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Abstract 

Amorphous and microcrystalline silicon thin films have been deposited on a large variety of 

substrates including crystalline silicon, Corning glass and polyimide exploiting SiF4-H2-He 

radiofrequency (13.56 MHz) plasma enhanced chemical vapor deposition. Spectroscopic 

ellipsometry has been mainly applied to investigate the optical and structural characteristics of the 

deposited films and to investigate the microstructure depending on the experimental parameters, 

including the H2 and He dilution of plasmas, the deposition temperature, and the substrate plasma 

treatment prior to deposition. The film growth dynamics has also been investigated by analyzing 

films with different thickness. The peculiarities of the SiF4 chemistry involved in heterogeneous 

processes during film deposition and responsible for the amorphous to micro-crystalline transition 

are presented. It is demonstrated that the SiF4-H2 chemistry leads to tailoring of film microstructure 

from amorphous to fully and dense microcrystalline silicon films without any amorphous 

incubation layer also at temperature as low as 100°C on any substrate, including Corning glass 7059 

and polyimide, independently of film thickness. These results and peculiarities of SiF4-based 

plasmas are discussed in the frame of the literature debate on SiH4 vs SiF4 as silicon precursor. 
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1. Introduction 

Silicon in its different structural forms is the most widely used and investigated element in 

various  modern technological fields and in near future nanotechnology applications. Silicon  thin 

film have gained growing acceptance as a material from which to fabricate electronic devices such 

as photovoltaic cells, photoresponsive and photoconductive devices, transistors, diodes, integrated 

circuits, memory arrays, sensors and the like. This is because silicon thin films can be manufactured 

in various microstructural forms going from amorphous (a-Si) to nanocrystalline (nc-Si), 

microcrystalline (µc-Si) and polycrystalline (pc-Si) with a wide range of controllable electrical and 

optical properties. Silicon can alloy other elements (C, Ge, N, O, ….), yielding a large variety of 

materials with a band gap ranging from 0.7 eV to 9 eV, which can be deposited over relatively large 

area substrates at relatively low cost. Thus, the sentence “Earth - silicon planet" is fully justified.  

The first report of amorphous silicon solar cells in 1976 [1] sparked worldwide interest in a-

Si:H for its use as a viable source of renewable energy. 

The discovery of the importance of hydrogen in hydrogenated amorphous silicon, a-Si:H, [2] 

led to a wide range of deposition conditions, which attempted to improve its properties. The early 

discovery of light induced changes, i.e., the Staebler-Wronski effect, [3,4] had a major impact on the 

design of the a-Si:H solar cells. 

In 1981 Walter Spear [5,6], to whom this volume is dedicated, and many other groups started to 

investigate extensively the electronic and optical properties of microcrystalline films prepared by 

plasmas [7-10]. Those studies led, about ten years later, to µc-Si/a-Si:H p-n junction solar cells with 

improved properties [11,12]. In 1994, the preparation of a fully microcrystalline (µc-Si:H) silicon p-

i-n single-junction solar cell with new striking advantages compared to amorphous silicon (a-Si:H) 

was achieved [13].The main reason driving the transition from a-Si to µc-Si:H was the fact that the 

latter showed no light induced degradation unlike a-Si:H. Because of the favorable combination of 

the improved photostability, higher carrier mobility and lower optical absorption, µc-Si films are 

being used not only for solar cells but also as carrier injection layers in thin film transistors. 

The life-motif of improving stability against photodegradation of a-Si:H led researchers to 

demonstrate recently that “protocrystalline Si”, produced near the amorphous-to-microcrystalline 

silicon transition regime, exhibits a higher degree of ordering with increased stability under light 

illumination [14-19]. 

In addition to solar cells, nanocrystalline silicon (nc-Si) because of band gap widening, 

photoluminescence and electroluminescence has promise applications in quantum optics and 

electronics [20,21].  
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Although SiH4 is the main precursor used for the plasma enhanced chemical vapor 

deposition (PECVD) of silicon films from amorphous to microcrystalline with [15-17,22-26] or 

without H2 dilution [27-34], in the course of years various halogenated Si gas precursors, e.g. SiF4 

[35-40], SiCl4 [41-43], and SiH2Cl2 [44,45] have also been investigated and reported. 

In 1978, soon after the demonstration of the hydrogen related instability in a-Si:H, a paper 

by Ovshinsky and Madan appeared on Nature [46] reporting that “the new Si-F-H alloys (fabricated 

from the gas ratio of SiF4/H2=10/1) is superior to SiH4-based film for electronic applications”.  A 

higher mobility and a much lower density of states were reported for films grown by SiF4 when 

compared to SiH4. This was the first paper opening a debate about using SiF4 [47] as Si-precursor.  

