of them was obtained by using different gas flows and maintaining 

the other nominal parameters (95% dilution, P=7-8x10-3 mbar, Tf=1740ºC and 

TS=150ºC) but the process time, in order to investigate the influence on the material 

electrical properties. This series was labelled as F-Series and is listed in Table 4.6. The 

outgassing rate measured before the deposition process has been added to the table of  

technological parameters. 

 

Sample FH2 

(sccm) 

FSiH4 

(sccm) 

d 

(µm) 

rd 

(Å/s) 

Outgassing rate 

(sccm) 

0202f 1 19 2.0 2.78 1.0x10-4 

0203f 3 57 1 2.78 2.4x10-5 

Table 4.5: Technological parameters used for the TF1 (Table 4.5.a) and TF2-Series
(4.5.b). The gas flows were 2/18 sccm (90% H-dilution), Ts was 150ºC and P was
fixed at 7x10-3 mbar. The sample with* was deposited without using the gas purifier
and using the same other nominal conditions. 
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0208f 4 76 1.2 2.22 4.0x10-5 

 

 

The second set of samples was deposited in similar conditions but by refrigerating 

the reactor walls (sample 0215C) and increasing the process pressure up to 3.5x10-2 

mbar (0216P). 

Sample P 

(mbar) 

d 

(µm) 

rd 

(Å/s) 

Outgassing rate 

(sccm) 

0208f 8.0x10-3 1.2 2.22 4.0x10-5 

0215C 8.0x10-3 1.7 2.40 1.6x10-5 

0216P 3.5x10-2 2.1 8.75 1.2x10-4 

 

 

 

 

4.3 Results 
4.3.1 The role of the process pressure. 

The dependencies of the deposition rate on the process pressure (P), obtained for the 

P-Series (H-dilution fixed at 90%) and the HP-Series (different H-dilutions, refer to 

Table 4.3) are shown in figure 4.1. The behaviour of rd as a function of P evidences that 

the growth kinetics is mainly determined by the silane partial pressure, since the growth 

rate did not depend on the process pressure when using the same PSIH4, whereas it 

showed strong dependence on the P when using a different silane partial pressure. 

Table 4.6: Technological parameters used for the F-Series. The H-dilution was
95%, Ts was 150ºC and P was fixed at 7-8x10-3 mbar. 

Table 4.7: Technological conditions used for the investigation of the
contamination  mechanisms. Sample 0215C was deposited by using the same
nominal conditions than the 0208F layer, but cooling the reactor walls.  
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Some of the effects of the process pressure on the material properties are shown in 

figure 4.2, in which the dependence of the refraction index (n), calculated from the 

interference pattern in the optical transmittance spectrum, and the crystalline fraction 

(XC) obtained from Raman spectroscopy, are plotted as a function of this parameter. A 

monotonous increase in n was obtained as P was reduced, suggesting changes in the 

material density. As evidenced by the crystalline fraction, which remained essentially 

constant over the explored range, these results are not related to any change in the 

material structure.  

 

Figure 4.1: Dependence of the deposition rate with the process pressure. Solid circles refer
to P-Series (deposited at a 90% H-dilution), whereas the blank squares were obtained for
different H-dilutions but the same silane partial pressure (HP-Series).   
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The infrared absorption spectra corresponding to the P-Series are presented in figure 

4.3. These spectra were obtained after 1 month of air exposure, and presented dramatic 

differences concerning the Si-O modes, localised in the 1000-1200 cm-1 region. Intense 

absorptions related to Si-O groups were detected in the sample deposited at 5.7x10-2 

mbar, as occurred in the samples deposited at higher process pressures, evidencing a 

strong oxidation of this layer. However, as the process pressure was reduced, the 

features in the 1000 cm-1 region vanished for the same period of exposure to air. The 

absorption features related to Si-H groups were detected similarly than in the samples 

deposited in the high pressure regime (see previous chapter). No clear differences in [H] 

were evidenced from the 630 cm-1 absorption band, with typical values between 3.5 and 

5 %at. 

 

Figure 4.2: Dependencies of the refractive index (n) and Raman crystalline fraction
(Xc) as a function of the process pressure. The sample deposited at 0.18 mbar was
obtained in the former reactor. 
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Figure 4.4 plots the mobility-lifetime products (µτ) obtained by Steady-State 

Photoconductivity (SSPC), along with the Raman crystalline fraction, as a function of 

the process pressure. In this graph, an increase in two orders of magnitude was obtained 

when reducing P in the range explored in this series (5.7x10-2 to 4.5x10-3 mbar). This 

enhancement of the mobility-lifetime product as P was decreased led to a best value of 

µτ of 1x10-6 cm2/V for a process pressure of 4x10-3 mbar. 

 

 

Figure 4.3: Infrared absorption spectra for samples deposited at pressures ranging
from 5.7x10-2 to 4.5x10-3 mbar (P-Series), obtained at TS=150ºC and a hydrogen
dilution of 90%. 
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In order to study the microstructure of the material in more detail, we have selected 

two samples of the P-Series presenting completely different optical and electrical 

properties, to carry out TEM observations. We have selected two samples: one obtained 

in the high pressure range (5.7x10-2 mbar) and the other one for the lowest pressure of 

the series (4.5x10-3 mbar), both deposited by using a 90% hydrogen dilution onto 

Si(111) substrates without oxide stripping. Figure 4.5 is a comparison of the cross 

sections in the Dark Field (DF) mode, for the high pressure sample (fig. 4.5.a) and the 

low pressure layer (fig. 4.5.b). In these images, the contrast comes from the regions 

satisfying the Bragg condition for the selected orientation (Si(111) in this case). As 

from the SEM micrographs, we can observe a columnar structure, with defective 

columns extending along the whole thickness of the layers. Slight differences between 

these two images are detected, mainly in the structure of the columns, which appear to 

present an inverted conic shape in the sample deposited in the high pressure regime (fig. 

4.5.a) whereas seem to be more parallel in the vertical direction for the low pressure 

material (fig.4.5.b), presenting column widths between 40 and 60 nm in both cases. In 

the inset, the corresponding electron diffraction patterns for both layers are shown. In 

Figure 4.4: Mobility-lifetime product (µτ) and Raman crystalline fraction (XC) of
µc-Si:H layers as a function of the process pressure. 



Microcrystalline silicon obtained by Hot-Wire CVD… 62 
 

 

 

these patterns, the rings corresponding to the Si(111), (220) and (311) orientations are 

clearly visible. 

High resolution images were also obtained from both samples, in order to observe 

directly the crystalline domains. Figures 4.6.a and 4.6.b are high-resolution images of 

the substrate-layer region. An extremely thin amorphous region, of about 15-20 Å, can 

be observed in the interface (denoted by white arrows), but the presence of crystalline 

domains was detected very near the native oxide layer (dark line) for both samples. 
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Figure 4.5: TEM cross-sections of the samples deposited at 6x10-2 mbar (4.5.a) and 4.5x10-3 mbar 
(4.5.b) in dark field mode. In the insets, the corresponding electron diffraction patterns.  
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4.3.2 The effect of the hydrogen dilution. 

The behaviour of the growth rate (rd) as a function of the H-dilution is shown in 

figure 4.7. In this plot, the dependence is studied for the H-Series (obtained with a fixed 

process pressure, blank squares) and the HP-Series (at the same silane partial pressure, 

solid circles). This result is consistent with that obtained as a function of the process 

pressure (figure 4.1), with a clear dependence of the deposition rate on the silane partial 

pressure, regardless of the hydrogen dilution or the silane flow. No changes in the 

deposition kinetics were detected when the conditions yielded amorphous layers, for 

H-dilutions<85%, evidencing no correlation between the growth kinetics and this 

transition in the material structure. 

 

Figure 4.6: HREM images of the substrate-film interface of the samples deposited at 6x10-2 mbar
(4.6.a) and 4.5x10-3 mbar (4.6.b). The arrows denote the presence of a thin amorphous interlayer and the
presence of crystalline domains close to the interface.  
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The correlations between the material structure and the hydrogen dilution obtained 

from the H and HP-Series are presented in figure 4.8, in which the crystalline fraction 

(XC) obtained from Raman spectroscopy, and the mean grain sizes calculated from the 

Si(111) diffraction peak, are shown as a function of the H-dilution. A consistent 

enhancement of the crystallinity was observed when using higher dilutions, either from 

the Raman crystalline fraction or the mean grain sizes obtained from X-ray 

diffractometry, along with a transition from amorphous to crystalline growth detected 

from both characterisations at a hydrogen dilution between 85 and 88%. Amorphous 

layers were obtained in our lower dilution range, and microcrystalline material was 

obtained for dilutions over 88%. In addition, a monotonous increase in the crystallinity 

with the H-dilution was obtained in the range in which the samples were basically 

microcrystalline. A maximum value of XC=96% and a grain size of over 60 nm was 

obtained for the sample deposited with a H-dilution of 97%. 

 

Figure 4.7: Dependencies of the deposition rate with the hydrogen dilution. The solid
dots were obtained for a fixed SiH4 partial pressure (HP-Series), whereas the open
squares refer to the H-Series (samples deposited at a fixed total pressure, see Table 4.2). 
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Figure 4.9 shows the dependence of the activation energy of the dark conductivity 

(Ea) on the H-dilution, along with the optical bandgap (Egopt) deduced from PDS data. In 

this plot, the transition from amorphous layers, in the low H-dilution regime, to 

microcrystalline material, is clearly evidenced by the change of Ea from around 0.8 eV 

to 0.4 eV for the case of the fully microcrystalline layers. This behaviour is clearly 

correlated with the decrease in the optical bandgap, from typical “amorphous” values of 

1.7 eV to 1.1 eV for the layers deposited for a H-dilution above 95%. 

 

 

 

Figure 4.8: Raman crystalline fractions (Xc) and grain sizes obtained from the
Si(111) diffraction peak as a function of the hydrogen dilution. 
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4.3.3 The filament temperature series. 

Figure 4.10 shows the dependence of the deposition rates as a function of the 

filament temperature (Tf) for both TF1 and TF2-Series. A slight decrease in the 

deposition rate was obtained when decreasing the filament temperature, which could be 

interpreted as the effect of a lower dissociation efficiency or the deposition of silicon in 

the cold regions of the wire (near the filament holder). However, an increase in rd was 

obtained when increasing the filament surface (Sf) by the addition of one more (5 to 6) 

loop. This result is likely related to a geometrical effect, since the increase in Sf leads to 

an increase in the rate of silane molecules impinging the hot wire for the same silane 

partial pressure. Regarding the effect of the substrate temperature in the deposition rate, 

this parameter did not present any effect in rd for this technological regime. 

 

 

Figure 4.9: Activation energy of the dark conductivity (Ea) and optical
bandgap (Egopt) as a function of the H-dilution. 
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Figure 4.10: Dependence of the deposition rate with the filament temperature, for two
different filament geometries. 

Figure 4.11: Raman crystalline fraction as a function of the filament temperature,
obtained from the TF1 and TF2-Series. 
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The dependence of the material structure as a function of the filament temperature 

evidenced a new transition from microcrystalline to amorphous material when 

decreasing Tf. This result is illustrated in figure 4.11 by means of the Raman crystalline 

fraction, since X-ray diffraction gave low intensities to perform the determination of the 

grain sizes. This transition took place at different values of Tf for each series, which can 

be due to uncertainties in the measurement of the filament temperature or to the effect 

of the increased Sf. This transition occurred between 1650 and 1700ºC for the filament 

of 5 loops, whereas a gradual transition was observed for the TF2-Series. 

 

4.3.4 The effect of the substrate temperature 

Figure 4.12 shows the mean grain sizes obtained from X-ray diffractometry as a 

function of the substrate temperature for both TS-Series. The samples using a dilution 

of 90% showed a clear (111) orientation, since rather low intensities were obtained for 

the other peaks (Si(220) and (311)). Thus, only the grain sizes corresponding to such 

orientation are plotted for this series. On the other hand, the layers obtained by using a 

95% dilution evidenced clear Si(111) and (220) peaks, and a rather weak Si(311) 

feature. As evidenced in section 4.3.2, a gradual increase in the material crystallinity is 

obtained when raising the H-dilution from 90 to 95%. In the case of the samples 

deposited by using a 90% H-dilution, the peak intensities and grain sizes evidenced 

slight dependencies on TS, although the range of variation of such parameter was quite 

small (175-250ºC), with rather constant values of the Si(111) grain sizes around 20 nm. 

However, noticeable variations have been obtained for the samples obtained by using a 

95% dilution. In this series, higher peak intensities along with larger grain sizes were 

obtained. In addition, these values strongly depend on the selected orientation, with a 

maximum grain size of 60 nm obtained from the Si(220) peak at TS=225ºC, and 

decreasing for both lower (150ºC) and higher (300ºC) substrate temperatures. A 

completely different trend was obtained for the other orientations, with a decrease on 

the (111) and (311) grain sizes with TS. 
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Figure 4.13 plots the dependence of the hydrogen concentration in the material as a 

function of the substrate temperature, along with the Raman crystalline fraction. As 

stated previously, an enhanced crystallinity was obtained when increasing the 

H-dilution, as also evidenced by the crystalline fractions, which were around 90% for  

the lower hydrogen dilution series and 94% when this parameter was increased up to 

95%. This result was correlated with the values of [H] obtained from the integrated 

absorption of the 630 cm-1 Si-H wagging band. Concentrations between 4 and 5% were 

detected in the less crystalline samples, obtained for a H-dilution of 90%, whereas only 

a 2% was obtained when using a higher H-dilution. However, as concluded in the 

previous chapter, the different thicknesses of the layers corresponding to both series 

influences the hydrogen concentration, and the layers deposited with a 95% dilution are 

nearly two times thicker than those obtained with hydrogen dilution of 90% (1.6 and 0.8 

µm, respectively). 

 

Figure 4.12: Dependences of the grain sizes, obtained from different diffraction peaks, as a
function of the substrate temperature. The solid data correspond to samples deposited by
using a 95% H-dilution, whereas blank squares correspond to a 90% H-dilution. 
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Figure 4.13: Raman crystalline fraction and hydrogen content of the TS1 (90%
dilution) and TS2-Series as a function of the substrate temperature (TS). 

Figure 4.14: PDS absorption spectra for samples deposited at different substrate
temperatures and a hydrogen dilution of 95%. 
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As occurred in the high pressure regime (see section 3.3 and figure 3.5), the 

decreasing trend in the hydrogen atomic concentration when increasing TS was 

correlated with an increase in the subgap absorption, as evidenced by the PDS 

measurements shown in figure 4.14. In this plot, the absorption spectra corresponding to 

the samples deposited by using a 95% H-dilution, which yield crystalline fractions near 

95%, are plotted. The lowest subgap absorption, suggesting an enhancement in terms of 

a lower defect density, corresponds to the sample deposited at TS=150ºC, and no 

noticeable changes were detected at higher photon energies, suggesting that no 

variations in the material crystallinity occurs in this technological range. On the other 

hand, no clear differences have been noticed in the PDS absorption spectra obtained for 

the samples of the TS1-Series (not shown). 

