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Abstract: Si nanoclusters (Si-nc) embedded in Silicon Carbide 

(SiC) matrix are promising for optoelectronic applications. 

Despite high temperature post fabrication treatments, it is often 

noticed that the formation of SiC-nc and amorphous-Si 

nanoclusters (a-Si nc) are favoured than Si nanocrystals. This 

paper carries out meticulous investigation on the variations in 

structural and optical properties of amorphous-Silicon rich 

Silicon carbide (a-SixCy) thin films with varying process 

conditions in deposition approach, deposition temperatures (Td) 

and post deposition annealing conditions. The films deposited by 

magnetron sputtering and co-sputtering techniques are subjected 

to various annealing temperatures (Ta) using conventional 

thermal annealing (CTA), rapid thermal annealing (RTA), 

vacuum annealing (VA) and in-situ (IA) annealing techniques. A 

comparative study with deposition and post-deposition conditions 

considering the effect of excess Si incorporation and the 

unintentional oxidation during various stages of sample 

preparation is reported. It is noticed that though Si- nc formed are 

predominantly amorphous, the films deposited at Td of 200oC and 

in-situ annealed are promising as they show a higher absorption 

coefficient (α) and refractive index in comparison with the other 

high temperature annealing approaches. Such a result paves way 

to analyse the possibility of these films for future optoelectronic 

applications at reduced thermal budget. 

Index Terms: Annealing, Si-rich Silicon carbide, Sputtering, 

Thin films, Nanoclusters 

I. INTRODUCTION 

  Alloys based on SiC have always been a material of choice 

due to their superior mechanical properties and often 

considered for high-temperature and high-power electronic 

devices applications [1-3]. Recently, amorphous-Silicon rich 

Silicon carbide (a-SixCy) and Silicon oxycarbide (SixCyOz) 

thin films with tailorable compositions are being extensively 

explored in electronic and MEMS industry, protective 

coatings, thin film transistors, alternative passivation layer 

for Si solar cells, gas sensors, electrode materials and in 

bio-medical applications [4-11]. These films embedded with 

Si nanocrystals become a preferred optoelectronic material 

due to the possibility of size dependent band gap engineering 

[12-15]. However, despite high temperature annealing 
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treatments the phase transformation results in a-Si nc and SiC 

nc in addition to Si-nc and obtaining high Si-nc density is a 

challenge.Chemical Vapor Deposition (CVD)  as well as 

Physical Vapor Deposition (PVD techniques have been 

explored to prepare a-SixCy films [16-23] and  it is noted that 

the radio frequency (R.F) sputtering technique is widely 

preferred to produce high quality thin films. The variants in 

the sputtering processes include: sputtering of a SiC target, 

Co-sputtering of Si and Carbon based targets, reactive 

sputtering or co-sputtering in the presence of reactive gases to 

get the desired composition ratio of the film etc.,. [23]. 

Though a lot of research has been done on the structural and 

optical properties of a-SixCy films [24-27], the influence on 

unintentional oxidation during post deposition treatments and 

their effect on the structural as well as optical properties are 

barely reported. In this regard, this paper carries out a 

detailed investigation on the variations in structural and 

optical properties of amorphous-Silicon rich Silicon carbide 

(a-SixCy) thin films with varying process conditions in 

deposition approach, deposition temperatures (Td) and post 

deposition annealing conditions. The films deposited by 

magnetron sputtering and co-sputtering techniques are 

subjected to various annealing temperatures (Ta) using 

conventional thermal annealing (CTA), rapid thermal 

annealing (RTA), vacuum annealing (VA) and in-situ (IA) 

annealing techniques. A comparative study with deposition 

and post-deposition conditions considering the effect of 

excess Si incorporation and the unintentional oxidation 

during various stages of sample preparation is reported. 