As also disclosed in U.S. Pat. No. 4,226,898 of Ovshinsky, fluorine introduced into the silicon alloy 

semiconductor layers operates to substantially reduce the density of the localized defect states in the 

energy gap thereof and facilitates the addition of other alloying materials, such as carbon [48] and 

germanium [39]. As a result of introducing fluorine into the host matrix of the silicon network, the 

produced film can have a number of favorable attributes such as high photoconductivity, increased 

charge carrier mobility, increased diffusion length of charge carriers and low dark intrinsic 

electrical conductivity.  

In 1980, Madan and Ovshinsky also reported the doping of a-Si:F:H materials demonstrating 

suitability for photovoltaic applications [49]. Those results were corroborated by other groups, who 

reported a considerable smaller Staebler-Wronski effect in a-Si:H:F solar cells than a-Si:H [50,51] 

and an improved fill factor after light soaking for cells from a-Si:F:H [52]. From the fundamental 

point of view, Lucovsky investigated the bonding of fluorine in silicon [53].  

In 1991, Walter Spear, after 15 years from demonstration of a-Si doping [54], also started 

investigating the silicon deposition using SiF4, coming to the conclusion that “any preparation 

method which allows a systematic decrease in hydrogen content without appreciable affecting the 

electronic quality and Fermi level position, should improve the stability of the material with respect 

to light degradation” [55]. This citation from Spear sums up the main problem/limit of a-Si:H thin 

films from hydrogenated systems and re-opened the debate about the SiH4 or the SiF4 as precursor 

for silicon in PECVD.  

Various aspects were underpinned by Spear [55] concerning the silicon deposition from SiF4 

plasmas, and are listed as follow: 

- the SiF4-H2 system produces an efficiency-mobility-lifetime product ηµτ of 10-5 cm2V-1 (the 

product µτ represents the drift range per unit field of the carrier during its life time τ, and η 
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represents the efficiency of exicited carrier generation). The optimum ηµτ corresponds to a gas 

residence time in the plasma reactor of 140ms, possibly representing the optimum lifetime of the 

film growth precursor (which our group has identified being the SiF2 radical [56]); 

- a transition from amorphous-to-microcrystalline silicon occurs using SiF4-H2 plasmas, and it can 

be tailored non only by the H2 dilution but also by changing the pressure and the temperature 

[40,55,56];  

-the SiF4 and H2 gases have to be allowed to interact in the plasma; the atomic hydrogen itself is not 

enough to assist dissociation of SiF4 [54,55]; 

-the Ar* metastable (which has a life time of 40-50s) is not capable of dissociating SiF4 [54,55], and 

it is necessary to avoid ion bombardment that induces disorder/amorphization, when moving to 

microcrystalline phases. 

Therefore, pioneering works from Spear, Ovshinsky and Madan posed the question: why moving to 

SiF4?. 

This contribution presents and discusses various aspects related to the fluorine chemistry 

involved in the PECVD exploiting SiF4-based plasmas for the deposition of silicon films with 

various microstructures. Although hydrogen atoms play a key role also in the SiF4-H2 plasmas, the 

concomitant role of fluorine atoms and SiFx species in the deposition process as well as in the 

resulting films characteristics is presented. 

Some answers to the question “why moving to SiF4?” we have found are: (i) the capability of 

reducing the hydrogen content in silicon films by the interaction of fluorine atoms with hydrogen 

during silicon film deposition; (ii) the capability of determining the amorphous-to-microcrystalline 

transition at low temperatures; (iii) the possibility of tailoring the film microstructure and texture in 

a low hydrogen environment [57].  

 

2. Experimental Approach 

Si films with different microstructure ranging from amorphous (a-Si:H,F) to microcrystalline 

(µc-Si:H,F) and with a thickness in the range 20-500 nm were deposited by a typical parallel-plate 

r.f. 13.56 MHz PECVD using SiF4-H2 plasmas. Depositions were run at 0.3 Torr and at a r.f. power 

density (RFPD) of 170 mW/cm2. The deposition temperature was investigated in the range 60°C-

230 °C. In order to change the microstructure, the SiF4/H2 ratio was changed in the range 2-10. He 
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dilution was operated by adjusting the He flux in the range 0-100 sccm. In order to assess the 

peculiarities of SiF4-based plasmas, a comparison with PECVD processes using SiH4-H2 was also 

carried out at gas flow rates of SiH4-H2=1-10 and SiH4-H2=0.5-30 sccm for depositing amorphous 

and microcrystalline films, respectively. Various substrates including c-Si(100), Corning glass 7059 

and flexible polyimide were used in our investigation. 

Our approach consisted in monitoring in real time the deposition process by laser reflectance 

interferometry (LRI) using a He-Ne laser. An extensive characterization of the films structure was 

carried out by using X-ray diffraction (XRD), Raman spectroscopy, and by UV-visible 

spectroscopic ellipsometry (SE). SE spectra of the real, <ε1>, and imaginary, <ε2>, parts of the 

pseudodielectric function, <ε>=<ε1>+i<ε2>, were acquired with a phase modulated spectroscopic 

ellipsometer (UVISEL-Jobin Yvon) in the range 1.5 – 6.5 eV. SE spectra of amorphous and 

nanocrystalline films were parameterized using the Tauc-Lorentz dispersion equation [58]. 

