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In recent years a great deal of interest has been focused on the synthesis of transitional 

metal (e.g. Ag, Cu, Fe, Au) nanosystems at the surface to sub-surface regions of Si and SiO2 

matrices for fundamental understanding of their structures as well as for development of 

technological applications with enhanced  electronic and optical properties. The applications of 

the metal nanoparticle or nanocluster (NC) systems range from plasmonics, photovoltaic 

devices, medical, and biosensors. In all of these applications; the size, shape and distribution of 

the metallic NCs in the silicon matrix play a key role. Low energy ion implantation followed by 

thermal annealing (in vacuum or gas environment) is one of the most suitable methods for 

synthesis of NCs at near surfaces to buried layers below the surfaces of the substrates. This 

technique can provide control over depth and concentration of the implanted ions in the host 

matrix. The implanted low energy metal ions initially amorphizes the Si substrates while being 

distributed at a shallow depth near the substrate surface.  When subject to thermal annealing, 

the implanted ions agglomerate to form clusters of different sizes at different depths 

depending upon the fluence. However, for the heavier ions implanted with high fluences 

(~1×1016 - 1×1017 atoms/cm2), there lies challenges for accurately predicting the distribution of 

the implanted ions due to sputtering of the surface as well as redistribution of the implants 

within the host matrix.  

In this dissertation, we report the investigation of the saturation of the concentration of 

the implanted ion species in the depth profiles with low energies (< 80 keV) metal ions (Ag and 



Au) in Si (100), while studying the dynamic changes during the ion implantation. Multiple low 

energies (30-80 keV) Ag ions with different fluences were sequentially implanted into 

commercially available Si wafers in order to facilitate the formation of Ag NCs with a wide ion 

distributions range. The light absorption profile according to different sizes of NCs at the near-

surface layers in Si were investigated. We have investigated the formation of Ag NCs in the Si 

matrix as a function of implantation and thermal annealing parameters. The absorbance of light 

is increased in Ag implanted Si with a significant increase in the current collection in I-V 

(current-voltage) photo switching measurements. The experimental photovoltaic cells 

fabricated with the Ag implanted Si samples were optically characterized under AM (air mass) 

1.5 solar radiation conditions (~1.0 kW/m2). An enhancement in the charge collection were 

measured in the annealed samples, where prominent Ag NCs were formed in the Si matrix 

compared to the as-implanted samples with the amorphous layer. The characterization 

techniques such as Rutherford Backscattering Spectroscopy, XPS-depth profiling, transmission 

electron microscopy, optical absorption, and I-V (current-voltage) photo switching 

measurements were employed to understand the underlying science in the observed 

properties. The results of these investigations are discussed in this research. 
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 INTRODUCTION 

The metal nanoparticle (NP) or nanocluster (NC) has the ability to localize light at the 

nanoscale. It has been known that the metallic NC can behave as a sub-wavelength scatterer and 

can trap plane waves1-3. The applications of the transitional metal nanoparticle ranges from the 

plasmonics4-6 photovoltaic device (PV)3, 6-10, optical antenna and nanoscanning probe11-13, 

medical and biosensor14, 15, and nanodrug delivery system15, 16. The critical factors in the 

applications of nanoparticles are the species, dimension, location, and the distribution of the 

nanoparticles. It’s been known that in optical applications, the elemental type, size, and shape of 

the nanoparticles or nanoclusters (NC) are correlated to the efficiency and wavelength of the 

scattering electromagnetic (EM) waves4. 

Silicon is an excellent material for electronics, photovoltaic applications due to its low 

cost, abundance in nature, long-term stability, and well-established technology. But Si alone 

cannot be used for optoelectronic devices because of its indirect band gap due to the momentum 

miss-match between the conduction band (CB) and the valance band (VB). The indirect radiative 

interband transitions in bulk Si are strongly suppressed, as an emitted photon cannot satisfy the 

momentum conservation for transition from the conduction band to top of the valence band22. 

The indirect energy band results to non-radiative recombination of any electron hole (e- h+) pair. 

The excited charge carrier in the conduction band in the Si is relaxed by taking several steps 

toward valance band. By doing so, it produces phonon. Due to this intrinsic property of Si, it is 

not a good material for optical emitter by itself. However, observing at the nanoscale dimension; 

if the Si NC is fabricated smaller than Bohr radius of exciton, it can exhibit the quantum 

confinement (QC) effects, hence breaking the momentum selection rules22, 23. 
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The optical path length has to be sufficiently large and plays a critical role for the materials 

to be an efficient photo sensor or photo absorber.  Highly energetic photons have shorter path 

lengths than that of the lower energy photons. The visible EM spectrum can penetrate from ~100 

nm (for λ=400 nm) to ~7 micrometer ( m) (for λ=700 nm) in crystalline Si (c-Si) and ~100 nm (for 

λ=400 nm) to ~5 m (for λ=700 nm) in amorphous Silicon (a-Si) 17.   

To produce electron hole pairs in Si, the incoming photon energy has to be larger than 

the energy band gap of the Si, which is ~ 1.11 eV at the room temperature (300 K). The efficient 

photo sensor such as a photo voltaic cell (PV), harvests the e- h+ charge with minimum 

recombination of the e- h+ pairs. To maximize e- h+ pair collection the PV device has to be thin, 

on the order of a few micrometers. The thickness of the PV has to be weighed against the optical 

path length and the e- h+ pair recombination.   The optical path length of the PV cell can be 

maximized without increasing the physical thickness of the PV by surface/substrate modification. 

In recent years, metallic (Ag, Au, Cu) NCs have been be used as sub wavelength scatterers and to 

trap the plane waves.  The metal-dielectric interface can generate surface plasmons (SP) with the 

same frequency as the incident electromagnetic waves but with a much shorter wavelength. So 

the metal NCs can excite the SP and doing so increases the effective optical path length in thin 

PV layers to enhance overall photo absorption.  When EM waves incidents on metallic 

nanoparticles, the EM waves will have three different interactions; scattering, transmission, and 

absorption.  The absorption and scattering is the function of the NCs physical and geometrical 

properties, whereas transmission of the EM wave depends on the size, population of the NCs, 

and the refractive index of the surrounding of NCs.  The nanoparticles made of conducting metal 

such as silver, gold, copper when subjected to an external EM wave can localize the light if the 
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particles sizes are smaller than the metal's optical skin depth and larger than the nonlocality 

length (lnl). The skin depth is the distance up to which the optical radiation can penetrate and is 

defined as, 𝛿 = √𝜌 𝜋𝑓𝜇⁄ , where 𝜌, 𝜇, 𝑎𝑛𝑑 𝑓 are resistivity, permeability of metal and frequency 

of light respectively.  For the metal particles like Cu, this length scale is ~ 25 nm. The nonlocality 

length is defined as the distance (lnl = 𝑣𝐹  × T) that an electron with Fermi velocity 𝑣𝐹~ 2x106 m/s 

moves during one EM wave oscillation. Since a period for one optical waves oscillation is about a 

femtosecond long so the nonlocality length is ~2-4 nm. So at the length scale between 2-25 nm 

the metal particles can couple with the incident light and exhibits nanoplasmonic phenomena4.  



4 

 

Figure 1.1. The historical development in the efficiency of various types of solar cells are 

shown. Crystalline Silicon solar cell efficiency currently stalled at ~25%, which has not been 

improved for last 15 years25.  
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In Figure 1.1 a chronology of the historical development of various types of solar cells and 

their energy conversion efficiency is provided. The quest for increased efficiency of solar cells 

with lower costs has driven the research in synthesizing photovoltaic cells involving Si based 

materials.  The efficiency of solar cells involving crystalline Si is stalled around 25% for the last 

decade25.   To increase the overall efficiency of the solar cell, a series of photovoltaic cells have 

been combined in a tandem fashion with each component of cell is tuned to a specific band gap 

according to light absorption profile in Si, hence  it is demonstrated with increased efficiency. The 

high efficient solar cell technology, for example, mainly focused on the multi-junction group IV, 

III-V and II-VI semiconductor materials. This is based on an engineering aspect of choosing the 

path of the least resistance to overcome the 1.11 eV indirect band gap energy of Si. For an 

example, dual-junction a-Si/a-SiGe cell and triple-junction a-Si/a-SiGe/a-SiGe cells, which use a 

spectrum-splitting approach to collect the sunlight, achieve higher conversion efficiencies. 

Among these, a-Si (1.8 eV)/a-SiGe (1.6 eV)/a-SiGe (1.4 eV) triple-junction solar cells have been 

used to obtain the most efficient a-Si-based cells today (Figure 1.2). In Figure 1.3, the Quantum 

Efficiency (QE) of a triple-junction solar cell26 is measured by the appropriate light bias and 

electrical bias. Apart from being complicated to fabricate, the maximum theoretical (Shockley-

Queisser Limits)27 efficiency under AM1.5 spectral distribution for a conventional single-junction 

solar cell, is limited to about 31%. The recent discovery of the production of multiple electron-

hole pairs per photon by metal nanoparticles is expected to change the efficiency of solar cells to 

several folds higher than that of a conventional solar cell28-30.   Recently, Shi et al. had shown that 

light trapping can be enhanced by fabricating double layer Ag nanoparticles in silicon based 

materials80.    
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Figure 1.2 The schematic of nip type tandem PV cell26. 

 

Figure 1.3. Quantum efficiency curves of component cells of a typical triple-junction solar 

cell are presented. The table indicates the short-circuit current densities (JSC) for the component 

cells measured for AM1.5 illumination and with a xenon illuminator26. 
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 In plasmon-assisted solar energy conversion, metal nanostructures are used to 

scatter solar radiation in a way that better couples it to semiconductor photovoltaic elements. 

Metallic nanostructures can exits SP and can dramatically increase the optical path length in thin 

active photovoltaic layers to enhance broad band photo-absorption26, 27.  The Ag NCs enhances 

the light absorption and increases the efficiency of the PV device. Since the SP frequency is 

dependent upon the NCs size, the modification of the PV device should go along with tailoring 

the size of the Ag NCs. The absorption depth of the light of different wave lengths is different in 

Si, so, placing the NCs according to its size plays a critical role in improving the device efficiency. 

