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Ambient gas-induced SiC-like structures in 
edge-defined film-fed grown polycrystalline 
silicon samples 
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Several techniques were used to study a surface layer structure of edge-defined film-fed 
grown polycrystalline silicon samples grown in CO gas deliberately added to the purging 
atmosphere. Although infrared analysis reveals the presence of cubic SiC structures, other 
techniques, such as spectroscopic ellipsometry and Raman spectroscopy, do not detect its 
presence. It is concluded that a layer with specific structure, formed in the course of ribbon 
growth, consists of indiffused oxygen formed upon reaction of CO gas with molten Si. 
Indiffused oxygen, in turn, induces coaggregation of carbon and silicon selfinterstitials that 
probably play the role of SiC nucleation centres, but do not have the thermal stability of SiC. 

1. Introduction 
The need for cheap starting material in terrestrial 
solar cell production urged development of several 
techniques to furnish substrate material. The edge- 
defined film-fed growth (EFG) method for pulling 
single crystals of predetermined cross-section was ini- 
tially used in the growth of sapphire [1], and now is 
one of the prospective techniques used in low-cost 
production of quality silicon crystals. CO and CO z 
gasses are used as purging gasses [2] to modify struc- 
ture and improve the electronic properties of ribbons 
for the purpose of making solar cells. Improvements 
obtained are due to changes in ribbon carbon and 
oxygen concentrations. Ambient gas composition 
variation have already been used to produce changes 
in carbon and oxygen concentration in silicon crystals 
grown by float zone [3] and Czochralski [4] methods. 

The reaction of CO with a silicon melt can produce 
SiC, SiO 2 and SiO with typical growth system temper- 
atures (1685 K) and reacting gas partial pressures 
( ,-~ 10 -3 atm) as shown previously [5]. The meniscus 
melt already has a high level of incorporated carbon 
because EFG material is grown with graphite cru- 
cibles and dies. Therefore, additional carbon supplied 
from the ambient atmosphere will not tend to go into 
solution if the melt is saturated. Thus formation of SiC 
may accommodate the carbon brought to the menis- 
cus surface by the gas [6]. 

When studying carbon incorporation from the 
interface boundary layer, Kalejs and Chalmers [7-1 
proposed a model that involves nucleation and growth 
of SiC nanoprecipitates on the liquid-solid interface 
occurring under conditions of hypereutectic solidi- 
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fication. They found that the precipitate radius could 
reach 10 gm under appropriate conditions. 

Large-grain SiC ( > 10 ~tm) particles were found at 
the ribbon [8] surface. However, submicrometre pre- 
cipitates were not, even with high-resolution transmis- 
sion microscopy with resolution capabilities down to 
5 10 nm sizes [9]. The formation of larger grains was 
attributed to erosion of the graphite dies [10]. 

Redistribution of impurities across the sheet is not 
symmetrical and strongly depends on process para- 
meters [8], because asymmetrical (displaced) dies have 
been used recently in the growth process [11]. Strong 
asymmetry obtained in carbon concentration would 
favour SiC formation. 

This paper discusses thermal stability as well as 
certain properties of a thin film formed on one side of 
EFG polycrystalline silicon ribbon, during ribbon 
growth. 

2. Experimental procedure 
The EFG polycrystalline silicon samples used in our 
experiments were supplied by Mobil Solar Energy 
Corp. All samples examined were p-type, boron 
doped, with 5 10 f~cm resistivity, and were about 
500 lam thick. All were grown in ribbon-like form with 
large monocrystalline grains (a few milimetres across) 
grown parallel to each other and perpendicular to the 
surface of the ribbon. 

Room temperature infrared (IR) spectra in the wave 
number range from 5000-400 cm- 1, were taken with 
a Bruker Fourier transform IR (FTIR) spectrometer 
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113 v. A globar source with a cooled mercury cad- 
mium telluride detector and KBr beam spliter were 
used. The instrumental resolution was 4 cm-1. 

A differential technique was employed in the trans- 
mission measurements with float zone oxygen and 
carbon-free monocrystalline silicon wafer as reference. 

Reflectivity measurements at near normal incidence 
were performed using a gold mirror as reference. 

Spectroscopic ellipsometer data were obtained with 
a MOSS rotating-polarizer spectroscopic ellipso- 
meter. The two ellipsometer parameters t an~  and 
cosA were measurqd as a function of wavelength in the 
range 300-800 nm at 75 ~ incidence angle. Standard 
calibration procedure was performed prior to meas- 
urement. The analyser position was tracked to the 
value of ~ in order to optimize the S/N ratio during 
measurements. 