Microcrystalline films were analyzed using the Bruggeman effective medium approximation 

(BEMA) assuming that µc-Si films consist of microcrystalline, amorphous silicon and voids, 

according to the approach reported in ref. [59]. The dielectric functions of poly-Si with fine and 

large grains from reference [60] were used, thereafter denoted as ‘‘p-Si-l’’ (large grains) and ‘‘p-Si-

f’’ (fine grains) in the models. Surface morphology was observed by atomic force microscopy 

(AFM) in the intermittent contact mode (IC-AFM). 

 

 

3. Relationship occurring between the halogenated (fluorine) plasma chemistry and the 

silicon nano- and microstructural transformation 

Despite the differences between SiF4-H2 and SiH4-H2 plasmas, many studies have indicated 

that hydrogen plays the key-role in both plasmas. Indeed, in SiH4-H2 plasmas, H2 is not 

indispensable for the deposition of silicon films, since the good dissociation of SiH4 provides both 

the film growth precursors SiHx (x=2,3) [61] and the H-atoms for tailoring film [27-34]. However, 

all the above cited works deposited microcrystalline silicon at T>230°C. Nevertheless, H2, i.e., the 

hydrogen-dilution ratio R (H2/SiH4), has been reported by other groups to be important for aiding 

the amorphous-to-microcrystalline silicon phase transitions [15,17,22-26], defects [62,63] and 

electronic properties [64-68].   

The main characteristics of halogenated, e.g. SiF4, SiCl4, plasmas can be summarized as 

follow. 
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3.1. Role of hydrogen in SiF4 plasmas 

The deposition of all silicon phases by SiF4 plasmas requires H2, as already pointed out by Spear 

[55]; silicon deposition from SiF4 plasmas, which are known to be etchant, does not occur without 

H2. Our group has previously demonstrated [38,69] that silicon deposition depends not only on the 

concentration of SiFx species but also on H-atoms, i.e., growth rate rg=k[SiF2][H]. There are other 

reports [70,71] that demonstrate that the major growth precursors in SiF4-based  systems are SiHnFm 

(n+m≤3). 

Due to the diffusion of SiFx on the surface and consequently encountering with other species, a 

larger and more stable cluster can be formed. The cluster may finally reach a final critical size, 

beyond the condition that it is unlikely to desorb, creating a stable Si–Si network. During these 

processes, the effective etching of weakly adsorbed bonds by hydrogen and fluorine atoms can 

establish the crystalline structure. Although various mechanisms have been proposed to contribute 

to the amorphous-to-microcrystalline transition [65,72,73], the fluorine-atoms etching contributes 

mainly to the nano- and micro-crystallinity in SiF4-based plasmas [74]. We have previously 

demonstrated a semi-quantitative correlation between the film crystallinity and the 

deposition/etching competition [38], which is sketched in Fig. 1. 

 

3.2 Amorphous to microcrystalline silicon transition 

Differently from SiH4-H2 plasmas where H2%>90% is used to deposit microcrystalline films 

[15,17,22-26], the a-Si to µc-Si transition in SiF4-based plasmas does not require a high H2 dilution, 

as demonstrated by various papers. As an example, Shimizu and his group have reported [75] 

almost complete (400)-oriented µc-Si:H,F growth at gas flow ratios of SiF4/H2 = 60/3 sccm at 

300°C and 30 /14 sccm at 200°C, while at smaller SiF4/H2 gas flow ratios such as 30/10 sccm, 

(220)-oriented µc-Si:H,F films were obtained using very high frequency (VHF: 100MHz). Another 

study [76] also demonstrated that, although a high hydrogen coverage over the growing surface was 

necessary to obtain a large grain, a low H coverage on the growing surface could be more effective 

in increasing the crystalline fraction and the degree of preferential orientation of µc-Si:H,F films. 

We have also investigated the effect of the SiF4/H2 ratio on the cristallinity of µc-Si:H,F films 

deposited at 13.56 MHz, at low r.f. power (10 W) and at 250°C on Corning glass 7059 [39], and 

data are shown in Fig. 2. 

Furthermore, the a-Si to µc-Si transition in SiF4 plasmas depends also on F-atoms; and this is quite 

obvious to think about since it is well known that F-atoms are better etchant than H-atoms for 

silicon [77]. Indeed, various heterogeneous processes involve F-atoms that act not only on Si-atoms  
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F + SiFx � SiFx+1↑                         (etching of the Si-phase) 

but also on H-atoms, acting as scavenger of hydrogen atoms through the heterogeneous process 

H + F � HF  

Both processes determine the amorphous-to-microcrystalline transition and the hydrogen content 

into the films. 