The schematic of an ideal PV device that can accommodate a broad band of light is given in the 

Figure 1.4. The large size metal NCs couple with long wave length light, which can penetrate the 

deepest and therefore should be located at the deepest possible location from the surface. The 

smaller NCs, which are located near the top surface of the device and can couple with short wave 

length light. The medium wave length light couples with the corresponding intermediate size NCs 

and therefore should be located in the depth from the surface between the two different size 

NCs. 
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Figure 1.4. A schematics of multi-layer metal NCs device system in Si tailored to absorbed 

broad EM waves. The strategic location of photo absorbing Ag NCs layer to maximized the light 

absorption. 

  In this dissertation work, different size metallic Ag nanosystems are synthesized 

by implanting with Ag ions with varied energies, fluences, post thermal annealing at 500 °C with 

different time period   with the aim to create Ag NCs (similar to the structures shown in Figure 

1.4) at the different depths beneath the surface of the silicon. The systems are then characterized 

for their compositional, structural, optical and photo-current collection properties.  

 The dissertation has been arranged in the following way. Following the 

introduction in this chapter, chapter 2 provides the description about the ion implantation 

equipment and basics of various ion-solid interaction process during the ion implantation. The 

simulation codes used for estimating range and distribution of the implanted ions are briefly 

described in this section.  Chapter 3 describes the various characterization techniques used for 

the investigation of the materials compositional, structural and optical properties. Chapter 4 

contains a detail study of the distribution of low energy (50 keV) heavy ions (Ag and Au) in Si 

incorporating heavy ion irradiation induced surface/substrate erosion in Si. The sputtering effects 

from the heavy ion irradiation change the ion implantation profiles in the Si target and also show  

a saturation in the concentration of the implanted ions for a given energy and species. Chapter 5 

describes the compositional, structural characterization of the ion implanted samples using 

several depth profiling techniques. Several different types of Ag implanted Si samples were 

fabricated by varying the implantation energies, fluences and incident angles to synthesize 

different size and concentration of Ag NCs with different depth profiles.   Chapter 6 describes the 
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optical absorption profiles and photo current measurements from the synthesized Ag implanted 

samples described in chapter 5. In the Chapter 7, a summary of this dissertation work is 

presented. 
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ION BEAM ASSISTED MATERIALS MODIFICATION AND SYNTHESIS OF METAL NANO-SYSTEMS: 

ION IMPLANTATION EQUIPMENTS AND BASICS OF ION-SOLID INTERACTIONS  

2.1 Introduction 

Among many processing methods, irradiation with energetic ion beams (ion implantation) 

followed by in-situ or post thermal annealing is one of the most attractive methods for synthesis 

of micro-nanostructures at near surfaces to layers buried deep below the surfaces. This 

technique provides control over the ion species, depth, and concentration of the implanted ions 

in the host matrix. Nowadays, the use of ion implantation is widespread in many different areas, 

spanning from the microelectronic industrial production to the synthesis of new materials system 

(e.g. thin layers ~30 µm of Si for solar cell applications).  Some of the latest fundamental studies 

involving ion implantation can be found in the proceedings of related conferences (e.g. 19th 

International Conference on ion beam modification of materials, held at Leuven, Belgium, 

September 14-19, 2014,   20th International Conference on ion implantation technology, held at 

Portland, Oregon, June 29-July 3rd, 2014).  

Most of the samples studied in this dissertation work were prepared via low energy metal 

(Ag or Au) ion implantation.  The ion implantation were performed in the Ion Beam Modification 

and Analysis Laboratory (IBMAL) within the department of physics at UNT. The main laboratory 

of the IBMAL has two active ion accelerators, the National Electrostatic Corp. (NEC) 3 million volt 

(MV) 9SHD-2 tandem Pelletron, and a 3 MV NEC 9SH single-ended Pelletron. 
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Figure 2.1 The schematics of IBMAL main laboratory showing the 3 MV tandem and the 3 MV 
singled ended NEC accelerators and the associated beam lines and experimental end stations. 

The 3 MV tandem accelerator in the main laboratory is equipped with three negative ion 

sources: two Cs-Sputter types for solid targets and a RF-type for noble gases.  Almost all elements 

in the periodic table can be produced either in an atomic or molecular form from the ion sources 

and accelerated to a terminal potential up to 3 MV.. Figure 2.1 shows a layout map of the main 

laboratory of the IBMAL facilities. The negative ions are transported in a low-energy beam 

transport line to a low-energy ion implantation chamber.  Alternatively, the negative ions are 
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magnetically pre-analyzed and injected into the tandem accelerator and accelerated to higher-

energies as shown in Figure 2.1.   After acceleration, the ions are transported to the analyzing 

magnet for the tandem accelerator, which has a mass-energy product of 500 at 15 degrees. 

Presently, there are four high-energy beam transport lines and one low-energy beam transport 

line taken from just the ion source. The four high energy beam lines are (a) trace element 

accelerator mass spectrometer with a sensitivity in the order of parts per billion for many 

elements [13–16], (b) high energy implantation line equipped with electrostatic raster scanning 

for homogeneous implantation areas [27], (c) multipurpose beam line for broad beam RBS, PIXE, 

ERDA, NRA and broad-beam single event upset in integrated circuits and (d) heavy ion 

microprobe utilizing a separated quadrupole doublet focusing system from the University of 

Melbourne [25]. The high energy (MeV energy range) ion implant line is for the purpose of deeper 

layer ion implantations.  

The 9-SH Pelletron single ended accelerator presently has three beam lines: one general 

purpose beam line for RBS/Channeling, particle induced x-ray emission (PIXE), one for light ion 

implantation/irradiation and another one for magnetic or electrostatic microprobe analysis.  The 

magnetic microprobe system utilizes the Louisiana Accelerator Center (LAC) quadrupole lenses 

configuration, which is a focusing system of two separated doublets forming a separated 

quadruplet.  At a working distance of about 18 cm, the LAC system is designed to have a 

demagnification of about 125 in both the X and Y directions.  The electrostatic focusing system 

for MeV ions is currently under development and is expected to produce sub-500 nm spot sizes 

for all ions up to 3 MeV. 
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2.2 Low Energy Ion Implantation (LEII) beam line associated with the 9SDH-2 tandem 

accelerator 

Most of the samples studied in this dissertation work were synthesized using the low 

energy Ag or Au ions at the LEII beam line. The low-energy beam line extracts ions directly from 

the ion sources as shown in Error! Reference source not found.. The primary components of the 

low energy ion implantation system consist of an ion source namely; the source of Negative Ions 

by Cesium Sputtering (SNICS II, NEC), a pre-analysis 30o beam analysis magnet, and low energy 

ion implantation beam line equipped with target chamber. The LEII beam line is equipped with 

an electrostatic raster scanning system capable of implanting an area of approximately 5cm2.  

The integration of the charge on the target is done using a current integrator. Secondary electron 

effects are reduced by placing a small ring in front of the target and biasing it negative by a few 

hundred volts. Another isolated circular ring is placed before the electron suppressor so that the 

ion beam does not strike the negatively biased grid. After the 90o pre-injection analyzing magnet 

(Figure 2.2), the beam can be injected into the 3 MV NEC 9SHD-2 tandem Pelletron accelerator.  

The LEII beam line is used for implantation of ions over an energy range of 10 to 80 keV, which is 

suitable for the present application.  
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Figure 2.2. Schematics of the low energy ion implantation facility associated with the 3 MV NEC 
9SHD-2 tandem accelerator. 

 The NEC SNICS II negative ion source can generate ions of almost any element in the 

periodic table having a substantial electron affinity. The working principle of SNICS II (Error! 

Reference source not found.) ion source33 is Cs vapor from the heated cesium oven injected into 

ionizing chamber, an enclosed area between the cooled cathode and the heated ionizing surface. 

Some of the Cs condenses on the front of the cathode and some of the Cs is positively ionized by 

the hot surface. The ionized Cs accelerates towards the cathode, sputtering particles from the 

compacted cathode through the condensed Cs layer. Some materials will preferentially sputter 

negative ions. Other materials will preferentially sputter neutral or positive particles which pick 

up electrons as they pass through the condensed Cs layer, producing negative ions. 
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Figure 2.3. Schematic drawing of negative ion source NEC SNICS II. This is the source that 
produces the negative ions for the low energy ion implantation or for the injection into the 
tandem accelerator for high energy operation. The operating voltage of the cathode, extractor, 
and focus along with accelerating bias voltage is adjusted as dictated by the operation. 

 The primary component of the ion source is a suitable cathode, which is made from either 

a pure material of the desired ion element or a stable, conductive compound. The details of the 

materials choice and helpful parameters can be found in NEC’s SNICS owner’s manual and the 

Negative Ion Cookbook35 (Middleton, 1989). Silver and gold cathodes, made from commercially-

available, 99.9% pure materials, were used for the extraction of the needed ions. According to 

the ion Cookbook and NEC owner’s manual, a reasonable current, as high as 20 A of the metallic 

cathodes, can be extracted from the SNICS II. After extraction from the ion source, the ions are 

momentum per charge selected using the pre-analysis beam steering magnet (30o magnet) with 

an appropriate magnet current setting. The ion beam current is collected by a secondary electron 

suppressed faraday cup and is monitored by a LabVIEW based setup at the accelerator control 

room, an example is shown in the Figure 2.4. 
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Figure 2.4. A screen shot of the analysis of elements (and molecules) detected after the scanning 
the pre-analysis (30°) magnet.  The elements were extracted from a silver cathode with a 75 KV 
pre-acceleration from a silver cathode. 

 Subsequently, a high voltage, X-Y scanner is used to scan the ions across the sample to 

achieve uniform exposure. The total ion implantation dose or fluence is calculated using a simple 

current integration technique. This integration scheme yields the implant fluence, F (atoms/cm2), 

which can be written as;  

𝐹 =
1

𝑞×𝐶 A
∫ 𝐼 𝑑𝑡 =

t

0

I×t

A
×

1

𝑞×𝐶
       (2.1) 

where, I is current in amperes, t is time in seconds, A is area in cm2, q is the charge state, and C 

is charge of an electron (or negative ion), i.e., -1.602×10-19 Coulombs. Implantation fluences 

generally ranged from ~1×1015 to ~1×1017 atoms/cm2 in the present study, although exact fluence 

requirements were determined in certain cases.  

