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ABSTRACT: In the present work, we apply a 2D self consistent model of SiH4/H2 discharges in order to investigate 

the transition from microcrystalline to amorphous silicon growth. The model is used to examine the relative 

importance of ions and atomic hydrogen in the film growth process. This examination also involves monitoring the 

changes that take place in the electrical properties of the plasma, the gas phase as well as the surface chemistry near 

the transition between the two growth regimes. Based on these results, the discussion is extended to the mechanism 

of a-Si:H to μc-Si:H growth transition and the use of plasma diagnostics that can be used to monitor this transition. 
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1 INTRODUCTION 

 

 The relative importance of hydrogenated 

microcrystalline silicon (μc-Si:H) growth compared to 

amorphous silicon (a-Si:H) for solar cells as well as for 

other thin film devices is continuously growing. 

Moreover, the widening of the deposition parameters 

window in the commonly used plasma enhanced 

chemical vapour deposition (PECVD) from highly 

diluted silane in hydrogen has diversified the 

opportunities for the optimization of the material quality.  

 The mechanism of formation of the crystallites in low 

temperature plasma conditions has been the subject of a 

large number of studies that can be found in literature 

[1-6]. In general, the proposed mechanisms can be 

classified in two categories [7]. A first category that 

attributes a major role in crystallization to the species 

produced in the plasma, including the partial equilibrium 

[1,2] and the selective etching [3] models, and a second 

one that puts emphasis on the solid phase transformation 

of a-Si:H to μc-Si:H which can take place via chemical 

annealing [4] or in conditions of high hydrogen chemical 

potential [6].  

 The reasons preventing a complete elucidation of the 

exact mechanism of crystallites formation, that would be 

valid over the entire range of deposition conditions, are 

related to the complexity of the overall PECVD process. 

Growth via a mixture of different silicon precursor 

species, hydrogen etching of weak bonded silicon surface 

groups, exothermic hydrogen surface reactions, diffusion 

of hydrogen in the sub-surface, ion-induced damage or 

etching, substrate type and substrate heating are some but 

not all of the microscopic or macroscopic parameters that 

maybe have a significant influence. In fact, a direct 

estimation of the relative importance of each of these 

parameters on the nucleation and growth of the 

crystallites is practically impossible as most of the 

involved quantities cannot be measured experimentally. 

 The present work aims to contribute to the 

investigation of the mechanism through the study of the 

a-Si:H to μc-Si:H growth transition. In our case the 

transition is reached through the decrease of SiH4 

fraction in the gas mixture [8-10] in a KAI-S reactor 

operating at 40.68 MHz. The study is based on the 

simultaneous use of a series of experimental 

measurements and a 2D self-consistent gas-phase and 

surface simulator of SiH4/H2 discharges. The model was 

used for the determination of the relative importance of 

ions and atomic hydrogen in the deposition process and 

for estimating the maximum energy that can be 

transferred by these species to the growing film. 

Moreover, it was used to monitor changes that take place 

in the electrical properties of the plasma and in the gas 

phase and surface chemistry near the transition regime. 

These results are further used to discuss the mechanism 

of a-Si:H to μc-Si:H transition and the plasma diagnostic 

that can be used to monitor this transition.  

 

 

2 PROCESS MODELLING 

 

A two dimensional (2D), time-dependent fluid model was 

used to study the effect of substrate bias on the 

deposition of μc-Si:H thin films and to understand the 

experimental observations related to the variation of the 

deposition rate and crystallinity with the increase of 

silane fraction in the gas mixture. Briefly, the model 

describes the discharge using a combination of particle, 

momentum and electron energy conservation equations 

derived from the Boltzmann equation, coupled with 

Poisson’s equation for a self-consistent calculation of the 

electric field. A detailed description of the model can be 

found in Ref. [11]. A set of 25 species together with a 

total number of 112 reactions (85 in the gas phase and 27 

surface gas interactions) are included into this version of 

the model, comprising electron-impact reactions with 

molecular species, neutral-neutral, and ion-neutral 

reactions. Cross-section data are used for the electron 

impact reactions, whereas the rate constants for the rest 

of the reactions involving neutral species are either 

calculated or experimentally measured. Surface 

interaction of species leading to the growth of μc-Si:H 

are handled using sticking coefficients. 