II. MATERIALS AND METHODS  

A. Thin film deposition 

The a-SixCy films are deposited on a p-type 250-μm Si (100) 

wafer using RF magnetron sputtering (AJA Orion 5UHV) in 

the presence of Argon plasma at Td of 200oC, 350 oC and 

500oC. The base pressure and working pressure are 8.0 × 10-7 

Torr and 2.0×10-3 Torr respectively. Three different 

approaches are used, the first approach is achieved by 

sputtering SiC target, and the second approach is by 

co-sputtering SiC and Si targets. Both the targets are 2 inch in 

diameter. The RF powers at 13.56 MHz, supplied to the 

targets (SiC and Si) are varied to get the a-SixCy films. In both 

approaches, power density to SiC target is maintained at 6.7 

w.cm-2, whereas, it is varied as 0.9, and 2.2 w.cm-2   for Si 

target in the approach 2.  
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The samples are referred in C-series (C2485, C2489, C2485, 

C2487 and C2486).  Subsequently, all the films are annealed 

under N2 ambience using conventional thermal annealing 

(CTA) for 30 min at 750oC, 950oC and 1000oC and Rapid 

Thermal Annealing (RTA) at 1000oC for 1 min. In the third 

approach, the Silicon (Si) and Carbon (C) targets are 

co-sputtered at 200 oC, followed by in-situ annealing at 500ᵒC 

for 30 min. The base pressure, working pressure and the Ar 

flow is maintained at 1.5x 10-7 torr, 3 mtorr and 5 sccm 

respectively.  The input power (density) applied to the Si 

target is maintained at 4.9 w.cm-2 and C target is varied as 

2.7, 2.2, and 1.6 w.cm-2 respectively for H262, H264 and 

H266.  

B. Film characterization 

The refractive indices (n1.95eV) of the films are investigated by 

spectroscopic ellipsometry using a HORIBA Jobin-Yvon 

ellipsometer (UVISEL). The structural properties of the 

layers are investigated by means of a Thermo Nicolet (Nexus 

model 670) Fourier transform infrared (FTIR) spectrometer, 

the analysis between 600-1300 cm-1 wavenumber is 

presented. The chemical composition is analyzed by X-ray 

photoelectron spectroscopy (Omicron nanotechnology), with 

a monochromatic Al Ka (1486.5 eV). The band gap of the 

films is investigated by using FL3-221 series of HORIBA 

Jobin-Yvon photoluminescence spectroscopy. The excitation 

wavelength is fixed at 375 nm and the emission spectra are 

recorded between 200-800 nm. 

III. RESULTS AND DISCUSSION 

A. Spectroscopic Ellipsometry (SE) 

The spectroscopic ellipsometry (SE) is a model based non 

destructive approach to determine thickness and optical 

constants of thin films. Thicknesses of the films obtained 

using all the approaches are in the range of 105 nm to 135 nm, 

and the refractive index (n1.95eV) varies between1.4 -3.9.  

Refractive index 

In approach 1 (i.e. SiC sputtering at 6.7 w.cm-2), the n1.95eV  of 

as-grown samples varies  from 1.48 to 1.85  which upon 

1000oC of CTA annealing increased to 1.68 to 2.0. The 

variation in n1.95eV with increasing Td may be correlated with 

the relatively higher packing density and Si incorporation in 

the films. The ideal values of SiC ranges from 2.5-2.6 (based 

on the different polytypes, between 1.6 -1.8 for silicon 

oxycarbide (SiOC) [28], and between 1.45-1.5 for both 

carbon and SiO2 [29-30]. Therefore, from the n1.95eV values 

the film can be assigned to either porous silicon carbide or 

silicon oxycarbide. In approach 2 (i.e. co-sputtering of SiC 

and Si), all the set of samples deposited with the power 

density of 0.9 w.cm-2   and 2.2 w.cm-2   applied to Si target, 

show an increasing trend of n1.95eV at all the Td. The n1.95eV  

value of approach 2 samples varies between 1.6 to 3.6 

suggesting the transition from carbon rich silicon carbide or 

silicon oxycarbide films to Si-rich silicon carbide upon 

increasing Td and Ta. The presence of Si richness is evident 

and the results are in agreement with values (n1.95eV = 2.3 SiC 

to 3.6 for Si-rich SixCy) published by Demichelis et al. [31] 

