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In this work the silicon nanoparticle formation caused by structural-phase transformations in the SiOx and SiOx:Er,F films 
evaporated  onto sapphire substrate is studied. These transformations are induced by moderate temperatures annealing 
(650–1000°C). It was established that the crystallization of a-Si nanoparticles is much more intensive in the annealed 
SiOx:Er,F films as compared to the annealed SiOx films, and  the origination of crystalline silicon phase  takes place near 
the interface SiOx:Er,F film/Al2O3 substrate.  The obtained results are explaining based on analysis of available literature 
data on behaviour of Er and F in silicon and Si−O systems.   
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1. Introduction 
 
Both nc-Si/SiO2 and erbium doped nc-Si/SiO2 

nanosystems are considered as possible candidates for the 
manufacturing of light emitting sources compatible with 
silicon technology [1]. The Er3+ ions produce radiation 
from the 4f shell in a transition from the 4І13/2 first excited 
state to the 4І15/2 ground state at 1.54 µm wavelength, one 
of the standard wavelengths in telecommunications. As 
shown in [2,3], in structures with erbium ions and Si 
nanocrystals in SiO2 matrix both optical and electrical 
pumping occur by energy transfer from the Si-nanocrystals 
to the rare-earth ions. 

It is attractive to use a simple and cheap technology of 
formation of nc-Si/SiO2 and Er-doped nc-Si/SiO2 light-
emitting structures by thermal evaporation of silicon 
monoxide and thermal coevaporation of SiO and ErF3, 
correspondingly. Er-doping by SiO/ErF3 coevaporation is 
interesting for two reasons.  First, the valency of rare-earth 
ions is usually +3, which makes charge compensation 
necessary. Specifically, the fluorine anions can be used for 
this purpose. Second, as a rule, to form nc-Si/SiO2 system 
by means of phase separation in thermally deposited SiOх 
films, the temperatures higher than 1000 °C are required.   
Fluorine, like other halogens, has a tendency to enhance 
recrystallization processes. Therefore, one could hope that 
introduction of F will intensify  the transformation of 
amorphous silicon nanoinclusions formed during the  
initial stage of  SiOх thermal decomposition into Si 
nanocrystallines, and reduce the low-temperature threshold 
of this process. Lowering the process temperature is the 
essential advantage of every technology. In case of 
SiOx:Er,F films this is fundamentally  important because 
the segregation of erbium ions into metallic clusters takes 
place at Тann > 900 ˚С. Consequently, the final stage of 
forming the erbium-doped light-emitting system should 
not exceed 1000 °С. 

It is known that the properties of thin-film systems 
depend rather strongly on the substrate type. For example, 
different sizes of Si nanocrystallites and volume fractions 
of crystalline phase were obtained in the nano-silicon thin 
films deposited on a-Si, Si

3
N

4
 and SiO

2
 film substrates in 

the same PECVD run [4]. Also, different spectral 
distribution and intensity of photoluminescence have been 
observed after high-temperature annealing of silicon-rich 
oxide films synthesized under exactly the same conditions 
on silicon and sapphire substrates [5, 6]. Moreover, very 
recently authors [7] revealed  the differences in structure  
and luminescent properties of  nc-Si–SiOx light emitting 
nanosystems  formed in the same technological cycle on Si 
substrates with (100) and (111) crystallographic 
orientations.  The majority of investigations of the silicon 
nanoinclusion formation in SiOx films are performed using 
the samples on monocrystalline silicon substrates. 
Behaviour of Si-nanosystems on sapphire substrates is less 
studied as compared to silicon substrates. However, this 
issue is of great practical importance because sapphire 
substrates have distinct advantages over crystalline Si (c-
Si) ones – they provide better electrical insulation and 
radiation resistance properties. Such properties of sapphire 
substrates ensure improved operational characteristics of 
the nanosytems [8, 9]. 

The stated shows the importance and actuality of the 
study of silicon nanoparticle formation process by using 
thermal annealing of SiOx and SiOx:Er,F films deposited 
on sapphire substrate. Raman spectroscopy is one of the 
most power tools for such type of  investigations [10].  

 
2. Experimental 
 
The SiOx:ErF3 initial samples were fabricated by 

thermal  coevaporation from separate sources of 99.9% 
pure silicon monoxide SiO (Cerac Inc.) and pure ErF3 onto 
polycrystalline polished sapphire  substrates heated to 
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150°C  in 10–3 Pa vacuum. Non-doped SiOx films were 
also evaporated for comparison. ErF3 concentration ( C ) 
was 1 mol.%. After deposition the samples were  annealed 
during one hour in air at temperatures of 650–1000°C and 
in 10–3 Pa vacuum at 650°C. Micro-Raman spectra (RS) in 
the spectral range 100–1800 cm-1 were registered at room 
temperature and 514 nm excitation wavelength using 
Horiba Jobin-Yvon T-64000 Raman spectrometer. 
Olympus 50X/0.75 microscope objective was used at 
excitation power of 1 mW. The spectral resolution was 
less than 0.02 cm–1.  