 

4.3.5 Effect of the gas flow and the outgassing rate. 

Figure 4.15 shows the dark conductivity vs. reciprocal temperature (Arrhenius plot) 

for the samples corresponding the F-Series. An increase in the activation energy was 

detected when using higher gas flows (1/19 to 3/57 sccm). However, though a similar 

activation energy was obtained for a further increase in gas flows from 3/57 to 4/76 

sccm, the overall values of dark conductivity in this latter were higher, which can be 

attributed to a higher carrier concentration and a more pronounced n-type character of 

this sample. Figure 4.16 is the same plot for samples prepared by using slight 

differences in the preparation conditions, in order to establish the origin of the 

contamination. Dark conductivities are plotted for sample 0208F (4/76 sccm, 8x10-3 

mbar), by refrigerating the reactor walls (0215C) at the same nominal conditions, and 

by increasing the process pressure and deposition rate up to 3.5x10-2 mbar and 8.75 Å/s, 

respectively (sample 0216P). Truly intrinsic character was obtained for this latter, with 

an activation energy of 0.57 eV for an optical bandgap of 1.12 eV, although the 

outgassing rate in this case (1.2x10-4 sccm) was higher that for the others. On the other 

hand, the refrigeration of the reactor wall led to a decrease in the activation energy from 

0.50 eV (sample 0208F, hot wall) to 0.47 eV for this layer. 
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Figure 4.15: Arrhenius plot of the dark conductivity obtained for samples of the
F-Series, deposited by using increasing the gas flows. The other parameters were
P=7-8x10-3 mbar, H-dilution of 95% and TS=150ºC. 

Figure 4.16: Arrhenius plot of the dark conductivity for samples deposited by using
different conditions (see table 4.7). 
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4.4 Discussion 
4.4.1 Deposition mechanisms. 

The results from the deposition rate dependence on the different technological 

parameters indicate that the main factor determining rd in this pressure regime is the 

silane partial pressure. This conclusion was obtained mainly from the dilution series, 

which clearly suggested this dependence, along with the results of the pressure series. In 

addition, some fluctuations in the deposition rate seem to be correlated with the filament 

dissociating surface (Sf), as deduced from fig. 4.10. Our results in the low pressure 

regime can be interpreted according to an evaporation mechanism from a hot surface, 

without influence of the secondary reactions in the gas phase before reaching the 

substrate. This interpretation agrees with other results, showing that the filament acts as 

linear evaporation sources [Matsumura 1989, Feenstra 1998]. Therefore, the cross 

section ratio of the hot wire and the pumping system determines the silane partial 

pressure and thus the rate of impinging silane molecules in the filament and the pump, 

yielding deposition rates between 2 and 3 Å/s in these conditions. For this reason, still 

higher deposition rates can be achieved in this regime by optimising the filament and 

reactor geometries. This explanation agrees with the nearly constant deposition rates 

obtained in the F-Series (see Table 4.6), in which the total gas flows were changed 

along with the pumping section, in order to leave the same process pressure and 

hydrogen dilution. This results in a constant silane partial pressure, as for the case of the 

HP-Series, and thus in similar values of rd. Only slight variations in the deposition rates 

were correlated with other technological parameters, such as the filament and substrate 

temperatures, even though a strong dependence was evidenced in the high pressure 

regime as a function of the filament to substrate distance [Peiró, 1997b], likely related 

to geometrical effects. 

 

4.4.2 The role of the process pressure 

The results regarding the effect of the process pressure show that this parameter has 

strong influence in the structure and the electrical properties of the material in the very 

low TS regime. The increase in the refractive index, along with the lower oxidation rates 

detected for the samples deposited at pressures lower than 1x10-2 mbar, are likely due to 

a compact structure, resulting in a less porous material. Other groups report on good 
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quality material in the substrate temperature range of 300-400ºC [Guillet et al. 1998b, 

Rath et al. 1998], but these results are usually accompanied by a higher deep defect 

density. In a-Si:H deposition by the PECVD techniques, it is generally accepted that the 

increase in the deposition temperature yields a reduction of the microstructure factor, 

along with a reduction of the hydrogen concentration [see, for example, Andújar, 1990]. 

In our work, we have used a different parameter, the process pressure, to increase the 

compactness of the microcrystalline layers in the very low substrate temperature range 

(<200ºC), and maintaining at the same time a low defect density, as evidenced by our 

results on subgap absorption. 

A possible origin of this enhancement could be a change in the chemical composition 

of the precursors, due to the increase in the mean free path in the gas phase as P was 

reduced. At high pressures, the gas is likely under the collisional regime, and thus 

molecular interaction occurs during the travel of the species from the filament to the 

substrate. In this situation, the reactions in the gas-phase could give rise to the formation 

of Si-H complexes or either the formation of nanopowder, which is a well-known 

phenomenon in silane plasmas and a limiting factor of the material quality in a-Si:H 

layers [Perrin et al. 1988], mainly in the low substrate temperature range. Following this 

hypothesis, the incorporation of such subproducts to the growing layer, which are 

expected to present a lower surface mobility, could promote the growth of a poor 

quality material, resulting in a dramatic decrease in the material quality in the low 

temperature range, in which the surface mobilities are lower. On the other hand, as the 

process pressure decreases, the mean free path gets longer and the collisions and 

secondary reactions are expected to have less influence in the layer formation. 

Alternatively, this result could be attributed to the low surface mobility expected to 

happen in the low TS regime, and that the decrease in P promotes an enhancement of 

this parameter, yielding best results in terms of material density. 

The sharp enhancement of the mobility-lifetime product when reducing P from 

5.7x10-2 to 4.5x10-3 mbar can be related to the changes in the material compactness, 

since no correlation with the process pressure has been observed in the crystalline 

fraction, the dark conductivity or its activation energy. This behaviour could be related 

to changes in the structure of the intergrain regions, affecting the coplanar transport 

properties in the layers. It has been shown that the post-oxidation of the samples 

deposited in the high pressure range, which has been shown to occur preferentially 
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along the grain boundaries [Bertomeu et al. 1996], influences the electronic properties 

of these layers. Moreover, a slight difference in the structure of the columns as a 

function of the pressure has been observed from TEM dark field micrographs, which 

could be related to this enhancement. Such differences could be the origin of the fast 

post-oxidation effects. 

 

4.4.3 Control of the crystallinity 

The hydrogen dilution has evidenced to play a key role in the low pressure and low 

substrate temperature regime. The results regarding the structural dependencies of the 

material as a function of the H-dilution show that an accurate control of the crystallinity 

on the layers can be achieved by controlling this parameter. Microcrystalline material 

can be deposited at this regime for dilutions over 88%, and the crystalline fraction and 

grain size can be increased by raising the hydrogen dilution up to 97%, but with the 

drawback of a reduction in the deposition rate. 

Regarding general structural aspects, a noticeable difference has been found between 

our layers deposited in the low pressure regime with respect to the reported works about 

HWCVD. A randomly oriented structure was obtained in our samples in this low 

pressure regime, with a Si(111) preferential orientation, instead of the usual Si(220) 

typically obtained at higher process pressures. In addition, the increase in the surface 

roughness can be an advantage due to the increase in the apparent optical absorption. 

However, the flat surface observed for the Si(111) oriented layers can be useful for 

other applications, such as thin-film transistors. 

High resolution transmission electron micrographs of the substrate-layer interface 

region indicate the existence of an extremely thin amorphous nucleation layer of around 

15 Å onto Si(111) substrates, discarding the presence of a thick amorphous interlayer, 

as reported in other conditions [Meiling et al. 1998]. In addition, the presence of ordered 

domains was detected very near the interface. However, observations onto glass or 

TCO-coated glass substrates, to be used in the fabrication of devices, have not been 

carried out to date. 

The temperature of the wire has also shown to influence the crystallinity of the 

layers, as evidenced in figure 4.11. As stated earlier, the transition from amorphous to 

crystalline growth seems to be generally related to changes in the atomic hydrogen flow 

towards the substrate region, which has also been reported in plasma methods [Tsai 
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1989, Torres 1988]. Following this assumption, both decreasing Tf or Sf could promote 

the reduction of the atomic H flow. No further studies were carried out in the high Tf 

regime, since our interest was to maintain the substrate temperature at 150ºC. Moreover, 

the high Tf regime results in the incorporation of W atoms to the layers [Heintze et al. 

1996], and therefore our efforts were aimed to study other technological regimes. 

 

4.4.4 Substrate temperature and hydrogen passivation 

Few structural differences were detected as a function of the substrate temperature, in 

contrast with the results obtained in the high pressure regime. This result indicates that 

the fomation of the microcrystalline structure is not so dependent on thermal 

mechanisms in these conditions. This fact could be due to changes in the nature of the 

gas precursors and in their surface mobility, and results in an enlarged space of 

parameters to deposit microcrystalline material at technological temperatures as low as 

125ºC. On the other hand, the H-content seems to be mainly determined by the substrate 

temperature and the crystalline fraction (fig. 4.13), obtaining a higher H-content in the 

material featuring a lower crystallinity, which suggests that the amorphous tissue in the 

layers presents a higher hydrogen content. The PDS results obtained for these samples 

evidenced a subgap absorption of α=4 cm-1 at E(hν)=0.8 eV, obtained for the film 

deposited at the lowest substrate temperature (TS=150ºC), which is near to the best 

reported in VHF-GD µc-Si:H [Beck et al. 1996]. Similarly than in the high pressure 

regime, a clear correlation between the subgap absorption and the substrate temperature 

was found when increasing TS up to 300ºC, suggesting the same effect than in the high 

pressure regime (see section 3.4.1) of a less efficient passivation of defects for 

increasing substrate temperatures. 

 

4.4.5 Intrinsic character of the material 

The electrical properties of the samples deposited at this regime were clearly 

correlated with the crystalline fraction in the material. A decrease in the activation 

energy was obtained for increasing H-dilutions, presenting this trend a saturation 

towards 0.4 eV, which is lower than for a truly intrinsic material. This result indicates 

that our undoped material does not fulfil the midgap condition, and this behaviour was 

independent of using the gas purifier (samples 2608tf and 0909tf, Table 4.5.a), on the 
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contrary than as reported in the VHF-GD technique [Torres et al. 1996]. This fact 

presents as a further implication that the assessment of the transport properties of the 

material by means of the SSPC method will not be consistent, since the µτ-product 

obtained from photoconductivity measurements depends on the intrinsic character of the 

layers. For this reason, the absolute values of the µτ-product obtained in Section 4.4.2, 

for samples with activation energies over 0.5 eV but optical gaps about 1.3 eV, cannot 

be compared to those obtained for truly intrinsic material.  

The results obtained by using higher gas flows and maintaining the same other 

conditions indicate that the Fermi level shifts towards the midgap condition, i.e. Ea=0.50 

eV with an optical gap of 1.13 eV. However, a clear dependence was suggested between 

the intrinsic character of the material and the predeposition outgassing rates in the 

chamber (see Table 4.6) as already pointed out by the group of Neuchâtel [Torres et al. 

1996]. These results strongly evidence that the contamination in the material is 

responsible for the unintentional n-type character of our undoped layers. The changes in 

the process protocol prove that cooling the reactor walls during the deposition process 

presented a detrimental effect on this contamination, as shown in fig.4.16. Best results 

have been obtained by reducing the outgassing rate down to 2.4x10-5 sccm for the case 

of low process pressure. Nevertheless, the most satisfactory result was achieved by 

increasing the process pressure up to 3.5x10-2 mbar, giving a material an activation 

energy of 0.57 eV and an optical gap of 1.12 eV, in agreement with the intrinsic 

character obtained by other groups in the high pressure regime [Rath et al. 1997b, 

Guillet et al. 1998b]. Unfortunately, further conclusions cannot be obtained about the 

contamination mechanisms and its correlation with the technological parameters, since 

the raise of the process pressure promoted a change of the deposition rate from 2.2 Å/s 

at 8x10-3 mbar to 8.75 Å/s at 3.5x10-2 mbar.  

 

4.4.6 Conclusions about undoped µc-Si:H. 

An increase in the density of the material has been obtained by reducing the process 

pressure in the very low substrate temperature regime. The layers deposited in these 

conditions presented some differences with respect to the high pressure counterparts, 

namely a Si(111) preferential orientation and good structural properties from the very 

first growth stages. The presence of a thick amorphous interlayer has been discarded in 
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our samples deposited onto c-Si substrates in this regime. The crystallinity of the 

material, which can be efficiently controlled by means of the hydrogen dilution, seems 

comparable to that obtained in the high pressure range, both in terms of crystalline 

fraction (around 95%) and grain sizes (40-60 nm) [Guillet, 1998]. It appears that 

hydrogen dilutions of 95% are necessary to achieve similar crystallinities to those 

obtained at higher pressures. Moreover, electrical studies carried out by means of 

Schottky diodes evidenced an enhancement of the minority carrier diffusion lengths 

(Ld
*) when the crystallinity was increased from XC=90 to 95%, reaching a best value of 

Ld
*= 120 nm for this material [Voz et al. 1999b], which are lower than the best values 

reported in the literature [Rath et al. 1998a]. 

The substrate temperature seems to present less influence in the structure of the 

layers in this regime than for the high pressure samples, with a slight decrease in the 

crystalline fraction when increasing TS from 150 to 300ºC, on the contrary to other 

reported works [Wanka 1997b, Mahan et al. 1998]. Moreover, a decrease in the 

hydrogen content in the material was detected as TS changed from 150 to 300ºC, as 

occurred in the high pressure regime (see section 3.5.1), leading to a higher subgap 

absorption, again in agreement with the results in the high pressure regime. An 

enhancement of the defect density could be possible by further decrease in this 

parameter, this point remaining as an open question. 

The electrical results obtained from our layers indicate that our undoped material 

presented a slight n-type character, with a typical activation energy of 0.45 eV, for an 

optical bandgap of 1.13 eV. This fact, which has proven to present a dramatic effect in 

preliminary p-i-n diodes fabricated with this material [Voz et al. 1999b], can be reduced 

by controlling the outgassing rate. However, the midgap condition has been achieved 

only by increasing the process pressure and the deposition rate. This fact yields a 

decrease of the mt-product, and therefore a compromise between the intrinsic character 

and the transport properties has to be assumed to obtain device quality material in these 

conditions. 
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5. DOPED MATERIAL 
 

5.1 Introduction 
Since the first results showing the possibility to obtain doped microcrystalline layers 

by the Hot-Wire CVD technique, few works have been published about the properties 

of this material [Puigdollers et al. 1994, Wanka et al. 1995, Brogueira et al. 1997]. In 

this chapter we present the results on both n and p-type µc-Si:H doped layers obtained 

by HWCVD. The technological parameters that were used in the deposition of these 

layers are focused on their application to the fabrication of p-i-n solar cells with this 

technology. For this reason, the optimisation of the electrical properties in the 

conditions of low substrate temperature are one of our aims. From the beginning, the 

technological conditions had to be compatible with using our optimised intrinsic 

µc-Si:H as the active region of the device, and therefore the optimisation was carried 

out in the low temperature regime, in the conditions leading to the best defect 

passivation of the material.  

The doping efficiencies and structural properties were investigated as a function of 

the doping level by depositing a series with increasing doping gas ratios for both p and 

n-type material, in order to obtain the best electrical properties. These are key to obtain 

p-i-n diodes with good rectifying characteristics and low series resistance. In addition, 

the dependency of the electrical properties on the substrate temperature was investigated 

for p-type µc-Si:H, since diborane presents a low thermal stability, affecting the 

incorporation of doping atoms to the material and thus the electrical properties of the 

layers. 