Considering the bond energies involved in the system, e.g. E(H–F) = 5.8 eV, E(Si–F) = 5.6 eV, 

E(Si–H) = 3.1 eV and E(Si–Si) = 1.8 eV, the surface concentration of F-atoms that reach the 

growing surface and etch the weak Si–Si bonds is, in addition to H-atoms, an important factor in the 

amorphous-to-microcrystalline transition. Indeed, the formation of H–F bonds as the more 

favorable bond is the effective parameter for the control of the density of both F-atoms and H-atoms 

at the growing surface. Thus, the desorption of HF, which is completely dissociated in the plasma 

phase, from the film surface and the propagation of the Si-Si network explain the higher packing 

density, better structural and lower hydrogen content of films from SiF4, as found by the 

ellipsometric spectra analysis shown in Fig. 3. In particular, the higher density volume fraction is 

seen in the higher amplitude spectrum for the films obtained by SiF4 plasmas and in the lower voids 

volume fraction as determined by the BEMA modeling. Furthermore, in the case of µc-Si:H:F, a 

good fit to SE spectra is obtained by a two-layer model including an homogeneous and dense 

microcrystalline layer with a thin layer of surface roughness, as also supported by AFM data. 

Conversely, the lower spectrum with less pronounced crystalline silicon interband critical points E1 

and E2 recorded for µc-Si:H from SiH4 is indicative of a higher voids volume fraction and higher 

surface roughness. The best-fit model indicated a non-homogeneous multilayer structure with a 

voids density increasing toward the film surface. 

 

3.3 Crystallinity at low temperature 

The etching/deposition competition contributes to microcrystallinity in SiH4-H2 plasmas as well as 

in SiF4-H2 plasmas, where the etchant species are both atomic hydrogen and fluorine. Interestingly, 

a study of the temperature dependence of the etching rate of both a-Si and µc-Si films by hydrogen 

atoms (produced by a H2 plasma) and fluorine atoms (produced by a NF3 plasma) revealed that the 

etching of a-Si and µc-Si by fluorine atoms has a positive pseudo-activation energy, Ea, of +0.028 

eV and of +0.11 eV, respectively, (see the like-Arrhenius plot of Fig. 4). Thus, the lower the 

temperature, the faster the etching of the a-Si phase than the etching of the µc-Si phase by F-atoms. 

In contrast, a negative pseudo-activation energy of −0.026 eV and of −0.097 eV is found for the 
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etching by H-atoms of a-Si and µc-Si, respectively, indicating that the higher the temperature, the 

faster the etching of the a-Si with respect to the µc-Si phase.  We have defined the ratio of the a-Si 

to µc-Si etching rate, ra-Si/rµc-Si, as an “etching selectivity” parameter. This ratio  is plotted as a 

function of temperature in Fig. 5. The plot shows that the etching selectivity in favor of the 

microcrystalline phase increases with the decrease of temperature in presence of F-atoms. 

Conversely, the etching selectivity yielding the microcrystalline phase increases with temperature in 

SiH4 plasmas. This explains and enables the growth of fully µc-Si films at low temperature by  

SiF4-based plasmas. Thus, not a “strong etching”, but rather a “strong etching selectivity” at low 

temperature is the key difference between the growth of µc-Si films from SiF4 and SiH4 plasmas. 

In the below, we will present and analyze consequences of these main peculiarities of 

fluorine atoms in the deposition of microcrystalline silicon from SiF4-H2-He plasmas. 

 

4. From amorphous to microcrystalline silicon films exploiting SiF4-based plasmas 

Following the work by Ovshinsky and Madan [46], nowadays there is no doubt that SiF4-H2 

plasmas can yield a-Si:H:F films with improved or at least the same optical and electrical quality as 

a-Si:H from SiH4-H2 plasmas. Although it is known that a reference dielectric function does not 

exist for a-Si, since its optical properties are a function of the deposition methods and parameters, a 

relative comparison of the a-Si dielectric functions can be used to infer quality of materials. The 

dielectric function is a fingerprint of a-Si, and it is highly sensitive to the hydrogen content of a-

Si:H and even hydrogen bond configuration, to the band gap and voids fraction/density. Therefore, 

in Fig. 6 we are comparing the imaginary part, ε2, of the dielectric function of various a-Si:H 

measured by us on films deposited from SiH4-H2 in various laboratories worldwide. In the same 

figure, the spectrum of a typical a-Si:H:F film deposited by us from SiF4-H2 PECVD is also shown. 

Optical transitions in amorphous materials lack k-vector conservation; hence, optical functions of 

amorphous materials do not have very sharp features. The dielectric function exhibiting the largest 

ε2 at its peak (∼30) from Aspnes [78] from LP-CVD (no hydrogen in the film) is believed to be 

most representative of a bulk dense sample. It has been shown to be an apparently limiting peak 

value for a-Si, and its ε(E) has long been regarded as the ‘‘intrinsic’’ dielectric properties of a-Si. 

