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Abstract 

We report on the epitaxial growth of crystalline silicon films on (100) oriented crystalline silicon substrates by 

standard plasma enhanced chemical vapor deposition at 175 °C. Such unexpected epitaxial growth is discussed 

in the context of deposition processes of silicon thin films, based on silicon radicals and nanocrystals. Our results 

are supported by previous studies on plasma synthesis of silicon nanocrystals and point toward silicon 

nanocrystals being the most plausible building blocks for such epitaxial growth. The results lay the basis of a 

new approach for the obtaining of crystalline silicon thin films and open the path for transferring those epitaxial 

layers from c-Si wafers to low cost foreign substrates. 

 

 

1. Introduction 

 

Plasma enhanced chemical vapor deposition using a 

capacitively coupled RF glow discharge has become 

the standard technique for the production of 

amorphous (a-Si:H) and microcrystalline silicon thin 

films (μc-Si:H), which are the basis of a fast 

expanding large area electronics industry  [1]. While 

substrate effects on the film properties have been 

barely considered for a-Si:H films, there is an 

abundant literature on the substrate dependence of μc-

Si:H growth process  [2]. However, there is still a 

debate on the growth mechanisms of these films. 

While standard growth models based on SiH3 

radicals [3,4] may apply for well controlled and low 

rate deposition conditions, increasing the deposition 

rate is synonymous of enhanced gas phase reactions 

leading to the formation of silicon clusters and 

nanocrystals in the plasma [5,6]. Even though 

common sense would suggest that this is something to 

avoid, we have been using the plasma synthesized 

silicon nanocrystals to improve the electronic 

properties of polymorphous and microcrystalline 

silicon films, while increasing their deposition 

rate [7,8]. More recently we have extended this 

approach to the epitaxial growth of crystalline silicon 

thin films at low temperature (~200 °C). Epitaxial 

growth of silicon thin films by PECVD has been often 

reported in the past, in the frame of the growth of 

μcSi:H thin films [9] and more recently in the 

deposition of a-Si:H films as passivation layers in 

heterojunction solar cells. In the case of 

heterojunction solar cells, epitaxial growth has been 

shown to lead to poor surface passivation; therefore 

efforts have been done to avoid epitaxial 

growth [10,11]. However, one can take benefit of this 

to produce ultrathin crystalline silicon films which can 

be transferred to foreign substrates [12] as well as 

solar cells featuring such epitaxial films [13]. Besides 

their applied interest, they also raise questions about 

the growth mechanism of such epitaxial films at low 

temperature. Moreover, the extension of the PECVD 



processes from a-Si:H, pm-Si:H and μc-Si:H to 

epitaxial layers also brings new light to the 

interpretation of the growth process of these materials. 

Favoring the synthesis of silicon nanocrystals in the 

plasma has been our main driving force over the past 

10 years and has resulted in the development of 

polymorphous silicon films where silicon nanocrystals 

and radicals contribute to the growth [5,7,8]. 

Moreover, we have shown that under conditions of 

μc-Si:H deposition from silicon nanocrystals, the 

nature of the substrate and plasma surface treatments 

prior to deposition play a key role on the growth 

process [6]. Here we focus on the case where the 

substrate is a c-Si wafer with (100) or (111) 

orientation. In this case the substrate selectivity leads 

to a dramatic change on the nature of the deposited 

film: amorphous on (111) and crystalline on (100). 

Such striking difference is discussed in terms of the 

nature of the substrate as well as on the nature of the 

film precursors, leading us to the conclusion that 

silicon nanocrystals are the key element to achieve 

such epitaxial growth at 175 °C.  