 
 
3. Results 
 
RS of doped and undoped films are shown on Fig. 

1a,b.  The RS of the initial samples as well as the 
samples annealed at 650ºС (Fig. 1a,b ) display only the 
bands related to А1g and Eg vibrations of Al2O3 which are 
attributed to scattering in sapphire substrate. Raman 
spectrum from amorphous silicon in this case was not 
registered. This may testify to strong bond-angle and 
bond-length disorder of Si–Si bonds within two-three 
coordination spheres (clusters of a-Si are absent).  

This situation changes radically after annealing at 
750ºС. The phonon TA, LA, LO, TO modes caused by 
Raman scattering in a-Si (а-SiOx) are registered  in RS 
(Fig. 1a,b). Appearance of phonon spectrum of amorphous 
silicon points out the thermally stimulated morphological 
changes in SiOx and SiOx:ErF3 films due to the formation 
of distinctly expressed  a-Si cluster structure (without 
presence of nanocrystalline nc-Si inclusions).  The peak at 
about 480 cm-1 due to the Si–Si TO vibrations is sensitive 
to the short-range disorder of a-Si. An increase in the 
width at half-maximum of TO band (ΓТО) and a shift of 
TO position (ωTO) towards lower frequencies indicate the 
increase in the short-range disorder [11, 12]. The peak at 
about 150 cm-1, the Si–Si transverse-acoustical-like (TA) 

vibrations, is related to the intermediate-range disorder of 
the films. A decrease in the ratio of the intensity of the TA 
band to that of the TO band, ITA/ITO, indicates an increase 
in the intermediate-range order [13].  Considerable 
intensity of TA band at 150 cm-1 as compared to the 
intensity of TO band at 480 cm-1 provides additional 
evidence that the small-size regions with structural 
features of amorphous Si  are formed. Since the a-Si 
nanocluster size is comparable to (or less than) the TO 
phonon wavelength value, the intensity of this band 
decreases. The presence of coordination defects is 
necessary for the existence of the longitudinal-acoustic-
like (LA) mode at 300 cm-1 and the longitudinal-optical-
like (LO) mode at 410 cm-1; the more defects the larger 
values of ILA/ITO and ILO/ITO ratio [14]. The increase in the 
ITO/ ITA value from 0.96 to 1.11, the shift in ωTO towards 
the higher frequency by about 4 cm-1, and the  narrowing 
of ΓTO by about 15 cm-1 in SiOx:Er,F as compared to SiOx  
indicate that the amorphous network in SiOx:ErF3 becomes 
more orderly on both short and intermediate scales.  

Increasing the Tann  to 1000 0С for SiOx film (Fig. 1a) 
causes the significant decrease of the intensity of the 
inelastic scattering. This could be caused by increase in the 
structural disorder of Si–Si bonds and/or additional 
oxidation of starting SiOx film (increasing relative 
concentration of oxygen x). Increase of the substrate signal 
testifies to decrease of the absorption of exiting laser beam 
(which can be caused by atmospheric oxidation of a-Si 
nanoinclusions). An essentially different situation takes 
place for doped SiOx:E,F films (Fig. 1b). Significant 
decrease of scattered intensity from a-Si, and appearance 
of intense, relatively sharp (half-with 10.3 сm-1) band at 
522.4 сm-1   is observed in Raman spectra of these films. 
This shows the presence of nc-Si phase along with a-Si 
phase in the samples. The ratio of the integrated intensity 
of the optical phonon bands for  a-Si (Ia) and nc-Si (Inc) 
can be used to estimate the content of nc-Si knc ((nc-Si)/(a-
Si) ratio)  [15]. In our case    knc = Inc/(Inc+Ia) = 0.37.  
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Fig. 1. Micro-Raman spectra of the SiOx and SiOx:ErF3 films annealed in air for 1 hour at 650, 750 and 10000С. 
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In Raman spectra, the optical phonon peak of nc-Si is 
red-shifted and broadened as compared to monocrystalline 
Si. Based on Richter’s model [16], the Raman intensity of 
the optical phonon of spherical nc-Si particles (< 20 nm) 
can be expressed as [17]: 
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where ω(q) is the dispersion relation of the TO phonon; 
for Si, ω(q)  equals [A + B cos (πq/2)] 1/2, with A  = 
1.714×105 cm-2 and B = 1.000×105 cm-2. q is the wave 
vector of the phonon in 2π/a0, and a0 (0.543086 nm for Si ) 
is the lattice constant. Γ0  is the natural line width (3.6 cm-1 
for Si), and L is the average diameter of the spherical nc-Si 
particles. From the approximation of the nanocrystalline 
component of  experimental spectrum  by the  Eq. (1), it 
was found that the average size of Si nanocrystals formed 
at 1000 °С annealing of SiOx:Er,F films is  L = 7 nm.  For 
crystallites of such size the red shift of the phonon band 
caused by size-induced confinement should be of the 4 cm-