and Janz et al.[32].  The approach 3 (i.e. in-situ annealing) 

results in a-SixCy with n1.95eV value of  3.8, 3.8 and 3.9, the 

absorption coefficient (α) are 1.08, 2.84, and 1.09 x105 cm-1 

respectively for H262, H264 and H266. As compared to other 

two approaches, the increase in n1.95eV value is attributed to 

enhanced Si incorporation in the film. Further annealing 

at1000 oC in N2 ambience resulted in reduction of n1.95eV value 

that can be attributed to the unintended dopant impurity or 

possible crystallization or compositional changes in the film 

during annealing [33]. 

B. Absorption coefficient 

The absorption co-efficient () values are ranging from 

3.31x104 cm-1 to 2.25 x105 cm-1, which  has a correlation with 

structural properties and nature of the film. The samples 

C2485, C2489, C2485, C2487 and C2486 show  in 104 cm-1 

and others show  in 105 cm-1. The increase in  value is 

attributed to enhanced Si incorporation which is evident from 

FTIR and XPS analysis. As compared to other approaches, 

the approach 3 (in-situ annealed) show highest value 

absorption coefficient (2.84 x105 cm-1) as shown in Fig 1. 

Generally, the Si-nc in the range of 3-8 nm diameters offers 

high absorption co-efficient (>105 cm-1), however for 

diameters below 3 nm Si-nc is amorphous and the absorption 

coefficient enhances by a factor of four compared with its 

nanocrystalline counterpart [34-35].  
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Figure1. Absorption coefficients extracted from SE 

measurements 

C. Fourier Transform Infrared spectroscopy (FTIR) 

Figure 2 (a) and (b) show the FTIR spectra of as grown 

samples with absorption coefficient () in the range of 104 

cm-1 and 105 cm-1. All spectra are broad and have peak 

centered at 725 cm-1, which is attributed to the stretching 

vibration of Si-C. The broadness indicates the amorphous 

nature of the film [30]. It shows a notable change in intensity, 

shape, with the process parameter. Absence of Si related 

peaks could be one of the reasons for the reduction in α 

(104cm-1). The peaks common amongst these spectra are 

present at 642-656 cm-1, it can be assigned to Si–O-Si (s) 

Sym or Si ≡Si related peaks [36, 37]. Upon CTA annealing at 

1000oC the peak shifts to 615 cm-1 or 635 cm-1, attributed to 

Si related peaks or  Si-O-Si (b) that are present in the sample 

with  of 105 cm-1. 
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 It is inferred that the presence of Si-O-Si and Si-C band 

(more of amorphous) also required for enhancing the 

absorption co-efficient [38]. At Td of 350oC, the as grown 

samples C2485 and C2487 remains more of like a-Si, hence, 

the    value  is similar to of a-Si (~ 2.0 - 4.1x 104 cm-1). Upon 

annealing, there is an enhancement in Si agglomeration as 

well as Si-C formation. The agglomerated Si interface with 

Si-C matrix and adsorption of O in Si causes the structure to 

be in amorphous only. Hence there is increase in  to 105 

cm-1. The peak around 760 – 740 cm-1 indicates the Si-C back 

bonding with C atom [39]. The  value of Si-C is around 

~102 cm-1, hence the increased Si-C bonding with improved 

crystalline nature can reduce the  value. The Si-O-Si can be 

a possible indication of isolated Si seed or nucleation or an 

indication of enhanced Si incorporation. In approach 3 

(in-situ annealed), as the input applied to C target reduces, 

shift in peak from 610-618 cm-1 is observed (in H264), which 

is attributed Si-Si related bond. The additional peaks and 

shoulders positioned around 678 cm-1, 817 cm-1, 877 cm-1 and 

1104 cm-1 is attributed to Si-O related bonds [39-42]. This 

may be due to the bonding of excess Si with oxygen either 

unintentionally incorporated within the film or the 

interfacial/surface oxidation. This is in agreement with the 

models used in SE measurements. Amongst all the 

approaches, the most optimized samples in terms of n1.95eV 

and  are considered as a typical sample for further analysis. 

