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The dependence of  E0´ and E1  critical points energies with carbon content in Si1-yCy thin films  grown by ion 
implantation and crystallization have been obtained by room temperature photoreflectance spectroscopy. We present 
results from samples crystallized by solid phase epitaxy and laser annealing.  We found that the E0´ values depend on  the 
crystallization  procedure. For solid phase epitaxy crystallization,  E0´ initially increases up to  20 meV for y=0.003 then 
decreasing to values near  that of silicon for y =0.014. While for laser annealing the E0´ values are always lower than that 
of silicon. E0´ shows a behavior far from that predicted by  the virtual crystal approximation and deformation potential 
theories. E1 shows a continuous increase as function of the carbon content, this is reasonably well described using the 
aforementioned theories. 
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1. Introduction 
 

Group IV alloys are very interesting from both the 
theoretical and experimental points of view. However, 
until now Si1-xGex and SiC are the only group IV alloys 
used in the production of devices [1,2] The Si1-yCy , Ge1-

yCy and Si1-x-yGexCy systems are very attractive because the 
possibility of band gap modulation between theband gap 
values  of Si and/or Ge and C,[3] several growth 
techniques have been employed to produce thin films of  
these alloys [4-10]However there are problems to 
overcome before samples of very good quality  can be 
obtain. Besides the huge difference in atomic radii between 
Si and C there is the low solubility problem of C in Si.  
The first problem above mentioned  is also an opportunity 
to  stress-taylor the electronic and structural properties of 
Si1-x-yGexCy samples, but a good deal of work is still 
required.  
There are a couple of studies about the E0' and E1 critical 
points in  Si1-yCy alloys carried out on molecular beam 
epitaxy grown samples in which  low temperature 
electroreflectance and room temperature ellipsometry are 
employed as characterization techniques[13,14]. But until 
our knowledge this is the first photoreflectance study. 
Photoreflectance is a well stablished characterization 
espectroscopy, some interesting features are its  contactless 
character, the straightforward determination of critical 
points energies and  its great sensitivity to sample quality. 
 
2. Experimental details 
 

The studied samples were grown by C ion implantation  
on Si(001) substrates and crystallized by solid phase 
epitaxy or laser annealing. Multiples of 1 x1015 C+/cm2 at 
25 KeV were utilized to produce samples with peak 
concentrations of 0.026, 0.091,1.17, 1.43 and 1.82 at. %, 
samples #4, #7, #9, #13 and #15 respectively. After 
implanted the samples were subject to solid phase epitaxy 
to crystallization. The other set studied was prepared under 

similar C implantation conditions and  peak concentrations 
between 0.35 and 3.5 at. % C were obtained, laser 
annealing was employed for  crystallization.[15]. We only 
studied the samples with 0.7, 1.4 and 2.1 at. % C, samples 
4d, 6m and 2a respectively. For  both sets the peak 
concentration was determined by secondary ion mass 
spectroscopy (SIMS). A standard photoreflectance (PR) 
setup was employed with an 8 mW HeNe laser as 
excitation beam. 
 
3. Results and discussion 
 
Figure 1, shows the room temperature PR spectra from the 
two sets studied. Several scans were averaged to increase 
the ratio signal to noise. It is worth to mention that we 
could not obtain a good PR spectrum from a piece of 
silicon similar to the silicon substrate employed in the 
implantation, we neither obtain any signal from the  E2 
silicon-like critical point transition. The ratio signal to 
noise for sample 2a, laser annealed, was too low to yield 
any useful information. 
The   E0´ and E1 critical points energies   are very close, but 
it is apparent in Fig. 1 that there is a slight change in the 
PR line as we go from  samples #4 to #15.  The PR spectra 
for samples 4d and 6m confirm beyond any doubt that the 
change comes from a separation of the PR signals coming 
from the E0´ and E1 critical points. In order to obtain the 
energy of the transitions involved we fitted our PR spectra 
to the theoretical third-derivative functional form from 
Aspnes’ theory considering a 3 dimensional critical point 
for both E0´ and E1 [16]. The fittings are shown along with 
the experimental results in Fig.1 and the energies obtained 
are presented in Table I. Because the good agreement of 
our fittings with the experimental spectra it seems that the 
use of a 3-dimensional critical point to describe these PR 
features is adequate. 

