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  ABSTRACT   In this paper, p-type  silicon <100> orientation, thickness ( 300 μm) wafers were uniformly implanted with 70 keV and 

140 keV H+ ions  for the fluences of 2.5 × 1016 ions cm-2 and 5 × 1015 ions cm-2 respectively using Electron Cyclotron Resonance based Ion 
Accelerator (ECRIA) facility at Tata Institute of Fundamental Research (TIFR) centre, Mumbai, India. The structural properties non-
implanted and implanted silicon samples were characterized using Raman spectroscopy and X-ray diffraction techniques. XRD and Raman 
techniques showed the formation of Si-H bond in 70 keV H+ implanted silicon sample at fluence 2.5 × 1015 ions cm-2 sample. The compressive 
strain observed for 140 keV H+ ions implanted silicon sample for the fluence of 5 × 1016 ions cm-2. FWHM, strain and dislocation found to be 
varying in non-implanted and implanted sample. 
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Introduction 
 

Silicon, element with wondrous properties has proved to be most useful in technological advances in recent times. 
Use of Silicon can be found in many electronic devices due to its semiconducting properties. The presence of band gap 
between valence band and conduction band is useful in making Silicon work as transistors which in turn could be used as 
an amplifier or a switch. The properties such as bandgap, electron mobility, etc can be manipulated by introducing some 
defects in Silicon. Defects in Si can be of the form of doped elements, porosities, interstitial bonding of impurities with 
crystal, damaging the lattice structure, etc. Its advantages has benefited us so much that Porous Silicon has variety of 
applications such as gas sensors [1], solar cells [2-3], Bragg reflectors [4], photo catalysis [5]. The defects in Si can be 
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introduced in variety of ways; hydrogenation of Si has been a topic of research for many decades. The ability to passivate 
the electrical activity of dangling or defective bonds and deep defect impurity states in elemental and compound 
semiconductors has been of great interest for researchers [6-8]. By controlling the barrier height with shallow dopant 
implants, H+ implants can be used to improve the characteristics of Schottky diodes [9]. Quantitative analysis of hydrogen 
in silicon is possible with accuracies better than 8% in total in hydrogen depth profiling [10]. Hydrogenation of Si can 
produce extended structural defects appearing as platelets with <111> orientation [11] and these defects correspond to 
high concentrations of hydrogen or deuterium as determined by various characterization techniques [12]. Surface hall 
mobility of silicon increases due to hydrogenation of silicon which can be used to increase the speed of IC [13]. 
Hydrogenation process can be carried out by ion-implantation. This process is highly suitable for making high-quality SOI 
wafers with the great advantages, related to the intrinsic properties of light ion implantation, of low defect density and 
thickness homogeneity [14].Though the implantation of hydrogen into Si has many advantages and substantially linear 
with fluence, small non-linear phenomena are observed, as revealed by few characterization processes [15]. Within a 
certain dose range, H implantation in Si forms platelets on two sets of habit planes, namely (001) and (111). At higher 
doses bubbles generally form instead of platelets [16]. 

In this paper, silicon samples were uniformly implanted using ion-implantation at moderate energy and different 
fluences. The structural properties of non-implanted and implanted samples were studied using Raman spectroscopy and 
X-Ray diffraction techniques. 
 
Experimental Details: 
 