The C2486 obtained at Td of 500oC with SiC 6.7 W/cm2 and 

Si 2.2 W/cm2 from approach 2 and H264 (i.e Td of 200oC 

with Si 4.2 W/cm2 and C 2.2 W/cm2) from approach 3 are 

compared for further analysis. 

 

 

Figure 2 . FTIR spectra of  AG  samples with  absorption 

coefficient (a) in the range of  104 cm-1(b) 105 cm-1. 

D.  XPS 

The XPS analysis is carried out on the typical sample from 

approach 2 (i.e C2486). The XPS spectra of as grown (AG), 

vacuum annealed (VA) at 1000 oC and conventional annealed 

(CTA) at 1350 oC samples are analyzed to validate the 

unintentional oxidation and compared with H264 to confirm 

the Si richness. Figure 3 (a) and (b) show the Si2p and C1s 

core level of the typical samples respectively. The spectra 

have peaks of Si 2p, Si 2s, C 1s and O 1s, which confirms the 

existence of Si, C and O elements in the film surface [43].  In 

Fig 3 (a), the spectrum of C2486 AG and VA have no trace of 

Si-O peaks and show a major peak at 99.8 eV, which is 

attributed to Si–Si ~elemental silicon due to Si 

agglomeration.  The CTA samples has peaks at 102 eV, it is 

due to intermediate oxidation state of Si which originates 

from Si in a-SixCy. The peak at 103.2 eV is attributed to Si–O 

in the Silicon dioxide (SiO2) [47-48].  However, the H264 

(in-situ annealed sample) show no trace of Si-O peaks and 

has two dominant peak at the binding energy of 99.8 eV and 

101 eV, which are attributed to Si–Si and Si–C bonds. These 

peaks are indicative of an enhancement in Si agglomeration 

during in-situ annealing, providing an evidence for more 

Si-nc precipitated in a-SixCy matrix as compared to the 

as-deposited films at a higher Td of 500◦C. Figure 3 (b) show 

the carbon related XPS peaking region of the films under 

study. The spectra of C 1s core level has the following bonds: 

C–Si (carbon in SiC), C–C (carbon in a-C or graphite) and 

C–O (carbon bonded to O, C–O or C) at 283.2, 284.4, and 

286–287 eV binding energies, respectively [44]. On 

comparing with the spectra of approach 2, it is noticed that 

the in-situ annealed sample has strong Si-Si and Si-C related 

bonds that confirms the Si richness in a-SixCy film.  
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Figure 3 . XPS spectra of optimized samples C2486 and 

H264 (a) S-2p spectra (b) C-1s spectra 
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Figure 4 . PL spectra of typical from approach 2 (C2486) 

and approach 3 (H264) 

E. Photoluminescence spectroscopy 

Figure.4 (a) shows the PL spectra of the typical sample of 

approach 2 (i.e C2486 AG, VA at 1000 oC, CTA at 1350 oC) 