 A low current density (less than 1μA/cm2) is maintained during ion implantation to limit 

sample heating (since, the thermal conductivity of silicon is 146 Watts/meter/Kelvin), which is 

calculated using equation given below: 

Beam Heating:  P (Watts) = I (ampere) × V (volts) = I (mA) × V (kV)  (2.2) 
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A Monte-Carlo simulation code, the Stopping and Range of Ions in Matter/ Transport of 

Ion in Matter (SRIM/TRIM)36, 37 was used to estimate parameters such as implantation energy, 

projected ion range and vacancy formation during the implantation process.   

2.3 Basics of Ion Solid Interaction, Stopping and Range of Ions in Matter37 (SRIM) and 

Transport of Ion in Matter (TRIM) Simulation Codes: 

Basics of Ion Solid Interaction 

The physical changes to a crystalline or otherwise target materials due to irradiation of 

energetic ions are schematically illustrated in Error! Reference source not found. Figure 2.5 and 

briefly discussed in this section.  

 

 

Figure 2.5. The interaction of ions with atoms of the solid target is schematically described. 

The energetic ion goes through a series of collisions events, while losing its energy until it 

finally comes to a rest within the solid34. The irradiating ions lose their energy via two nearly 

independent processes: (a) elastic collisions with target nuclei, and (b) inelastic collisions 

resulting electronic excitation and ionization of the target atoms. These energy loss processes 

are known as nuclear energy loss (Sn) and electronic energy loss (Se) respectively.  The total 
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energy loss by the energetic ion is known as "stopping power" (or stopping cross section), which 

is given by the following equation: 

𝑆 = (
𝑑𝐸

𝑑𝑥
)

𝑛𝑢𝑐𝑙𝑒𝑎𝑟
+ (

𝑑𝐸

𝑑𝑥
)

𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐
= 𝑆𝑛 + 𝑆𝑒      (2.3) 

 The stopping power S is predominated by Se in the higher energy (>MeV) projectile ion, 

while the stopping power S predominated by Sn in the low (<500 keV) energy projectile ion as 

illustrated in Figure 2.6.  The stopping power S also strongly depends on the type of nuclei (atomic 

number Z) of the projectile as well as the target. 

 

Figure 2.6. Electronic and nuclear components of the ion stopping power as a function of the ion 
velocity. 

This approximate electronic stopping power (for region I and beginning of region II in the 

Figure 2.6), Se, can be written as: 

𝑆𝑒 = (
𝑍1

7 6⁄
𝑍2

(𝑍1
2 36⁄

+𝑍2
2 3⁄

)
3 2⁄ ) 4𝑎𝑜𝑁𝑣       (2.4) 

where,  Z1 and Z2 are the atomic numbers of the projectile ion and the target ion respectively, 𝑎𝑜 

is the Bohr radius, N and 𝑣 are target atomic density and projectile ion velocity. The affected 
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volume within the solid in which atomic displacements and mixing occur is known as the collision 

cascade. The projected ion range, cascade size, and therefore damage and impurity profiles, are 

functions of ion energy/ specie, as well as the density and composition of the target. The end tail 

region of the high energy region (Bethe Bloch) (Error! Reference source not found.) is also known 

as Landau tail in the energy-loss distribution is up to the kinematical limit.   

 Stopping and Range of Ions in Matter Simulation Codes: 

 The Stopping and Range of Ions (10 eV - 2 GeV /amu) in Matter37 (SRIM)/ Transport of Ion 

in Matter (TRIM) simulation is a computer code developed by J. F. Ziegler and J. P. Biersack  for 

simulating the impinging of energetic particles in materials through a quantum mechanical 

treatment of the ion-atom interaction. This is a Monte-Carlo technique based simulation code, 

normally provides a very good estimation of ion implantation characteristics. The software 

simulates the trajectory and scattering of an energetic ion through interactions with the target 

atoms. Details about the software package and updated versions can be found at www.srim.org 

. The collision cascade simulation is achieved by following the ions, which after penetration into 

the target suffer multiple electronic and nuclear collisions. The program follows one ion at a time 

until the associated stopping power slows the ion to some pre-determined velocity. The equation 

(2.5) for stopping cross section at the Bethe-Bloch region (region III in Error! Reference source 

not found.) can be modified as following41 [Feldman et al, 1986]: 

𝒅𝑬

𝒅𝒙
 = −

𝟒𝝅𝒁𝟏
𝟐𝒆𝟐𝑵𝒁𝟐

𝒎𝒗𝟐 𝑙𝑛
𝟐𝒎𝒗𝟐

𝑰
        (2.5) 

where, Z1 and Z2 are the atomic number of the ion and target atoms respectively, m is the ion 

mass and v is the ion velocity, I is the excitation energy, N is atomic density in the stopping  

medium, E is ion energy and e is electron charge.  This simulation program provides 
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information with range table as well as graphical representation of ion penetration, collision 

cascade and range distribution. Ion-induced damage is represented by the vacancy distribution. 

Since atomic displacement involve the formation of a Frenkel defect, i.e. an interstitial-vacancy 

pair. It is important to realize that the vacancy distribution is highly correlated to the interstitial 

profile.  

 Also, it is important to mention that SRIM/TRIM simulation routine only considers ion-

atom interactions and does not include any thermal effects such as defect interaction, 

recombination, clustering, etc. Therefore, residual ion-induced damage in implanted samples can 

be much different that the TRIM simulations. The TRIM code simulation using full cascade 

damage option provides a statistical distribution of ions in the target. Along with the statistical 

ion distribution, TRIM calculates the damage, ion vacancies, and ion sputtering yield. However, 

it lacks specific information regarding composition of target layer modification due to the ion 

irradiation. Some of the TRIM calculated results are shown graphically in Figure 2.7. The TRIM 

calculation was performed for over 100,000 incident ions. The data from TRIM can be normalized 

to the various fluences as one needs. 
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Figure 2.7. (a) Gaussian ion interaction profile in solid from SRIM data of a sample implanted with 
Ag ions of 80 keV, 70 keV and 60 keV with fluences of 1×1016 atoms/cm2,  5×1015 atoms/cm2 and 
2.5×1015 atoms/cm2 respectively.  (b) TRIM simulation of the sample showing the total 
distribution of the implanted Ag ions due to the three energies and fluences described in (a).  

 Ion ranges are described here (Figure 2.7. (b)) by considering the final ion distribution to 

be cylindrically symmetric. The Projected Range is the first moment of the ion distribution, and 

Straggle, Skewness and Kurtosis are the second, third and fourth moment respectively. These 

terms are defined as follows37: 

Mean Projected Range,  𝑅𝑝 =< 𝑥 >= ∑ 𝑥𝑖
𝑁⁄𝑖    (2.6) 

Straggle,   𝜎 = (< (∆𝑥𝑖)
2 >)

3
2⁄     (2.7) 

Skewness   𝛾 =< ∆𝑥𝑖
3 >/< ∆𝑥𝑖

2 >
3

2⁄    (2.8) 

Kurtosis,    𝛽 =< ∆𝑥𝑖
4 >/< ∆𝑥𝑖

2 >2   (2.9) 

where, xi is the projected range along x axis and is identical for lateral and radial directions. 

The SRIM/TRIM code is used to estimate the stopping powers of the ions in solid. As an example 

in Figure 2.8 the stopping powers with the electronic and nuclear energy loss components are 

shown for various energy of Ag and Au ions in Si. 
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Figure 2.8. Electronic (EL) and nuclear (NL) Stopping powers of Ag and Au ions incident on Si 
target are shown as a function on the incident ion energy. The EL and NL values were determined 
using TRIM simulation code.  

2.4 Dynamic TRIM (T-DYN) 

 We have also used a Dynamic Monte Carlo program or DYNAMIC TRIM38, 40, 41 (T-DYN) 

based on the static TRIM program. The T-DYN simulates the dynamic change of surface due to 

sputtering of and/or deposition on the targets during ion implantation. For the high fluence ion 

implantation used in this work, keeping track of surface modifications is particularly important 

because, the ion concentration and depth profile in the target can facilitate the preferred location 

and distribution of the formed NC in the target. In the ion beam fabrication process, modeling 

the depth profiles of elements with the inclusion of sputtering is challenging due to the dynamic 

behavior of the target materials. However, the TRIM simulation code provides the number of 

surface atoms sputtered per incident ion and the changes in the incident energy due to this 

sputtering process. However, its’ simulation routine does not include any consideration of the 
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fluence dependent evolution of the target materials37, 39. The T-DYN code is based on the static 

TRIM program using the binary collision approximation (BCA) for ballistic transport. The T-DYN 

code (Version 5), in contrast to the static versions, is capable of simulating the dynamic change 

of the composition of multicomponent targets of the near surface layer due to erosion and/or 

deposition during high-fluence ion implantation or ion-beam-assisted deposition. It allows 

inclusion of up to five different atomic species in the target and/or in the incident beam to be 

considered, with different energies and angles of incidence for the implantation. It is capable of 

predicting the depth profiles of all atomic species in the target as a function of fluence of the 

incident projectiles. Additionally, the sputtering yields, total areal densities, surface 

concentrations and re-emitted amounts are calculated as a function of fluence, as well as the 

surface erosion (when sputtering prevails) or the thickness of deposited layer (when deposition 

prevails). 

2.5 Thermal annealing 

The synthesis of Ag NCs in Si by ion implantation alone has a lower probability of nucleating 

nanocrystals42. The co-implantation of light ions afterward does nucleate somewhat 

homogeneous NCs. However the NC population will be very few and far between. Thermal 

annealing in other hand can aid in nucleate and grow NCs as compare to just by ion implantation. 

During the thermal annealing process, when it reach a critical temperature, Ag particles start to 

nucleate and form Ag NCs.  The basic physical processes involved in the formation of NC are 

schematically explained in Figure 2.9. The rate of nucleation and growth of NC depend on the 

annealing time and temperature. The NC growth process involves segregation of Ag from the Si 

matrix and nucleation. The Ag NC growth in size depends on the Ag concentration in the Si matrix.  
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Figure 2.9. Basic physical processes involved in the formation of NC starting from the ion 
implantation43 and post or in-situ thermal annealing. 