Boron diffused silicon <100> wafers of thickness 300±20 µm and resistivity 5-10 Ω were procured from prolyx 
microelectronics. The samples were cut into 1×1 cm2 dimension and cleaned using acetone after dissolving in the solution 
for two minutes. The cleaned samples were dried using UV lamp and allowed for ion implantation. The silicon sample 
were implanted with 70 keV H+ ions for the fluence of 2.5 × 1016 ions cm-2 denoted as ‘A’ at  ion depth 6264 Å, Whereas, the 
sample implanted with 140 keV  H+ ions for the fluence 5 × 1015 is denoted as ‘B’ having an ion depth of 1.23 μm . The ion 
energy depth profile was estimated using SRIM 2013 [17]. The pressure, ion current and deck temperature during 
implantation was maintained at 2 × 10-2 mbar, 2.5 - 4 μA and 18.4 0C respectively. The H+ ion implantation was carried out 
at using Electron Cyclotron Resonance based Ion Accelerator (ECRIA) facility at Tata Institute of Fundamental Research 
(TIFR) centre, Mumbai [18] [19] .The non-implanted and implanted samples were characterized using Raman 
spectroscopy and XRD techniques. The Raman characterization was performed on EnSpectr R532 table top model on the 
samples. Raman spectra were characterized in the range 0-6000 cm-1. XRD analysis was carried out using Rigaku 600 
Miniflex machine (λ = 1.54 Å) at IR-Technology services at the range 10-110 degrees. 

 
Results and Discussion 
 
Raman Studies:  
 

         
Figure 1: Raman spectra for silicon samples A and B in the ranges; (a) 450-1500 and (b) 400-700 cm-1. 
 

Figure1 (a) and 1(b) shows the Raman spectra of Sample A and Sample B in the range of 450-1500 cm-1 and 400-
700 cm-1 respectively. It is observed that the silicon sample implanted with 70 keV showed the peak at 520.10 cm-1 
attributed to the phononic silicon mode [Fig.1 (a)] with an intensity of 4161.36 cpf (counts per frame) and the shift in the 
peak with respect to non-implanted silicon(∆cm-1) is found to the left for the 70 keV sample. However, Non-
implanted p-type doped silicon sample shows its characteristic Raman mode at 520.5 cm-1 with an intensity of 1506.66 
cpf. The result revealed that the shift in the sample is due to tensile stress induced in the lattice of Si-Si phononic mode 
[20]. The sample implanted with 140 keV showed the peak at 521.25 cm-1 which attributes to the silicon phononic mode 
[Fig.1 (a)] at the intensity of 7298.59 cpf and the right shift in the peak (∆cm-1) observed due to the increase in 
compressive stress in the Si lattice [20]. 
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Figure 2: Raman Spectra of H+ions implanted in Si for the sample A and sample B in the range of            1200 cm-2 to 4800 
cm-2. 

Raman spectra of A and B samples plotted in the range of 1200 cm-1 to 4800 cm-1 as shown in Figure 2. The figure 
shows two different peaks at 1496 and 2098.80 cm-1. The peaks observed at             1496 cm-1 and 2098.80 cm-1 confirmed 
the characteristics of silicon mode and attributes to the presence of hydrogen in Si lattice respectively [12]. This attributed 
peak of Si-H bond (2098.80 cm-1) found to be weak with intensity 175.55 cpf. However, no prominent peak of Si-H bond is 
observed for the other sample [Fig 2]. This presence of H+ ion in the silicon lattice cannot satisfactorily be confirmed as 
hydrogen storage device. Si-H bond having bond energy 3.296 eV (318 KJ/mol) and Si-Si bond having bond energy 
2.301eV (222 KJ/mol) makes it difficult to harness the stored hydrogen without damaging the Si lattice; thus inefficient to 
use as a hydrogen storage. A significant change in the intensity of Raman spectra for hydrogen implanted samples is 
observed. Intensity is inversely proportional to fluence as with greater fluence. we also increase the prominent fluence so 
as to prepare the lower limit of amorphous substrate due to which the material enhances the properties.  The 
distinguished peak observed at 479.6 cm-1 for sample ‘A’ [Fig, 1], which depicts a small degree of amorphous silicon 
formation [21]. The estimated FWHM found to be 8.92 cm-1 and 8.84 cm-1at phononic mode for sample A and B 
respectively. The decrease in FWHM revealed the increase in crystallite size. Thus crystallite size for sample A is smaller 
than that of sample ‘B’ [22]. 
 
