
 

 

 
STUDY OF GROWTH, COMPOSITION AND OPTICAL 

PROPERTIES OF AS-DEPOSITED AND POST- 

TREATED a-SiNx:H THIN FILMS 

 

 

 

 

RAVI KUMAR BOMMALI 

 

 

 

 

 

 

 

 
 

 

DEPARTMENT OF PHYSICS 

INDIAN INSTITUTE OF TECHNOLOGY DELHI 

NEW DELHI-110016, INDIA 

April-2015 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

© Indian Institute of Technology Delhi (IITD), New Delhi, 2015 



 

 

Study of growth, composition and optical 

properties of as-deposited and post-treated 

a-SiNx:H thin films 

 

by 

Ravi Kumar Bommali 

Department of Physics 

 

 

 

 

Submitted  

in fulfillment of the requirements of the degree of  

Doctor of Philosophy 
to the 

 

 

 
 
 

INDIAN INSTITUTE OF TECHNOLOGY DELHI 

NEW DELHI-110016, INDIA 

April-2015 

 

 



 

 

 

 

 

 

Dedicated to…. 

                                       .... Family & Friends…. 

 

 

 

 

 

 

who have kept my heart throbbing 



 

i 

 

 

 

 

 

Certificate 

 

 

This is to certify that the thesis entitled, “Study of growth, composition and optical 

properties of as-deposited and post-treated a-SiNx:H thin films”, being submitted by Mr. 

Ravi Kumar Bommali to the Indian Institute of Technology Delhi, New Delhi, for the 

award of the degree of Doctor of Philosophy in Physics is a record of bonafide research 

work carried out by him under my supervision and guidance. He has fulfilled the 

requirements for the submission of the thesis, which to the best of my knowledge has 

reached the requisite standard. 

 The material contained in the thesis has not been submitted in part or in full to 

any other University or Institute for the award of any degree or diploma.  

 

 

Dr. Pankaj Srivastava 

Professor 

Department of Physics 

Indian Institute of Technology Delhi 

Hauz Khas, New Delhi-110016 

India. 

 

April 2015 

 



 

iii 

 

 

Acknowledgements 

I take this opportunity to thank all individuals who have directly or indirectly made the 

present thesis possible.  

Foremost, I am grateful to my supervisor, Prof. Pankaj Srivastava, for his wise counsel, 

optimism and above all kindness which have often shielded me from the uncertainties in 

the course of my journey through research by providing clarity and hope. His warm and 

congenial demeanour will always be respectfully remembered. I couldn‘t have hoped for 

a better start to my research career. I would like to extend my heartfelt gratitude to Dr. 

Santanu Ghosh without whose kind support, valued advice and constant encouragement 

the present thesis wouldn‘t have been accomplished. I would like to express my sincere 

gratitude to Dr. G. Vijaya Prakash for his kindness and constant motivation through the 

course of PhD life. His valued criticisms and suggestions to overcome experimental 

bottlenecks will be imbued in my mind forever. I consider myself fortunate for the 

opportunity to work closely with three experts having diverse research interests. They 

have invaluably added to the quality of the thesis with their respective specialized inputs 

and suggestions. 

Further, I would like to thank Dr. D. Kanjilal, for facilitating the Swift Heavy Ion 

irradiation experiments carried out at the Inter University Accelerator Center (IUAC) 

New Delhi and his vital suggestions in carrying out these experiments. Dr. S. A. Khan is 

thanked for kind and continuous support in discussions as well as in the conduct of the 

irradiation and ERDA experiments. Other personnel at IUAC are also thanked for their 

help in conducting the ion beam related experiments. 

I am indebted to Dr. M. H. Modi for his encouragement, advice and fruitful 

discussions during the course of the Soft X-ray reflectivity measurements at the Raja 

Ramanna Center for Advanced Technologies (RRCAT) Indore. I am especially thankful 

to him for making my stay at this institute comfortable when these experiments were 

being performed. I am indebted to Dr. Sanjay Rai for his encouragement, advice and 

fruitful discussions over the interpretation of hard XRR data. I am also thankful to Mr. 