Interestingly, ε2 at its peak ∼30  is also achieved for a-Si:H (10% H) from PECVD deposited from 

Arun Madan (a reference sample was provided to our lab) and from SiH4-H2 in our laboratories; a 

reduced broadening is measured for a-Si:H, although typically lower values at the ε2 maximum are 

measured for films from SiH4-H2. Noteworthy, also the a-Si:H:F film deposited from SiF4-H2 in our 

labs shows ε2 at its peak ∼30 although with a higher optical gap due to the fluorine inclusion. 
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Various dielectric functions representative of the amorphous silicon quality state-of-the-art from 

various labs are reported in Fig. 6. Here, it can be seen that the amplitude and broadening of the 

dielectric function of a-Si:H:F films similar to that of a-Si:H and a-Si, indicating similar optical 

quality. 

It is well known that to promote the amorphous-to- microcrystalline phase transition during 

the PECVD of silicon from SiH4-H2, hydrogen dilution plays an important role [73,79,80]. 

Furthermore, the phase diagram proposed by Collins and his coworkers [81] indicates: 

- the presence of an initial hydrogen-rich amorphous incubation layer, whose thickness decreases 

with the increase in H2 dilution, as also observed by many other groups [82].  

- the existence of a crystallization dynamics, i.e., the increase in crystallinity with the increase in 

film thickness [81];  

 - the dependence of cristallinity and the necessary H2 dilution on plasma power, pressure, substrate 

and temperature; specifically, the lower the deposition temperature, the higher the H2 dilution to 

have the amorphous-to-microcrystalline phase transition [83].  

Therefore, H2 dilution of SiH4 poses some intrinsic limits to technological issues and objectives 

such as deposition of fully crystalline films at low deposition temperature on plastic/polymer 

flexible substrates. Furthermore, we have also to consider that the larger the H2 dilution, the lower 

the deposition rate (e.g. see Fig. 7). Those limitations have driven research on deposition of 

microcrystalline silicon using approaches eliminating [27-34] or limiting [9,10] H2 dilution. 

Among the various approaches, we demonstrated that SiF4-H2-He r.f. PECVD is a valuable process 

for the deposition of microcrystalline very thin films (thickness < 100 nm) at low temperatures 

(<100°C), as shown in Fig. 7, also on plastic substrates.  

Peculiarities of µc-Si films deposited by the SiF4-H2-He PECVD are the complete crystallinity, the 

very low hydrogen content (∼1%) as indicated by FTIR measurements, the absence of any 

amorphous incubation layer at the early stage of the growth and the absence of any crystallization 

dynamics, as indicated by both Raman spectroscopy (see in the below) and ellipsometry. The 

reliability of the ellipsometric analysis was calibrated and tested on some representative samples 

[59] to be applied routinely to non destructive ellipsometric analysis of all samples.  
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Helium (He) has been chosen as diluents since it is a way to reduce ion energy, to high-

density plasmas at reduced r.f power and to films with lower defect density and lower hydrogen 

content, producing more stable materials [84,85]. Furthermore, Lucovsky et al. [9,10] demonstrated 

that the use of He to promote excitation and dissociation of SiH4 and H2 promoted the deposition of 

homogeneous µc-Si films with no detectable amorphous silicon transition region between the 

substrate and the µc-Si film. Figure 8 summarizes the effect of He dilution for fixed SiF4/H2 ratios. 

The figure shows that for SiF4-H2-He plasmas, He dilution has an important effect and He is needed 

to promote crystallinity. Specifically, an increase in the film crystallinity is observed with the 

increase of He-dilution. Films with [H]<1% and a microvoids volume fraction of 5-10% are 

obtained, indicating a release of hydrogen from the silicon network and an increase of film density 

[38,40]. The increase in crystallinity accompanies with a decrease of the net deposition rate as a 

consequence of a more effective etching of the amorphous phase with respect to the 

microcrystalline phase [38]. Interestingly, the increase in microcrystallinity and density is achieved 

for SiF4-H2-He plasmas at a low specific power W/Φ(SiF4)∼1.5, (defined as the effective plasma 

power, W, per flux unit of the silicon precursor, Φ)  and an increase in the W/Φ(SiF4) parameter is 

not needed, since it results in a decrease of crystallinity as shown in Fig. 9a. Conversely, high 

values of  W/Φ(SiH4) are required to sustain crystallinity in SiH4-H2-He plasmas as shown in Fig. 

9b. This effect of He in the SiF4-H2 plasmas can be explained by considering that an increase in the 

ratio of the etching specie F-atoms to the SiF
x 

growth precursors is found by optical emission 

spectroscopy (details are in ref. 38) sustaining the etching/deposition competition that favors the 

crystalline phase formation.  

 As for the temperature effect on film microcrystallinity for films deposited from SiF4, Fig. 10 

shows the SE spectra of the imaginary part, <ε2>, of the pseudodielectric function of about 60 nm 

and 100 nm thick µc-Si:H:F deposited on polyimide at various temperatures in the range 60−180°C. 

The volume fractions of the microcrystalline (µc-), amorphous (a-) and voids phases constituting 

the bulk of films, as derived from the BEMA modeling of the spectra, are also reported in the inset. 