X-ray Diffraction (XRD) Studies: 
 

Figure 3 shows  XRD spectra of silicon samples at (a) non-implanted , (b) 70 keV H+ implanted at the  fluence of 
2.5 × 1016 ions cm-2 (sample A) and (c) 140 keV at a fluence of 0.5 × 1016 ions cm-2 (sample B). XRD for the non-implanted 
sample showed peaks at 29.03 and 69.09 degrees attributed due to <111> and <100> reflections respectively [Fig.3(a)]. 
After implantation, the intensity of these reflections found to be increased due to formation of crystalline structures. The 
FWHM of sample A found to be increased than that of non-implanted sample [Fig 3(b)]. Whereas, FWHM of sample B is 
found to be decreased [Fig 3 (c)]. The estimated FWHM and crystallite size of non-implanted and implanted silicon sample 
showed in Table-I.  

 
Figure 3:  XRD spectra of; (a) non implanted and H+ ions implanted silicon samples at: (b) 70 keV;2.5 × 1016 cm-2 and (c) 
140 keV ; 0.5 × 1016 cm-2. 

 
The crystallite size of all samples estimated by the Scherrer’s equation [23]; 





cos

k
D                                                                                                                                                (1) 

Where D is the crystallite size, k is the Scherrer’s constant which is set as 0.9, λ is the wavelength of X rays used, β 
is the full width half maxima along the plane (100) and θ is the Bragg angle. According to Williamson and Hall the 
broadening of diffraction lines is due to the contribution of crystallite size and strain of lattice [24]. The crystallite strain is 
given by, 
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Where ε is the micro-strain of lattice, β is the FWHM of (100) plane and θ is the corresponding Bragg’s angle. The 
strain in the sample A and B were found to be 32.0123 × 10-3 and 26.5954 × 10-3 respectively. However non-implanted 
sample showed the strain is 26.7743 × 10-3. The variation in the strain in the implanted samples revealed that the 
deformation in the lattice of substrate. 

The reduction in the crystallite size may be attributed to two aspects, one is large number bombardment of H+ 
ions on crystal increases strain which is then more pronounced due to close packing of other crystals, and other is due to 
formation of strong Si-H covalent bond which pulls all the neighboring atoms of the lattice, thus reducing the lattice size. 

The amount of defects in the sample is defined as the dislocation density [25] and is given by the equation; 

2

1

D


                                                                                                                                                             
(3) 

The estimated dislocation density for the sample A and B is 274.747 × 10-3 and 189.332 × 10-3 nm-2, whereas non-
implanted sample showed 191.996 × 10-3 nm-2. 

It is evident that for higher ion fluence, higher is the extent to which dislocation takes place. These deformations 
give rise to observed changes in the physical parameters such as strain. At the higher fluence, probability of shifting silicon 
atom either in the interstitial space or displacing silicon atom and formation of Si-H bond takes place in the substrate 
material. The same result is revealed in the Raman study. 

Table-I: XRD estimated data of FWHM and crystallite size of silicon samples 

 
Sample 2θ (degree) Intensity (a.u.) βhkl (degree) Crystallite Size D (nm) 

Non-implanted  69.09 5.31 × 105 0.07373 2.2822 
A 69.13 1.11 × 106 0.08822 1.9078 
B 69.07 8.73 × 105 0.07321 2.2982 

 
Conclusion: 

In this study hydrogen implanted silicon where characterized using Raman and XRD techniques. Raman spectra 
showed amorphous silicon at higher fluence. XRD spectra showed that changes in structural properties found to be more 
pronounced when implantation is carried out with high fluences. The structural studies revealed the formation of Si-H 
bond for the sample 70 keV at fluence 2.5 × 1015 ions cm-2. Ion-implantation fluence plays a major role in producing 
defects. The lattice undergoes compressive stress when H+ ions were implanted with energy of 140 keV and fluence of 5 × 
1016 ions cm-2. Whereas, the lattice undergoes the tensile stress when H+ ions are implanted with energy of 70 KeV and 
fluence as high as 2.5 × 1016 ions cm-2. Physical properties such as crystallite size, lattice strain and dislocation density is 
found to be varying with fluences and energies. 
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