The problem of cross contamination was also studied, since the electrical properties 

of the doped layers are affected by the processes carried out in the same chamber. The 

results of applying different approaches to control this effect are given in the last section 

of this chapter. 

 
5.2 Technological series 

The technological window to deposit the doping series was chosen according to our 

initial best results about undoped material, which were obtained by using a “W-shaped” 

filament of 0.5 mm diameter, heated up to 1740ºC and 6 cm away from the substrates. 
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The substrate temperature (TS) was 225ºC, and the process pressure was 7×10-3 mbar. 

The series of p and n-doped material were obtained by adding increasing amounts of 

diborane or phosphine, respectively, to the gas mixture, which consisted of 2 sccm of 

SiH4 and 18 sccm H2. All the samples were obtained in the Reactor 2 of the system (see 

fig. 2.3), intended for the deposition of the doped layers of the devices, and a fresh wire 

was used to start both doping series from low towards high doping concentrations. 

Nominally undoped samples were obtained after and before each doping series, so as to 

check the doping contamination remaining in the reactor. The main technological 

parameters are shown in Table 5.1. 

 

Sample B/Si P/Si d(µm) 

0427I - - 0.50 

0427P 4x10-5 - 0.66 

0428P 4x10-4 - 0.68 

0429P 4x10-3 - 0.72 

0429BP 4x10-2 - 0.67 

0430I - - 0.52 

0505N - 2.0x10-4 0.67 

0506N - 1.9x10-3 0.66 

0506BN - 1.4x10-2 0.62 

0507N - 1.4x10-2 0.63 

0508I - - 0.50 

0609P 1.6x10-4 - 0.67 

0610P 1.6x10-3 - 0.80 

0610BP 1.6x10-2 - 0.83 

 

 

 

 

Another series has been obtained in order to study the effect of the substrate 

temperature on heavily p-type doped layers. In this series the substrate temperature was 

Table 5.1: Main technological parameters used for the doping series. These
samples were deposited at P=7x10-3 mbar, TS=225ºC and a H-dilution of
90%. 
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varied between 125 and 275ºC, by using the same conditions of the doping series, as 

summarised in Table 5.2. 

 

Sample TS (ºC) d(µm) 

0715P 125 0.84 

0611BP 175 0.78 

0610BP 225 0.83 

0611P 275 0.75 

 

 

 

Finally, thin doped layers were obtained in the conditions used for the preparation of 

the doped regions in our p-i-n structures, in order to verify the material properties as the 

doped layers become thinner. These samples, which are more than three times thicker 

than the doped regions in the cell structure, were obtained by using a basket filament 

geometry, increased gas flows and a hydrogen dilution of 95%, as listed in Table 5.3. 

Sample B/Si P/Si TS (ºC) d(µm) 

1123P 1.2x10-2 - 125 0.10 

0304N - 3.7x10-3 175 0.34 

 

 

 

 
5.3 Results 
5.3.1 The doping series. 

Figure 5.1 is an example of the SIMS depth profiles obtained for a p-doped sample 

(fig. 5.1.a, 0428BP) and an n-type sample (fig. 5.1.b, 0507N). The concentration 

profiles corresponding to doping atoms and hydrogen are homogeneous, except for the 

case of boron in figure 5.1.a, with a sudden increase of the 11B+ signal in the 

film-substrate interface, suggesting an enrichment of B atoms in the first stages of the 

process. 

Table 5.2: Summary of the parameters used for the temperature series in the
heavy doping regime, corresponding to a B/Si gas-phase ratio of 1.6x10-2.
The pressure was 7x10-3 mbar, and the H-dilution was 90%. 

Table 5.3: Parameters used for the thin doped layers to be used as doped
regions in the p-i-n structures. The pressure was 8x10-3 mbar, and the
H-dilution was 95%. 
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Figure 5.2 shows the solid phase concentration of doping atoms (ND), averaged from 

the SIMS depth profiles, as a function of the doping to Si atomic ratio in the gas phase 

for both p and n-type samples. The dashed line indicates the doping density resulting for 

an ideal incorporation efficiency of 100% from the dopant to Si ratio in the gas phase. 

The first result is that the B solid phase densities measured in the p-doped layers are 

over this ideal efficiency for almost all the layers of the series. Furthermore, the samples 

deposited after the calibration of the diborane flow with the cold reactor presented B 

densities closer to this 100% efficiency, but still over this line. This result indicates an 

incorporation mechanism of B atoms enhanced with respect to Si atoms. On the other 

hand, the P incorporation is far from the ideal efficiency, as would be usually expected. 

In the case of the sample deposited with a lower P/Si gas phase ratio, the incorporation 

efficiency approached 100%, although this result is not very reliable since the mass 31 

Sputter Depth (Å) 

Figure 5.1: SIMS depth profiles of a p-type layer (fig. 5.1.a), and an n-type sample (fig. 5.1.b)
corresponding to the doping series. The signals corresponding to H (mass 1), Si (30), B(11) and
P(31) are plotted. 



Microcrystalline silicon obtained by Hot-Wire CVD… 85 
 

 

 

signal used to investigate the phosphorus density can be also related to Si-Hx ionised 

groups. In the case of the undoped material deposited in the Reactor 1, in which residual 

P contamination is very unlikely, the mass 31 signal corresponds to an apparent 

phosphorus density of 5x1018 cm-3, which is over the expected density in the solid phase 

for the low doping regime. 
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Figure 5.3 shows the main electrical properties, i.e. dark conductivity at room 

temperature (σRT) and Ea, as a function of the doping concentration (ND) for both p-type 

and n-type doping series. An increase in Ea and a decrease in σRT was obtained for the 

p-doped series in the low doping regime when comparing with the nominally intrinsic 

sample, and a rise in σRT was observed when NB was changed from 3x1019 to 2x1020 

cm-3. The highest value of conductivity for the p-series (0.049 S/cm) was obtained with 

a B/Si gas phase ratio of 1.6x10-2, corresponding to a boron density of 8.05x1020cm-3, 

and an activation energy of 0.059 eV. A lower conductivity and a higher Ea was 

obtained when increasing the doping density at 1.0x1021 cm-3. 

On the other hand, the n-type series showed a gradual increase in the dark 

conductivity and a decrease in the activation energy over the explored doping range, 

reaching a value of 9.8 S/cm and 0.02 eV, respectively, for the highest P/Si gas phase 

ratio of the n-type series (1.4x10-2), corresponding to a doping density of 1.3x1020 cm-3. 

Figure 5.2: Solid phase concentration of doping atoms (ND), averaged from SIMS
measurements, as a function of the doping to silicon atoms in the gas phase. The dashed
line corresponds to an ideal incorporation of 100%. 
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Figure 5.3: Dark conductivity (σRT) and the corresponding activation energy (Ea) as a
function of the solid phase concentration for both p-type (circles) and n-type series (squares). 
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Changes in the crystallinity due to the incorporation of B atoms were clearly 

evidenced by Raman spectroscopy. Figure 5.4 shows the dependence of the crystalline 

fraction in the material in the p-type series as a function of the doping gas phase ratio. A 

strong amorphisation is detected in the heavily p-doped layers, whereas a nearly 

constant value of XC=0.94 was obtained in the case of n-type layers. Note that the 

crystalline fraction is correlated to the gas phase ratio rather than to the doping density 

incorporated to the solid phase. 

 

5.3.2 The effect of the substrate temperature in the p-doped layers. 

The incorporation of boron at low doping regimes, which is strongly dependent of 

the temperature of the chamber during the process preparation (see fig. 5.2), as well as 

the incorporation efficiencies beyond 100% and the increase in the B signal in the 

substrate-layer interface (fig. 5.1), suggested some technological problems related to the 

thermal instability of the diborane. To reduce such effect, the substrate temperature was 

varied in the heavy doping regime. The reduction of the substrate temperature from 275 

to 125ºC led to an increase in the crystalline fraction, along with an enhancement in the 

conductivity, as described in figure 5.5. This increase in the conductivity as the 

temperature was lower was clearly correlated with a higher crystallinity and the 

reduction of the boron peak in the substrate-layer interface . 

 

Figure 5.4: Raman crystalline fraction (XC) of the samples of the
p-type series as a function of the doping gas phase ratio. 
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5.3.3 Cross-contamination issues 

The control of the cross contamination is mandatory for the fabrication of device 

structures. Even though our multichamber set-up allows to control the incorporation of 

unwanted doping contaminants in the intrinsic material, deposited in a separate 

chamber, both p and n-type layers are deposited in the same reactor. Figure 5.6 shows 

the results of contamination in nominally undoped samples deposited in the same 

chamber after the p and n-type series. The depth profile corresponding to a sample 

deposited after the change of the filament and after a burying process are also shown, in 

order to evidence cross-contamination effects. The samples deposited after the doping 

series without any cleaning or baking process evidenced a considerable unwanted 

incorporation of doping atoms. The main difference between both cases was that the P 

concentration falls down during the process, giving a higher concentration near the 

substrate-layer interface of 6.0x1019 and decreasing to around 5x1018 cm-3, which is 

more likely related to Si-Hx groups in undoped material rather than to the actual 

phosphorus concentration. The boron concentration remained constant along the whole 

profile (dash-dotted line in fig. 5.6), with a high value of 6.4x1020 cm-3, which lies very 

near to the concentration of boron in the previously deposited p-doped sample. 

However, a drop of more than one order of magnitude in the B signal was detected 

Figure 5.5: Raman crystalline fraction (XC) and dark conductivity (σRT) as a function of the
substrate temperature (TS) for a doping gas phase ratio of 1.6x10-2. 
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when changing the filament, corresponding to a still high B concentration near 2x1019 

cm-3. 
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In order to reduce this unwanted incorporation, we have also measured the B 

concentration after 15 min of deposition of intrinsic material on the reactor walls (with 

the shutter closed). A decrease in nearly one order of magnitude in the boron 

concentration was achieved by means of this treatment when comparing with the effect 

of changing the wire, resulting in a boron density lower than 4x1018 cm-3, which is the 

range in which the main effect is the compensation of the material (see fig. 5.3).  

 

5.3.4 Structure of thin doped layers. 

Figure 5.7 shows the Raman spectra obtained for the thin p-type layer (1123P) and 

n-type layer (0304N). These measurements were carried out with top and back 

incidence, in order to evidence possible structural differences in the first growth stages. 

The spectra showed good crystallinities even using back incidence (through the glass 

substrate), along with satisfactory conductivities (2.5 S/cm for p-type and 0.1 S/cm in 

the n-type sample), evidencing a microcrystalline structure from the very first growth 

stages and crystalline fractions in the range of 90%. 

Figure 5.6: SIMS depth profiles of residual doping atoms. The solid line corresponds to mass 31
(phosphorus or Si-H complexes) in an undoped layer deposited after an n-type deposition, whereas broken
lines refer to mass 11 (+B11) in undoped layers obtained after a p-type deposition without any treatment,
after replacing the wire and after a burying process, respectively. 
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5.4 Discussion 
5.4.1 Doping efficiencies in µc-Si:H 

The results about doping efficiency evidenced qualitative differences between the 

n-type and the p-type series. The best electrical properties for heavy p-doped samples, 

with dark conductivities near 1 S/cm and Ea values of 0.05 eV, were achieved for B 

solid phase concentrations about 1x1021 cm-3 by reducing the substrate temperature to 

Ts=125ºC, and are comparable to those obtained by HWCVD using trimethylboron as 

doping gas [Brogueira et al. 1997] but lower than other reported values [Wanka et al. 

1995]. For the case of the n-type material, our best conductivity was 9.8 S/cm with 

Ea=0.02 eV, corresponding to a NP of 1.3x1020 cm-3. 

This result evidenced strong differences in the doping efficiencies of P and B. For the 

latter, a very high concentration over 1% is necessary to achieve the electrical properties 

necessary for its application to p-i-n devices. However, this concentration led to the 

Figure 5.7: Raman spectra obtained from thin p-type (1123p) and n-type (0304n) doped layers.
The solid line corresponds to the spectra obtained from the top of the layer, whereas the dashed
line corresponds to the back incidence, through the glass substrate. 



Microcrystalline silicon obtained by Hot-Wire CVD… 91 
 

 

 

eventual amorphisation of the layers. On the contrary, the doping efficiency of P is 

much higher, and doping densities one order of magnitude lower than for p-type doping 

(1x1020 cm-3) are required to obtain satisfactory results. Moreover, no amorphisation 

was detected at these doping levels. On the other hand, the reduction of the substrate 

temperature down to 125ºC along with the increase in the H-dilution from 90% to 95% 

resulted in an enhancement of the structural and electrical properties of the p-type 

material (sample 1123P, see Table 5.3), for which a conductivity of 2.5 S/cm and a 

crystalline fraction of 88-90% have been reached in a relatively thin (0.1 µm) layer.  

 

5.4.2 Compensation effects. 

The main effect of adding small amounts of boron on the electrical properties of the 

layers was the increase in the Ea and the decrease in σRT, giving a maximum activation 

energy of 0.56 eV for a B/Si gas phase ratio of 1.6x10-4. Similar results have been 

obtained by the group of IPE-Stuttgart [Wanka et al. 1995] by using a high vacuum 

HWCVD set-up and similar gas phase doping ratios. This result is usually ascribed to 

the slight n-type character of the undoped µc-Si:H evidenced in the previous chapter, as 

also reported in the VHF-GD technique [Flückiger, 1995]. However, in this work the 

midgap condition was achieved by compensation in the ppm range (ND∼ 1016 cm-3), 

which is orders of magnitude lower than ours and the group of Stuttgart (ND∼ 1019 cm-3). 

Even though the activation energy of our nominally undoped material is not far from the 

midgap condition (0.47 eV for nominally undoped material), our results in the low 

doping regime indicate that the undoped µc-Si:H obtained by HWCVD needs a much 

higher p-type doping density to compensate the material, when comparing to the 

samples deposited by VHF-GD. Nevertheless, this fact lead to a better technological 

controllability of the compensation technique in the case of the HWCVD, though the 

elimination of the contaminant responsible for this unintentional n-type character would 

lead to better material properties. The n-type sample obtained in the low doping level 

(0505N) showed no decrease in σRT, as occurred in the case of the p-type series, but a 

slight increase in Ea was observed, which could be ascribed to changes in the activation 

of the carrier mobility. 

 

5.4.3 Thermal instability of the diborane 
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Some hints of uncontrolled thermal dissociation of diborane were obtained from the 

results on boron incorporation. Namely, the first samples obtained at low doping levels 

(4x10-5 and 4x10-4 of B/Si in gas phase) seem to show a higher doping density than the 

trend shown by the others (see Fig.5.2). This fact, together with boron incorporation 

efficiencies over the ideal 100%, indicate a technological problem when using diborane. 

We believe that the low stability of the B2H6 molecule gives rise to thermal dissociation 

during the first stages of the process, as the adjustment of the doping gas flow prior to 

starting the process. This conclusion was supported by the results with the second 

p-type series, in which the adjustment of the flow was carried out without any heating 

of the chamber. In this case, a lower incorporation of B was obtained even using higher 

diborane gas phase ratios, although the values are still over the 100% efficiency. These 

results suggest that the enhanced thermal incorporation of B occurs not only during the 

first process stages, but also during the film deposition. 