Amol Singh for useful discussions towards fitting of the soft XRR data. Also I would like 

to thank Dr. Arvind Srivastava of the RRCAT for permitting the XTEM characterizations 

on several samples. Mr. Pushpen Mondal is thanked for his constant assistance and 

company during the course of the TEM investigations. I am thankful to him for his 

patience in carrying out the Imaging. Mr. Mahendra Babu is thanked for his assistance in 

sample preparation.  

I am thankful to Dr. S Zhou of Institute of Ion Beam Physics and Materials 

Research Dresden, Germany for agreeing to carry out RBS on several samples. 

I owe gratitude to Prof. Dinesh Kant Pandya of the Thin film Lab IIT Delhi for his 



 

iv 

 

 

advice, encouragement and freedom through these years when I was working as an XRD 

operator at the Physics Department under his leadership. The job allowed me to interact 

with people across various disciplines for which I am grateful.  

I would also like to thank my student research committee members, Prof. 

Siddharth Pandey of the Chemistry Department IITD, Prof. R. K. Soni and Dr. A. K. 

Shukla for their encouragement during the semester progress presentations. Personnel at 

the HRTEM facility of IITD are also thanked for their help in the imaging.   

I am indebted to my friend Raju for introducing me to the experimental technique 

of XRR. Other colleagues Anil and Anjali are also thanked for their readiness to help at 

all times I have needed it. 

I would like to extend sincere gratitude to my seniors Dr(s) Sarab Preet Singh, 

Hardeep Sehgal, Pradeesh Kannan, Gautam Singh, Sangeeta Handuja and Bhavna Pandey 

for their help and support. Dr. Sarab Preet is thanked in particular for providing me the 

necessary initiation into research life. 

 I have been fortunate to have received enormous support and encouragement 

from my labmates during the course of my PhD. I shall forever remain indebted to them 

for their kindness and affection. I am thankful to Debalaya for her help in preparing the 

schematics presented in this thesis. Pushpsen is thanked to for his help in carefully proof 

reading the thesis. Suman is thanked for her help in overcoming formatting bottlenecks in 

MS word and preparing the initial pages of the thesis. Pawan is thanked for his help in 

formatting the references.  

Heartfelt gratitude to friend Rajkumar for his constant company and support at all 

times. I am indebted to Himanshu whose timely criticisms, counsel have rescued me on 

several occasions. I am also indebted to friends Shahab and Nagesh for their company, 

support and encouragement at all times I have needed them. Vindesh will always be 

remembered for his lively and humorous company. Deep is thanked for his 

encouragement and motivation whenever it was needed. I am also thankful to fabulous 

friends Sreekanth, Allu Amarnath, Nandlal, Jitendra, Nandhini and Visakha for their 

support. Recent friends Vinod, Harsh and Parsvajit are also thanked for their active 

support. 

Finally, I would like to thank all in my Family, who have been a vital pillar of 

support through this arduous journey. Brothers Gourav, Rahul, Pawan, Bhargav and 

sisters Mamta, Neha Parinita, and Meghana are thanked for their endless love and 

support. I am immensely grateful to my aunt B. Swarna Lata for her encouragement, 

support and blessings at all times. I am thankful to my parents B. Shanker Rao and B. 

Dhanlakshmi for their love, blessings and everything.  

 

 

Ravi Kumar B 



 

v 

 

 

Abstract 

Silicon nitride thin films have been of interest since the advent of the microelectronics 

revolution. It has been traditionally used for diverse applications like dielectric gate 

material, impurity barriers, surface passivation, device encapsulation and optical coatings. 