1 order [17]. However, in our case the 1.4 cm-1 blue shift 
relatively to Si bulk phonon frequency (521 cm-1) is 
observed. Thus, the total up-shift amounts to 5.4 cm-1. 
Mechanical strain or stress may affect the frequencies of 
the Raman modes. The total 5.4 cm-1 up-shift  indicates the 
existence of the compressive stress in the Si-nanocrystals 
acting in the opposite direction of the phonon confinement 
effect  [18]. In case of biaxial stress in the x–y plane, with 
stress components σxx and σyy, assuming that the relation 
between Raman shift and stress is  linear, this becomes 
[19]: 
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This estimate in our case gives σ ≈ -1.3 GPa. 
 
 

4. Discussion 
 
Since SiOx:Er,F  films  have not been studied before,   

we will analyze the obtained results based on available 
literature data which deal with doping of Si−O systems 
and silicon with Er, F,  and trifluorides of rare earth 
metals.  Data on the formation of Si−O thin films on 
silicon and sapphire will also be used.  

Taking into consideration the results of 
comprehensive studies of the SiOx:Tb,F films obtained by 
simultaneous co-evaporation of SiO and TbF3 [20, 21] and 
similarity of thermodynamic properties of ErF3 and TbF3 
[22] one should bare in mind that in our SiOx:Er,F films Er 
and F can be incorporated into the as-deposited film not 
only in the form of ErF3 quasimolecular complexes but 
also in other configurations. One can expect that the most 
pronounced differences in structural and physical-
chemical properties of  SiOx and SiOx:Er,F would be due 
to presence of atomic and bounded fluorine in the 

SiOx:Er,F films. This is due to two circumstances: first, 
fluorine has high mobility in  SiO2 and silicon [23–25]; 
and second, it saturates the dangling bonds of Si and O 
[26, 27]. The last circumstance, in particular,  explains   
the presence of smaller number of dangling bonds in as-
prepared SiOx:Er,F films as compared to as-prepared SiOx 
films (which is confirmed by EPR measurements on our 
films [28]). Both of these circumstances cause   greater 
intensity of the near-band photoluminescence of c-Si 
substrates covered by SiOx:Er,F  films as compared to 
near-band photoluminescence of c-Si substrates covered 
by SiOx  films [29].  

As our experimental results show, codeposition of 
ErF3 enhances formation of Si nanocrystallites, and retards 
oxidation of SiOx. Both the difference in degree of 
oxidation and the degree of the Si nanoinclusion formation 
grow with increase in annealing temperature. These facts 
correlate with temperature dependence of dissociation of 
ErF3 quasimolecular complexes(centers) –  the dissociation 
increases with increase in temperature, resulting in the 
increase of amount of active non-bonded fluorine in 
SiOx:Er,F films similar to  ZnS: Er,F films [30].  It is 
known that random crystallization rate in a-Si can be 
enhanced enormously by the presence of fluorine  [31].  In 
[32–34] it was established that introduction of even small  
quantities of fluorine while producing amorphous silicon 
films by  plasma enhanced chemical vapour deposition  
induces a formation of crystalline phase,  and leads to 
appearance of 3–9 nm  and large Si-nanocrystallines in 
such a films without additional annealing.  

We presume that in our case the mechanism of 
fluorine influence on the crystallization in annealed  
SiOx:Er,F films is similar to the mechanism of hydrogen-
induced crystallization of amorphous Si thin films [35 ]   –  
that is, the main factor that stimulates crystallization is 
fluorine insertion into strained Si–Si bonds and  between 
two Si atoms that are not bonded to each other. In the fist 
the Si–Si bond is relaxed and the Si–Si bond length 
becomes closer to the equilibrium bond length in 
crystalline Si after the F atom leaves the bridging 
configuration. In the second case, after the F diffuses away 
from this bond-center position, a Si–Si bond is formed 
between these previously nonbonded Si atoms. Both 
events enhance disorder-to-order transition.  