 

2. Experiments 

 

All the films have been grown in a standard multi-

plasma mono-chamber RF-PECVD reactor operated at 

13.56MHz [14]. We used (100) and (111)-oriented 

crystalline Si substrates. They have been immersed in 

a 5%-diluted hydrofluoric acid solution for 30±1 s, in 

order to remove their native oxide before being loaded 

into the reactor. All the depositions were done when 

the reactor base pressure reached 1×10−6 mbar. The 

depositions were performed using silane (SiH4) and 

hydrogen (H2) gas mixtures under an RF power of 68 

mW/cm2 and a substrate temperature of 175±5 °C. All 

the samples were characterized via spectroscopic 

ellipsometry (SE), using a phase modulated 

ellipsometer (UVISEL from HORIBA Jobin-Yvon), 

and the DeltaPsi2 software for modeling the 

experimental data. Spectroscopic ellipsometry is a 

powerful technique which has already been used to 

characterize epitaxial films. In particular, it has been 

shown that it was possible not only to detect the 

presence of an epitaxial growth instead of an 

amorphous growth [15,16], but also to model the 

epitaxial films [17,18]. Secondary Ion Mass 

Spectrometry (SIMS) depth profiles were performed 

with Cs+ bombardment and positive ion detection 

using an IMS4F/CAMECA instrument. 

 

3. Results 

 

The importance of the substrate on silicon thin film 

deposition is demonstrated in Fig. 1, where we present 

the imaginary part of the pseudo-dielectric function of 

silicon films co-deposited on various substrates. 

 
Figure 1. Imaginary part of the pseudo-dielectric function 
of silicon thin films co-deposited on various substrates: 
Corning glass, (100) c-Si and (111) c-Si. The black line 
corresponds to the imaginary part of the dielectric 
function of c-Si, provided as a reference. The inset shows 
the optical model used to reproduce the pseudo-
dielectric function of the films on (100) c-Si. 

As indicated above the deposition was carried out at 

175 °C under a total pressure of 2.9 mbar and a 

mixture of 35 sccm of silane in 500 sccm of hydrogen. 

One can clearly see that the shape and amplitude of 

<εi> are very much dependent on the substrate. The 

spectra of the films on Corning glass and (111) c-Si 

are quite the same (except for the low energy region 

where interference fringes are visible) and correspond 

to that of a-Si:H, while the spectrum of the film 

deposited on (100) c-Si is very close to that of a c-Si; 

in other words, the material is crystalline silicon. 

Indeed, modeling of the spectrum of the film on (100) 

c-Si (using the optical model given in the inset of Fig. 

1) shows that the film is 100% c-Si. As previously 



shown [12,17], epitaxial films can be described by a 

three layer model: i) a very thin (~1 nm) interface 

layer between the substrate and the film made up of a 

mixture of c-Si and voids, ii) a bulk layer modeled by 

a mixture of monosilicon [18], large and small grain 

polysilicon [19], and iii) a roughness layer made up of 

a mixture of c-Si and voids. The very thin interface 

layer is responsible for the interference fringes 

observed in the low photon energy range (< 3 eV). 

The roughness layer explains why the amplitude of 

the peak at 4.2 eV is smaller than the one from a bare 

c-Si wafer. Note that the thickness of the films and 

therefore the deposition rate was independent on the 

nature of the substrate. This is quite different when 

studying μc-Si:H deposition which usually requires a 

high hydrogen dilution resulting in a low deposition 

rate. 

 To understand why these plasma conditions lead to 

the growth of crystalline silicon on (100), we 

performed a series of depositions on (100) c-Si 

substrates. The films were deposited under conditions 

where all the parameters were kept constant: the 

hydrogen flow rate was set at 500 sccm, the pressure 

at 2.9 mbar, the inter-electrode distance at 17mm and 

the power density at 58mW.cm−2. Only the silane flow 

rate was varied from8 to 50 sccm. Fig. 2 shows that 

the deposition rate is proportional to the silane flow 

rate as one could expect. On the contrary, the 

composition of the films in terms of their 

monocrystalline and large grain polysilicon fractions 

displays an interesting behavior, with an optimum 

(100% single crystane silicon fraction) for silane flow 

rates in the range of 35–45 sccm. Small and large 

grain polysilicon materials were only added when a 

film made up of 100% monosilicon could not provide 

a reasonable fit (figure of merit χ2 lower than 0.5). As 

a matter of fact, the fraction of monocrystalline silicon 

in the films obtained with the highest hydrogen 

dilution (lower silane flow rate) tends to zero; they are 

similar to highly crystallized microcrystalline silicon 

films. As we increase the silane flow rate from 8 sccm 

up to 35 sccm, the fraction of monocrystalline silicon 

increases until it reaches a maximum. In other words, 

the crystalline quality on c-Si (100) improves as we 

move away from deposition conditions leading to μc-

Si:H on glass. For a silane flow rate of 50 sccm (the 

maximum available from our mass flow controller), 

the fraction of single crystal silicon decreases, i.e., the 

film becomes μc-Si:H. 