These diverse applications rest on the tunability of the properties of silicon. Apart from 

these traditional applications, the discovery of the Quantum Confinement Effect in Si 

nanocrystals in porous Si has led to interest in systems involving nano-dimensional 

silicon. Si quantum dots embedded in a silicon nitride matrix is one such system that is 

being explored towards applications in third generation solar cells and LEDs. These Si 

nanostructures are generally obtained by the process of phase separation in a silicon rich 

silicon nitride. The composition and microstructure of these films play a crucial role in 

determining the properties of these films. These factors are in turn strongly dependent on 

the deposition conditions and technique used. Plasma enhanced chemical vapour 

deposition (PECVD) has been a widely used technique for the silicon nitride thin film 

deposition. The films deposited by this technique have process induced hydrogen 

incorporated in them (therefore represented as a-SiNx:H). The hydrogen content of these 

films has a profound impact towards films‘ properties. Realizing the importance of these 

interrelated factors viz. composition, microstructure and the hydrogen content, the present 

thesis aims to study the dependence of properties, like photoluminescence and 

photoconductivity, on these factors. The present thesis also discusses in detail the effect 

of various post-treatments like thermal annealing, rapid thermal annealing and swift 

heavy ion irradiation in terms of these crucial factors. It must be noted that these post-

treatments are currently of intense interest towards useful harnessing of the quantum 

confinement related properties. 
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The thesis starts with investigation of the depth resolved chemical composition of 

a-SiNx:H films by the novel technique of resonant soft X-ray reflectivity (R-SoXR). Such 

depth resolved composition determination allows for the comparison of the growth 

kinetics in films deposited under different deposition conditions. It is demonstrated that 

the depth compositional sensitivity (few nanometers) and non-destructive nature give R-

SoXR a significant edge over the conventional composition determination tools. 

 The origin of luminescence from Si quantum dots embedded in dielectric matrix 

has been under constant debate. This ambiguity is inherent in the composite nature of 

these materials, for e.g. in silicon rich silicon nitride the presence of various radiative 

defects, bandtail luminescence as well as the quantum confined luminescence lead to 

difficulty in assigning the origin of luminescence. We demonstrate that investigation of 

the photoluminescence of these films with three excitation lasers can throw light on the 

radiative processes in these films. A deconvolution procedure is adopted which explains 

all PL spectra presented here. Further an interesting optical metastability is revealed in 

silicon rich silicon nitride, wherein a preferential enhancement of the PL band associated 

with Si inclusions in silicon nitride films is observed upon exposure to atomic hydrogen. 

The preferential enhancement of PL is then used to investigate the variation of defect 

density in silicon rich silicon nitride with increasing Si content. The three laser approach 

for optical investigations is successfully applied to study effect of various post treatments 

on optical properties.  

 The present thesis also studies the microstructural changes in silicon rich silicon 

nitride under swift heavy ion irradiation. The nanostructuring of materials by the use of 

swift ions is receiving enormous interest. In the same area, ion tracks formation in various 
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materials is being investigated vigorously. The present work reports for the first time the 

formation of discontinuous tracks in a-SiNxH thin films through cross-sectional 

transmission electron microscope investigations. This nanostructuring of a-SiNx:H holds 

great promise toward realisation of size and spatial control over the growth of Si QDs in 

silicon nitride. 

Further, with the emergence of the third generation solar cell concepts, the recent 

past has also seen a surge in interest in Si quantum dots embedded in dielectric matrices. 

The final chapter therefore addresses the photocurrent spectral response measurements on 

a-SiNx:H of which only scarce reports exist in the literature. The narrow band UV 

response found in these films is quite unique to this class of materials and can be useful 

towards achieving third generation solar cell goals.  
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and rapid thermal annealed (blue) films obtained under Ex2 

(410nm laser). The as-deposited and rapid thermal annealed 

spectra have been multiplied by factors in order to make the 

peak shifts visible. 
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Figure 5-13.  

 

PL spectra obtained under Ex3 (532nm) excitation for as 

deposited (black), furnace annealed (red) and rapid thermal 

annealed (black) films. 
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Figure 6-1.  