The ion implanted samples with Ag implanted ions in the Si matrix were thermally 

annealed in two different environments.  The first procedure involves annealing in Forming gas 

(96% Ar + 4% H) environment under the atmospheric pressure. The samples were annealed at 

500 °C temperature which is below the Ag-Si eutectic temperature (~845 °C)44 preventing the 

formation of metal-silicides. And the second procedure involves annealing the sample at the 

same 500 °C temperature in the vacuum environment at a pressure ~5 x 10-7 torr. 
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MATERIALS CHARACTERIZATION AND ANALYSIS TECHNIQUES  

The ion implanted samples along with virgin Si samples were characterized by Rutherford 

backscattering spectrometry, x-ray photoelectron spectroscopy with Ar-ion etching -depth 

profile for compositional analysis, x-ray diffraction, and transmission electron microscopy with 

energy dispersive analysis of x-ray for structural and elemental analysis, optical absorption and 

photocurrent-Voltage (I-V) for photo-voltaic device properties.  In this chapter the basic principle 

of these characterization techniques are described. 

3.1  Rutherford Backscattering Spectrometry (RBS): 

 Rutherford backscattering spectrometry (RBS) techniques was used for qualitative and 

quantitative analysis of the elemental composition of the target materials as a function of their 

depth. In general, RBS is a non-destructive technique that utilizes high-energy (1-3 MeV) ions (H 

or He) incident on a solid thin film target. The energy spectrum of the backscattered ions is used 

to quantify the concentration depth profile of the implanted ions in the host matrix. 

3.2 Basic Theory of RBS 

RBS technique is named after Ernest Rutherford34, who experimented with a thin gold foil 

bombarded with the MeV alpha particle to determine the atomic structure of gold. He also 

discovered that the atom was composed of a small heavy positively charged nucleus. He was the 

first to transmute one element into another and with Moseley he discovered that each element 

had a unique atomic number. He was awarded the Nobel Prize in Chemistry in 1908. The RBS 

technique is commonly used for compositional depth profile analysis as well as quantitative 

measurement to determine the impurity/implantation concentrations in the target materials. Its 
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detection limits is somewhat at the level ~1x1014 atoms cm-2. But the sensitivity mainly depends 

on differential cross sections of an element. The collimated ion beam, RBS detector resolution 

and signal processing electronics determine the reliability of the RBS data. The energy of the 

elastically scattered ion is the key signature of elemental information about the sample. Usually 

the lighter ions (H or He) with an energy in the range of 1-3 MeV is used as the incident ion beam. 

In Figure 3.1, it shows the elastic scattering process utilized during RBS, where M1 and M2 are the 

mass of the projectile ion and target atom. The energy of the projectile ion prior to collision is 

given by E0.  E1 and E2 are the energy of the projectile and the target atom respectively after the 

elastic collision. Using conservation of energy and momentum, one can obtain a set of equations 

and solve the equations to find velocities after the collision. The kinematic scattering factor, K, 

defined as the ratio of the scattered energy of the projectile to that of its incident energy, (E1/E0).  

The scattering geometry for the RBS is given in Figure 3.2, where the IBM45 geometry is 

given by: 

𝛼 +  𝛽 +  𝜃 =  180°         (3.1) 

 And the Cornell geometry is given by: 

𝑐𝑜𝑠(𝛽)  =  −𝑐𝑜𝑠(𝛼) 𝑐𝑜𝑠(𝜃).        (3.2) 
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Figure 3.1. 3D and 2D representation of ion collision and scattering geometry for RBS. M1, s and 
ds are projectile mass, impact parameter, and statistical uncertainty in impact parameter. M2 and 

are target mass and scattering angle of the projectile, respectively. 

 

Figure 3.2. The IBM geometry and the Cornell geometry for RBS measurement setup with 

incident , exit angle  and scattering angle . 

 Equation (3.3) gives an expression for K and the detailed derivation of K can be found in 

the book on Backscattering Spectrometry34. The kinematic factor gives information about the 

numerical value of energy transfer in the event of elastic collision between the projectile and 

target particles. Similarly, there is another important factor called scattering cross-section, 
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𝝈(𝑬, 𝜽), which gives the statistical probability of collision between the projectile and target atom 

which is given in Equation (3.4a). 

𝐾 = [
(𝑀2

2−𝑀1
2 sin2 𝜃)

1
2⁄

+𝑀1 cos 𝜃

𝑀1+𝑀2
]

2

       (3.3) 

𝜎(𝐸, 𝜃) = (
𝑑𝜎

𝑑Ω
) =

1

4
[

𝑒2𝑧1𝑧2

𝑀1𝑣1
2 ]

2

(
1

sin4(
𝜃

2
)
)       (3.4a) 

𝜎(𝐸, 𝜃) = 1.296 [
𝑧1𝑧2

𝐸0
]

2

(
1

sin4(𝜃
2⁄ )

− 2 (
𝑀1

𝑀2
)

2

)      (4.4b) 

Where Eo is in MeV and 𝜎(𝐸, 𝜃) is in mb/sr (1b = 10-24 cm2).  

The Equation (3.4a) and (3.4b) are derived from the kinematic of the elastic collision of 

particles. The experimental cross section; however, is given by Equation (4.4c). 

𝜎(𝐸, 𝜃) = (
1

𝑁𝑡
) (

𝑑𝑄(𝐸)

𝑑Ω(θ)

1

𝑄
)        (3.4c) 

Where Nt is target atoms areal concentration, 
𝑑𝑄(𝐸)

𝑄
, is scattering incident particles in solid 

angle The collision or projectile scattering event is given in Equation (3.5). The detected 

scattered projectile called as scattering yield ‘Y’ is a function of the detail scattering geometry as 

well as physical properties of the projectile and target atoms. 

Y =
d

𝑑Ω
∆Ω(N∆x)         (3.5)  

where 
𝑑𝜎

𝑑Ω
 is differential crossection, ∆𝛀 solid angle of a detector, N number of incident 

particles, and ∆𝛀 thickness of a target. The equivalent equation for the RBS yield can also be 

written as the following: 

𝑁𝑡 =
∑ _β

N0×∆Ω×σ(E,θ)
        (3.6) 
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 Where, ∑ _𝛃 is net area under a curve, 𝐍𝟎 is number of incident particles, ∆𝛀 solid angle 

of a detector, and 𝛔(𝐄, 𝛉) differential crossection of a target atom. 

3.2.1 Backscattering Energy 

The schematic descripting of the energetic ion losing its energy due to the interaction of an 

ion with matter is illustrated by Figure 3.3, which is expressed as below (Equation 3.7): 

 

Figure 3.3. The illustration of elastic energy loss scheme by energetic ion in a thin film during the 
projectile scattering process. 

𝑬𝒐
𝟏= 𝒌𝟏𝑬𝒐          (3.7a) 

𝑬𝟏 = 𝑬𝒐 − [
𝒅𝑬

𝒅𝒙
]

𝑬𝒐

𝑆𝑖

∆𝒙         (3.7b) 

𝑬𝟏
𝟏 = 𝒌𝟐𝑬𝟏 = 𝒌𝟐 [𝑬𝒐 − [

𝒅𝑬

𝒅𝒙
]

𝑬𝒐

𝑆𝑖

∆𝒙]       (3.7c) 

𝑬𝟏
𝟐 = 𝑬𝟏

𝟏 − [
𝒅𝑬

𝒅𝒙
]

𝑬𝟏

𝑆𝑖 ∆𝒙

𝐜𝐨𝐬 𝜽
= 𝒌𝟐 [𝑬𝒐 − [

𝒅𝑬

𝒅𝒙
]

𝑬𝒐

𝑆𝑖

∆𝒙] − [
𝒅𝑬

𝒅𝒙
]

𝑬𝟏

𝑆𝑖 ∆𝒙

𝐜𝐨𝐬 𝜽
    (3.7d) 

𝑬𝟐 = 𝑬𝒐 − [
𝒅𝑬

𝒅𝒙
]

𝑬𝒐

𝑆𝑖

∆𝒙 − [
𝒅𝑬

𝒅𝒙
]

𝑬𝟏

𝐴𝑔

∆𝒙𝐴𝑔       (3.7e) 
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𝑬𝟐
𝟏 = 𝒌𝟐𝑬𝟐 = 𝒌𝟐 [𝑬𝒐 − [

𝒅𝑬

𝒅𝒙
]

𝑬𝒐

𝑆𝑖

∆𝒙 − [
𝒅𝑬

𝒅𝒙
]

𝑬𝟏

𝐴𝑔

∆𝒙𝐴𝑔]     (3.7f) 
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𝒅𝒙
]
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𝒅𝒙
]
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𝐜𝐨𝐬 𝜽
− [

𝒅𝑬

𝒅𝒙
]

𝑬𝟏

𝑆𝑖 ∆𝒙

𝐜𝐨𝐬 𝜽
    (3.7g) 

Where,  

𝑬𝒐= Incident energy of an ion on the front surface 

Ei = energy of the ion for the subsequent inner layer 

𝑬𝒊
𝒊 = the backscatter energy of the corresponding layer 

ki = the kinematics factor for the corresponding atom 

[
𝒅𝑬

𝒅𝒙
]

𝑬𝒊

= energy loss in the layer 

∆𝒙 = the film thickness 

𝜽 = scattering angle. 

 Using these equations, the depth profile analysis is performed in the RBS spectra and the 

result of such data is re-verified using a commercially available RBS simulation code SIMNRA46. 

3.2.2 Limitation of RBS 

Elastic backscattering requires that the target atoms be much heavier than the incident 

beam particles. From the Equation (3.3), it states that M2 > M1 in order to have backscattering of 

a projectile M1. Therefore, only heavier impurities on lighter substrates are easily identifiable. 

This problem can be addressed by a suitable choice for the incident ion beam. The detector 

resolution limits both depth and mass resolution. The mass resolution can be improved by using 

higher ion energy according to the Equation (3.8). The depth resolution can be substantially 
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increased by using grazing angle for the incident ion beam, which can be achieved by tilting the 

sample away from the detector. Depth resolution and energy resolution are related by the 

following equation.  