The increase in σRT when TS was decreased from 275 to 125ºC for the same B/Si 

ratio in gas phase is consistent with the changes in the structure of the films related to 

the thermal decomposition of the diborane. At these critical doping levels, around 

1x1021 cm-3, a slight variation of the B concentration give rise to amorphous material, 

even using the same B/Si in the gas phase. These results could be related to changes in 

the boron incorporation or to the effect of the thermally deposited B in the nucleation of 

the doped layer. This fact imposes a limitation to the substrate temperature, and the 

process protocol has to take into account that thermal dissociation of the doping gas 

promotes changes in the incorporation of B. The use of thermally stable gases for the p-

type doping (e.g. trimethylboron [Brogueira et al. 1997]) could be advantageous to 

achieve better electrical properties in the heavy p-doping regime.  

 

5.4.4 Control of the cross-contamination 

Some technological conclusions can be drawn regarding cross-contamination issues. 

A high residual doping density was detected without addition of any doping gas, but the 

change of the filament led to a decrease in such effect. This result evidenced that the 

filament acts as a source of doping atoms when a doped sample was previously 

deposited. The decrease in the P concentration towards the top surface (see fig. 5.6) 

indicates that P atoms are released during the process and that baking the filament could 
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be a way to reduce this effect, but B appears to be more difficult to remove. This fact 

could be due to the boron contamination remaining in the chamber and the filament. 

Moreover, the best way to control the boron cross-contamination seems to be the 

deposition of a burying layer prior to the process, suggesting that such a procedure can 

be useful to control the contamination coming from the reactor walls. On the other 

hand, the formation of silicides in the cold regions of the wire, which contain doping 

atoms, could be an important source of cross-contamination, and therefore such effect 

has to be avoided. 
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6. TOWARDS INDUSTRIAL APPLICATIONS 
 

In this chapter we will discuss the results regarding the application of the HWCVD 

technology to the fabrication of thin-film devices. First, we will deal with some subjects 

related to the future industrial application of this deposition method. Afterwards, we 

present preliminary results on devices, showing the feasibility of thin film solar cells 

and transistors at very low temperatures by means of this technology, and finally we 

will give some insight about future research guidelines. 

 

6.1 Industrial requirements 
The Hot-Wire CVD technique has attracted much attention since it offers some 

features that overcome the limitations of the Plasma related CVD technology in the low 

temperature thin film processing. These features are mainly the combination of fast 

deposition rates and the scalability to large area deposition, which have already been 

shown to be feasible [Wanka et al. 1997a, Rath et al. 1998a]. However, so far the 

material quality achieved by the HWCVD technique has not yet reached that of 

PECVD, which has shown to yield the best results reported on µc-Si:H based p-i-n solar 

cells [Yamamoto et al. 1998].  

 

6.1.1 Homogeneity issues 

Our results concerning the homogeneity of the deposition were obtained for limited 

areas of 2.5x2.5 cm, showing good results in terms of homogeneity, regardless of the 

process pressure or the filament geometry. Figure 6.1 shows thickness profiles (obtained 

with an stylus profilometer) of layers of around 1 µm deposited onto glass substrates of 

2.54 x 2.54 cm, either by using a W-shaped wire (fig 6.1.a) or a basket wire (fig 6.1.b). 

No evidence of strong inhomogeneity was detected for both filament geometries, with 

variations of thickness in the range of 10% in these areas. Regarding the effect of the 

process pressure, figure 6.2 presents the same kind of profile for p-i-n devices of 2 µm, 

obtained at 7x10-3 mbar (fig 6.2.a) and 9x10-2 mbar (fig.6.2.b), evidencing that good 

homogeneities can be obtained regardless of the pressure regime. 

The remaining question is whether these results can be extrapolated to the large areas 

required for a competitive industrial application. We believe that our conclusions about 
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the deposition mechanisms, in which the growth kinetics suggests an evaporative 

mechanism from the hot wire surface, lead to the reasonable assumption that good 

homogeneity over large areas can be achieved by a proper design of the filament 

geometry. As already pointed out by Feenstra [Feenstra, 1998], the use of different 

wires can give rise to the superposition of linear sources and thus to the homogeneous 

deposition over larger areas. By using this approach, good results have been obtained 

over 10x10 cm substrates, while maintaining deposition rates over 5 Å/s [Wanka et al. 

1997].  
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 Figure 6.1: Thickness profiles obtained by stylus profilometry of samples deposited by

using a basket filament (fig.6.1.a) and a W-shaped geometry (fig.6.1.b). 
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6.1.2 Reactor geometry and gas efficiency. 

The subject of the most suitable geometry for an industrial HWCVD reactor is still 

not solved. In this subject, the aim is to achieve fast deposition rates by maintaining at 

the same time the best material quality. The reactor geometry must also take into 

account the gas efficiency, i.e. the production throughput related to the gas 

consumption. The calculation of the theoretical deposition rate, assuming a point 

dissociation source 3 cm away from the substrate and a silane gas flow of 4 sccm, 

results in a maximum deposition rate near 18 Å/s. On the other hand, the actual values 

obtained in our system were over 15 Å/s at 0.1 mbar and 11 Å/s at 3.5x10-2 mbar, 

indicating that the gas efficiency of our system with the basket geometry is very high 

(over 60%) for pressures down to 3.5x10-2 mbar, whereas a dramatic decrease down to 

3 Å/s (16%) was obtained for a process pressure of 8x10-3 mbar. This result points out 

that the low pressure regime (P<1x10-2 mbar) presents as an important drawback a loss 

of gas efficiency, which is very important for an industrial facility. 

On the other hand, the reactor geometry has also to take into account the contribution 

to the substrate heating, since our results indicate that high substrate temperatures yield 

a lower hydrogen passivation and higher defect densities in the material (see sections 

3.4 and 4.4.4). In addition, the considerations about the filament lifetime, which depend 

on the temperature homogeneity over the wire, is critical for the production throughput. 

In this aspect, the basket geometry has shown to lead to durations over 15 hours of 

Figure 6.2: Thickness profiles obtained for cell structures deposited by using process
pressures of 7x10-3 mbar (fig.6.2.a) and 9x10-2 mbar (fig.6.2.b). 
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process, corresponding to 62 µm of material at the deposition rate used for the 

deposition of the p-i-n device (over 11 Å/s). This good result could be related to the fact 

that the wire is always heated under a hydrogen reducing atmosphere, in order to avoid 

its oxidation due to the residual water vapour and oxygen in the chamber [Matsumura 

1998]. 

Finally, the cross-contamination detected by using the same chamber for both p and 

n-type layers could make necessary to use a three chamber system or different filaments 

for p-type and n-type process. The approach of burying the walls with a sacrificial layer, 

usually used in plasma deposition, has been shown to reduce this effect. However the 

filament behave as a source of doping atoms, mainly boron, which appears to be 

difficult to remove. Other works report on p-i-n cells obtained by using plasma 

deposition for the doped layers, for which fast deposition rates are not necessary, and 

the HWCVD technique for the i-layer [Rath et al. 1997a]. Nevertheless, 

cross-contamination presented a limited influence in the heavy doping regime used for 

the doped regions of p-i-n diodes, and we believe that this effect had a limited effect on 

the device performace [Voz, 1999]. 

 

6.2 Preliminary results on devices 
Continuous research is ongoing for the application of the HWCVD µc-Si:H material 

to a p-i-n solar cell structure, with a preliminary efficiency of 1.98% with a 2 µm device 

deposited on flat ZnO-coated glass substrate (Figure 6.3). Our cell was prepared by 

using encouraging conditions, namely at a very low nominal substrate temperature of 

125ºC, and a remarkable deposition rate of over 11 Å/s. This result is slightly better 

than that obtained by the group of Mahan for a similar process pressure regime [Wang 

et al. 1998c], but still far from the results obtained at higher temperatures (4.4% 

efficiency at high pressure and TS=500ºC) by the group of Utrecht [Rath et al. 1999], 

which are the best reported in HWCVD up to date.  
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Regarding our very first observations, a strong influence of the contamination has 

been evidenced from our preliminary results on solar cell structures, since the the 

collection efficiency and fill factor depend on the outgassing rate after starting the 

deposition process. This result agrees with the changes in the activation energy of 

undoped layers as a function of the outgassing rate (see section 4.4.5), evidencing that 

up to date the performance of our devices is likely limited by the effect of the 

contaminants and subsequently by the slight n-type character of the i-layer. 

 

Preliminary µc-Si:H thin-film transistors (TFT) have been prepared in colaboration 

with the Group of Semiconducting Devices (GDS) of the Universitat Politècnica de 

Catalunya, by using µc-Si:H material deposited in the HWCVD reactor and the 

photolithography facility of the GDS. These devices, featuring an inverted-staggered 

structure on APCVD SiO, have been obtained at a substrate temperature of 250ºC, with 

satisfactory results [Dosev et al. 1999]. The analysis of the electrical characteristics 

(figure 6.4) evidenced that this material allow to obtain devices near to the state-of-the-

art technology in microcrystalline TFTs by using interesting technological conditions, 

as the relatively low substrate temperature. These results can be attributed to the good 

structural properties achieved in the oxide-channel interface, as evidenced by our TEM 

observations (see fig. 4.6). However, the behaviour of the activation energy of the drain-

Figure 6.3: I-V characteristics obtained under AM1.5 illumination for a µc-Si:H p-i-n
device (2.0 µm), prepared by HWCVD at TS=125ºC and a deposition rate over 11 Å/s. 
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source current as a function of the gate bias also evidenced an n-type character of our 

undoped material. 
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6.3 Future trends 

The future application of the HWCVD technology depends on the capability of this 

method to produce stable devices in a reliable fashion with a low production cost. To 

this end, the material has to be still optimised. In our opinion, the µc-Si:H obtained from 

HWCVD is far to the potential quality, and the elimination of the contamination sources 

in the material, which seems to be common to all the groups involved in the study of the 

deposition of µc-Si:H by the HWCVD method, is in our opinion the main issue. On this 

subject, the study of the contamination sources in the material, mainly the mechanisms 

taking place in the reactor walls and the hot wire, is very important for the 

understanding and proper control of the contaminants. Our conclusion regarding this 

issue is that very low outgassing rates (below 1x10-5 sccm in our facility) are necessary 

for the control of the contamination, this fact presenting implications on the cost of 

future industrial facilities. 

Figure 6.4: Transfer characteristics (IDS vs. VGS) of a TFT obtained by
using HWCVD µc-Si:H obtained at TS=250ºC for a VDS bias of 10V. 
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The use of other materials for the wire could be also advantageous for the 

enhancement of the material quality. Tantalum filaments have been shown to avoid the 

formation of silicides, as occurs for the case of the tungsten, and allows to use lower 

filament temperatures [Bauer et al. 1998], with a reduced release of impurities and a 

lower contribution to the substrate heating. 

The choice of the most suitable deposition regime is still an open question. Some 

authors claim that the best material is obtained at pressures in the range of 0.1 mbar, 

which promotes a (220) oriented material and a pronounced natural surface roughness, 

favouring the absorption of the incoming light. However, our results have been obtained 

in the low pressure regime, with a Si(111) material presenting a higher compacity and 

good crystallinity in the substrate-interface region. 

The results on heavily doped material, used for the doped regions of the cells, are 

similar to those obtained in µc-Si:H prepared by plasma methods. However, p-type 

doping presents some problems related to the low doping efficiencies of boron and the 

thermal instability of the diborane. The use of other boron-containing gases could 

overcome this problem. On the other hand, the quality of the doped material is, so far, 

unsatisfactory for a further application as the active region in a p-n junction diffusion 

cell, as would be highly desirable to obtain higher conversion efficiencies. 

Regarding the optimisation of the device performance, along with the necessary 

improvement of the quality of the i-layer, there is still room for further improvement of 

the efficiencies by using well-known techniques in the near future. These could be the 

use of textured TCO-layers and back-reflector (Ag/TCO) for light trapping schemes, 

further optimisation of the doped regions and interfaces, the use of the inverted 

structures (n-i-p with top TCO-layer) or the insertion of buffer layers, which have been 

typically used in the a-Si:H-based cell technology, in order to prevent backdiffusion of 

minority carriers reaching the back contact. This approach is carried out by means of an 

extremely thin layer of a material with a wide bandgap (a-SiC:H for the case of 

amorphous silicon cells) inserted between the p and i-layers, and the use of an a-Si:H 

layer could be suitable to this purpose for the case of µc-Si:H solar cells. More 

sophisticated strategies to be used are the Seeding techniques, involving the use of 

highly crystalline (recrystallised) seeding p-type layers in order to enhance the structure 

of the subsequently grown layer. Finally, the enhancement of the quality of the doped 

material would open the possibility of the fabrication of thin-film cells based on 
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diffusion currents, which are likely to promote better results on device performance. 

However, at present the main limiting factor seems to be the quality of the undoped 

µc-Si:H, and the application of other strategies will be succesful only by further 

enhancement of the material.   
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CONCLUSIONS 
 

- A new facility based on the Hot-Wire chemical vapour deposition technique has 

been designed and put into operation, evidencing the unique combination of good 

material properties obtained with fast deposition rates at low substrate 

temperatures. 

  

- This system allowed to study the influence of the deposition conditions in the 

properties of microcrystalline silicon obtained in an enlarged space of 

technological parameters, as well as the fabrication of thin film solar cells with a 

p-i-n structure and thin-film transistors based in this material 

 

- The results regarding the growth rate show that the deposition kinetics is 

basically determined by the partial pressure of the silane in the process 

atmosphere, suggesting a surface evaporation mechanism and the reduced 

influence of gas-phase reactions and other technological parameters in the low 

pressure regime (P<5x10-2 mbar). 

 

- The study of the structural properties of the material as a function of the layer 

thickness evidenced an inhomogeneity in the growth direction, with a preferential 

Si(111) orientation and an enrichment of hydrogen in the first stages of the 

growth. The Si(220) orientation and the crystalline fraction in the material 

became preferential in the high pressure regime (P=0.18 mbar) as the films were 

thicker. 

 

- The change of the process pressure resulted in significant changes in the material 

properties, evidenced by an increase in the density of the layers prepared at very 

low substrate temperatures (150ºC) in the low pressure range (P<1x10-2 mbar), 

along with an enhancement of the mobility-lifetime product measured in the 

coplanar geometry. 
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- The material obtained in the conditions of low process pressure (7x10-3 mbar) 

and low substrate temperatures (150ºC) presented a preferential orientation in the 

Si(111) direction, along with a columnar structure beginning from the 

substrate-layer interface. 

 

- The hydrogen dilution has been shown to be a key parameter for the control of 

the crystallinity in the low pressure range, allowing to obtain a wide range of 

structural properties from amorphous to highly crystalline material, at 

temperatures as low as 150ºC. 

 

- The study of the effect of the substrate temperature has shown little influence of 

this parameter in the structure of the material obtained in the low pressure 

regime, when comparing with the results obtained at higher pressures. This fact 

could indicate differences in the formation of the microcrystalline structure in 

this deposition regime. 

 

- The substrate temperature has been shown to influence the hydrogen 

concentration in the material, regardless of the pressure regime, showing a 

decrease for increasing substrate temperatures. This fact has been related to an 

increase in the subgap absorption, which can be interpreted as a lower hydrogen 

passivation of the defects located in the grain boundaries. 

 

- A slight n-type character has been evidenced from the electrical properties in our 

preliminary undoped layers, which has been attributed to the presence of a 

contaminant in the material. This effect, limiting the electrical quality of such 

layers, has been strongly reduced by using an intermediate process pressure and 

through the control of the outgassing rate in the reactor, allowing to obtain fully 

intrinsic material in these conditions. 