 

(a) XRR carried on the as-deposited (black) and irradiated (red 

and blue) films of R and G. The inset shows the changes in the 
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critical angle with increasing irradiation fluence. (b) The 

densities (square dots connected by dashed line) determined 

from the critical angle of the reflectivities are plotted on the left 

scale. On the right scale thickness of the films open squares 

connected by solid lines. The dashed and solid lines are only 

guides to the eye. 

 

Figure 6-2.  

 

The XTEM Images for film G and R. Also shown (in the center) 

are the zoomed in images of the irradiated films. 
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Figure 6-3.  

 

The PL spectra of film R recorded with three different lasers 337 

nm (left), 410 nm (middle) and 532 nm (right) for as deposited 

films and films irradiated at 5×10
12

 and 1×10
14

 ions/cm
2
. All the 

PL spectra have been deconvoluted assuming Gaussian 

contributions from N-DBs, Si-DBs and nanoscale Si inclusions. 

It may be noted that the intensity scale has been marked so that 

the intensities across various spectra under a given excitation 

may be compared. 
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Figure 6-4. 

 

The PL spectra of film G recorded with three different lasers 337 

nm (left), 410 nm (middle) and 532 nm (right) for as deposited 

film G and films irradiated at 5×10
12

 and 1×10
14

 ions/cm
2
. All 

the PL spectra have been deconvoluted assuming Gaussian 

contributions from N-DBs (blue), Si-DBs (green) and nanoscale 

Si inclusions (red), denoted in text by P3, P2 and P1 

respectively. It may be noted that the intensity scale has been 

marked so that the intensities across various spectra under a 

given excitation may be compared. 
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Figure 7-1. (a) The vertical geometry adopted for photocurrent 

measurements. (b) Schematic energy band diagram for vertical 

geometry before (top) and after (below) electrical contact 

between the layers. 
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Figure 7-2. A typical transient photocurrent response under excitation with 

355 nm wavelength for bias voltages 0 V (blue) and 5 V (red). 

The photocurrent generated for each curve is marked on Y-axis 

having the corresponding colour. 
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Figure 7-3.  

 

The normalized photocurrent spectral response for a-SiNx:H thin 

films collected under zero bias voltage. Inset shows the plot of 

blue-shift in photocurrent on-set against the optical bandgap 

(Eg). The onsets have been taken to be the value of optical 

energy at mid values (indicated by dotted arrow) of 

photocurrent. 
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Figure 7-4.  

 

Comparison of the photocurrent spectral response (top) of 

samples S1 and S5, and the photoluminescence excitation for 

samples similar to S1 and S5 represented by corresponding 

colours. The PLE monitoring wavelengths were 590 nm and 500 

nm as marked against the corresponding curves. 
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Figure 7-5. (a) Comparison of the PCS response of a commercial Si detector 

(dots) with that of a-SiNx:H film (circles) using the same 

experimental set-up. (b) the transmission spectra of a bare ITO 

coated glass substrate(dots) and the a-SiNx:H film (circles) 
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Figure 7-6  

 

(a) The schematic of the Lateral geometry adopted for film 

deposited on Si substrate and (b) schematic energy band 

diagram. (c)  The normalised PCS response of a-SiNx:H film for 

lateral (blue dots) and vertical (pink dots) geometries 

respectively. 
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Figure 7-7. 

 

(a) The evolution of photocurrent spectra for a typical a-SiNx:H 

film with applied bias voltage from 0 (~1mV) to 5 V. (b) shows 

the corresponding normalised spectra. Upon application of a bias 

the contribution of lower energy states to the photo carriers 

increases. (c) Schematic showing the photo-generated carrier 

transport through two sets of bandtail states under a small bias 

(~1 mV) (left) and a higher bias (right). The states closer to the 

conduction band have lower localisation (dotted), whereas 

deeper states have higher localisation (dashed). 
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Figure 7-8.  

 

The typical Current-Voltage (IV) graph under illumination with 

355 nm. Inset shows a linear fit to the plot of current density 

versus the square root of electric field, there by indicating that 

the Poole-Frenkel mechanism is responsible for photo-

conduction. 
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