∆𝐸 = [
𝑘

cos 𝜃1

𝑑𝐸

𝑑𝑥1
+

1

cos 𝜃2

𝑑𝐸

𝑑𝑥2
] 𝑥       (3.8)   

At high and low energies of projectile-target pairs, the experimental differential cross 

section values depart from the theoretical values due to the partial screening of the nuclear 

charges by the electron shells surrounding both nuclei. 

The expression of such is described by the following: 

L’Ecuyer,   
𝝈𝒆𝒙𝒑

𝝈𝑻𝒉
⁄ = 1 −

0.049 𝑍1𝑍2
4 3⁄

𝐸𝐶𝑀
    (3.9) 

Wenzel,  
𝝈𝒆𝒙𝒑

𝝈𝑻𝒉
⁄ = 1 −

0.0326 𝑍1𝑍2
7 2⁄

𝐸𝐶𝑀
    (3.10) 

 

 

Figure 3.4. Ratio of measured cross section 𝝈𝒆𝒙𝒑to 𝝈𝑻𝒉 the theoreticle Rutherford cross section 

for Au & Carbon at an incident Proton energy of 1.5 MeV. Note the 12C(p,p)12C cross section is 
pretty much Rutherford in the forward direction and deviates by a factor of 11 at 140o. The 
79Au(p,p)79Au is Rutherford at all angles for 1.5 MeV protons. 
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3.2.3 Experimental Setup 

 

Figure 3.5. Schematicsof a typical target chamber set-up used for the RBS experiment. 

   The schematics for the experimental set up for RBS is shown in Figure 3.5. The basic setup 

includes a current integration scheme, a rotatable target holder, and a solid-state detector (SBD 

or passivated implanted planer silicon (PIPS) particle detector. Accurate current integration is 

critical for normalizing one spectrum to another for a common number of incident ions. Current 

integration is performed either directly from the target or from a wire mesh positioned in front 

of the target chamber48. Integration of current directly from a biased target provided the most 

reproducible results. The target is mounted in an electrically isolated goniometer. A positive bias 

of 300 V was applied to the target for secondary electron suppression. The detector and negative 

terminal of the battery are connected to the current integrator as shown in Figure 3.5. A SBD or 

PIPS detector, which is biased at 50 Volt, is connected to an Ortec® 142  preamp and a suitable 

amplifier. An Ortec® multichannel analyzer (MCA) system (Maestro®) is used for recording the 

RBS spectrum.  
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The RBS measurement was carried out in a general purpose beam line associated with the 

NEC 9SH Pelletron accelerator beam line using a rectangular collimated beam of ~1 mm2 with 2.0 

MeV He+ ions49. The solid angle of the RBS detector was ~1-2 milli-steradian with a back scattering 

angle of ~160o (some RBS experiments were done at 150o). To minimize the secondary electrons, 

the He+ ion beam passed through a series of apertures and a ceramic disc magnet just at the 

opening of the analyzing chamber along with a negative 300 volt electron suppressor. The RBS 

spectra were anlyzed using the SIMNRA50 computer package. 

3.3 X-ray Photoelectron Spectroscopy (XPS) 

The X-ray Photoelectron Spectroscopy (XPS) technique is a surface characterization 

routine, which can perform compositional analysis with high precision accuracy with resolving 

power of nanometer scale. Low energy X-rays (AlK  1486.6eV or MgKα 1253.6eV source) irradiate 

the target surface, which will ionize the target’s electrons. The ionized electrons carry 

characteristic kinetic energies which are unique for each elements. Although, the representation 

of the atomic concentration is accurately calculated in the XPS depth profile from its respective 

spectra, it may not represent the accurate concentration of the different elements at the same 

depth. The electron detector will detect the electron with the help of an energy analyzer and 

record it in a multichannel analyzer. This technique provides the information on the chemical 

state and bonding of the elements. The governing equation for the XPS is given below, 

ℏ + 𝐸𝑡𝑜𝑡
𝑖 = 𝐸𝑘𝑖𝑛 + 𝐸𝑡𝑜𝑡

𝑓
(𝑘)        (3.11) 

where ℏ is irradiating x-ray photon energy, 𝐸𝑡𝑜𝑡
𝑖  is total energy of initial state, 𝐸𝑘𝑖𝑛 is 

kinetic energy of photoelectron, and 𝐸𝑡𝑜𝑡
𝑓

(𝑘) is total final energy of the system after the ejection 

of the photoelectron from the kth level. This equation can also be written in the form of 
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𝐸𝐵𝐸 = ℎ𝜈 − 𝐸𝑘 − 𝑊        (3.12) 

Where, 𝐸𝐵𝐸 is electron binding energy, ℎ𝜈 is irradiating x-ray photon energy, 𝐸𝑘is the 

kinetic energy of the photoelectron, and W is the work function to the free electron. The 

probability 𝑃𝑝𝑒 per incident photon for creating a photoelectron in a subshell k is given by 

𝑃𝑝𝑒 = 𝜎𝑘𝑁𝑡         (3.13) 

Where, Nt is the atom/cm2, in a layer thickness of t and 𝜎𝑘  is the cross section for the 

ejecting a photoelectron from a given orbital k. 

 

Figure 3.6. The XPS survey spectrum from an Ag implanted sample with peaks labelled according 
to their binding energy. 

 The Figure 3.6 is a broad XPS transition spectrum of Ag using Al k 1 monochromatic x-rays. 

It shows the XPS transition binding energies (Ag 3d and Ag 3d3) and Auger Electron Spectroscopy 

(AES) peaks. An x-ray beam incident upon a material surface can produce several electronic 
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transitions, such as AES, XPS, and x-ray fluorescence spectra (XRF). The brief schematics of the 

XPS electronic transition is shown in the Figure 3.7, where a K shell, 1s, electron ejected from the 

atom. The conservation of energy dictates that the electronic binding energy is less than x-ray 

photon energy in order to produce an electron. If the excited photo electron is emitted without 

loss of energy, it will designate as the characteristic peak of the x-ray irradiated target. 

 

Figure 3.7. Schematic diagram of the XPS process, showing photoionization of an atom by the 
ejection of a 1s electron. 

 

Figure 3.8. Schematic diagram of the XRF process by emission of the characteristic K x-ray line. 

There will be a few other electrons, which under goes inelastic scattering and will show up 

as background in the spectrum. The excited (ionized) atoms will relax by the emission of a 
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characteristic x-ray, which is known as X-ray fluorescence as shown in Figure 3.8. The other 

probable transition is by an Auger process shown in Figure 3.9. 

 

Figure 3.9. Auger electron emission by relaxing the excited atom, which was induced by the 
incident x-ray. 

 The XPS instrumentation consists of an X-ray source, target holder, lenses, low energy 

electron analysis system, and multichannel analyzer with detector as shown in the Figure 3.10. 

The whole system is kept in ultra-high vacuum ranges from 10-8 to 10-10 mbar.  The sample loading 

and unloading is done by a vacuum load lock system to improve overall vacuum quality. The 

stability of the sample is very critical during the sampling cycle, so the sample is mounted with 

low vapor pressure double sided tape or a heavy metal spring.  

 The depth analysis depends on the photoelectron energies, which determines the 

attenuation length (l) of the electrons and the inelastic mean free path. The mathematical 

expression is proposed by Seah and Dench (1979) at National Physical Laboratory, UK. The 

equation is given below: 

𝜆 =
538 𝑎𝐴

𝐸𝐴
2 + 0.41𝑎𝐴(𝑎𝐴𝐸𝐴)0.5      (3.14)  

where, 𝐸𝐴= energy of the electron in eV 

 𝑎𝐴= atom unit length in nm 
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 𝜆 = in nm 

 

 

Figure 3.10. Schematic of an XPS setup with photon source (X-rays), a sample manipulation with 
different linear and rotational degrees of freedom, electron optics, an energy dispersive analyzer 
and a detector. 

The intensity of electron (I) emitted from all depths greater than d is given by the Beer-

Lambert relationship: 

𝐼 = 𝐼𝑜exp(− 𝑑
cos 𝜃⁄ )       (3.15) 

Using the appropriate analysis, it suggest that 65% of signal come from depth of less than, 

85% from a depth of < 2𝜆, and 95% from a depth of < 3𝜆. 

The XPS measurements were carried out at the Center for Advanced Research and 

Characterization (CART) facility of UNT. The XPS depth profiling measurements were performed 

using PHI 5000 Versaprobe. Al monochromatic X-ray radiation (1486.6 eV) was focused to a spot 

size of about 200 µm. This instrument has built-in Ar sputtering gun for a sample surface clean 
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up and for the sample depth profile measurement. The sputtering was performed with a 2 keV 

Ar beam of 1×1 mm2 area. The pressure of the target chamber was initially kept at 7.5×10-10 torr.  

3.4 Transmission Electron Microscopy (TEM) 

 

Figure 3.11. A schematic outline of a TEM containing four parts: electron source, electromagnetic 
lens system, sample holder, and imaging system. 

Transmission electron microscopy (TEM) imaging uses energetic electrons to map the 

intended region of a target. Unlike optical microscopy, where resolution is limited by the it’s 

wavelength (390 nm – 750 nm). TEM resolving power is far better since the de Broglie wavelength 

of an electron is in order of 10-10 m. The TEM characterization technique is mainly for image 

characterization, which examines the morphology (shape and particle size distribution) and also 
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elemental characterization employing electron diffraction and electron induced x-ray diffraction. 

TEM is invaluable for the analysis of crystallographic information (atomic orientation) of the 

material. For TEM, an image is formed from the interaction of the electrons transmitted through 

the specimen. The image is then magnified and focused onto an imaging device such as a 

fluorescent screen. Electrons are emitted from the electron gun and illuminate the specimen 

through a several stage condenser lens system. The objective lens provides the formation of 

either the image or diffraction pattern of the specimen. The electron intensity distribution behind 

the specimen is magnified with a three or four stage lens system and viewed on a fluorescent 

screen. The image can be recorded by direct exposure of a photographic emulsion or an image 

plate or digitally by a CCD camera. 