Interestingly, the a-Si phase decreases with decreasing temperature leading to an increase in the 

voids volume fraction from 10% to 20% at very low temperatures.  

Another characteristic of SiF4-H2-He plasmas about crystallization dynamics can be inferred by the 

analysis of film microstructure as a function of film thickness. Figure 11 shows the <ε2> spectra of 

µc-Si:H:F films with different thickness deposited on both glass and polyimide. The small decrease 

of the experimental SE spectra as a function of thickness can be ascribed to an increase of surface 

roughness with thickness as corroborated by AFM data also reported in the same figure. A three-
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layer model provided the best fit to spectra for glass samples, which consisted of a microcrystalline 

film (bottom layer), a less dense top-layer and the outmost surface roughness layer. For samples on 

polyimide, the best-fit to spectra was achieved by a two-layer model that consisted of the 

microcrystalline films and the top layer representing the growth zone and surface roughness. The 

fraction of the amorphous phase present in the top layer for the films on polyimide is consistent 

with the lower roughness also detected by AFM. For films on polyimide, less packed grains and, 

hence, less density film can be inferred from the presence of the 14-18%voids in the film, which 

might be related to the different initial nucleation density on the two substrates with different 

roughness. Furthermore, in this regime of fully microcrystalline films, without any amorphous 

component, the grain size increases with the increase in film thickness, as determined from XRD. 

From these best-fit SE models, corroborated by XRD and Raman measurements as shown in Fig. 

12, it can be inferred that no amorphous interface is found by for the present films whatever the 

substrate. Figure 12 shows a typical Raman spectrum obtained for several microcrystalline samples 

on glass; the spectrum can be convolved with a narrow feature centred at 517 cm-1 with a full width 

half maximum (FWHM) of approximately 10– 12 cm-1  due to a crystalline phase and a broad peak 

at 505–510 cm-1 with a FWHM = 25–29 cm-1 which is ascribable to small crystallites and/or grain 

boundaries. No appreciable amorphous component can be discerned at 480 cm-1.  

 

5. The substrate-film interface: the SiF4 substrate pre-treatment for suppressing the 

incubation amorphous layer 

Typically, a thin amorphous layer is formed at the substrate/film interface during deposition 

from SiH4-H2 plasmas. Therefore, many attempts have been made to improve crystallinity during 

the early stage of growth using fluorinated plasmas, e.g. SiF4-H2 plasmas [86,87] and CF4-He 

plasmas [88]. Film structure, including grain size and orientation, and crystalline fraction, can be 

controlled even at the early stage of growth by pre-treatments and modification of the substrate 

surface. In the below, we examine the use of SiF4-He plasmas for substrate pre-treatment in order to 

improve thin layers as seeds for subsequent µc-Si deposition. The SiF4/He=20/45 sccm plasma 

substrate pre-treatment was run at 20 Watt and 0.3 Torr. 

A real time observation of the growth kinetics by laser reflectance interferometry (LRI) from both 

SiH4- and SiF4-based plasmas has revealed the existence of a “crystallite nucleation time”, which is 

the time indicative of the crystallites nucleation and coalescence. Typical LRI profiles are shown in 

the inset of Fig. 13. The increase in the reflectance signal is due to the optical contrast between the 

refractive index of the substrate and the refractive index of the forming silicon layer. Arrows in the 

inset indicate the onset of the nucleation process. The accurate determination of the nucleation point 
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depending on the substrate and deposition conditions has been measured by the first derivative of 

the normalized reflectance curves:  the time corresponding to the first derivative value of 2x10-4 s-1 

of the normalized reflectance profiles identifies the nucleation onset.  An investigation of the 

dependence of the “crystallite nucleation time” on plasma substrate pre-treatments, i.e., H2 and 

SiF4-He, on deposition plasmas, i.e., SiH4-H2 and SiF4-H2, and on substrates (including Corning 

glass, c-Si and a flexible substrate such as the polyimide) has revealed that the SiF4-He pre-

treatment of substrates results in a longer nucleation time than the H2 pre-treatment, as summarized 

in Fig. 13. The different nucleation time indicates a different nucleation of silicon crystallites 

depending on the substrate plasma pre-treatment, as also supported by the AFM data reported in the 

same Fig. 13). In particular, the SiF4-He pre-treatment results in a longer nucleation time, with a 

higher density and larger crystallites seeds on all substrates. Factors to be considered for explaining 

the observed effect for SiF4 substrate pre-treatment are: (i) the better cleaning (removal of native 

oxide and contaminant) and lower substrate surface roughness achieved by the SiF4-He pre-

treatment; (ii) the surface passivation by atomic fluorine produced by the SiF4-He plasma (fluorine 

on the surface has been detected by X-ray photoelectron spectroscopy), which inhibits random 

nucleation of small nuclei; (iii) the deposition of µc-Si by chemical transport [89] from silicon 

deposited on reactor walls.  