 

- The structural and electrical properties of microcrystalline doped layers have 

been  studied, showing the suitability of this technique to obtain good results in 

the heavy doping regime. A limitation has been shown in the heavy p-type 

doping regime, related to the amorphisation of the microstructure in these 
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conditions. The reduction of the substrate temperature down to 125ºC has been 

shown to reduce such effect, promoting the best structural and electrical results in 

this regime.  

 

- A more intrinsic character has been evidenced when adding slight amounts of 

boron to the layers, which has been ascribed to the compensation of the slight 

n-type character of our undoped material. 

 

- The effects related to cross-contamination have been studied, showing that the 

filament acts as a source of doping atoms coming from previous depositions. This 

effect has been controlled by depositing a sacrificial layer, which has been shown 

to reduce the influence of the cross-contamination on the electrical properties in 

the heavy doping regime. 

 

- Preliminary thin film solar cells have been fabricated in this facility, with a best 

efficiency of 1.98% in a p-i-n diode completely deposited by HWCVD onto 

TCO-coated glass substrate, obtained at a very low substrate temperature of 

125ºC and a deposition rate over 11 Å/s. This result, limited by the collection 

efficiency, has been attributed to the presence of contaminants in the i-region, 

affecting the performance of the device. 
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ANNEXE: ASSESSMENT OF THE CRYSTALLINITY OF µc-Si:H 
LAYERS 

 

I.a. Analysis of µc-Si:H by X-ray Diffraction. 
 X-ray diffraction is a well-known characterisation tool which has been widely used 

in materials science. In particular, different structural aspects of µc-Si:H films onto 

glass substrates have been studied by means of this technique. 

The first information to be obtained from X-ray diffraction is the presence of 

different crystallographic orientations in the layer, evidenced by the arising of 

diffraction peaks located at the angular positions corresponding to the lattice spacings of 

each Si(hkl) orientation (fig.I.1). An accurate determination of the relative intensity for 

each orientation can be achieved by applying proper corrections to the integral 

intensities (Iint), by using: 

dhklI
hklGII

powder
corrected ⋅

⋅=
)(

)(
int  

where Ipowder corresponds to the relative intensity obtained for the (hkl) orientation in a 

silicon powder standard (obtained from the JCPDS database), d is the film thickness in 

µm, and G(hkl) is the correction due to the film thickness: 

θθ csc2)cos2exp(1)(
/1

µdµdhklG
µd <<

≈−−=  

where µ is the mass absorption coefficient of the material corresponding to the 

wavelength used (µSi=0.014 µm-1 for the CuKα radiation). 

Figure I.2 shows a typical fitting of a Si(111) peak, performed by means of a 

Simplex minimisation routine. This fitting has been carried out taking into account the 

contribution of the CuKα2 line and a linear background due to the contribution from the 

amorphous fraction at low Bragg angles. The experimental width, as well as the 

intensity, angular position and integral intensities, have been also obtained by means of 

this numerical treatment. The width of the diffraction profile has been widely used to 

determine the crystallite size simply by using the Scherrer formula [Cullity, 1977], as 

described in section 2.3.1. Nevertheless, this approach presents some limitations in the 

reliability of the results. The diffraction profiles are usually described analytically by a 

pseudo-Voigt function, which is a weighted superposition of a gaussian G(x) and a 

lorentzian L(x) functions: 
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The application of the Scherrer formula is possible as long as the peak profile is nearly 

gaussian. However, our results evidenced lorentzian or even superlorentzian (k>1) 

shapes, as evidenced by the shoulders at both sides of the peak in figure I.2, suggesting 

the presence of a wide distribution of crystallite sizes in our layers or the presence of 

microstresses, resulting in uncertainties in the reliability of this analysis. Moreover, the 

use of more sophisticated methods, such as the Fourier analysis of the diffraction profile 

[Warren 1959] has shown to result in slightly higher crystallite sizes in µc-Si:H layers 

when comparing to the results obtained with the Scherrer formula [Flückiger, 1995]. 

 
I.b. Analysis of µc-Si:H by Raman Spectroscopy. 
Raman Spectroscopy is a powerful tool for the investigation of vibrational and 

structural properties of semiconductors. In particular, the structural aspects of 

polycrystalline and microcrystalline silicon can be studied by means of the analysis of 

the TO-phonon peak, which arises in c-Si as a sharp and nearly lorentzian band centred 

at 520 cm-1. However, in fine grained material, this band can be modified by the effect 

of the confinement of the phonons [Fauchet et al. 1988] or the presence of stresses 

[Anastassakis et al. 1987]. For materials in which the crystalline correlation is reduced 

by the presence of structural defects, the TO-like peak suffers from an asymmetric 

broadening and a shift towards lower wavelengths. The experimental peak shapes can 

be described by using three parameters: the shift with respect to the position of a c-Si 

reference and the half width at half maximum (HWHM) at the low (W-/2) and high 

wavelength sides (W+/2), respectively, as described in figure I.3. 

In this work, the Raman peaks have been fitted as a contribution of an asymmetric 

peak centered near 518 cm-1, and a broad gaussian band centred near 480 cm-1, related 

to the presence of amorphous phases, as shown in figure I.4. Note that this contribution, 

along with a small contribution near 495 cm-1 usually attributed to surface modes in the 

grain boundaries, lead to the deformation of the spectrum and the overestimation of the 

parameter W-/2. On the other hand, the superposition of stress-related effects can 

promote changes in the peak position, making the use of this parameter unsuitable for 

the determination of the crystallite size.  
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Figure I.1: X-ray spectrum corresponding to sample 1021i, deposited by using a
95% hydrogen dilution, a pressure of 8x10-3 mbar and a substrate temperature of
150ºC. Lines denote the positions and intensities of a Si powder standard (JCPDS
27-1402)

Figure I.2: Fitting of the Si(111) diffraction peak for the same layer. The fitting
resulted in a FWHM of 0.18º , resulting in a mean grain size of 58 nm. 
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Figure I.3: Typical Raman spectrum obtained from a microcrystalline specimen
(solid line), compared with one corresponding to a c-Si sample (dotted spectrum),
evidencing the asymmetric broadening and red shift due to size effects. The
parameters used for the description of the spectrum are also indicated. 

Figure I.4: Results of the fitting procedure on a Raman spectra corresponding to
sample 1012i, from which the crystalline fraction (XC) was obtained. Notice the
asymmetric character of the microcrystalline contribution and the slight contribution
near 500 cm-1. 
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The deconvolution of the microcrystalline and amorphous contribution has given 

satisfactory results in the quantification of the crystalline fraction, as evidenced by the 

consistency of the data obtained when using this parameter (see for example fig.4.8). 

However, the determination of the absolute crystalline fraction by this method depends 

critically on the Raman cross section ratio between the crystalline and the amorphous 

phase, for which a constant value of 0.14 has been used in this work, according to the 

classical paper of Brodsky [Brodsky et al. 1977]. More recently, Bustarret has proposed 

a calculation of this parameter as a function of the mean grain size obtained from X-ray 

diffraction [Bustarret et al. 1988], but the characteristics of the histogram of sizes (see 

next section), makes this approach quite unmeaningful for our samples. On the other 

hand, we believe that using an asymmetric peak for the determination of the integral 

intensity corresponding to the crystalline contribution is very important to avoid an 

overestimation of the amorphous contribution.  

Unfortunately, the results of the comparison of the experimental peak parameters 

with the confinement model appear to be not so good, as claimed by other authors 

[Ossadnik et al. 1999]. Figure I.5 shows the results obtained for µc-Si:H samples of 

different crystallinities (H and HP-Series), evidencing a deviation of the most 

commonly used parameters to assess the crystallite size (Relative shift and FWHM), 

with respect to the behaviour predicted from the Fauchet’s model, even using spherical 

or cylindrical confinements. This fact could be attributed to the presence of stresses, 

local heating or a wide distribution of grain sizes, which can induce a deviation of the 

parameters of the Raman peak. 
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I.c. High Resolution TEM. 
The most powerful and reliable tool for the study of the structural aspects in thin 

film processing is Transmission Electron Microscopy. Direct observation of the material 

structure is possible with this method, even near the atomic scale (by using the High 

Resolution mode), allowing to investigate the structure in the interface regions. 

However, this technique presents as a main drawback the difficult and time consuming 

preparation of the samples, along with its destructive nature, the high cost of the 

apparatus and its operation, making it quite unsuitable for carrying out systematic 

studies. For these reasons, other characterisations, such as X-ray diffraction or Raman 

spectroscopy, are usually used to investigate the material structure and to obtain 

indirectly the same information. 

In this work, some TEM results have been used to study the columnar and the 

substrate-film interface structure (see Chapter 4). However, the systematic 

determination of the crystalline domains and the comparison with the results obtained 

from other techniques have not been possible. Figure I.6 shows a DF mode and a 

HRTEM image of a planar view, corresponding to sample 0417i. In the DF mode, 

crystallites satisfying the Bragg condition for Si(111) are visible as white regions, 

presenting a wide distribution of sizes from 1-2 to up to 20 nm. 

However, the histogram of sizes, shown in figure I.7, indicates that the majority of 

grains presented dimensions in the range of 1-3 nm, with decreasing populations for 

larger grain sizes, according to the results obtained from the image in high resolution 

Figure I.5: Comparison between the experimental TO-Raman peak parameters
obtained from samples of different crystallinity and the results predicted by the
Fauchet’s model, by using a spherical (dot line) and a columnar confinement
(dashed line). 
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mode, in which a typical domain is indicated by the white arrows. On top of the same 

figure, the product counts·surface obtained from the same histogram is shown, 

evidencing a rather flat distribution. These results evidence the difficulty of estimating 

the mean grain size in our microcrystalline samples. The results applying the quantum 

confinement model (7-8 nm, corresponding to a FWHM of 9.55 cm-1 and a relative shift 

of 2.42 cm-1), suggest that the Raman effect takes into account the smaller crystallites in 

the distribution, whereas the value obtained from X-ray diffraction, of near 30 nm, 

seems to correspond to the diffraction from the few larger grains, which appears to 

present a much higher diffraction yield and are more determining for the width of the 

obtained diffraction peak than the small ones. From these results, we conclude that our 

samples presents a wide distribution of crystallite sizes, which make the mean grain size 

an unsuitable parameter for describing the structural properties. 
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Figure I.6: Planar TEM micrographs obtained in the Dark Field (fig. I.6.a) and High-resolution mode
(fig.I.6.b). The contrast in the DF-mode corresponds to domains satisfying the Si(111) diffraction
condition. 

Figure I.7: Histogram of crystallite sizes obtained from the planar view
corresponding to sample 0417i (DF-mode, fig.I.5.a). The sizes were obtained from
the areas, assuming a spherical shape. On top, the same histogram corrected by
multiplying with the corresponding areas. 
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Figure List 

 

Figure 2.1: Scheme of the substrate holder and filament of the former HWCVD. 

Figure 2.2: Geometry and internal arrangement of the new HWCVD reactor. 

Figure 2.3: Photograph and scheme of the multichamber set-up and pumping system 

in the new HWCVD facility. 

Figure 2.4: Structure of the gas panels and valves of the gas lines of the HWCVD 

setup. 

Figure 2.5: Calibration of the substrate temperature as a function of the temperature 

setpoint. Solid points were obtained under process conditions, whereas blank circles 

were obtained at base pressure. 

Figure 2.6: Calibration of the filament temperature as a function of the filament 

intensity,carried out under different hydrogen pressures. 

Figure 2.7: Filament geometries used in this work. Figure 2.7.a shows the W-shape 

geometry, for which 1.0 and 0.5 mm diameters were used, whereas figure 2.7.b depicts 

the basket geometry. 

Figure 2.8: Dissipated electrical power in the hot wire as a function of the filament 

temperature for different geometries. 

 

Figure 3.1: Evolution of the Raman spectra for samples of the temperature series, 

obtained at P=0.18 mbar and a H-dilution of 90%. The spectrum corresponding to 

TS=200ºC is magnified. 

Figure 3.2: Evolution of the crystalline orientations as a function of the substrate 

temperature. 

Figure 3.3: Dependencies of the grain size, obtained from the Si(220) diffraction 

peak, and the Raman crystalline fraction, as a function of the substrate temperature (TS). 

Figure 3.4: Infrared absorption spectra for layers obtained at different substrate 

temperature. Labels denote different Si-H absorption bands. 

Figure 3.5: Hydrogen content obtained from the Si-H wagging absorption band, as a 

function of the substrate temperature (TS). 
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Figure 3.6: PDS spectra obtained for layers deposited at different substrate 

temperatures at P=0.18 mbar and a H-dilution of 90%. The solid line is a c-Si spectrum, 

used as a reference. 

Figure 3.7: SEM planar views of the top surface of the samples corresponding to the 

thickness series, with thicknesses ranging from 0.2 (fig.3.7.a) to 3 µm (fig.3.7.e). 

Figure 3.8: SEM cross-section micrograph corresponding to the 0.9 µm thick layer. 

Figure 3.9: Evolution of the crystalline orientations as a function of the film 

thickness, for samples deposited at P=0.18 mbar and a 90% H-dilution. 

Figure 3.10: Raman crystalline fraction and hydrogen concentration, obtained from 

the Si-H wagging absorption band, as a function of the film thickness. 

 

Figure 4.1: Dependence of the deposition rate with the process pressure. Solid 

circles refer to P-Series (deposited at a 90% H-dilution), whereas the blank squares were 

obtained for different H-dilutions but the same silane partial pressure (HP-Series). 

Figure 4.2: Dependencies of the refractive index (n) and Raman crystalline fraction 

(Xc) as a function of the process pressure. The sample deposited at 0.18 mbar was 

obtained in the former reactor. 

Figure 4.3: Infrared absorption spectra for samples deposited at pressures ranging 

from 5.7x10-2 to 4.5x10-3 mbar (P-Series), obtained at TS=150ºC and a hydrogen 

dilution of 90%. 

Figure 4.4: Mobility-lifetime product (µτ) and Raman crystalline fraction (XC) of 

µc-Si:H layers as a function of the process pressure. 

Figure 4.5: TEM cross-sections of the samples deposited at 6x10-2 mbar (4.5.a) and 

4.5x10-3 mbar (4.5.b) in dark field mode. In the insets, the corresponding electron 

diffraction patterns. 

Figure 4.6: HREM images of the substrate-film interface of the samples deposited at 

6x10-2 mbar (4.6.a) and 4.5x10-3 mbar (4.6.b). The arrows denote the presence of a thin 

amorphous interlayer and the presence of crystalline domains close to the interface. 

Figure 4.7: Dependencies of the deposition rate with the hydrogen dilution. The 

solid dots were obtained for a fixed SiH4 partial pressure (HP-Series), whereas the open 

squares refer to the H-Series (samples deposited at a fixed total pressure, see Table 4.2). 
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Figure 4.8: Raman crystalline fractions (Xc) and grain sizes obtained from the 

Si(111) diffraction peak as a function of the hydrogen dilution. 

Figure 4.9: Activation energy of the dark conductivity (Ea) and optical bandgap 

(Egopt) as a function of the H-dilution. 

Figure 4.10: Dependence of the deposition rate with the filament temperature, for 

two different filament geometries. 