 Significant intrinsic compressive stress (up to 1 GPa) 
was measured in  Si:H films on c-Si substrate   grown just 
before the transition to microcrystalline material (that is, in 
films containing both crystalline and amorphous phases) 
[36]. One reason for high stress value is that it is generated 
by unbonded hydrogen. The films are in  a state in which 
SiHx complexes are formed by H insertion into strained Si-
Si bonds increasing intrinsic stress [37,38]. The presence 
of F atoms enhances this effect  and µc-Si:F:H nucleation 
is initiated [39].  In the intermediate (containing both 
amorphous and crystalline phases) RF PECVD grown µc-
Si:F:H films on the Si substrates the value of intrinsic 
structure-related compressive stress was found to reach  up 
to 4 GPa [39].   

The total stress in a thin film deposited on a thick, 
rigid substrate is the sum of contributions from any 
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external stress, the intrinsic stress, and the thermal stress 
[40]:  

 
σt  = σext  +  σint  + σth                        (3) 

 
Due to  difference in the thermal expansion coefficient 

of the substrate and the film (αs − αf ), the thermal stress 
σth  is built up during cooling of the sample from the 
annealing temperature Тann  to the temperatures at which 
the stress is measured Тmeas. This is expressed by [41]   
 
σth  = Ef /(1 − νf ) · (αf − αs)  · (Тann − Тmeas )            (4)   

 
Ef  is the elastic (Young’s) modulus of the thin film and νf  
is  the Poisson ratio.  

The compressive thermal stress is the main 
contributor to lattice strain of epitaxial c-Si films on 
sapphire (classic SOS systems) because the external stress 
caused by the c-Si–c-Al 2O3 lattice mismatch (reaching 
more than 10%) is unimportant - it relaxes through 
generation of many structural defects near the interface 
[42]. However, low external stress is not necessarily   the 
case for the Si nanocrystallites on sapphire substrate. 
Besides, intrinsic stress in nc-Si can exist.  

To estimate the thermally induced stress in 10000С 
annealed SiOx:Er,F films on sapphire we calculated σth for 
the films of c-Si,  a-Si, and a-SiO2 annealed at 10000С and  
measured at  Тmeas = Тroom. The following values of the 
parameters were used: αs= 5.8*10-6 K-1 ;  αf  = 2.6*10-6 , 
4*10-6 , 4*10-7K-1 for  c-Si,  a-Si, and a-SiO2, 
correspondingly; Ef  =  112, 80, 73 GPa for  c-Si,  a-Si, 
and a-SiO2, correspondingly; νf = 0.28, 0.20, 0.165 for  c-
Si,  a-Si, and a-SiO2, correspondingly.  From the relation 
(4) such σth values were obtained: –0.50, –0.18, –0.47 GPa 
for the films of c-Si,  a-Si, and SiO2, correspondingly. As 
we can see, these values  correspond to compressive stress. 
However, their magnitudes are lower than those obtained 
for the Si nanocrystals in annealed SiOx:Er,F film.  

In [43] the magnitudes of the compressive stress  for 
the Si nanocrystals formed in α–Al2O3  by annealing of Si-
implanted α–Al2O3  at   900 – 1100°C were approximately  
1.66–2.57 GPa. It was found that the amount of stress is 
greater in the smaller nanocrystals formed at lower 
temperatures; it reaches almost a constant value when the 
nanocrystal formation process is completed. Similar 
results for Si-implanted α–Al2O3 were also obtained in 
[44]. Since for the thermal stress the inverse dependence 
should be valid, such behaviour of the stress for nc-Si in 
α–Al2O3  is caused by the presence of   significant internal 
and/or external stress components.  

For our SiOx:Er,F film annealed at 1000°C  the sum 
σext  +  σint also has compressive character. Its value is 
even greater than the value of the thermal compressive 
stress. The lattice mismatch between sapphire and 
crystalline Si should cause compressive stress. 
Accordingly, the experimental results don’t exclude the 
presence of such component in total stress. This may 
indicate that the origination of crystalline silicon phase  

takes place near the interface SiOx:Er,F film/Al2O3 
substrate.  

 
5. Conclusions 
 
Carried out investigations show considerable 

differences in the structure of non-doped and ErF3-doped 
SiOx films after thermal annealing. These differences 
consist in the greater facilitation of formation of Si 
nanocrystallites in the doped films, and  may be attributed 
to the significant influence of fluorine on both the 
structure of as-prepared films and the nc-Si-crystallization 
process, as well as inhibiting action of fluorine against 
atmospheric oxygen. The results of this study also 
demonstrate the significant impact of the substrate on the 
nc-Si formation process in the course of SiOх film 
decomposition into sub-phases. High compressive stress in 
nc-Si on sapphire substrate is determined by the fact that 
all three possible contributions to the total stress in these 
particles have compressive character. Analysis of our 
experimental results and literature data makes it possible 
to conclude that all three components are significant.   
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