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Abstract:  Thin SiO2 film of thickness 300 nm grown on p-type silicon substrate was implanted with 100 keV silicon negative 

ions with fluences varying from 1 × 10 15 to 2 × 10 17 ions cm-2. The glancing angle X-ray diffraction (GXRD), Ultraviolet visible 

infrared (UV-Vis-NIR) spectroscopy and Raman scattering techniques have been used to investigate SiO2 thin film after 

implantation. GXRD spectra of non-implanted sample showed the presence of a broad peak of SiO2 between 17.5º and 25º. After 

implantation, silicon peak at 53.20o corresponding to (311) reflection was observed. The variation in peak intensity with respect to 

ion fluence revealed the increase in silicon concentration within SiO2 matrix. The increase in strain value showed the lattice 

expansion after silicon ions implanted in SiO2. UV-Vis-NIR spectra showed the decrease in energy band gap value for silicon 

with increase in the ion fluences. Raman scattering measurements revealed the presence of first order and second order 

Transverse optical (TO) mode at 520.4 cm-1 and 963.06 cm-1 respectively. Phonon confinement model was employed to first order 

Raman TO phonon mode revealed the increase in phonon coherence length from 9.41 to 10.04 nm with increase in the 

concentration of silicon ions in SiO2 matrix. 

 

Index Terms – SiO2 thin film; GXRD; UV-Vis-NIR; Raman. 

I. INTRODUCTION 

 

Microelectronic industry is dominated by silicon for all its microchip technology but for photonic devices, silicon is found 

incompatible as it has an indirect band gap nature. Then, the discovery of strong luminescence of nanoporous silicon has triggered 

the need for silicon based photonic devices [1, 2]. The key requirement of photonic devices is shorter radiative lifetime of excited 

carriers; whereas, silicon has longer radiative lifetime due to indirect band gap nature, which leads to a non-radiative recombination 

of excited carriers [3]. These limitations may be overcome when silicon nanocrystals (Si-nc) are embedded in a SiO2 matrix using 

ion implantation [4]. The physical mechanism responsible for the photoluminescence in Si-nc is quantum confinement of excitons 

(electron-hole pair) along with light amplification which is possible using silicon as  quantum dots dispersed in SiO2 matrix by ion 

implantation [5, 6]. It is also commonly accepted, that radiative recombination of carriers at Si-nc/SiO2 interface plays an important 

role for light emission [7]. The Si-O vibrations at the Si-nc/SiO2 interface are supposed to be the dominant path for the 

recombination of excitons and it is found that the interface is not sharp, but there is some transition region having amorphous 

silicon and strained SiO2 network around Si-nc leading to some optically active states [8].  

The penetration depth of the silicon ions in SiO2 thin film is affected by positive ion implantation as the surface of SiO2 thin 

film layer gets charged up [9]. Fabrication of MOSFETs is troublesome using silicon positive ion implantation because of the 

surface breakdown of SiO2 thin film. Further investigations of atomic structure become tedious work under positive ion 

implantation.  

These limitations of positive ion implantation may be overcome with silicon negative ion implantation. In negative ion 

implantation, the surface charging effect of the sample is almost negligible, low surface charging effect avoids the breakdown of 

the insulator which is most effective in field effect transistors as well as in thin film transistors and the atomic bonding processes 

due to kinetic energy (kinetic bonding) can be efficiently studied because negative ions have small potential energy (electron 

affinity) [10, 11]. 

In the present work, SiO2 thin film is implanted with 100 keV silicon negative ions for the various ion fluences varying from 

1×1015 to 2×1017 ions cm-2. This paper aims to provide a better understanding of the implantation effects produced in SiO2 thin film 

using GXRD, UV-Vis-NIR and Raman spectroscopy techniques prior to thermal treatments. 

. 