 

Figure 1: The simulated geometry of the KAI-S reactor. 

In this configuration the electrode gap was 2.5 cm and 

reactor walls and substrate are isothermally heated. 

 The input data needed for this model besides the 

general process conditions, are the applied voltage and 

the geometry of the reactor, as presented in fig.1, whereas 
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the results include all the important properties of SiH4/H2 

discharges, like the distribution of the electric field and 

voltage in the plasma, electron, ion and species densities, 

electron temperature, radical fluxes towards the substrate 

and the deposition rate. 

 

  

3 RESULTS AND DISCUSSION 

 

The film depositions were performed in a KAI-S reactor 

at the total gas pressure of 2.5 mbar and a total flow rate 

of 1.2 slm while the 40.68 MHz voltage was 165 Volt. 

The reactor walls and the substrate were heated 

isothermally at 180oC. The silane fraction in the mixtures 

with hydrogen was varied from 4 to 5.7%.  

 

(a) 

 

(b) 

Figure 2: (a) Experimentally measured and model 

calculation of the deposition rate and (b) % film 

crystallinity as a function of the SiH4 fraction in the 

mixture with H2  

Figure 2(a) presents the experimental measurements 

and the model calculations of the deposition rate as a 

function of the % SiH4 fraction in the gas mixture. The 

experimental measurements show that the deposition rate 

is constant within the limit of experimental accuracy, as 

we increase the fraction of SiH4 and is in all conditions 

around 5 Å/sec. The model predicts very well the rate and 

also the fact that it remains almost constant with the 

small increase of SiH4 fraction.  

 On the other hand, the experimental measurements of 

film crystallinity show a sharp change in the film 

structure for very small variations of SiH4 mole fraction. 

The fact that the deposition rate is almost the same while 

the film structure changes from μc-Si:H to a-Si:H 

indicates that the transition is not related to any sharp 

changes in either gas or surface chemistry.  

 
(a) 

 
(b) 

 
(c) 

Figure 3: Spatial distribution of (a) H3
+ ion density (b) 

electron density and (c) electric field for 4 different % 

SiH4 mole fractions in the mixture with H2 

 

 In an effort to understand the reasons leading to the 

observed decrease of the film crystallinity we plot in 

figure 3 the changes occurring in some of the 

microscopic electrical parameters of the discharge as we 

increase SiH4 fraction. 

Figure 3(a) presents the spatial distribution of H3
+ for 

four different SiH4 fractions. H3
+ is the dominant ion in 

these conditions and as one can observe the general shape 

of its’ spatial distribution is not affected by the increase 

of SiH4 fraction but becomes more asymmetric and is 

reduced in front of the substrate holder especially for the 

5.5 % case. 
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 In addition fig. 3(b) presents the spatial distribution 

of electron density under the same conditions. The 

distribution of electron density remains the same and 

slightly increases with SiH4 fraction especially around the 

centre of the discharge. Furthermore, the distribution and 

intensity of the electric field (fig.3c) remains the same so 

we cannot expect strong variations of ion bombardment 

with the increase of SiH4 fraction. 

 
(a)

 
(b) 

Figure 4: Spatial distribution of (a) a-Balmer line of 

atomic hydrogen density and (b) SiH* density for four 

different % SiH4 fractions in the mixture with H2  

 

 Figure 4(a) and (b) presents the density of a-Balmer 

line of atomic hydrogen and excited silylydene radical 

(SiH*) for four different silane fractions. Concerning 

these results, one has to keep in mind that the density of 

these species in the discharge is much lower than that of 
ground state radicals and therefore they cannot play an 

important role in the film growth. However, the emission 

measurements, especially at these relatively elevated 

pressure conditions, can clearly give an indication of the 

discharge efficiency in producing radicals as well as of 

the density distribution of high energy electrons.  In fact,  

in many recent studies, emission measurements have 

been proposed for the prediction of amorphous to 

microcrystalline silicon transition [12-14], the reduction 

of the incubation layer [15,16] and also for monitoring 

the substrate heating during the film growth [17,18]. 