The difference in the growth process and film 

crystallinity is also reflected on their hydrogen 

content. Fig. 3 shows the hydrogen count profile of 

silicon thin films grown under conditions very similar 

to the 35 sccm optimum on (111) and (100)-oriented 

silicon wafers. Spectroscopic ellipsometry indicated 

that the film on (111) was amorphous whereas the one 

on (100) was epitaxial (Fig. 1). 

 
Figure 2. Deposition rate and percentages of monosilicon 
and large grain polysilicon materials used in the optical 
model, as deduced from spectroscopic ellipsometry 
measurements, plotted as a function of the silane flow 
rate. The error bars estimated from the ellipsometry 
measurements are of the order of ±2% and therefore are 
within the size of the symbols used. 

The striking feature of this graph is that there is more 

than one order of magnitude difference between the 

hydrogen content of the amorphous film (~10%) and 

that of the epitaxial film. Such dramatic difference in 

the hydrogen content for films deposited by PECVD 

at low substrate temperature has already been pointed 

out [9,20], but scarcely discussed. It suggests that the 

growth process enables to get rid of hydrogen or 

succeeds in avoiding the incorporation of hydrogen in 

or at the surface of the film. In the case of μc-Si:H 

films with a high crystalline fraction one can expect a 

lower hydrogen content than in a-Si:H films deposited 

at the same temperature. However the growth of μc-



Si:H on glass substrates requires a very high hydrogen 

dilution, which is not the case of the films presented in 

Fig. 3. As a matter of fact the dilution is the same for 

both films: the a-Si:H one obtained on c-Si (111) and 

the epitaxial one obtained on c-Si (100). The obtaining 

of an expitaxial growth on (100) and a low hydrogen 

content are certainly linked. Such result calls for a 

growth process different from standard growth from 

silicon radicals and atomic hydrogen as discussed 

below. 

 
Figure 3. SIMS profiles of hydrogen in two silicon thin 
films co-deposited at 175 °C on c-Si wafers. The film on 
(111) is amorphous while the one on (100) c-Si is 
epitaxially grown and is characterized by a factor of 10 
decrease in its hydrogen content. Note the hydrogen 
peak at the interface with the c-Si wafer, consistent with 
thin porous layer in the optical model (inset in Fig. 1). 

 

4. Discussion 

 

Substrate selectivity in μc-Si:H deposition and plasma 

assisted epitaxial growth at low temperature on (100) 

c-Si substrates have been reported in the past. 

However, a clear picture of the growth process is still 

missing. The results presented in Fig. 1 clearly 

demonstrate that the local arrangement of atoms on 

the c-Si wafer (100) versus (111) surfaces determines 

the type of the deposited film: crystalline or 

amorphous respectively. Why is it so? It is important 

to remember that the growth process involves a 30 

second dip in a 5% HF solution in order to remove the 

native oxide prior to loading the substrates in the 

reactor. The presence of a thin native oxide layer is 

enough to prevent epitaxial growth. However HF dip 

leads to two different surfaces exposed to the flux of 

film precursors, and so an epitaxial growth on (100) 

and not on (111) could be explained by the different 

atomic arrangements of these surfaces: for (100) 