II. EXPERIMENTAL DETAILS 

The SiO2 thin films of thickness 300 nm were grown on P-type silicon (100) substrates by dry thermal oxidation method in a 

furnace at 900 ºC. The samples were cleaned using RCA-1 and rinsed in DI water for removing all the contaminations from the 

surface. Further samples were dried using an infrared dryer lamp. Thereafter, samples were loaded in the target chamber and 

implantation had been done with silicon negative ions at 100 keV with fluences 1 × 10 15, 5 × 10 15, 1 × 10 16, 5 × 10 16 , 1 × 10 17 

and  2 × 1017 ions cm-2 using Negative Ions by Caesium Sputtering (SNICS) source at Inter University Accelerator Centre (IUAC), 

New Delhi. The beam was scanned over the area of 1 cm × 1 cm on sample surface for uniformed implantation. The beam current 

was held at 2 µA during the implantation. Target chamber was maintained at 10-6 mbar. The projected range of 100 keV silicon 

negative ions in SiO2 films was estimated by Stopping and Range of Ions in Matter (SRIM) software and it was found to be 171.50 

nm with longitudinal straggling range up to 54.80 nm [12]. The GXRD measurements were performed at an incidence angle of 1º 

with respect to the sample surface using a diffractometer RIGAKU-ULTIMA-IV equipped with Cu Kα1(λ=0.154 nm) source at the 

Department of Physics, University of Mumbai. UV-Vis-NIR spectroscopic measurements for non- implanted and all implanted 

samples were done using spectrophotometer [UH-4150] in the spectral region of 200 to 1200 nm with scan speed of 300 nm/min at 

IUAC, New Delhi. Raman spectroscopic measurements were performed on RENISHAW inVia Raman microscope at room 

temperature at IUAC, New Delhi. The excitation was done with 514 nm line of an Ar+ ion laser. 
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III. RESULTS AND DISCUSSION 

 

GXRD spectra recorded at an incidence angle of 1º for non-implanted sample and samples implanted with 1 ×10 15, 5 ×10 15, 1 

×10 16, 5 ×10 16, 1 ×10 17 and  2 × 1017 ions cm-2  are shown in Fig 1(a), 1(b), 1(c), 1(d), 1(e), 1(f) and 1(g) respectively. Fig showed 

the presence of two peaks at 21.2º and 53.20º in different graphs. The peak at 21.2º is the characteristic peak of SiO2 shown in first 

graph [13]. The intensity of the GXRD peak observed at 21.2º decreased up to ion fluence 1 × 1016 ions cm-2 and disappeared after 

the ion fluence 5 × 1016 ions cm-2 indicated the lattice distortion created in SiO2 at higher ion fluences. The  GXRD peak at 53.20º  

occurred due to the presence of silicon in SiO2 thin film with interplanar spacing of d~0.177 nm corresponds to (311) reflection. 

After, the incorporation of silicon ions the peak intensity decreased for the ion fluence of 1 ×10 15 ions cm-2, which may be due to 

the beginning of structural breakdown. The peak observed at 53.20º shifted towards lower angle for ion fluences upto 5 ×10 16, 

which was due to the strain developed as a consequence of increased silicon ions concentration within the lattice of SiO2 layer. 

Fig.2 showed the variations of induced strain as a function of ion fluences. The strain was found to increase with the increase in ion 

fluences but for the ion fluence 1×10 17 ions cm-2, there is a peak shift towards higher angle giving compressive strain, and this may 

be due to the saturation of silicon concentration within SiO2 layer. The strain value was evaluated using the following relation, 

 

                                                                   Strain(𝜀) = |𝑑𝑜~ 𝑑| 𝑑⁄ ,                                                                                             (1) 

 

 where do and d are interplanar spacing for non-implanted and implanted samples respectively. Here, interplanar spacing was 

experimentally determined using the following Bragg’s relation, 

 

                                                                            2 d sin θ = n λ,                                                                                               (2) 

. 
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Fig.1. GXRD spectra of SiO2 at 1º (a) non-implanted and implanted with 100 keV Si negative ions (b) 1×10 15 (c) 5×10 15 (d) 

1×10 16 (e) 5×10 16  and (f) 1×10 17 ions cm-2. 
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Fig. 2. Strain developed in SiO2 matrix as a function of ion fluences. 
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Fig.3 shows the UV-Vis-NIR transmittance spectrum of non-implanted sample and samples implanted with the ion fluences 

varying from 1×1015 to 2×1017 ions cm-2. When, light is incident on non-implanted SiO2 thin film, the light is transmitted into the 

film and begins to interact with the electronic structure of silicon and creates transition from valence band to conduction band, 

which cause absorption in the infrared region at the wavelength around 1100 nm [14]. It can be seen that the transmittance value is 

maximum for the non-implanted sample and for implanted samples it decreased non-uniformly with increase in the ion fluence. 