Figure 4.11: Raman crystalline fraction as a function of the filament temperature, 

obtained from the TF1 and TF2-Series. 

Figure 4.12: Dependencies of the grain sizes, obtained from different diffraction 

peaks, as a function of the substrate temperature. The solid data correspond to samples 

deposited by using a 95% H-dilution, whereas blank squares correspond to a 90% 

H-dilution. 

Figure 4.13: Raman crystalline fraction and hydrogen content of the TS1 (90% 

dilution) and TS2-Series as a function of the substrate temperature (TS).  

Figure 4.14: PDS absorption spectra for samples deposited at different substrate 

temperatures and a hydrogen dilution of 95%. 

Figure 4.15: Arrhenius plot of the dark conductivity obtained for samples of the 

F-Series, deposited by using increasing the gas flows. The other parameters were 

P=7-8x10-3 mbar, H-dilution of 95% and TS=150ºC. 

Figure 4.16: Arrhenius plot of the dark conductivity for samples deposited by using 

different conditions (see table 4.7). 

 

Figure 5.1: SIMS depth profiles of a p-type layer (fig. 5.1.a), and an n-type sample 

(fig. 5.1.b) corresponding to the doping series. The signals corresponding to H (mass 1), 

Si (30), B(11) and P(31) are plotted. 

Figure 5.2: Solid phase concentration of doping atoms (ND), averaged from SIMS 

measurements, as a function of the doping to silicon atoms in the gas phase. The dashed 

line corresponds to an ideal incorporation of 100%. 

Figure 5.3: Dark conductivity (σRT) and the corresponding activation energy (Ea) as 

a function of the solid phase concentration for both p-type (circles) and n-type series 

(squares). 
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Figure 5.4: Raman crystalline fraction (XC) of the samples of the p-type series as a 

function of the doping gas phase ratio. 

Figure 5.5: Raman crystalline fraction (XC) and dark conductivity (σRT) as a 

function of the substrate temperature (TS) for a doping gas phase ratio of 1.6x10-2. 

Figure 5.6: SIMS depth profiles of residual doping atoms. The solid line corresponds 

to mass 31 (phosphorus or Si-H complexes) in an undoped layer deposited after an n-

type deposition, whereas broken lines refer to mass 11 (+B11) in undoped layers obtained 

after a p-type deposition without any treatment, after replacing the wire and after a 

burying process, respectively. 

Figure 5.7: Raman spectra obtained from thin p-type (1123p) and n-type (0304n) 

doped layers. The solid line corresponds to the spectra obtained from the top of the 

layer, whereas the dashed line corresponds to the back incidence, through the glass 

substrate. 

 

Figure 6.1: Thickness profiles obtained by stylus profilometry of samples deposited 

by using a basket filament (fig.6.1.a) and a W-shaped geometry (fig.6.1.b). 

Figure 6.2: Thickness profiles obtained for cell structures deposited by using process 

pressures of 7x10-3 mbar (fig.6.2.a) and 9x10-2 mbar (fig.6.2.b). 

Figure 6.3: I-V characteristics obtained under AM1.5 illumination for a µc-Si:H 

p-i-n device (2.0 µm), prepared by HWCVD at TS=125ºC and a deposition rate over 11 

Å/s. 

Figure 6.4: Transfer characteristics (IDS vs. VGS) of a TFT obtained by using 

HWCVD µc-Si:H obtained at TS=250ºC for a VDS bias of 10V. 

 

 

Figure I.1: X-ray spectrum corresponding to sample 1021i, deposited by using a 

95% hydrogen dilution, a pressure of 8x10-3 mbar and a substrate temperature of 150ºC. 

Lines denote the positions and intensities of a Si powder standard (JCPDS 27-1402) 

Figure I.2: Fitting of the Si(111) diffraction peak for the same layer. The fitting 

resulted in a FWHM of 0.18º , resulting in a mean grain size of 58 nm. 

Figure I.3: Typical Raman spectrum obtained from a microcrystalline specimen 

(solid line), compared with one corresponding to a c-Si sample (dotted spectrum), 
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evidencing the asymmetric broadening and red shift due to size effects. The parameters 

used for the description of the spectrum are also indicated. 

Figure I.4: Results of the fitting procedure on a Raman spectra corresponding to 

sample 1012i, from which the crystalline fraction (XC) was obtained. Notice the 

asymmetric character of the microcrystalline contribution and the slight contribution 

near 500 cm-1. 

Figure I.5: Comparison between the experimental TO-Raman peak parameters 

obtained from samples of different crystallinity and the results predicted by the 

Fauchet’s model, by using a spherical (dot line) and a columnar confinement (dashed 

line). 

Figure I.6: Planar TEM micrographs obtained in the Dark Field (fig. I.6.a) and High-

resolution mode (fig.I.6.b). The contrast in the DF-mode corresponds to domains 

satisfying the Si(111) diffraction condition. 

Figure I.7: Histogram of crystallite sizes obtained from the planar view 

corresponding to sample 0417i (DF-mode, fig.I.5.a). The sizes were obtained from the 

areas, assuming a spherical shape. On top, the same histogram corrected by multiplying 

with the corresponding areas. 
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Table list 

 

Table 3.1: Technological parameters used for the temperature series. The samples 

were obtained at P=0.18 mbar and Tf=1600ºC. 

Table 3.2: Technological parameters used for the thickness series. The samples were 

obtained at P=0.18 mbar and Tf=1700ºC. 

 

Table 4.1: Technological parameters used for the pressure series (P-Series). The gas 

flows was 2 sccm silane and 18 sccm hydrogen (H-dilution of 90%), and the substrate 

temperature was 190-200ºC. 

Table 4.2: Technological parameters used for the HP-Series. The substrate 

temperature pressure was fixed at 150ºC. 

Table 4.3: Technological parameters used for the H-dilution series (H-Series). The 

process pressure was fixed at 7x10-3 mbar and the substrate temperature was 150ºC. 

Table 4.4: Technological parameters used for the TS1 (4.4.a) and TS2-Series (4.4.b). 

The H-dilution was 90 in the first series and 95% in the TS2-Series,  with P fixed at 

7x10-3 mbar for the TS1-series and 8x10-3 mbar for the TS2-series. 

Table 4.5: Technological parameters used for the TF1 (Table 4.5.a) and TF2-Series 

(4.5.b). The gas flows were 2/18 sccm (90% H-dilution), Ts was 150ºC and P was fixed 

at 7x10-3 mbar. The sample with* was deposited without using the gas purifier and the 

same other nominal conditions. 

Table 4.6: Technological parameters used for the F-Series. The H-dilution was 95%, 

Ts was 150ºC and P was fixed at 7-8x10-3 mbar. 

Table 4.7: Technological conditions used for the investigation of the contamination  

mechanisms. Sample 0215C was deposited by using the same nominal conditions than 

the 0208F layer, but cooling the reactor walls. The nominal substrate temperature was 

150ºC. 

 

Table 5.1: Main technological parameters used for the doping series. These samples 

were deposited at P=7x10-3 mbar, TS=225ºC and a H-dilution of 90%. 
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Table 5.2: Summary of the parameters used for the temperature series in the heavy 

doping regime, corresponding to a B/Si gas-phase ratio of 1.6x10-2. The pressure was 

7x10-3 mbar, and the H-dilution was 90%. 

Table 5.3: Parameters used for the thin doped layers to be used as doped regions in 

the p-i-n structures. The pressure was 8x10-3 mbar, and the H-dilution was 95%. 
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List of samples and main parameters. 

a) Undoped layers 

Sample P (mbar) H-dilution (%) Tf (ºC) Ts (ºC) Thickness (µm) 

0509t* 1.8x10-1 90 1600 200 2.1 

1009t* 1.8x10-1 90 1600 225 2.4 

3107t* 1.8x10-1 90 1600 250 2.2 

0909t* 1.8x10-1 90 1600 300 2.2 

0609t* 1.8x10-1 90 1600 350 2.3 

3110d* 1.8x10-1 90 1700 225 0.2 

2910d* 1.8x10-1 90 1700 225 0.4 

2510bd* 1.8x10-1 90 1700 225 0.9 

2510d* 1.8x10-1 90 1700 225 1.8 

2310d* 1.8x10-1 90 1700 225 3.0 

1310bp 5.7x10-2 90 1640 190 0.9 

1901p 1.2x10-2 90 1610 190 1.4 

1501bp 7.2x10-3 90 1630 190 1.1 

2402p 6.0x10-3 90 1740 190 0.5 

2301p 4.5x10-3 90 1650 190 0.5 

0109hp 2.0x10-2 97 1740 150 1.0 

2608hp 7.0x10-3 90 1740 150 1.0 

1610hp 5.0x10-3 87 1740 150 1.7 

1510hp 4.0x10-3 85 1740 150 1.5 

1409hp 3.0x10-3 80 1740 150 1.5 

2110h 7.0x10-3 97 1740 150 0.6 

1910h 7.0x10-3 95 1740 150 1.2 

0110h 7.0x10-3 92 1740 150 1.2 

2909h 7.0x10-3 90 1740 150 1.0 

0510h 7.0x10-3 88 1740 150 1.0 

3001ts 7.0x10-3 90 1740 250 0.8 

0402ts 7.0x10-3 90 1740 225 0.7 
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0302ts 7.0x10-3 90 1740 200 0.7 

0202ts 7.0x10-3 90 1740 175 0.7 

0209ts 8.0x10-3 95 1740 300 1.6 

0211ts 8.0x10-3 95 1740 225 1.5 

0215ts 8.0x10-3 95 1740 150 1.7 

2608tf** 7.0x10-3 90 1740 150 1.0 

0909tf 7.0x10-3 90 1740 150 1.2 

2109tf 7.0x10-3 90 1700 150 1.6 

1509tf 7.0x10-3 90 1650 150 1.1 

1009tf 7.0x10-3 90 1610 150 0.9 

0610tf 7.0x10-3 90 1675 150 1.5 

0710tf 7.0x10-3 90 1665 150 1.7 

0810tf 7.0x10-3 90 1650 150 1.3 

0910tf 7.0x10-3 90 1635 150 1.3 

1410tf 7.0x10-3 90 1610 150 1.3 

0202f 7.0x10-3 95 1740 150 2.0 

0203f 7.0x10-3 95 1740 150 1.0 

0208f 8.0x10-3 95 1740 150 1.2 

0215c 8.0x10-3 95 1740 150 1.7 

0216p 3.5x10-2 95 1740 150 2.1 

 

 

b) Doped layers 

Sample H-dilution (%) Ts (ºC) B/Si P/Si Thickness(µm) 

0427I 90 225 - - 0.50 

0427P 90 225 4x10-5 - 0.66 

0428P 90 225 4x10-4 - 0.68 

0429P 90 225 4x10-3 - 0.72 

0429BP 90 225 4x10-2 - 0.67 

0430I 90 225 - - 0.52 

0505N 90 225 - 2.0x10-4 0.67 

Samples marked with* were deposited in the former reactor. 

Sample marked with** was deposited without gas purifier. 
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0506N 90 225 - 1.9x10-3 0.66 

0506BN 90 225 - 1.4x10-2 0.62 

0507N 90 225 - 1.4x10-2 0.63 

0508I 90 225 - - 0.50 

0609P 90 225 1.6x10-4 - 0.67 

0610P 90 225 1.6x10-3 - 0.80 

0610BP 90 225 1.6x10-2 - 0.83 

0715p 90 125 1.6x10-2 - 0.84 

0611bp 90 175 1.6x10-2 - 0.78 

0610p 90 225 1.6x10-2 - 0.83 

0611p 90 275 1.6x10-2 - 0.75 

1123p 95 125 1.2x10-2 - 0.10 

0304n 95 175 - 3.7x10-3 0.30 

The doped samples were deposited at a process pressure of 7x10-3 mbar and a filament temperature of 

1740ºC. 
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Acronym and parameter list 

%H: Hydrogen dilution (calculated from the gas flows). 

σD: Dark conductivity. 

σph: Photoconductivity. 

σRT: Dark conductivity at room temperature. 

[H]: Hydrogen content (in %at.), deduced from infrared absorption measurements. 

µ: Mass coefficient absorption (used in X-ray diffraction). 

BF: Bright Field mode (TEM). 

DF: Dark-Field mode (TEM). 

ds-f: Filament to substrate distance. 

Ea: Activation energy of the dark conductivity (obtained from dark conductivity vs. 

temperature). 

Egopt: Optical bandgap, obtained from the Tauc plot (αE1/2 vs. E). 

Fgas: Gas flow. 

FTIR: Fourier Transform Infrared spectroscopy. 

gs(hkl): Grain size (calculated from the Si(hkl) X-ray diffraction peak). 

HRTEM: High-Resolution Transmission Electron Microscopy. 

HWCVD: Hot-Wire Chemical Vapour Deposition. 

L*D: Diffusion length of minority carriers. 

LMR: Laser Melt Recrystallisation. 

ND: Doping density in the solid phase. 

P: Process pressure. 

PDS: Photothermal Deflection Spectroscopy. 

PECVD: Plasma-Enhanced Chemical Vapour Deposition. 

Pgas: Gas partial pressure. 

RTA: Rapid Thermal Annealing. 

SEM: Scanning Electron Microscopy. 

Sf: Surface of the filament. 

SIMS: Secondary Ion Mass Spectrometry. 

SPC: Solid Phase Crystallisation. 

SPV: Surface Photovoltage technique. 
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SSPC: Steady-State Photoconductivity. 

TCO: Transparent Conducting Oxide. 

TEM: Transmission Electron Microscopy. 

Tf: Filament temperature. 

TOF: Time-of Flight technique. 

Ts: Substrate temperature. 

VHF-GD: Very-High Frequency Glow Discharge. 

XC: Crystalline fraction (calculated from Raman Spectroscopy). 

XRD: X-ray Diffraction. 

α: Optical absorption coefficient. 

µτ: Mobility-lifetime product of majority carriers, deduced from photoconductivity 

measurements. 
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Resum de la tesi 

Introducció 

Actualment existeixen diverses tecnologies per a la producció de cèl·lules 

fotovoltaiques a nivell comercial. La més coneguda és la que es basa en l’ús de silici 

cristal·lí (c-Si) per a la fabricació d’aquest tipus de dispositius, i actualment s’obtenen 

elevats rendiments i estabilitats mitjançant aquesta tecnologia. No obstant, aquests 

dispositius presenten inconvenients, bàsicament a nivell de cost, inherents als processos 

de fabricació utilitzats, així com les capacitats actuals de producció de silici cristal·lí 

com a matèria primera. En resposta a aquesta problemàtica, la possibilitat d’aplicar la 

tecnologia de capes fines per a la fabricació de cèl·lules solars ha adquirit gran 

importància en els darrers temps, a partir de la fabricació del primer dispositiu en capa 

fina basat en l’ús del silici amorf hidrogenat (a-Si:H) l’any 1978. Les cèl·lules en capa 

fina es fabriquen a partir de tècniques de dipòsit a partir de la fase gas, i ofereixen una 

reducció de preu per watt instal·lat en relació a les cèl·lules de c-Si, a més de les 

potencialitats que ofereix la possibilitat de fabricar plafons fotovoltaics de gran àrea a 

nivell de producció i posterior integració en edificis. No obstant, també aquesta 

tecnologia presenta inconvenients, com són la menor eficiència de conversió i la 

disminució en les prestacions amb el temps, deguda a la metaestabilitat inherent al silici 

amorf com material. 