Figure 2a presents the dependence of the E0´ and E1 
critical points energies   as function of  the peak carbon 
concentration.  The samples crystallized by laser annealing  
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Figure 1. Room temperature photoreflectance spectra for Si1-yCy thin 
films. Symbols represent the experimental spectra, continous line 
correspond to fittings using Aspnes’ third derivative line form. 
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Figure 2. a) E0´ and E1 critical points for Si1-yCy thin films as function 
of carbon peak concentration. Solid symbols correspond to E0´ values 
while empty ones to E1 values. b) E0´ and E1 critical points for Si1-yCy 
thin films as function of substitutional carbon as obtained from Raman 
spectroscopy.  In both figures the squares represent values for silicon 
E0´ and E1 critical points. MBE, SPE and LA are refered to the growth  
procedure and stands for molecular beam epitaxy, solid phase epitaxy 
and laser annealed respectively. 
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Figure 3. a) E0´ critical point shift for Si1-yCy thin films as function of 
carbon peak concentration. b) E1 critical point shift for Si1-yCy thin 
films as function of carbon peak concentration. MBE, SPE and LA are 
refered to the growth  procedure and stands for molecular beam 
epitaxy, solid phase epitaxy and laser annealed respectively. 
 
do not follow the trend found for the solid phase epitaxy 
recristallized set. Because of the low solubility of carbon in 
silicon, the amount of substitutional carbon will depend 
strongly on the characteristics of growth. It is important to 
have present  that  only substitutional carbon will 
determine alloy properties. A possible explanation for the 
different behavior of E0´ and E1 between both sets of 
samples  is a discrepance between the  peak concentration 
obtained by SIMS and the real amount of substitutional 
carbon. It is found that in CVD grown Si1-x-yGexCy the 
substitutional carbon content as measured by Rutherford 
backscattering spectrosopy channeling is only a fraction of 
the nominal carbon content[17]. Then, in order to evaluate 
at what extent the differences found by photoreflectance 
spectroscopy  are due to the different rate in the 
incorporation of carbon  in silicon lattice sites a direct 
determination will be needed. An approach used in silicon 
with low carbon content to determine the amount of 
substitutional carbon involves the use of infrared 
spectroscopy.  However it is not useful when high amounts 
of carbon are present.  Raman spectroscopy is an 
interesting alternative because substitutional carbon in 
silicon produce a Raman active local mode. The ratio 
between Si-C and Si-Si Raman peaks areas has  a direct 
correlation with the amount of substitutional carbon.  A 
similar comparison between Si-Si and Si-C modes is not 
possible using infrared spectroscopy because the Si-Si 
mode  is infrared inactive. Figure 2.(b) presents the 
dependence of the E0´ and E1 critical points energies   as 
function of the ratio between Si-C and Si-Si Raman peaks 
areas[18]. Even when Raman spectroscopy shows that 
laser annealed samples have a higher amount of 
substitutional carbon than solid phase epitaxy samples, the 
E0´ and E1 trends remain unchanged. Figures 3.(a) and 
3.(b) present the shifts of E0´ and E1,  referred to silicon, 
obtained by PR along with results obtained by 
electroreflectance and ellipsometry in MBE grown  
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samples as taken from literature[13, 14]. We employed the 
values  E0´(Si)= 3.331 eV and E1 (Si ) = 3.407 eV for 
silicon critical points in order to calculate the shift values 
obtained from PR [19]. The theoretical analysis employing 
the  virtual crystal approximation and potential 
deformation theory carried out by Zollner is also included 
in figures 3.(a) and 3.(b). The E0´ results have a behavior 
completely different to that predicted by the theoretical 
analysis. Something interesting is that apparently there are 
two different trends for each set of samples. Both showing 
a decreasing trend in the E0´ values.  This  could be 
explained taken in account the different growth kinetics 
between solid phase epitaxy, MBE and laser annealed 
crystallization. Apparently the E1 shifts are described 
reasonably well by the combination of the virtual crystal 
approximation and potential deformation theory.  Our 
results could suggest that a closer analysis for the 
deformation potential values for the E0´  critical point is 
needed. 
 
4. Conclusions 
 

Photoreflectance spectroscopy results for E0´ and E1 
critical point energies in Si1-yCy thin films agree with those 
obtained by low temperature electroreflectance and room 
temperature ellipsometry. It is clear  that more theoretical 
and experimental work is needed to understand the 
behavior of the E0´ critical point in Si1-yCy alloys. On the 
other hand the E1 behavior is reasonably well described by 
the combination of virtual crystal approximation  and 
deformation potential theory. The discrepances in the 
behaviour of E0´ and E1 suggest that the E0´ critical point is 
more sensitive to sample’s growth details.  
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Table 1. E0´ and E1 critical energies for Si1-yCy thin films as obtained from fitting to photoreflectance spectra. SPE  and LA stands for solid phase 
epitaxy and laser annealed respectively. 
 

Sample Crystallization 
procedure 

y 
 

E0' 
(eV) 

E1 
(eV) 

 
#4 SPE 0.0026 3.354(6) 3.445(3) 

#7 SPE 0.0091 3.348(9) 3.440(0) 

#9 SPE 0.0117 3.341(3) 3.449(0) 

#13 SPE 0.0143 3.345(0) 3.457(8) 

#15 SPE 0.0182 3.337(3) 3.443(5) 

4d LA 0.007 3.321(5) 3.470(3) 

6m LA 0.014 3.292(7) 3.478(0) 

y: carbon peak concentration 