This decrease may arise due to an increase in absorption associated with the creation of intermediate energy levels after 

implantation of silicon negative ions into SiO2 thin film matrix. Absorption coefficient (α) was calculated using Lambert’s law [15], 

which accounts for the transmission effects. The relation is given as: 

                                               α= 𝑙𝑛 (
100

𝑇
) 𝑡⁄                                                                                                                                      (3)     

Where‘t’ is the thickness of the film and T is the transmittance. 
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Fig. 3.Transmittance (%T) spectra of non- implanted and implanted SiO2 with100 keV Si negative   ions varying from 1x1015 to 

2x1017 ions cm-2. 

 

 

 

 

 

Fig.4 shows the band gap variation of silicon negative ions implanted SiO2 with the different ion fluences varying from 1×1015 

to 2×1017 ions cm-2. It is observed from the figure that there is no considerable change in the band gap value after implantation, 

whereas a slight decrement in the band gap value of implanted samples have been observed as compared to non-implanted sample. 

This effect is due to the breakdown of Si-O bonds creating some defects centers like oxygen vacancies and Eˈcenters as a result of 

increase in silicon composition after implantation within SiO2 matrix. The band gap value was calculated by using the method of 

Tauc-plot, where  (𝛼ℎ𝜈)
1

2  was plotted as a function of photon energy (ℎ𝜈)  for indirect transitions as shown in fig.4. The band gap 

is determined from the intersection of the tangents on photon energy axis. For, indirect transitions band gap was estimated using the 

relation:               

                                                                         (𝛼ℎ𝜈)
1

2 = 𝐵(ℎ𝜈 − 𝐸𝑔𝑖)                                                                                               (4) 
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Fig. 4. Energy band gap Eg of non- implanted and implanted SiO2 with100 keV Si negative ions varying from 1x1015 to 2x1017 

ions cm-2. 

 

 

Fig. 5 shows the first order Raman spectra of non- implanted and implanted samples with the ion fluences 1×1015 and 1×1016 

ions cm-2. There is a strong peak observed at 520.4 cm-1 due to silicon present in thin SiO2 layer attributed to the first order 

transverse optical (TO) mode of silicon [16]. Shift in the Raman peaks towards a higher wave number and broadening of Raman 

peaks after implantation is attributed to compressive stress and the phonon confinement effects respectively [17].  

The approximate magnitudes of the stress (σ) were calculated by using following relation, 

 

                                                                   𝜎(𝑀𝑃𝑎) = −250∆𝜔 (𝑐𝑚−1),                                                                                         (5) 

 

where ∆ω = 𝜔𝑠 − 𝜔0, ωs and 𝜔0 are the wave numbers of implanted and non-implanted samples respectively. The values of 

stress were found to be 135 MPa and 87.25 MPa for the ion fluences of 1×1015 and 1×1016 ions cm-2 respectively. The decrease in 

the compressive stress was found due to defects and disorder produced with increasing ion fluences. 
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Fig. 5. First order Raman spectrum of SiO2 (a) Non- implanted and implanted with 100 keV Si negative ions (b) 1×1015 and (c) 

1×1016 ions cm-2. 