TEM characterization was done by FEI Tecnai G2 F20 S-Twin 200KV field emission scanning 

transmission electron microscope in the Center for Advanced Research and Technology (CART) 

at UNT. The device attributes such as Coma-free alignment for high resolution imaging, 

embedded CCD/energy filter, fully digital scan system, bright field and annular dark-field mode, 

high resolution STEM with High Angular Annular Dark Field (HAADF) detector, Energy Dispersive 

X-ray (EDX), Parallel Electron Energy Loss Spectroscopy (PEELS) and energy filter, S-Twin objective 

lens, information limit 0.14 nm, make this characterization technique highly desirable to 

characterize the ion beam assisted synthesized nanostructured materials. Some of the TEM 

measurements were also carried out in the department of material science at the University of 

Texas at Dallas. 

The TEM images were analyzed using ImageJ Analysis Computer Software51. The ImageJ is 

an open source image processing and analysis software package developed by the National 
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Institute of Health, USA using Java program. It can display, edit, and analyze process, 8–bit, 16–

bit and 32–bit images.  

3.5 X-Ray Diffraction spectroscopy (XRD) 

Crystalline structure can be characterized by x-ray diffraction spectroscopy (XRD) since the 

crystals lattice dimension is in the same order as the wavelength of x-rays. The known 

wavelength, collimated beam of x-ray from the source is irradiated on the target, which is 

scattered away from the target atoms. The scattered x-ray beam is observed by the X-ray 

detector with respect to the scattering angle which forms a diffraction pattern. The diffraction 

pattern is imbedded with the geometric information of the target. 

The Rigaku Ultima III, a high resolution XRD, enables a variety of applications including in-

plane and normal geometry phase identification, quantitative analysis, lattice parameter 

refinement, crystallite size, structure refinement, density, roughness and multilayer thicknesses 

(from reflectivity geometries), and depth-controlled phase identification. Detection consists of a 

computer-controlled scintillation counter or a fast semiconductor-based position sensitive 

detector. Apart from the standard Bragg geometries, some of the useful features include the thin 

film analysis, grazing incidence diffraction, pole figure analysis, transmission and reflective small 

angle x-ray scattering, and reciprocal space mapping.  

The atoms in a crystal occupy well-defined fixed positions in relation to each other. Some 

solids are single crystals in which the crystal lattice planes have one preferred orientation. In the 

case of polycrystalline solids, the lattice planes are oriented in different directions. In this 

technique, x-rays are produced by collisions of the high speed electrons with a metal target. The 

wavelength of the x-ray is governed by the characteristic energy levels of the target metal. 
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Copper, chromium, cobalt, and molybdenum are the most commonly used target metals in x-ray 

production. 

After the x-rays are produced, they are focused on the target using a series of collimators. 

The geometry of the collimator defines the properties of the incident x-ray beam. The x-rays 

irradiates the target, which undergoes diffraction phenomena. The diffracted x-rays from the 

target are scattered isotropically from the atoms in different lattice planes of a crystal. This 

relation was first observed by father and son W.H. Bragg and W.L. Bragg in 1912 in Britain. 

3.5.1 Bragg’s Law in Real Space 

Basic principle of Bragg's law is the diffraction pattern formed by the scattered x-ray beam 

from the different lattice planes due to the optical path different caused by the lattice spacing of 

the target. The nature of the path different and the wavelength determines the constructive or 

destructive interference pattern due to the phase different of the scattered x-ray waves. Let’s 

consider a crystal lattice in the Figure 3.12. The x-ray beam 1 and 2 incident on the target lattice 

plane of a target at an angle  and it scatters away. Whether it produces constructive or 

destructive interference patterns formed by the scattered x-ray beam depends on the extra path 

length taken by the beam 2.  For constructive interference, extra Path length  

2∆𝑃 = 2𝑑 sin 𝜃 = 𝑛𝜆        (3.16) 

where n is a real number,  is wavelength of the incident X-ray beam, d is the lattice spacing 

of the target crystal, and   is the angle with respect to the surface. 
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Figure 3.12 Conceptual Bragg's law geometry. 

The lattice spacing d of the diffracting planes can be determined by acquiring diffraction 

patterns by a known wavelength of X-ray. The crystal lattice parameters can be determined by 

using the Equation (3.17), if the Miller indices (h k l) of the diffracting planes in a crystal are 

known.  

𝑑2 =
𝛼2

ℎ2+𝑘2+𝑙2         (3.17) 

where, α is the lattice constant. In the Figure 3.12, the incident beam, and the diffracted 

beam lie in the same plane, and the angle between the diffracted beam and the beam is 2  and 

is the diffraction angle to be measured in the X-ray diffraction experiment. The Rigaku Ultima-III 

model of XRD with Cu Kα 1.542 Å radiation was used for the diffraction measurement.  

3.5.2 Particle Size Determination 

The X-ray diffraction pattern can be used to measure the average size of the crystal. If the 

diffraction peak position (diffraction angle 2 ) and the peak broadening 2  is known, then one 

can calculate the average size L of the crystal by the following: 

𝐿 =
0.9𝜆

𝛽 cos 𝜃
         (3.18) 
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where,   is the wavelength of radiation used, and   is the peak broadening at half the 

maximum intensity of a given peak, measured in radians. The peak broadening can be obtained 

by using a curve fitting routine. The Scherrer equation is generally used for a crystal size of less 

than 100 nm52, 53. 

3.6 Optical Characterization 

 The photophysics is defined as the processes that occur when sunlight filtered through 

the Earth's atmosphere, interacts with matter present on the surface of Earth. The solar spectrum 

in consideration is 100 nanometers to 106 nanometers and can be divided into the ultraviolet 

(UV) range (100 nm to 400 nm), visible range (400 nm to 700 nm) and infrared (IR) range (700 nm 

to 106 nm). The UV radiation has both damaging and beneficial effects on living matter. The UV 

radiation is also responsible for the photochemical reaction leading to production of the 

protective ozone layer in the atmosphere. The visible part of the spectrum is the light that human 

eye can detect. An important part of electromagnetic radiation reaching the Earth is IR radiation.  

 

 

Figure 3.13. Solar radiation spectrum above the atmosphere, and at the surface of the earth1. 
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The spectrum of solar radiation is close to that of a black body with a temperature of 5600 

K. A black body is an idealized object that absorbs all electromagnetic radiation falling on it. 

Because no light is reflected or transmitted, the object appears black when it is cold. However, a 

black body emits a temperature-dependent spectrum of light, which is termed black-body 

radiation. All hot objects radiate a mixture of heat and light, with intensity and color varying with 

temperature. Historically, studying the laws of black-body radiation has led to the development 

of quantum mechanics (QM). 

The interaction of electromagnetic radiation with atoms or molecules depends on the 

energy. Spectroscopy can be detected at a much wider range than the visible range of 400 nm to 

700 nm. Depending on the spectral region of interest, the units used to describe the radiation 

may be frequency, energy, wavelength or inverse wavelength (wavenumber). Table below 

compares different spectral regions. 

 

Table 3.1. Characteristics of the Electromagnetic Spectrum 

The particle model can explain the absorption and emission spectra of light by atoms or 

molecules. The absorption of electromagnetic radiation is how photon energy is taken up. 
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Typically an electron is elevated to a higher energy level by light absorption or ionized. When an 

excited electron returns to the lower energy level, a light photon is emitted. 

3.6.1 Photo Absorption:  

When a molecule absorbs a photon of appropriate energy, a valence electron is promoted 

from the ground state to some vibrational level in the excited singlet manifold. The process of 

light absorption is extremely rapid, in the order of one femtosecond. It means that the nuclei of 

the molecule are fixed during the transition, because of their much larger mass, and that the 

Born-Oppenheimer approximation is valid.   After light absorption, the excited molecule ends up 

at the lowest vibrational level via vibrational relaxation and internal conversion. This radiation-

less process takes place in about one picosecond. The light absorption profile in Si is a very critical 

factor which determines the efficiency of a solar cell. Figure 3.14 shows the light absorption 

depth profile17 in crystalline and amorphous silicon. The spectral response is conceptually similar 

to the quantum efficiency. The quantum efficiency gives the number of electrons output by the 

solar cell compared to the number of photons incident on the device, while the spectral response 

is the ratio of the current generated by the solar cell to the power incident on the solar cell. A 

spectral response curve is shown below in Figure 3.14. 
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Figure 3.14 Light absorption depth profile of c-Si and a-Si. 

The absorption of photons at each point in the device generates the number of electron 

hole pairs. This is known as a generation point, which is an important parameter in solar cell 

operation. The amount of light which is absorbed by a material depends on the absorption 

coefficient (α in cm-1) and the thickness of the absorbing material. The intensity of light at any 

point in the device can be calculated according to the semi empirical equation: 

𝑰 = 𝑰𝒐𝒆−𝜶𝒙         (3.19) 

where α is the absorption coefficient typically in cm-1; x is the distance into the material at 

which the light intensity is being calculated; and I0 is the light intensity of the incident light at the 

surface. 

The electron-hole pair generation G in a thin piece of material is determined by finding the 

change in light intensity. Consequently, differentiating the above equation will give the 

generation at any point in the device. Hence: 
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𝑮 = 𝜶𝑵𝒐𝒆−𝜶𝒙         (3.20) 

where, N0 = photon flux at the surface (photons/unit-area/sec). 

For photovoltaic applications, the incident light consists of a combination of many different 

wavelengths, and therefore the generation rate at each wavelength is different. 

To calculate the generation for a collection of different wavelengths, the net generation is 

the sum of the generation for each wavelength. The generation as a function of distance for a 

standard solar spectrum of Air Mass 1.5 (AM 1.5) incident on a piece of silicon is shown below. 

The y-axis scale is logarithmic showing that there is an enormously greater generation of 

electron-hole pairs near the front surface of the cell, while further into the solar cell the 

generation rate becomes nearly constant. Any electron which exists in the conduction band is in 

a meta-stable state and will eventually stabilize to a lower energy position in the valence band. 

When this occurs, it must move into an empty valence band state. This is called recombination 

process. There are three basic types of recombination in the bulk single-crystal semiconductor. 

 

Figure 3.15. Generation rate of electron-hole pairs in a piece of silicon as a function of distance 

http://pveducation.org/pvcdrom/pn-junction/generation-rate
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into the cell. The cell front surface is at 0 µ m and is where most of the high energy blue light is 
absorbed. 