compared with H264 of approach 3 (in-situ annealed). The 

inset figure presents the spectra of AG, CTA and RTA 

annealed at 1000 oC. The spectra of H264 and C2486 AG has 

two distinct broad peaks in the blue region, centered at 420, 

and 436 nm, it is attributed to the quantum confinement or 

possible nanocluster formation in SiC matrix. The broadness 

in the spectra indicates the possible presence of multiple 

luminescent centres [45]. The lower intensity may be 

attributed to the amorphous nature of the film with 

unpassivated defects states that provides non-radiative 

pathways for photoemission. The notable change in spectra 

between 406 - 430 nm during CTA and RTA has a correlation 

with the structural and molecular change in the film. There is 

a reduction in carbon content, increase in Si precipitation and 

passivation of dangling bands of oxygen upon annealing. At 

1000 °C of RTA annealing, the intensity of broader peak at 

420 nm increased evolution of sharper peaks centred at 406 

nm (equivalent Eg =3.05eV), broader peak at 413 (equivalent 

Eg = 3.00 eV) and 423 (equivalent Eg = 2.95 eV) nm are 

noticed. The peak shift (420-423 nm) with the increase of 

annealing temperature could be due to the quantum 

confinement or possible nanocluster formation in SiC matrix 

as reported by Chung et al and J Ma et al. The emergence of 

peak at 406 nm upon annealing can be attributed to the 

oxygen related luminescent centers or indication of the 

possible unintentional oxidation upon annealing [48]In Fig 4 

(a), an increase in the intensity and blue shift in the peak 

positions are noticed upon VA, which could be due to the 

possible crystallization or surface passivation and the 

self-aggregation of Si-nc. It is also noticed that, VA shows 

the highest emission intensity with two prominent peaks 

centring around 412 nm and 440 nm. These corresponds to an 

energy gap around 2.9 eV and 2.8 eV respectively.  The shifts 

in the peak position as well as their enhancement in intensity 

from AG to VA indicate that the emission of the two 

pronounced peaks are related to luminescent centre from 

Si-nc and are not defect related. When CTA annealed at 

1350oC in Ar, significant reduction in the intensity and red 

shift in PL peak position are noticed. The quenching of PL 

could be due to the formation of large Si-nc and a decreasing 

number of Si-nc caused by the Ostwald ripening phenomena 

[49]. Using the empirical relation between PL emission peak 

position (sub band energy) and the Si-nc size reported by,  

2^/4.256.1 DE +=  
 where D is the size of the Si-NC; it is noted that there may be 

Si-NC with different sizes (i.e around 1.2 nm and 1.4 nm) 

predominantly present  contributing to the emission. The 

stokes shift is evaluated for these two prominent bands as a 

measure of luminescence energy and absorption energy since 

the stokes shift is lesser than 1 eV, the nature of Si-nc formed 

is amorphous [48-50]. 

IV. CONCLUSION   

The a-SixCy films are deposited using RF magnetron 

sputtering and co-sputtering at different Td and compositions 

(Si excess). The effect of various deposition temperatures 

(Td), annealing temperatures (Ta), annealing ambiance and 

film compositions (Si excess) on the material properties are 

investigated using Spectroscopic ellipsometry, FTIR, XPS 

and PL. From the spectroscopic ellipsometry analysis (the 

n1.95eV values), it is observed that the increase in Td and Ta are 

instrumental for increasing the Si incorporation in the film. 

The film deposited using approach 1 (i.e. SiC sputtering at 

6.7 W/cm2) appears to be silicon oxycarbide. In approach 2, 

(i.e. SiC and Si co-sputtering), the n1.95eV  value varies 

between 1.6 to 3.6, suggesting the transition from porous 

silicon carbide to Si-rich silicon carbide or silicon oxycarbide 

upon increasing Td and Ta, which is also supported by the 

FTIR spectra.  The unintentional oxidation is prominent 

during CTA annealing; it is validated by XPS analysis that 

supports the reduction in n1.95eV values. The VA at 1000 oC 

has enabled more SI-agglomeration in a-SixCy matrix with 

no-trace of Si-O. However, approach 3, the in-situ annealing 

favor a better reorganization of the phases, avoids 

contamination and s increasing the quality of Si-rich SiC film 

(n1.95eV = 3.88) with enhanced absorption co-efficient [upto 

2.84 x105 cm-1]. The possibility of SiC-nc can be reduced and 

thus the formation of Si-nc can be favored at this lower 

temperature Td (i.e 200◦C) 

and in-situ annealing. 

Improved absorption 
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co-efficient could be a possible confirmation for the presence 

of Si-nc in the a-SixCy films. The result obtained in this paper 

thus suggests a low temperature deposition with in-situ 

annealing could offer a simple and viable way to tailor the 

optical constants of the materials. Such a result paves way to 

analyse the possibility of these films for future optoelectronic 

applications at reduced thermal budget. 
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