 Un bon candidat per superar aquests inconvenients és el material anomenat silici 

microcristal·lí (µc-Si:H), denominació introduïda per Veprek i Marecek per descriure un 

material policristal·lí obtingut a temperatures relativament baixes mitjançant tècniques 

similars a les del silici amorf. No va ser fins l’any 1994 que es va fabricar la primera 

cèl·lula amb estructura p-i-n basada en aquest material, mostrant la seva viabilitat de 

cara a la producció de dispositius en capa fina més eficients, sense els problemes 

d’estabilitat que presenta el silici amorf i amb un bon potencial d’optimització de les 

eficiències de conversió. En aquest context, el desenvolupament de noves tecnologies 

de fabricació de dispositius fotovoltaics basats en el µc-Si:H en capa fina, que reuneixin 

els requeriments d’elevats ritmes de dipòsit amb la capacitat de produir dispositius de 

gran àrea a temperatures de preparació relativament baixes, és de gran interès per 

aconseguir l’aplicació global de l’energia fotovoltaica en un futur proper. 
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1. La tècnica de dipòsit químic en fase vapor assistida per filament calent 

La tècnica de dipòsit químic en fase vapor assistida per filament calent, anomenada 

en la literatura Catalytic Chemical Vapour Deposition (Cat-CVD) o, més comunament, 

Hot-Wire Chemical Vapour Deposition (HWCVD), es va utilitzar originalment per 

obtenir capes de diamant i més tard silici amorf i els seus aliatges, fins que Matsumura 

va mostrar la possibilitat d’obtenir capes de polisilici a baixes temperatures i elevats 

ritmes de dipòsit. L’any 1994 es van obtenir al nostre laboratori les primeres capes de 

silici policristal·lí tant intrínsec com dopat a Europa, mostrant la potencialitat d’aquesta 

tècnica i obrint una nova línia de recerca per a la fabricació de dispositius fotovoltaics 

basats en la tecnologia HWCVD. 

La tècnica consisteix bàsicament en la dissociació d’una mescla de gasos 

(habitualment silà i hidrogen) mitjançant l’ús d’un filament metàl·lic escalfat a 

temperatures entre 1500 i 2000ºC, fet que dóna lloc a la formació de productes que 

provoquen el dipòsit de silici en forma de capa fina. Els mecanismes més importants 

que permeten la descripció d’aquesta tècnica es poden dividir en dues parts: la primera 

es refereix als processos que tenen lloc en el filament calent i el seu efecte en la 

composició química en fase gas, i la segona és l’estudi dels mecanismes de formació de 

les capes, tant en l’etapa inicial de nucleació com la de creixement. 

Un dels treballs més importants per a l’estudi de les reaccions que tenen lloc en un 

filament calent sota una atmosfera de silà a baixa pressió ha estat el desenvolupat pel 

grup de la Universitat de Colorado, en el qual s’evidenciava que la reacció més 

important a temperatures de filament per sota de 1400ºC era la de formació del radical 

SiH3, mentre que la formació de Si i H atòmics augmentava a mida que el filament 

s’escalfava a temperatures més elevades. També s’evidenciava que l’augment de la 

pressió provocava la formació de nous productes degut a reaccions secundàries en fase 

gas. Quant a la naturalesa d’aquestes reaccions, Heintze va demostrar el caràcter 

catalític de la dissociació del silà en el filament calent, mostrant el paper clau de la 

superfície metàl·lica del filament. També cal esmentar el fet ja descobert per Langmuir 

a principis de segle del paper del filament calent com a eficient font de la dissociació de 

l’hidrogen gas per donar lloc a la producció d’hidrogen atòmic, que té gran importància 

en la formació del material microcristal·lí. 
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2. Sistema experimental 

Una de les tasques més importants portada a terme en la preparació d’aquest treball 

ha estat el disseny i la posta en funcionament d’un nou sistema de dipòsit basat en l’ús 

de la tecnologia HWCVD. Les primeres mostres obtingudes per aquest mètode en el 

laboratori es van dipositar en un petit reactor de prestacions molt modestes, tant quant a 

les condicions de buit com al control dels paràmetres de dipòsit. Per tant, el punt de 

partida per a la construcció de la nova instal·lació era millorar les condicions de puresa, 

així com el control adient dels paràmetres tecnològics que permetés l’estudi de les 

dependències de les propietats del material en funció de les condicions de procés. 

Aquestes premisses van portar al disseny d’un reactor multicambra, equipat amb una 

cambra de càrrega i dues per procés HWCVD, i construït amb tecnologia d’Ultra-Alt 

buit, per tal d’assegurar el màxim nivell de puresa en l’interior de l’equip. El sistema 

està configurat per tres cambres d’acer inoxidable, connectades en línia per sengles 

vàlvules de guillotina i comunicades entre si per un sistema de transferència lineal. La 

cambres de càrrega serveix per inserir els substrats i per al dipòsit de capes de ZnO:Al 

mitjançant la tècnica de polvorització catòdica magnetró, utilitzat com a contacte 

transparent en l’estructura de cèl·lula. Les altres cambres no s’obren mai a l’atmosfera, 

excepte pel recanvi del filament, per tal d’assolir ràpidament el nivell de buit necessari 

per realitzar el procés. Una de les cambres s’utilitza pel dipòsit de material intrínsec i 

l’altra pel material dopat, per tal d’evitar fenòmens de contaminació creuada que afectin 

les propietats dels dispositius. 

La geometria interna dels reactors HWCVD està descrita en la figura 2.2, en la qual 

es pot observar la disposició del portasubstrats entre el calefactor i el filament. L’ús 

d’aquesta geometria, invertida respecte la del primer sistema, és degut a l’eventual 

formació de pols de silici en certes condicions, observada en l’anterior equip, que 

pertorbava la formació de la capa o la formació de forats, afectant el funcionament del 

dispositiu. S’utilitza un obturador per controlar l’inici i fi del procés, i s’utilitza una 

finestra de vidre per a la mesura de la temperatura del filament per pirometria òptica. Un 

calefactor resistiu, alimentat per un sistema de regulació tipus proporcional-integral-

derivatiu, és utilitzat per controlar la temperatura de substrat. 

El sistema de bombeig s’ha previst per obtenir bones prestacions tant en condicions 

de buit final, per tal de controlar la presència de contaminants durant el dipòsit, com en 
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condicions de procés, durant el qual es bombeja la mescla de gasos. El sistema 

consisteix en una bomba turbomolecular per cada cambra, connectada a un sistema de 

buit primari format per un depressor Roots i una bomba rotativa de paletes, equipades 

totes elles amb els accessoris necessaris per processos amb gasos especials. El sistema 

de bombeig està connectat als reactors amb una vàlvula de tipus papallona, que permet 

controlar la pressió de procés independentment dels fluxos de gasos. A més, a diferència 

d’altres equips HWCVD, és possible realitzar el procés utilitzant la bomba 

turbomolecular, la qual cosa permet assolir condicions de pressió poc estudiades en la 

literatura. La mesura de les pressions en el reactor es porta a terme mitjançant un 

mesurador del tipus de càtode fred per a la mesura de pressió última, i mitjançant 

manòmetres capacitius per a la mesura de les pressions durant el procés.  

Una part important de la construcció del nou equip ha estat la instal·lació del 

sistema de gestió de gasos, que connecta la gàbia d’ampolles a l’exterior de la sala del 

reactor amb les diferents cambres de procés. Per a la construcció de les línies de gasos 

s’ha utilitzat únicament tub d’acer inoxidable i connexions metàl·liques tipus Swagelok, 

per assegurar un bon nivell d’estanqueitat. S’han construït dos pannells per a la 

instal·lació de la valvuleria necessària per l’operació del sistema, el primer dels quals 

serveix per connectar les línies provenint de la gàbia exterior amb un segon pannell, on 

s’ha instal·lat els sistemes de gestió de flux, consistents en controladors de flux per les 

línies de més consum (hidrogen i silà) i vàlvules de regulació d’agulla per les línies de 

gasos dopants (diborà i fosfina). S’ha posat un gran èmfasi en aconseguir les millors 

condicions de control de la contaminació, tant en l’elecció de vàlvules per aplicacions 

d’alta puresa com l’ús de gasos amb els més alts nivells de puresa i la instal·lació d’un 

purificador de gas. 

Finalment, s’ha posat en marxa un sistema de mesura que permet la monitorització 

dels paràmetres tecnològics durant el procés. Aquest sistema es basa en la utilització 

d’un bus d’instrumentació per a la lectura dels paràmetres des d’un ordinador personal: 

pressió de procés i en diferents punts del sistema de bombeig, així com intensitat i 

caiguda de tensió en el filament. La temperatura de filament, que és un paràmetre bàsic 

de dipòsit, s’obté a partir de la intensitat de filament i mitjançant una calibració 

realitzada després de cada canvi de filament i mesures per pirometria òptica. La 

temperatura de substrat, que també és bàsic per estudiar les propietats del material, es 

determina mitjançant una calibració entre la temperatura de consigna i la mesurada amb 
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un mesurador tipus termoparell en contacte amb el substrat en les mateixes condicions 

del dipòsit. 

També cal esmentar que s’han obtingut mostres utilitzant diferents geometries de 

filament. Inicialment es va utilitzar una geometria en forma de “W”, amb filament de 

tungstè d’1 mm de diàmetre, en un pla situat 6 cm per sota dels substrats. També s’ha 

utilitzat filament de menor diàmetre (0.5 mm) amb la mateixa geometria, fet que ha 

comportat la disminució de la potència necessària per assolir similars temperatures, però 

també un menor ritme de dipòsit. Finalment, s’ha utilitzat una geometria de cistella 

invertida, en la qual s’utilitza filament d’1 mm com suport fred del filament calent, de 

diàmetre 0.5 mm. Amb aquesta configuració s’ha aconseguit un bon compromís entre 

potència dissipada i ritme de dipòsit.  

3. Resultats en material intrínsec 

En aquest treball s’han estudiat les propietats del material en un ampli rang de 

condicions d’obtenció, centrades en les més adients per a la fabricació de dispositius 

fotovoltaics a temperatures de substrat compatibles amb l’ús de substrats de vidre. 

Aquest estudi s’ha portat a terme mitjançant l’obtenció de sèries tecnològiques en les 

quals s’ha variat un dels paràmetres, per tal d’estudiar l’efecte de cadascun d’ells en els 

mecanismes de dipòsit i en les propietats del material. En aquest resum, presentarem els 

resultats junt amb la discussió en relació a cadascun dels temes presentats en la tesi. 

Els resultats referents a l’estudi de les capes en funció del gruix s’han obtingut en el 

règim d’alta pressió (P=0.18 mbar) en el sistema de dipòsit antic, on es va dipositar una 

sèrie de mostres amb gruixos entre 0.2 i 3 µm. Aquestes capes mostren una clara 

evolució de les seves propietats estructurals en funció del gruix. L’estudi de la 

morfologia superficial de les capes, mitjançant microscòpia electrònica de rastreig, 

evidencia l’aparició d’un tipus diferent de gra, amb una apariència de cares facetades, a 

mida que el gruix de les mostres va augmentant, a més d’un augment de la mida dels 

grans observats. Aquest resultat, junt amb les imatges de microscopia obtingudes en 

secció, suggereix una estructura en direcció transversal en forma de cons invertits, que 

dóna lloc a un engrandiment dels grans a mida que la capa es fa més gruixuda. La 

morfologia facetada, que és dominant per la mostra més gruixuda, sembla 

correlacionada amb un canvi en la orientació preferencial de les capes, evidenciat pels 

resultats de les mesures de difractometria de raigs-X, que suggereixen un creixement 
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inicial de tipus Si(111) i una posterior potenciació de la orientació Si(220), donant lloc a 

la morfologia esmentada i a un increment de la rugositat superficial. Una disminució de 

la cristallinitat alhora que l’augment en el contingut d’hidrogen del material a mida que 

el gruix de les mostres disminueix, indica l’existència d’una zona de nucleació amorfa o 

bé de menor cristalinitat en la interfície substrat-capa, i per tant una clara 

inhomogeneitat del material en la direcció del creixement.  

Dels resultats referents als resultats del ritme de dipòsit en funció de la pressió de 

procés i de la dilució en hidrogen se’n pot deduir una cinètica de creixement dominada 

per la pressió parcial de silà. Altres paràmetres, com la dilució en hidrogen, la 

temperatura de substrat o el flux total de gas presenten poca influència sobre el ritme de 

dipòsit. Aquest resultat indica que, en aquestes condicions, el mecanisme de dissociació 

està governat pel flux de col·lisions de molècules de silà sobre la superfície del filament 

calent (Sf), i per tant, es podria descriure com un procés d’evaporació superficial, sense 

una clara influència de reaccions secundàries en la fase gas en el ritme de dipòsit.  

La influència de la pressió de procés sobre les propietats del material ha estat 

estudiada en un ampli rang, que va de 4.5x10-3 a 5.7x10-2 mbar, mitjançant una sèrie de 

mostres que hem anomenat Sèrie-P, obtinguda a una temperatura de substrat de 

190-200ºC amb una dilució d’hidrogen del 90%. Val a dir que el material obtingut en el 

sistema de dipòsit antic s’ha dipositat en condicions de pressió similars a les reportades 

en la literatura, però amb una geometria de reactor diferent a la del nou sistema. El 

resultat més interessant en funció de la pressió de procés és el canvi observat tant en 

l’índex de refracció del material com en el ritme amb el qual s’observa la post-oxidació 

de les capes amb l’exposició a l’atmosfera, fet que s’havia observat en el règim d’alta 

pressió. Simultàniament, s’ha detectat un clar augment en el producte mobilitat-temps 

de vida del material obtingut a pressions més baixes. Les observacions per microscopia 

electrònica de transmissió semblen indicar canvis en l’estructura de les capes en la 

direcció transversal, amb una estructura més cònica en la capa crescuda a alta pressió 

(5.7x10-2 mbar) i més columnar pel material obtingut a baixa pressió (4.5x10-3 mbar), 

fet que podria explicar tant els resultats en l’índex de refracció i post-oxidació com els 

de transport elèctric. Aquests canvis s’han interpretat com una indicació de que el 

material obtingut disminuint la pressió de procés és més dens, fet que pot estar 

relacionat amb fenòmens de polimerització en la fase gas o bé amb l’augment de la 

mobilitat superficial dels precursors. 
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També s’ha estudiat l’efecte de la dilució d'hidrogen en la cristal·linitat de les capes, 

fent palès que aquest paràmetre juga un paper clau en l’estructura del material crescut 

en el règim de baixa pressió i baixa temperatura de substrat (150ºC).  El control 

d’aquest paràmetre permet l’ajust de la fracció cristal·lina i l’augment de la mida dels 

dominis cristal·lins des d’un material essencialment amorf, per dilucions menors de 

87%, a elevades cristal·linitats per nivells de dilució del 97%, comparables als obtinguts 

en capes obtingudes en el règim d’alta pressió (>0.1 mbar) a temperatures de substrat 

típicament entre 300 i 400ºC. A més, s’ha trobat una diferent orientació preferencial en 

el material obtingut en el règim de baixa pressió, que presenta típicament una orientació 

Si(111), mentre que el crescut a més alta pressió esta orientat preferentment en la 

direcció Si(220).  