These are: 

 Radiative recombination54 

 Auger recombination55 

 Shockley-Read-Hall recombination56, 57 

3.6.2 Phosphorescence   

In Figure 3.16 the schematics of the basic energy band diagram describing the absorption, 

fluorescence and phosphorescence processes are provided. Once the excited molecule has 

reached the triplet state, it will reside for a very long time (from microseconds to seconds) before 

it will decay to the ground state. This is due to the spin-forbidden transitions involved in the 

(excited) singlet-triplet and triplet-singlet (ground state) transitions. 

Because of its long lifetime, the triplet state (e.g.  in an aromatic molecule) is the starting 

point for photochemical reactions. The oxygen molecule, O2, possesses a triplet ground state. In 

solution, frequent collisions between an aromatic molecule in the triplet state and oxygen result 

in energy transfer, and generation of singlet oxygen, which can oxidize the aromatic molecule. 

The measurement of an absorption spectrum is based on the Lambert-Beer law, and shows 

the ability of the investigated sample to absorb light at different wavelengths. As light absorption 

occurs almost always from the lowest vibrational level of the electronic ground state, the 

absorption spectrum characterizes the energetic structures of the electronic excited states of an 

aromatic molecule.  

The absorbance Aλ at wavelength λ is then defined as:  
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𝐴𝜆 = 𝑙𝑜𝑔[𝐼𝑜(𝜆) 𝐼(𝜆)⁄ ]       (3.21)  

 and is equal according to the Lambert-Beer law to: 

 𝐴𝜆 = 휀(𝜆)𝑐𝑑         (3.22)  

where, ε(λ) is the extinction coefficient at wavelength λ for the particular molecule, c its 

concentration, and d the path length. 

A fluorescence spectrum 𝑰(𝝀) represents the intensity of the fluorescence light emitted by 

the sample as a function of emission wavelength. As fluorescence transitions start in most cases 

from the lowest vibrational level of the first electronic excited state, 𝑰(𝝀) characterizes the 

energetic structure of the electronic ground state.  

 

Figure 3.16. Jablonski diagram; schematics describing absorption, fluorescence and 
phosphorescence from energy band perspective58. 

The p-n junction59 possesses some interesting properties, which have useful applications in 

modern electronics. A p-doped semiconductor doped with group III elements and has hole 
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(positive charge) as majority carrier and n-doped semiconductor doped with group V elements 

and has electron (negative charge) as majority carrier. At the interface of p and n type 

semiconductors a depletion zone is formed due to the diffusion of the majority carriers through 

the interface. Transport of charge carriers can occur in two ways. One mode of transport is by 

'drift', which is caused by an electrostatic field across the device. The other mode of transport is 

by diffusion of carriers from zones of high carrier concentration to zones of low carrier 

concentration. Drift and diffusion have opposite directions. The p-n junctions are essentially 

electronic diodes and are elementary building blocks of almost all optoelectronic devices such as 

LEDs, diode lasers and solar cells, etc. 

An LED consists of a chip of semiconducting material doped with impurities to create a p-n 

junction. When the p-n junction is forward biased (switched on, positive current flows from the 

p-side (anode) to the n-side (cathode), but not in the reverse direction. Charge carriers - electrons 

and holes - flow into the junction from electrodes with different voltages. When an electron 

meets a hole, it falls into a lower energy level, and releases energy in the form of a photon (Figure 

3.17). This effect is called electroluminescence and the color of the light is determined by the 

band gap energy of the materials forming the p-n junction. An LED is usually small in area (less 

than 1 mm2), and integrated optical components are used to shape its radiation pattern and assist 

in reflection to improve the solar cells. 

A solar cell is a device that converts the energy of sunlight directly into electricity by the 

photovoltaic effect. In contrast to LEDs and diode lasers that produce light, solar cells use light to 

produce electricity. An assembly of solar cells makes a solar panel. Construction of solar cells has 

a long history, starting in the 1880s, and resulting in semiconductor (silicon) devices with a 
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sunlight energy conversion efficiency of around 6% in the 1950s. Highly effective hetero-

structure solar cells conversion efficiencies have been demonstrated to reached close to 40% 

(Figure 1.1). A current challenge to bring down the cost of solar energy is to increase the 

photovoltaic efficiency54.  

 

Figure 3.17. Working principle of an LED and Photovoltaic effect on p-n junctions. 

Solar cells are essentially p-n junctions under illumination. Light generates electrons and 

holes on both sides of the junction, in the n-type emitter and in the p-type base. Charges build 

up on either side of the junction and create an electric field. The generated electrons (from the 

base) and holes (from the emitter) then diffuse to the junction and are swept away by the electric 

field, thus producing electric current across the device. The electric currents of the electrons and 

holes reinforce each other, since these particles carry opposite charges. The p-n junction, 

therefore, separates the carriers with opposite charge, and transforms the generation current 

between the bands into an electric current across the p-n junction. 
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Figure 3.18. Basic structure of a silicon based solar cell, and its working mechanism. 

The photocurrent generation in a solar cell involves two steps. The absorption of incident 

photons to create electron-hole pairs in the Si. Electron-hole pairs will be generated in the solar 

cell, if the incident photon has energy greater than that of the band gap of Si (1.1 eV). The 

electrons (in the p-type material), and holes (in the n-type material) are in meta-stable state and 

recombine less than their minority carrier lifetime. If the carriers recombine, then the light-

generated electron-hole pair is lost and no current or power can be generated. The second step 

is the collection of these carriers by the p-n junction. Preventing this recombination by using a p-

n junction, which separate the electrons and the holes. The carriers are separated by the electric 

field or potential barrier, which is present at the p-n junction. If the photo-generated minority 

carrier reaches the p-n junction, it is swept across the junction by the electric field at the junction, 

where it is now a majority carrier. When the solar cell is short-circuited, the light-generated 

carriers flow through the external circuit. The "collection probability" describes the probability 

that a carrier generated by photo absorption in a certain region of the device will be collected by 

the p-n junction and therefore contribute to the light-generated current, but probability depends 

on the distance that a light-generated carrier must travel compared to the diffusion length, and 
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also depends on the surface properties of the device. The collection probability of carriers 

generated in the depletion region is the highest as the electron-hole pair are quickly swept apart 

by the electric field and are collected. But far away from the depletion zone, the collection 

probability drops. If the carrier is generated more than a diffusion length away from the junction, 

then the collection probability of this carrier is quite low.  

 

Figure 3.19 The schematics of the equivalent circuit of a solar cell. 

 Figure 3.19 shows the equivalent circuits of a solar cell. A solar cell behaves as a diode 

and a current source. So a current source and a diode in parallel circuit represent an ideal solar 

cell. A shunt resistant (RSH) and a series resistant (RS) are the resistive nature of a solar cell, which 

represents the part of the real diode. Such that: 

𝐼 = 𝐼𝐿 − 𝐼𝐷 − 𝐼𝑆𝐻         (3.23) 

Where 𝐼, 𝐼𝐿 , 𝐼𝐷 , and 𝐼𝑆𝐻 are measured diode current output, photo generated current, 

diode current, and shunt current respectively. The RSH is infinite and RS is zero for an ideal diode, 

hence 𝐼𝑆𝐻 is zero and 𝐼 at maximum value. The RS is also called parasitic resistance. The 𝐼𝐷 is 
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forward bias current known as leakage current. In absence of light the 𝐼𝐷 is called Dark current, 

which a characteristic property for each diode.  

3.6.3 Radiative (Band-to-Band) Recombination 

Radiative recombination is the recombination mechanism that dominates 

in direct bandgap semiconductors54, 56, 59. The light produced from a light emitting diode (LED) is 

the most obvious example of radiative recombination in a semiconductor device. Concentrator 

and space solar cells are typically made from direct bandgap materials (GaAs, etc…) and radiative 

recombination dominates. However, most commercial solar cells are made from silicon, which is 

an indirect bandgap semiconductor and radiative recombination is extremely low and usually 

neglected. 

3.6.4 Recombination through Defect Levels 

Recombination through defects56, 57, also called Shockley-Read-Hall (SRH) recombination, 

does not occur in perfectly pure crystalline material. SRH recombination is a two-step process. 

The two steps involved in SRH recombination are: 

 An electron (or hole) is trapped by an energy state in the forbidden region which is introduced 

through defects in the crystal lattice. These defects can either be unintentionally introduced 

or deliberately added to the materials, for example in doping of the materials,  and 

 If a hole (or an electron) moves up to the same energy state before the electron is thermally 

re-emitted into the conduction –band, then it recombines. 

The rate at which a carrier moves into the energy level in the forbidden gap depends on 

the introduced energy level from either of the band edges. If energy is introduced close to either 

band edge, recombination is re-emitted to the conduction band edge rather than recombine with 

http://pveducation.org/pvcdrom/pn-junction/types-of-recombination
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a hole which moves into the same energy state from the valence band. For this reason, energy 

levels near mid-gap are very effective for recombination. 

3.6.5 Auger Recombination 

Auger recombination involves three carriers55. An electron and a hole recombine, but 

rather than emitting the energy as heat or as a photon, the energy is given to a third carrier, an 

electron in the conduction band. This electron then thermalizes back down to the conduction 

band edge. Auger recombination is most important at high carrier concentrations caused by 

heavy doping or high level injection under concentrated sunlight. In silicon-based solar cells, 

Auger recombination limits the lifetime and ultimate efficiency. The more heavily doped the 

material is, the shorter the Auger recombination lifetime55. 

A critical parameter in a solar cell is the rate at which recombination occurs. This process is 

called the "recombination rate" which depends on the number of excess minority carriers. If 

there are no excess minority carriers, then the recombination rate must be zero. Two parameters 

that are integral to the recombination rate are the minority carrier lifetime and the minority 

carrier diffusion length.  

The minority carrier lifetime of a material is the average time which a carrier can spend in 

an excited state after electron-hole generation before it recombines.  Depending on the 

structure, solar cells made from wafers with long minority carrier lifetimes will usually be more 

efficient than cells made from wafers with short minority carrier lifetimes.  