The impact of the SiF4-He substrate pre-treatment on aiding microcrystallite nucleation and 

growth also when using for the growth a SiH4-based plasma is reported in Fig. 14. Figure 14 shows 

the SE spectra of the imaginary part, <ε2>, of the pseudodielectric function of µc-Si films with 

different thickness deposited using SiH4-H2 plasmas at 120°C on SiF4 pre-treated polyimide. The 

microcrystallinity of the samples, even for a film as thin as ∼350Å, can be inferred by the presence 

in the SE spectra of the sharp E1 and E2 critical points. Fit to spectra has been achieved by a three-

layer model that consist of the initial nucleation layer, which is a mixture of fine grains (p-Si-f) and 

voids, the film where the voids density decreases because of the increase in grain size as also 

indicated by the AFM images, and the top surface roughness layer, as indicated in the figure. It is 

interesting noting that the SiF4 pre-treatment of polyimide results in direct nucleation and growth of 

fully microcrystalline films on polyimide without any amorphous interface layer even using highly 

H2-diluted SiH4. Furthermore, the corresponding AFM data, also reported in the same figure, show 

an increase of the average grain size with film thickness. A similar behavior, i.e., fully 

microcrystalline material without interface layer at the substrate and with a grain size that increases 

with film thickness, applies also for films deposited by SiH4-H2 plasmas on SiF4 pre-treated glass 

[90,91]. Therefore, when the SiF4-He substrate pre-treatment is applied, direct seeding of 

crystallites without any amorphous tissue promotes fully microcrystalline films independently of 
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thickness. In this case, dynamics only concerns grain size increase according to the cone model 

proposed by Branz and his group [92].  

 

6. Summary 

The peculiarities of the use of the SiF4 precursor in the deposition of a-Si:H:F and of µc-Si:H:F by 

r.f. PECVD have been presented and discussed. The primary conclusions can be summarized as 

follow: 

- the growth of silicon films both amorphous and micro-crystalline from SiF4 plasmas requires 

hydrogen atoms; 

- the concomitant presence of both etchants fluorine and hydrogen atoms allows the amorphous-

to-microcrystalline transition to occur at low H2 dilution of SiF4-H2 plasmas. The 

microcrystallinity results from the deposition/etching competition; 

- fluorine atoms, acting as heterogeneous scavenger of hydrogen atoms, results in lower 

hydrogen content into the films and more dense and stable microstructures; 

- SiF4-H2 plasmas allow the growth of microcrystalline materials reducing any amorphous 

incubation layer at the substrate/film interface; 

- SiF4-H2 plasmas allow the growth of micro-crystalline films at low temperatures (T<100°C) 

also on flexible substrates.  

- the He dilution of SiF4-H2 plasmas aids and promotes crystallization; 

- SiF4-He plasmas are also worthy as substrate pre-treatment in order to promotes crystallites 

seeds for the subsequent µc-Si deposition.  
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Figure Captions 

 

Figure 1. Scheme representing the silicon deposition (activated by SiFx radicals and hydrogen 

atoms) and the silicon etching (operated by fluorine atoms) processes with the 

corresponding kinetic equations for the deposition rate, rD, and etching rate, rE. The 

scheme has been drawn on the basis of a previous model from Matsuda [65]. The 

formation of the microcrystalline phase results from the deposition/etching competition: 

a much higher deposition rate than etching rate mainly yields the amorphous phase, 

whereas a deposition rate slightly higher than the etching rate results in the amorphous-

to-microcrystalline phase transition.  

 

Figure 2. Dependence of the crystalline (fc), amorphous (fa) and voids volume fractions (as 

determined by the analysis of ellipsometric spectra) of 100nm thick films deposited on 

Corning glass 7059 as a function of the SiF4/H2 ratio at a temperature of 250°C. 

 

Figure 3. Ellipsometric spectra and best-fit models of µc-Si:H:F and µc-Si:H films deposited by 

SiF4/H2=2 (dilution of 60 % in He) and SiH4/H2=0.017 plasmas, respectively, at 180°C 

on Corning Glass. The corresponding 1µmx1µm AFM images and rms values (rooth 

mean square surface roughness) are also shown indicating a lower surface roughness for 

the µc-Si:H:F film. 

 

Figure 4. Like-Arrhenius plot for the etching rate of µc-Si and a-Si films by fluorine atoms (F-

atoms) and hydrogen atoms (H-atoms). 

For the a-Si:H, deposition conditions were: SiH4/H2=2sccm/18sccm, pressure = 0.3 

Torr, r.f. power = 10 Watt, T = 200 °C, thickness = 1µm 

The µc-Si were deposited by SiF4/H2/He = 20/10/45sccm at 100°C, 0.3 Torr and 20 

Watt.  

For the tching experiments of a-Si and µc-Si films by atomic hydrogen and fluorine H2 

and NF3 plasmas were used, respectively. Etching plasmas were operated at a flux of 10 

sccm, a r.f. power of 5 Watt, a pressure of 0.003 Torr, while the surface temperature 

was varied from room temperature to 350 ◦C. 