Un altre resultat amb implicacions de cara a la fabricació de dispositius fa referència 

a la estructura en la interfície substrat-capa. Observacions per microscopia electrònica 

d’alta resolució demostren la presència de dominis cristal·lins molt a prop de la 

interfície, amb una capa de nucleació amorfa de només 15-20 Å. Això indica que el 

material obtingut en aquestes condicions creix amb estructura microcristal·lina des de 

les primeres etapes de formació, disminuïnt la formació d’una capa de nucleació amorfa 

que s’ha observat en certes condicions. 

S’ha estudiat l’efecte de la temperatura de substrat (TS) mitjançant sèries 

tecnològiques obtingudes en el règim d’alta pressió i amb una dilució en hidrogen del 

90% (P=0.18 mbar) en el reactor antic i en el règim de baixa pressió (P=8x10-3 mbar) en 

el nou equip. En el primer cas, les caracteritzacions estructurals han evidenciat una 

transició des de material amorf a creixement microcristal·lí a temperatures de substrat 

entre 200 i 225ºC. L’augment posterior de TS fins a 350ºC promou un increment en 

l’orientació Si(220) en el material, tot i que no s’observa un increment significatiu en la 

cristal·linitat en aquest rang. Per altra banda, s’ha obtingut un increment de la densitat 

de defectes profunds (evidenciada per l’increment en l’absorció subgap) correlacionada 

amb una disminució en el contingut d’hidrogen en el material, que s’ha interpretat com 

l’efecte d’una menor passivació dels enllaços no saturats del material, localitzats en les 

fronteres de gra. 

Quant als resultats obtinguts en funció de TS en el rang de baixes pressions, en aquest 

cas s’ha obtingut dues sèries, utilitzant dilucions del 90% i del 95%. En aquest règim no 

s’ha obtingut cap mostra amorfa, és a dir, que el creixement és cristal·lí fins i tot per les 
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temperatures utilitzades més baixes (TS=150ºC) fet que indica que en aquest règim 

aquest paràmetre és menys crític per a la formació de l’estructura microcristal·lina. No 

obstant, sembla necessari un major nivell de dilució (95% o més) per assolir nivells de 

cristal·linitat per sobre del 90%, similars als del règim d’alta pressió. Aquest resultat pot 

suposar un eixamplament de les condicions de preparació de material microcristal·lí fins 

a temperatures de substrat per sota de 125ºC. Quant als resultats sobre la densitat de 

defectes, s’ha trobat el mateix tipus de dependència amb la temperatura de substrat que 

pel regim d’alta pressió. En resum, el material dipositat a baixa pressió amb millors 

propietats estructurals i de passivació de defectes s’ha obtingut utilitzant elevades 

dilucions en hidrogen (95%) i mantenint TS en el rang de 150ºC. 

També s’ha estudiat l’efecte de la temperatura de filament (Tf) en les propietats del 

material, tot i que no s’ha explorat el rang d’altes Tf (>1750ºC) per tal de mantenir 

valors similars de temperatura de substrat. La disminució de la temperatura de filament 

ha portat a una nova transició cap a material amorf, com evidencia l’evolució de la 

fracció cristal·lina en funció de Tf. No obstant, la temperatura de filament a la qual es 

produeix aquesta transició sembla dependre de la superfície de filament (Sf), fet que 

podria estar relacionat amb canvis en el flux d’hidrogen atòmic que arriba a la zona del 

substrat o bé a canvis en contribució a l’escalfament de la capa durant el procés. 

L’estudi de les propietats de transport elèctric mostra clarament que les capes 

nominalment no dopades presenten un desplaçament del nivell de Fermi dins de la 

banda, donant lloc a un lleuger caràcter tipus n en el material. Aquest efecte, que dóna 

lloc a resultats pobres quan s’aplica aquest material com a zona activa en cèl·lules amb 

estructura p-i-n, s’ha relacionat en la literatura amb la presència d’oxigen com a 

contaminant. S’ha intentat identificar l'origen d’aquest efecte variant els fluxos de gas 

en les mateixes condicions de procés i modificant altres condicions de dipòsit, com la 

temperatura de la paret o la pressió total de dipòsit. Els canvis en l’energia d’activació 

mostren una correlació entre aquest valor i la taxa de degàs mesurada prèviament al 

dipòsit, mentre que no hi ha una dependència clara amb els fluxos de gas utilitzats. La 

refrigeració de la paret del reactor sembla donar lloc a un material més contaminat, i 

només s’ha aconseguit la condició de material intrínsec mitjançant l’augment de la 

pressió de procés fins a 3.5x10-2 mbar (Ea=0.57 eV amb una amplada de banda 

prohibida de 1.12 eV). Aquests resultats semblen confirmar l’existència de 

contaminació en el material, probablement relacionats amb el degàs o arrencament de 
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contaminants des de les parets del reactor. Malauradament, el fet que l’augment de 

pressió comporti també l’augment del ritme de dipòsit impedeix discernir si el 

mecanisme de contaminació està controlat per aquest paràmetre o per la pressió de 

procés. 

 

4. Material dopat 

En aquest capítol s’han estudiat les propietats estructurals i elèctriques del material 

dopat dipositat en les condicions de baixa pressió i baixa temperatura de substrat, 

compatibles amb les condicions de dipòsit del material intrínsec. Aquest estudi és de 

gran importància per a la fabricació de dispositius, tant per a l’obtenció de diodes amb 

estructura p-i-n, com a una futura aplicació a dispositius basats en unions p-n. En 

particular, per al primer tipus d’estructura, és necessari material de bones propietats en 

el règim de nivells de dopatge elevats, per tal d’aconseguir un bon comportament 

rectificador i una baixa resistència sèrie. 

L’eficiència de dopatge en el material microcristal·lí s’ha estudiat mitjançant sengles 

sèries, tant tipus p com tipus n, obtingudes augmentant progressivament el nivell de gas 

dopant en la mescla de gasos. L’estudi de la incorporació de dopant al material indica 

un comportament anòmal en el material tipus p, presentant incorporacions de bor per 

sobre del 100%. Aquest comportament, que no s’ha observat pel cas del fòsfor, pot ser 

originat per un mecanisme d’incorporació diferent a la del silici, possiblement relacionat 

amb la inestabilitat tèrmica del gas precursor (diborà), que dóna lloc a unes elevades 

densitats de dopant en fase sòlida. Quant a les propietats elèctriques, s’ha obtingut 

corbes de dopatge pels dos tipus de material, on s’evidencia el canvi tant en energia 

d’activació com en conductivitat. El material tipus p obtingut a baix nivell de dopatge 

mostra una baixada de conductivitat i un augment en l’energia d’activació, fet que s’ha 

interpretat com un efecte de compensació del caràcter n del material no dopat. Per altra 

banda, s’ha observat un empitjorament de les propietats elèctriques del material tipus p 

per altes concentracions de bor en fase sòlida, fet que s’ha correlacionat amb 

l’amorfització del material en aquest règim. 

S’ha estudiat l’efecte de la temperatura de substrat en el material tipus p en el règim 

d’alt nivell de dopatge, evidenciant el paper clau d’aquest paràmetre en l’amorfització, 

obtenint un material de més elevada cristal·linitat i conductivitat a la temperatures de 
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substrat de 125ºC. D’aquesta manera, s’ha obtingut material dopat amb propietats 

adients per a l’aplicació en la fabricació de dispositius p-i-n, comparables amb les 

reportades per altres grups, amb energies d’activació menors de 0.1 eV i conductivitats 

màximes de 2.5 i 10 S/cm pel material tipus p i n, respectivament. 

Finalment s’ha estudiat els fenòmens de contaminació creuada de dopants, el control 

de la qual és de gran importància per a la fabricació de dispositius. En aquest aspecte, 

s’ha demostrat que el filament calent actua com una potent font de contaminació, 

bàsicament de bor, fet que fa necessari utilitzar tècniques d’enterrament prèviament al 

dipòsit. Les propietats de capes obtingudes en les mateixes condicions de dipòsit de les 

zones dopades del dispositiu aplicant aquest tractament indiquen que s’han aconseguit 

bones propietats estructurals i elèctriques per a l’aplicació en la fabricació dels primers 

dispositius amb estructura p-i-n. 

 

5. Resultats preliminars en dispositius i tendències futures 

En relació a una futura aplicació a nivell industrial, és de gran importància la 

homogeneïtat del dipòsit per a les aplicacions de gran àrea, que són essencials per a la 

producció de plafons fotovoltaics. En aquest sentit, s’ha estudiat la homogeneïtat en 

gruix, mostrant bons resultats per les modestes dimensions de substrat utilitzades en 

aquest treball (2.5x2.5 cm), tant per diferents pressions de procés com geometries de 

filament. A més, els resultats referents a la dinàmica de creixement indiquen que el 

mecanisme de dipòsit és bàsicament evaporatiu, de manera que una disposició adient de 

filaments ha de donar lloc a una superposició de fonts d’evaporació, i per tant a un 

dipòsit homogeni sobre una gran superfície. Per altra banda, els nostres resultats 

indiquen que amb aquesta geometria de reactor i el filament en forma de cistella 

s’obtenen elevades eficiències de gas, per sobre del 60%, a pressions de procés de 

3.5x10-2 mbar, mentre que en el règim de baixa pressió (P<1x10-2 mbar) es produeix 

una pèrdua de l’eficiència, fet que és un inconvenient per una instal·lació de tipus 

industrial.  

Quant als resultats preliminars en dispositius, s’ha obtingut una cèl·lula amb una 

eficiència d’un 1.98%. Aquest resultat està limitat pel baix corrent en circuit obert, que 

a més depèn del nivell de degàs previ al dipòsit, fet que sembla indicar que el nivell de 

contaminació de la zona intrínseca limita l’eficiència del dispositiu. No obstant, les 
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condicions de procés són força prometedores, ja que el dipòsit s’ha realitzat a una 

temperatura de 125ºC i a un ritme de dipòsit per sobre de 11 Å/s. També s’han fabricat, 

en col·laboració amb el Grup de Dispositius Semiconductors de la Universitat 

Politècnica de Catalunya, els primers transistors en capa fina a partir del material 

microcristal·lí obtingut en el mateix reactor, evidenciant les possibilitats que presenta 

aquest mètode per a la fabricació de pantalles planes. 

 

Conclusions generals 

- S’ha construït un nou sistema de dipòsit basat en la tècnica de dipòsit químic en 

fase vapor assistit per filament calent, amb el qual s’ha fet palès la possibilitat d’obtenir 

capes de silici microcristal·lí de bones propietats a elevats ritmes de dipòsit en 

condicions de temperatures de substrat relativament baixes.  

-Aquest reactor ha permès estudiar la influència de les condicions de dipòsit en les 

propietats del material en un ampli rang de paràmetres tecnològics, així com la 

fabricació de cèl·lules solars amb estructura p-i-n i transistors en capa fina basats en 

aquest material. 

- Els resultats referents a la dinàmica de creixement evidencien un mecanisme de 

dipòsit controlat per la pressió parcial de silà en l’atmosfera de creixement, fet que 

suggereix un mecanisme d’evaporació superficial i la reduïda influència de les reaccions 

en fase gas i altres paràmetres tecnològics en el règim de baixes pressions (P<5x10-2 

mbar). 

- L’estudi de les propietats estructurals del material en funció del gruix evidencia 

una forta inhomogeneitat en la direcció de creixement, amb una orientació preferencial 

Si(111) i una zona amb elevat contingut d’hidrogen en les primeres etapes de formació 

de la capa. L’orientació Si(220) i la fracció cristal·lina en el material augmenten en el 

règim d’alta pressió (P=0.18 mbar) a mida que el gruix de les capes augmenta. 

-La reducció de la pressió de procés dóna lloc a canvis significatius en les 

propietats del material, que es manifesten en un augment en la densitat de les capes 

obtingudes en condicions de baixes pressions (P<1x10-2 mbar) i molt baixes 

temperatures de substrat, i en una dràstica millora en el producte mobilitat-temps de 

vida mesurat en direcció coplanar. 

-El material obtingut en les condicions de baixa pressió i baixa temperatura de 
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substrat presenta una orientació preferencial en direcció Si(111), alhora que una 

estructura columnar amb cristallets començant en la interfície substrat-capa. 

-S’ha mostrat el paper clau de la dilució en hidrogen en la cristal·linitat de les capes 

obtingudes en el rang de baixes pressions, permetent d’obtenir un ampli ventall de 

materials, des de material essencialment amorf a cristal·linitats superiors al 95% a 

temperatures de substrat de 150ºC. 

- L’estudi de la influència de la temperatura de substrat en les propietats del 

material evidencia un limitat efecte d’aquest paràmetre en les propietats estructurals, al 

contrari que en el règim d’alta pressió. Aquest resultat pot ser degut a canvis en els 

mecanismes de nucleació i creixement de les capes en les condicions de baixa pressió. 

-La temperatura de substrat és determinant en la concentració d’hidrogen present en 

el material, tant en el règim d’alta com de baixa pressió, mostrant una menor 

concentració d’hidrogen les capes obtingudes a temperatures més elevades. Aquest fet 

s’ha relacionat amb l’augment de l’absorció subgap del material, que s’interpreta com 

una menor passivació de defectes localitzats en les fronteres de gra per les temperatures 

de substrat més elevades. 

- S’ha detectat un lleuger caràcter tipus n en les capes no dopades obtingudes en el 

nou reactor, fet que s'atribueix a la presència de contaminants en el material. Aquest 

efecte, que limita la qualitat elèctrica de les mostres, s’ha controlat mitjançant l’ús de 

pressions de procés intermèdies (3.5x10-3 mbar) i del control de la taxa de degàs prèvia 

al dipòsit, fet que ha permès d’obtenir material intrínsec a baixes temperatures de 

substrat. 

-S’han estudiat les propietats estructurals i elèctriques del silici microcristal·lí 

dopat, mostrant bons resultats en el règim de fort dopatge. No obstant s’ha detectat un 

efecte d’amorfització de les capes en el règim de fort dopatge tipus-p. La reducció de la 

temperatura de substrat fins a 125ºC permet reduir aquest efecte, donant lloc a les 

millors propietats estructurals i elèctriques.  

- S’ha material de caràcter més intrínsec en el règim de baix nivell de dopatge 

tipus-p, fet que s’ha atribuït a un efecte de compensació del lleuger caràcter tipus n del 

material no dopat. 

- S’ha estudiat la problemàtica de la contaminació creuada de dopants, mostrant que 

el filament actua com a font d’àtoms de bor i fòsfor provenint d’anteriors dipòsits. 

Aquest efecte s’ha reduït utilitzant tècniques d’enterrament, de manera que no influeix 
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en les propietats elèctriques del material en el règim de fort dopatge.  

-S’han obtingut les primeres estructures p-i-n basades en silici microcristal·lí 

fabricades mitjançant la tècnica HWCVD, amb una eficiència de 1.98%. Aquest 

dispositiu s’ha obtingut utilitzant substrat de vidre recobert amb contacte transparent 

sense texturar a una temperatura nominal de 125ºC i un ritme de dipòsit superior a 11 

Å/s, condicions molt favorables per a una futura aplicació industrial. Aquest resultat 

sembla limitat per l'eficiència de col·lecció, que s’ha atribuït a la presència de 

contaminants en la zona intrínseca de la cèl·lula. 

 

 