Secondary ion mass spectrometry (SIMS) measure- 
ments were carried out using a CAMECA IMS 4F ion 
microprobe. Cs § primary ions at 10kV accelerating 
voltage and 4 mA cm -2 current density, rastered to 
150 x 150 gm 2 were used to detect 160 and 12C in 
negative mode. 

3. Results  
Fig. 1 shows the absorbance spectrum in the range 
1400-400 cm-  1 of an as-received EFG sample grown 
in an argon atmosphere with CO gas added, obtained 
with a differential technique with respect to float zone 
(FZ) oxygen and a carbon-free sample. Different peaks 
could be clearly observed from the spectrum. The pro- 
nounced peak at 605 cm-1 indicates the presence of 
substitutional carbon in the bulk of material in the 
concentration of c(Cs) = 1.2 x 1018 atoms/cm 3. The 
calibration constant used was )~(Cs)= 1.1 x 1017 
atoms/cm 3 (ASTM Method F 121-81). 

The broad peak ranging from 1000-1100 cm-  ~ with 
shoulder up to 1200 cm -1 indicates the presence of 
various oxygen complexes, particularly an SiOx phase. 
Dipping of the as-received sample in HF did not 
remove this peak, thereby suggesting that it was not 
due to the surface oxide present. The narrow, high 
peak at 794 cm-1 was attributed to the existence of 
SiC phase [-12]. This attribution is not surprising 
because the presence of SiC particles could originate 
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Figure 1 Differential IR transmittance spectrum of as-received EFG 
poly-Si sample. 
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Figure 2 Differential IR transmittance spectrum of EFG poly-Si 
sample after removing about 5 ~m of the surface layer. 

from the specific conditions employed in ribbon 
production as described above. 

Fig. 2 shows an IR absorbance spectrum of the 
same sample after about 5 tam of the surface layer was 
etched off with planar etch. There was no significant 
change in the 605 cm-  1 peak intensity, indicating that 
this treatment did not substantially alter the concen- 
tration of substitutional carbon. 

Although the carbon concentration close to the 
surface in this type of material (in a layer about 1 ~tm 
thick) has been found 1-8] to increase by a few orders of 
magnitude, the major contribution to this peak comes 
from the bulk of the unaltered material. 

The broad peak from 1000-1100 cm-  1 almost com- 
pletely vanished and the high peak at 794 cm-  1 disap- 
peared completely. This indicates that complexes that 
give rise to the IR absorption spectrum in this range 
are in the layer close to the surface. 

The reflectance in the same spectral region of the 
as-received sample is shown in Fig. 3. The peak at 
794 cm-  1 (curve B) is in good agreement with relevant 
literature data [13] for a cubic SiC layer. The negative 
peak close to 600 cm-  1 in the same spectrum could be 
explained with a model of two-face reflection and is 
due to two-phonon absorption. Curve A represents 
reflection on the other surface. It is worth noting that 
this spectrum peak at 794 cm-  1 is negative, indicating 
that this surface lacks SiC-like aggregates which could 
give rise to the aforementioned peak. 

Spectroscopic ellipsometry measurements were per- 
formed on the same sample and are shown in Figs 4 
and 5. Measurements reported in Fig. 4 are for side A 
which had no SiC-like aggregates, as shown by IR 
reflectance. Tan ~  and cosA, n and k values shown in 
Fig. 4a and b, respectively, are similar to those of pure 
monocrystalline silicon. This confirms that this side 
consists of high quality polycrystalline silicon and is 
free of SiC-like aggregates. Measurements of tan~ and 
cosA, performed on the other side are shown in Fig. 5. 
Comparison of these results with those of Fig. 4 con- 
firms that side B does not only contain polycrystalline 
silicon. IR measurements lead us to conclude that this 
surface of the sample is covered with cubic SiC film. 
Values of tan# and cosA of cubic SiC film 100 nm 
thick on monocrystalline Si substrate are plotted in 
Fig. 6, for verification. These values were obtained 
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Figure 3 Differential IR reflectance spectra of(A) the pure Si side of 
the sample and (B) the side with SiC-like structures. 
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Figure 5 Measured tan~ and cosA values for the side with SiC-like 
structures. 
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Measured tan~ and cosA data for the pure Si side of the 
(b) calculated n and k values for the same side. 

numer ica l ly  from da t a  for n and  k r epor ted  in the 
l i te ra ture  [14]. The  values presented  in Figs  5 and  6 
differ greatly.  This  indicates  tha t  our  polycrys ta l l ine  Si 
sample  does  no t  have a pure  SiC layer. Indeed,  if we 
assume that  there  is a t r anspa ren t  layer  of SiC on the 
surface of the sil icon and  calculate  values for n and  
thickness from da t a  for tam~ and  cosA shown in 
Fig. 5, we do  not  get any  significant values of  these 
quanti t ies .  