planes each silicon atom in the growing plane has to 

form two bonds with the atoms in the previous one. In 

other words, it is geometrically constrained to be 

incorporated in a crystalline lattice position. On the 

contrary, in the case of a (111) c-Si surface, a silicon 

atom incorporated in a growing plane can form only 

one bond with the previous one, which may not be 

sufficient to force an epitaxial growth. Such argument 

has been considered to explain the very strong 

substrate-orientation dependence of the epitaxial 

regrowth rate of ion-implanted a-Si layers on silicon 

substrates at 550 °C [21]. Even though the process 

conditions are quite different from the ones which 

prevail in plasma assisted epitaxy at 175 °C, we 

expect these arguments to hold in our case where the 

epitaxial growth is a local phenomenon and surface 

mobility can hardly play a role. As a matter of fact, 

achieving epitaxial growth by hot-wire chemical 

vapor deposition has been demonstrated at low 

pressure (10 mTorr) in a wide range of temperatures 

(250 °C up to 770 °C) but the epitaxy breaks down for 

films thicker than 1 μm when the substrate 

temperature is below 550 °C, which has been 

explained by dehydrogenation of the growing surface 

as being the rate limiting step for epitaxial 

growth [16,20]. This is quite different from our results 

where epitaxial growth is maintained for films with 

thicknesses up to 4 μm [13] and moreover low 

hydrogen content is achieved in the epitaxial films 

(see Fig. 3) in spite of the low substrate temperature. 

So let us now discuss the mechanism for epitaxial 

growth at such low temperatures. This has been 

discussed in the past in terms of surface mobility of 

SiH3 radicals and hydrogen abstraction. However the 

results presented in Fig. 2 are quite in opposition to 

this picture. Indeed, Fig. 2 shows that as we increase 

the silane flow rate (decrease hydrogen dilution), the 

film crystallinity improves; in other words, the trend is 

opposite to what is generally observed for μc-Si:H 



deposition: decreasing hydrogen dilution moves the 

growth from μc-Si to a-Si:H. Here the fact that the 

film crystallinity improves on (100) c-Si but not on 

(111) c-Si calls for a different growth process. As a 

matter of fact increasing silane flow rate at relatively 

high total pressure moves the process from radical to 

nanocrystal growth, as we have reported in the past 

for pm-Si:H and μc-Si:H films [7,22]. Indeed, over the 

last decade, our group has focused on the study of 

dusty plasmas [23], particularly on the plasma 

synthesis of silicon clusters [5,7,8,22,24]. These 

clusters, generated in the plasma, can be either 

amorphous or crystalline, depending on the hydrogen 

dilution. In particular it has been reported that the 

crystallization of silicon clusters is promoted by their 

reaction with atomic hydrogen in the gas phase [25]. 

If the hydrogen dilution is not sufficient, then the 

silicon clusters are amorphous, as detected 

experimentally [6], which could explain the loss of 

crystallinity when the silane flow rate reaches 50 

sccm. Based on the above results, we propose that the 

unexpected epitaxial growth by PECVD at 175 °C on 

c-Si (100), along with the low hydrogen content of the 

films and the fact that we do not observe a breakdown 

of the epitaxy as film thickness increases, can be 

explained by a growth process were silicon 

nanocrystals are the main building blocks. This could 

also contribute to reduced hydrogen incorporation as 

the ratio of H/Si atoms is expected to be much lower 

for silicon nanocrystals compared to SiH3 radicals. 

Thus, plasma assisted epitaxial growth at low 

temperature can be explained in the context of plasma 

synthesis of silicon nanocrystals. Of course this is the 

beginning of a new enterprise were plasma processes 

have slowly shifted from radical to nanocrystal 

deposition to yield a-Si:H and μc-Si:H films on glass 

substrates and epitaxial films on (100) c-Si substrates. 

While much more work is required to better 

understand the growth process, there is no doubt that 

the possibility of growing crystalline silicon films in 

the same equipment as that used for silicon thin films 

opens new perspectives. A recent example is the 

production of thin crystalline foils on foreign 

substrates [12].  

 

5. Conclusions 

 

We have presented new results on the deposition of 

crystalline silicon thin films on (100) c-Si substrates at 

175 °C by a standard radio-frequency plasma process. 

The substrate selectivity and the epitaxial growth have 

been discussed in terms of the particular atomic 

arrangement of the silicon surface and the contribution 

of plasma synthesized silicon nanocrystals to the 

deposition. Our plasma and material studies point 

toward the crucial importance of plasma synthesized 

silicon nanocrystals in the achievement of epitaxial 

growth at such low temperatures and open the way to 

new applications of plasma processes, limited so far to 

the growth of amorphous and microcrystalline 

materials. 
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