 

 

Fig.6 shows a broad Raman peak at 963.06 cm-1 with lower intensity compared to the first order TO Raman mode, this is 

attributed to the second order TO phonon mode of silicon present in SiO2 layer [18]. The shift in the peak positions of implanted 

samples and broadening of the peaks as compared to non-implanted sample resulted as a consequence of silicon ions occupies the 

interstitials of SiO2 matrix. There is another Raman peak observed at 1123.76 cm-1 that corresponds to SiO2 thin film layer as 
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reported by Pawel et al. [19]. It is known that SiO2 group in a rigid framework has vibrational degrees of freedom for Si and O 

atoms, these peaks correspond to the stretching mode of Si-O-Si bonding [20, 21]. It is also observed that the intensity of the peaks 

at 1123.76 cm-1, increases with the increase in the ion fluences and there is a shift towards a higher wave number which is 

attributed to the structural defects such as nonbridging oxygen and hole centers (NBOHC) produced in SiO2 matrix after the ion 

implantation [22].  
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Fig. 6. Second order Raman spectrum of SiO2 (a) Non- implanted and implanted with100 keV Si negative ions (b) 1×1015 and 

(c) 1×1016 ions cm-2. 

 

 

 

 

 

Fig.7 shows the experimental and PCM fitted first order Raman spectra of ion fluence 1×1015 ions cm-2 and 1×1016 ions cm-2. 

The Raman TO mode of non-implanted sample is symmetric with an infinite phonon coherence length due to long range periodicity 

of silicon ions in SiO2 matrix [23]. After the implantation of silicon negative ions there may be some ion induced effects within 

SiO2 matrix, leading to the stress developed in the structure and formation of Si-clusters as a consequence of silicon ions 

agglomeration [24]. There are different models have been developed, among them a simple and effective phonon confinement 

model proposed by Richter et al.  has become the most widely used model in which a wave packet concept and a Gaussian 

envelope function is used [25, 26]. Using PCM model phonon coherence lengths of 9.4 nm and 10 nm were obtained for the ion 

fluences 1×1015 ions cm-2 and 1×1016 ions cm-2 respectively. This may possibly correspond to the silicon clusters of 9.4 nm and 10 

nm sizes produced within SiO2 thin layer due to local area temperature rise during implantation process. 

The intensity of the first-order Raman mode is given by the following relation, 

 

                                                               𝐼(𝜔) = ∫ exp (− 𝑞2𝐿2 16𝜋2)4𝜋𝑞2 𝑑𝑞⁄ [𝜔 − 𝜔(𝑞)]2 + (
𝛤0

2
)

2

⁄
2𝜋

𝑎0⁄

0
,                                         (6) 

 

where ω (q) is the phonon dispersion curve, 𝑎0 = 0.543 nm is the lattice constant of silicon, 𝛤0 = 3.5 cm−1 is the natural line 

width of crystalline silicon and q is the phonon wave vector expressed in 2π/𝑎0 units. Assuming a constant coherence length (L) in 

the scattering volume, the intensity of the first-order Raman mode was estimated using the above equation.  To carry out the 

integration of intensity formula, we have used an isotropic form of phonon dispersion relation for silicon as follows. 

 

                                                                                                𝜔(𝑞) = [(𝐴 − 𝐵(𝑞𝑎0 2𝜋⁄ )2)]2,                                                               (7) 

                         

    where   A = 521 cm-1   and B = 120 cm-1   are constant for silicon [27]. 
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Fig. 7. First order TO Raman mode of silicon implanted in SiO2 fitted with PCM model for samples (a) Non- implanted and 

implanted with (b) 1×1015 and (c) 1×1016 ions cm-2. 

 

IV. CONCLUSIONS 

 

The implantation of SiO2 thin films by silicon negative ions of energy 100 keV with the various ion fluences varying from 

1×1015 to 2×1017 ions cm-2 was carried out. GXRD study revealed the strain developed in SiO2 thin film layer as a result of increase 

in silicon concentration after implantation. UV-Vis-NIR studies revealed the decrement in the transmission of incident radiation 

after implantation and the decrease in the energy band gap value for silicon with increase in the ion fluences. Raman scattering 

measurements showed first order TO mode at 520.4 cm-1, second order TO mode at 963.06 cm-1 and the Si-O-Si stretching mode at 

1123.76 cm-1. The shift in the Raman peak showed the presence of stress due to implantation. Phonon confinement model was 

fitted with experimental results indicated the formation of silicon clusters. 
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