Qua l i t a t ive  S I M S  analysis  of  our  samples  is shown 
in Figs  7-9. Fig. 7 shows S I M S  profiles for C and  O 
taken  on the as-received sample  on side A (pure Si 
surface) and  on side B (Si surface covered with film of  
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Figure 6 Calculated tan~ and cosA values for 100 nm thick layer of 
cubic SiC on crystalline Si substrate. 
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Figure 7 SIMS depth profiles for C and O of the as-received sample 
on side A (pure Si face) and side B (surface covered with SiC-like 
structures). 

SiC aggregates).  A significant increase in the C and  O 
concen t ra t ion  can be observed  close to the clean 
sil icon surface as well. These concen t ra t ions  are signi- 
f icantly higher  and  with more  ex tended  tails on side B, 
i.e. on the surface covered with SiC-l ike aggregates.  I t  
is also wor th  not ing  tha t  the peak  concen t ra t ion  of C 
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Figure 8 SIMS depth profiles for C and O of the sample on side A 
(pure Si face) and side B (surface covered with SiC-like structures), 
heated in air for 72 h. 
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Figure 9 SIMS depth profiles for C and O for the sample after 
removal of approximately 5 pm of the surface layer on side A (pure 
Si face) and side B (surface covered with SiC like structures). 

on side B does not coincide with the surface, but is 
approximately 0.05 pm below it. C and O profiles 
taken after the sample has been heated for 72 h at 
650 ~ in air are shown in Fig. 8. It should be men- 
tioned that samples were etched in HF solution in 
order to remove the oxide layer formed on the surface 
after this heat treatment in air. As shown in Fig. 8, 
both C and O concentrations in the layer close to the 
surface diminished due to their outdiffusion. Further- 
more, the decrease in concentration is unexpectedly 
more pronounced on side B of the sample, particularly 
for oxygen. 

Fig. 9 shows SIMS profiles of the as-received 
sample from which approximately 5 pm of the surface 
layer was removed. As shown in the figure, the carbon 
concentration is constant on side A. On side B the 
large carbon pile up close to the surface as found in 
non-treated material is significantly reduced in depth 
and concentration. 

The effect of thermal treatment on SiC-like aggre- 
gates is shown in Fig. 10. The figure shows the decrease 
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Figure lO Relative change in 794 cm- 1 peak height upon annealing 
at 650 ~ in air. 

of 794 cm-  x absorbance peak height, due to isother- 
mal annealing at 650 ~ in air. This indicates that the 
corresponding structure giving rise to the aforemen- 
tioned IR peak is not stable upon heating at 650~ 
and either dissolves or decomposes. 

4.  D i s c u s s i o n  
A broad peak in the range 1000-1100 c m - '  as men- 
tioned before, is attributed to SiO~-like agglomerates. 
From Figs 1 and 2 it is clear that they are found in the 
layer close to the surface. This peak is also not due to 
the oxide layer grown on the surface because it cannot 
be removed when dipping sample into HF solution. 
Furthermore, Pivac and Desnica [15, 16] found that 
this peak is rapidly dissolved upon thermal treatment 
at 650 ~ in a flowing dry nitrogen atmosphere. There- 
fore this indicates that it is not due to the stable SiOx 
phase, but due to SiO~-like aggregates that may serve 
as a nucleation centre for further SiOx phase growth. 
It is known [8] that EF G  material has a very high 
concentration of structural defects such as grain 
boundaries and subgrain boundaries, and exhibits a 
subsurface defect structure. It is very likely that those 
defect structures served as a site for oxygen agglom- 
eration in SiOx-like structures that dissolve upon 
low-temperature thermal treatment. 

Furthermore, in Fig. 1 a pronounced peak at 
794 cm -1 is shown, attributed [12] to SiC, as men- 
tioned before. This is in accordance with the literature 
data: Spitzer et  al. [13, 17] and Holm et  al. [18], found 
that crystalline SiC film 0.06 pm thick grown on an Si 
substrate has a strong absorption band at 794 cm-x, 
as well as a strong reflection peak at the same position. 
This is exactly the same as seen in Figs 1 and 3. From 
Figs 1-3 we can conclude that the observed peak is 
not due to SiC phase present in the bulk of material, 
but due to the contribution of a thin film grown on 
only one side of the EF G  ribbon. 

Ellipsometric data confirm the fact that one side of 
the sample is pure Si substrate, because we can obtain 
n and k from values of tan~ and cosA that are equal to 
those of pure silicon. However, it does not confirm 
that we have an SiC layer on the other side. Fig. 5 
shows that behaviour of tan~ and cosA values for the 
unknown layer on our sample is substantially different 



from the respective data calculated from the literature 
[14] values of n and k of 100 nm SiC film on mono- 
crystalline silicon substrate. Therefore, we were led to 
conclude that the unknown layer was not SiC. 