 

Figure 5. Etching selectivity parameter, defined as the ratio between the etching rate of the a-Si and 

µc-Si, ra-Si/rµc-Si, vs. temperature in F-atoms and H-atoms containing plasmas. The 
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diagram shows that at T>100°C hydrogenated plasmas (SiH4) favor deposition of µc-Si 

films, while fluorinated plasmas (SiF4) favor a-Si films formation; at T<100°C, the 

reverse applies, i.e., fluorinated plasmas (SiF4) favor deposition of µc-Si films, while 

hydrogenated plasmas (SiH4) favor the a-Si phase. 

 

Figure 6. Dielectric function (blue lines) of various a-Si:H films deposited by SiH4-H2 PECVD in 

different laboratories; the a-Si:HBari(from our lab) and from a reference a-Si:HMadan 

provided by Arun Madan well compare with the “reference intrinsic” a-Si.Asp dielectric 

function from Aspnes in ref. [78] (black line). The dielectric function (red line) for a 

typical a-Si:H:F film deposited from SiF4-H2 in our lab at T= 250°C is also shown for 

comparison. 

 

Figure 7. Dependence on the deposition temperature of the deposition rate (dashed line,) and 

crystallinity (continuous line) for films deposited by SiF4/H2=2 (dilution of 60% in He) 

plasmas (red lines, square symbols). Data for deposition from SiH4-H2 plasmas at a 

dilution of 90% ( , ) and 95% ( , ) in H2 from ref. [83] are also shown for 

comparison, and despite the low number of SiH4-H2 points, lines are to draw eye to the 

trend. (Thickness of the deposited films is approximately 200nm) 

 

Figure 8. Dependence on He dilution of the crystalline and voids volume fractions (as determined 

by the analysis of ellipsometric spectra) for 100nm thick films deposited on Corning 

glass from SiF4-H2 SiF4/H2=4; indicative points also for SiF4/H2=2 and 5 are also shown. 

Thickness of the deposited films is in the range 150-200nm. 

 

Figure 9. Crystalline (�), amorphous ( ) and voids () volume fractions vs rf power for films 

deposited from (a) SiF
4
-H

2
 plasmas (SiF4/H2=4, dilution of 60% in He) and (b) SiH

4
-H

2
 

plasmas with C(SiH
4
)=2%). 

 

Figure 10. Experimental ellipsometric spectra of the imaginary part, <ε2>, of the pseudodielectric 

function of µc-Si film deposited on polyimide at various temperatures. The inset shows 

the corresponding volume fractions of the microcrystalline (µc-), amorphous (a-) and 

voids phases constituting the silicon films as derived by the BEMA analysis of SE 

spectra. 
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Figure 11. Experimental SE spectra of the imaginary part, <ε2>, of the pseudodielectric function of 

µc-Si film with different thickness deposited from SiF4-H2-He plasmas at 100 ◦C on (a) 

Corning glass and (b) polymide. The best-fit ellipsometric models and the 

corresponding 1µmx1µm AFM images with the surface roughness (RMS) values are 

also shown. The E1 and E2 critical points, which are signature of the crystalline phase 

are also indicated. 

 

Figure 12. Raman spectrum of a typical microcrystalline sample deposited on glass_black line (it 

corresponds to the SLV55 sample in Fig. 11) and on polyimide_red line (it corresponds 

to the 414Å thick film in Fig. 11). 

The Raman spectra were acquired by a Renishaw spectrophotometer equipped with a 

cooled CCD detector and a laser excitation at 514.5 nm in confocal-backscattering 

configuration, focussing the beam with a power of 1 mW into a spot of 1 µm through a 

X100 microscope objective. 

 

Figure 13. Nucleation time of silicon deposition from SiH4-H2 and SiF4-H2 plasmas using the SiF4-

He and the H2 pre-treatment of polyimide, Corning glass 7059 and Si(100) substrates. 

The inset shows the laser reflectance interferometry (LRI) traces recorded during the 

µc-Si films deposition at 230°C on glass, putting in evidence the different nucleation 

time depending on the substrate pre-treatment. The 1µmx1µm AFM images with the 

corresponding rms values of the glass substrates after the H2 and SiF4-He pre-treatment 

and after the subsequent deposition of 20 nm of µc-Si film are also shown. 

 

Figure 14. SE spectra of the imaginary part, <ε2>, of the pseudodielectric function of µc-Si films 

with different thickness deposited at 120°C on SiF4 pre-treated polyimide using a SiH4-

H2=0.5-30 sccm plasma at 0.3 torr and at a r.f. power density of 170mW/cm2. The best-

fit corresponding BEMA models showing the microstructure of films and the 

corresponding 1µmx1µm AFM images with the surface roughness (RMS) values are 

also reported. The E1 and E2 critical points, which are signature of the crystalline phase 

are also indicated.  
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