 The spatial distributions of both Ha and SiH* species 

present two characteristic maxima, one in front of the RF 

electrode and one in front of the substrate holder. These 

peaks are the result of the sheath electron heating 

mechanism that appears to be the dominant mechanism of 

electron energy gain. In fact due to the rather high 

electrode gap the field in the bulk of the plasma is quite 

low, as it is also seen in figure 3(c), and the production of 

excited species in this area is not favoured.  

Concerning the density of excited species, Ha was 

calculated to drop especially close to the substrate holder 

as we increase the SiH4 fraction. On the other hand, the 

density of SiH* line increases especially close to the RF 

electrode with the silane fraction. In fact the increase of 

silane fraction seems to affect more the heating 

mechanism in the sheath of the substrate holder than the 

RF electrode.  

 
Figure 5: The ratio of Ha/SiH* densities as a function of 

the silane mole fraction 

 

 Figure 5 presents the ratio of total Ha 
to SiH* density 

calculated from the integration of spatial profiles 

presented in figure 4, as we go from conditions of 

μc-Si:H to a-Si:H growth. As we can observe the ratio 

drops with silane fraction and this is in agreement with 

the experimental findings.  

 

 Moreover, fig. 6(a) presents the variation of neutral 

radicals and ions with the change of silane fraction. 

Actually fig.6 presents the flux and contribution of the 

main precursor species to the film growth.  The flux of 

SiH2 was found to decrease with the increase of SiH4. 

This is mainly the result of the consumption of this 

species in the gas phase due to the rather fast secondary 

gas phase reaction with SiH4. On the other hand, SiH3 is 

favoured by the higher silane fractions due to the lower 

gas phase reactivity of the species. H atoms despite their 

high reactivity seem also to be relatively favoured by the 

increase of silane due to their increased production near 

the substrate (figure 4(a)). The fluxes of all other species, 

like higher silane radicals (Si2H5) and ions are much 

lower compared to SiH2, H atoms and SiH3.   

 Figure 6(b) presents the relative enhancement of 

species as a function of the silane fraction. It is clear from 

this figure that SiH3 is mostly favoured compared to 

either SiH2 or H atoms in conditions of a-Si:H 

deposition. The variation of SiH2 to SiH3 fluxes ratio 

with SiH4 fraction is of the same shape with the Ha/SiH* 

ratio of figure 5. 

 These calculations are in agreement with previous 

results of this group in a different reactor where it was 

proposed that the microcrystal formation requires the 

initial growth of an amorphous layer with low energy 

requirements of crystallization. These requirements can 

then be fulfilled mainly by the exothermic reactions that 

take place in the growing surface. The most probable way 

that this scenario is satisfied, is through the initial growth 
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of an unstable a-Si:H with high H content which can be 

easily transformed to a mixture of μc-Si:H and a-Si:H 

with a high content of Si-H2 bonds [19]. 

  

 
(a) 

 
(b) 

Figure 6: (a) Flux of radicals and ions as a function of the 

% SiH4 fraction (b) SiH2/SiH3 flux ratio (left axis) and 

SiH3/H flux ratio (right axis) as a function of %SiH4 

fraction 

 

 

5 SUMMARY OF THESE NOTES 

 

 A 2D self-consistent model of SiH
4

/H
2

 discharges 

was applied for the investigation of μc-Si:H to a-Si:H 

transition. 

 Ion flux and ion bombardment were not significantly 

enhanced in the conditions of μc-Si:H to a-Si:H 

growth transition. 

 SiH
3

 radicals were favoured compared to either SiH
2

 

or H atoms in conditions of a-Si:H deposition 

 In these conditions emission measurements can  

sensitively depict the growth precursor species 

behaviour and thus can be used for monitoring the 

μc-Si:H to a-Si:H transition 
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