In addition, we performed a Raman spectroscopic 
analysis on surface B of the sample. We only obtained 
the characteristic spectrum of pure monocrystalline 
silicon without the characteristic peaks that could be 
attributed to any of SiC polymorphs known in the 
literature [19]. 

SIMS measurements were performed in order to 
understand phenomena occurring close to the surface 
in our material. It is clear from Fig. 7 that carbon 
concentration increases close to the surface on both 
sides of ribbon, as already reported [8]. We also 
noticed that carbon concentration is significantly 
higher on one side (the side with an SiC-like layer). 
However, the carbon level several micrometres be- 
neath the surface from both sides is similar, indicating 
that there is no significant macroscopical variation in 
carbon concentration across the ribbon, as found 
earlier ES]. Furthermore, carbon pile up to both sur- 
faces is not equal. The surface peak of carbon concen- 
tration for pure Si corresponds to the position of the 
surface, while it is about 0.05 ~tm below the surfaces on 
the other side. On the other hand, the oxygen concen- 
tration, which also increases significantly close to the 
surface, is much higher at the surface covered with the 
SiC-like layer, and its peak value corresponds to the 
surface. 

It is very interesting to see the difference after heat 
treatment at 650 ~ for 72 h in air. Oxygen and carbon 
concentrations are lower than in as-received material, 
but the oxygen concentration decreased in particular. 
Furthermore, the decrease on the side covered with 
the SiC-like layer seems to be greater. On the other 
hand, the carbon concentration decreased, preserving 
the ratio of the respective sides of the as-received 
sample. Only a small carbon pinning close to the 
surface remained at the pure silicon surface. A signifi- 
cant carbon concentration close to the surface still 
remained on the surface previously covered with the 
SiC-like layer. However, the maximum carbon con- 
centration now corresponds to the surface, with no 
peak in the subsurface region. 

Fig. 9 shows that carbon concentration profile 
was flat on both sides when the surface layer of the 
as-received sample was removed by chemical etching. 
If the layer formed on one surface is stable SiC, as 
concluded from IR measurements, this phase should 
be stable upon thermal treatment to very high temper- 
atures. Spitzer et  al. [13] found that no harm could be 
done to the SiC film at temperatures of 600-650 ~ 
even in an oxidizing atmosphere, i.e. they obtained a C 
film on an SiC layer during SiC layer preparation and 
they found that the C film can be removed by oxida- 
tion at temperatures in the region of 600-650~ 
without oxidizing the SiC layer. 

We performed a similar experiment. Fig. 10 shows 
the effect of isothermal heat treatment of our sample in 
air. We obtained results similar to those of isothermal 
heat treatment of the same sample at 650 ~ in flowing 
dry nitrogen atmosphere. Therefore, although it is not 

very likely that the SiC layer could be oxidized in air 
at only 650 ~ upon heat treatment, it is evident from 
our experiment in a nitrogen atmosphere that there 
is a "dissolution" of the SiC-like layer on our poly- 
crystalline silicon sample. 

We propose the following model [20] as an ex- 
planation for our experiment. Oxygen formed upon 
interaction of CO gas with Si melt [6] diffuses into the 
subsurface layer during crystal growth. It segregates 
there and facilitates further coprecipitation of carbon 
and silicon selfinterstitials, as found by Feng et al. 

[21]. This material already has carbon in supersat- 
uration, therefore additional generation of silicon self- 
interstitials causes agglomeration with carbon and 
acts as a SiC nucleation centre. Such nucleation cen- 
tres in significant concentrations give rise to an SiC- 
like absorbance spectrum. However, although these 
centres seem to be precursors for SiC formation, they 
did not grow to a certain critical radius necessary for 
the stability of SiC precipitates. This can explain the 
fact that they were easily dissolved at only 650~ 
upon thermal treatment in air or inert atmosphere. 

5. Conclusions 
We conclude that the layer formed at one surface of 
EF G  polycrystalline silicon ribbon does not contain 
SiC as a well-defined and stable phase, having all 
structural properties of cubic SiC despite the well- 
defined peak in the IR absorbance and reflectance 
spectrum at 794 cm-1. Furthermore, we proposed a 
model in which indiffused oxygen induced carbon and 
silicon selfinterstitial agglomeration ,in surface layer. 
Such agglomerates could serve as nucleation centres 
for SiC formation and in significant concentrations 
could give rise to a spectrum similar to cubic SiC. 
However, they do not have the stability of cubic SiC 
phase and can be dissolved with low-temperature 
thermal treatment. 
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