The minority carrier lifetime and the diffusion length depend strongly on the type and 

magnitude of recombination processes in the semiconductor. For many types of silicon solar 

cells, SRH recombination is the dominant recombination mechanism. The recombination rate will 

http://pveducation.org/pvcdrom/pn-junction/lifetime
http://pveducation.org/pvcdrom/pn-junction/diffusion-length
http://pveducation.org/pvcdrom/pn-junction/diffusion-length
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depend on the number of defects present in the material, so that as doping the semiconductor 

increases the defects in the solar cell, doping will also increase the rate of SRH recombination. 

Since Auger recombination is more likely in heavily doped and excited material, the 

recombination process is itself enhanced as the doping increases. In silicon, the lifetime can be 

as high as 1 msec. For a single crystalline silicon solar cell, the diffusion length is typically 100-300 

µm.  

The diffusion length is related to the carrier lifetime by the diffusivity according to the 

following relation: 

  𝐿 = √𝐷𝜏         (3.24) 

Where, 𝐿 is the diffusion length in meters, 𝐷 is the diffusivity in m²/s and τ is the lifetime 

in seconds.   

Any defects or impurities within or at the surface of the semiconductor promote 

recombination. Since the surface of the solar cell represents a severe disruption of the crystal 

lattice, the surfaces of the solar cell are a site of particularly high recombination. The high 

recombination rate in the vicinity of a surface depletes this region of minority carriers. A localized 

region of low carrier concentration causes carriers to flow into this region from the surrounding, 

higher concentration regions. Therefore, the surface recombination rate is limited by the rate at 

which minority carrier move towards the surface. A parameter called the "surface recombination 

velocity" (cm/sec), is used to specify the recombination at a surface. In a surface with no 

recombination, the movement of carriers towards the surface is zero, and hence the surface 

recombination velocity is zero. In a surface with infinitely fast recombination, the movement of 
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carriers towards this surface is limited by the maximum velocity they can attain, and for most 

semiconductors is on the order of 1 x 107 cm/sec. 

The dangling bonds at the surface cause a high local recombination rate. The reduction of 

the number of dangling bonds, and hence surface recombination, is achieved by growing a layer 

on top of the semiconductor surface to passivate the surface. 

3.6.6 Localized Surface Plasmons (LSP) and Drude plasma frequency: 

 

Figure 3.20. Polarization of neutral atom due to the external electric field. As the incident light 
falls on the Ag metal NC, its electron field will displaces and oscillate localized electron density, 
hence inducing a localized surface plasmons (LSP)4. 

Comparing an incident light wave on the scale of metal NCs is always a plane wave, and no 

focusing of light in the optical far-field is possible4. To first approximation, the electrons of the 

metal nanoparticle move freely and, driven by an external electric field, are periodically displaced 

with respect to the lattice ions. The displacement creates charges at opposite surfaces, due to 

which there exists a restoring force. The result is an electron oscillator called a surface plasmon 

(SP) or surface plasmon polariton (SPP) and whose frequency is determined by the restoring force 
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and effective mass of the electron (equation 3.27). The frequency of the SP depends not only on 

the metal's composition but also on its size and shape, and on the dielectric material that 

surrounds it 21. The Drude model, (Equation 3.25), represent the dielectric response of free 

electron in metal. 

ϵ(ω) = 1 −
ωP

2

[ω2+iγω]
= 1 −

ωP
2

[ω2+γ2]
+ i

ωP
2 γ

ω[ω2+γ2]
    (3.25) 

where,  𝝎𝒑, 𝜸 are Drude plasma frequency and damping coefficient with 𝝎𝒑=√𝑵𝒆𝟐 𝒎𝝐𝒐⁄ , 

where N is number density of electrons, 𝒎, 𝒆 and 𝝐𝒐 are mass of an electron, electronic charge 

and permittivity of free space. 

The dispersion relation (Equation 3.26) for surface plasmon (SP) in Ag is linear between 

wave number k and angular frequency. Therefore, if the optical near-field could be utilized for 

operating devices and fabricating structures, this technology will break through the frontier 

imposed by the diffraction limit60. 

 kSP =  
ω
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= ko√
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Where,  𝜺𝒎, 𝜺𝒅 and 𝝎 are dielectric constant of metal, dielectric medium and angular 

frequency. 
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Where,  𝑬𝒆, K are energy and wave vector of the electron as charge career in the matrix.  

In plasmon-assisted solar energy conversion, metal nanostructures are used to scatter solar 

radiation in a way that better couples it to semiconductor photovoltaic elements. The efficient 

extraction of light from light-emitting diodes exploits similar physics, in which the metal 

nanostructures play the roles of light scatterer and energy-transducing nanoantenas. They 
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include ultrafast nanoplasmonic modulators with a switching bandwidth on the order of 10 THz; 

nanoplasmonic circular polarizers and optical super lenses61, 62, and optical components that 

concentrate or filter light using so-called extraordinary transmission through nanometer-scale 

holes engineered in metal substrates. Metallic nanostructures can exits SP and can dramatically 

increase the optical path length in thin active photovoltaic layers to enhance broad band photo-

absorption1, 63. 

The amount light absorption by a NP depends on the quantity called absorption cross 

section (𝑸𝒂𝒃𝒔). The 𝑸𝒂𝒃𝒔 depends on the geometrical factor, wave length, and properties of 

medium. The absorption cross section 𝑸𝒂𝒃𝒔 of a NP (<< incident) of radius a is subjected by a 

monochromatic plain wave is given by7, 63: 

Qabs ≅ 4x Im (
ϵ−1

ϵ+1
), for  x ≪ 1,       (3.29) 

Where, 𝒙 is the size parameter = 2πa/λ. When Drude dielectric function (Equation 6) is at 

𝜖 = −2, the real part of the absorption cross section will be given as7, 63: 

 Qabs = 12x ϵ"⁄         (3.30) 
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Figure 3.21. Metal nanoparticles scatter light over a broad spectral range that can be tuned by 
the surrounding dielectric. The plots show the scattering cross-section spectrum for a 100-nm-
diameter Ag particle embedded in three different dielectrics (air, Si3N4 and Si). Dipole (D) and 
quadrupole (Q) modes are indicated. The cross-section is normalized to the geometrical cross-
section of the particle1. 

Absorption cross section of the NCs are several times larger than its geometrical cross 

section, hence the metal NCs enhances the efficiency of photo absorption.  

3.6.7 Photo Absorption Measurements Setup: 

 

Figure 3.22. UV 2550 Shimadzu optical absorption measurement setup. 

The optical characterization was mainly focused on the specular absorption and the photo 

current response by the samples. The surface roughness of the implanted samples were in the 

order of few nm scale, hence it can be assumed the surface is as a well-polished surface 

comparing to the  magnitude of wavelength of visible light. So it is relevant to point out that a 

high percent of the visible light can reflect in normal conditions. The specular absorption 

measurement was carried out by using the Shimadzu UV-2550 UV VIS Spectrometers (Figure 

3.22). The spectrometer uses Halogen Tungsten lamp, which has less than 0.0003% stray light 

with a 340 nm (UV-39) filter. For specular absorption set up, a specular reflectance measurement 

attachment is installed in the spectroscopy instrument. For calibration and setting up the base 
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line absorption spectrum, two identical virgin samples from the same Si wafer are placed on the 

reference sample holder as well as on the characterizing sample holder. The aperture size for the 

reference as well as the sample holder was 5 mm diameter. The incident angle of the beam is 5°, 

which minimizes the influence of polarized light on the absorption spectrum. The base line 

absorption profile as well as the normalization of the spectra of the implanted samples with 

respect to the virgin Si (100) intensity was automatically adjusted using the UV-2550 

spectrometer data acquisition software. Hence, the absorption spectrum is the true absorption 

due to the ion induced modification done on the Si (100) surface layers. Most of the samples 

were characterized from 900 nm to 200 nm for specular absorption. Optical characterization was 

done at the Department of Chemistry in UNT. 

3.6.8 Photo Current measurement Setup: 

The I-V measurements were taken using Newport Cornerstone™ Monochromators as 

schematically shown in Figure 3.23. The optical design is based upon an asymmetrical in-plane 

version of a Czerny-Turner monochromator, which is designed to ensure high resolution, 

maximum throughput and optimized to provide stray light rejection while minimizing 

aberrations. The gratings for the spectroscopic system depend on the application in an iterative 

process of system design. The radiation source, radiation detector, polarization of radiation, 

spectral range of interest and desired resolution all play a role in grating selection. Two gratings 

are installed into the monochromator. The LabVIEW-based utility software is used to control both 

the monochromator and filter wheel accessory. It allows users to acquire spectroscopic 

measurements, which enables basic voltage measurements or use the built-in algorithms for 
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spectroscopic measurements. Data acquisition and processing occurs in real time. The currents 

from the samples were measured by a Keithley multimeter. 

 

Figure 3.23. (a) Schematic diagram of the Newport Cornerstone™ monochromator for I-V 
measurement. (b) An optical image of the experimental apparatus for the I-V measurement are 
shown. (c) An optical image showing the inside part of the Newport Cornerstone™ 
monochromator and the position of the sample. 

3.7 Surface Profilometer 

For the surface roughness characterization, a Zygo NewView™ 7300 3D optical surface 

profilometer at the IBMAL was used. The optical profiler is based on white light interferometer 

system, offering fast, non-contact, and high-precision 3D metrology of surface features. The 

optical profiler include proprietary data analysis and system control software. The vertical 

http://www.zygo.com/?/met/profilers/opticalprofiler.htm
http://www.zygo.com/?/met/profilers/profilers.htm
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resolution of the profilometer was specified to be 0.5 Å. The vertical roughness of the samples is 

characterized with optical interferometer technique. The interference fringes are formed due to 

the vertical optical path difference while scanning through the surface topologies. The surface 

topology image can be obtained in the form of 2D false color surface mapping as well as 3D 

surface topology imaging. 
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INVESTIGATION OF CONCENTRATION SATURATION IN DEPTH PROFILE OF LOW ENERGY (≤ 50 

KEV) HEAVY ION IMPLANTS IN Si 

4.1 Introduction 

For the efficient absorption of light at broad band wavelength, the PV device will require a high 
concentration of dopant metal atoms at a shallow depth of a few 10s of nm in the Si substrates. 
Low energy (< 80 keV) implantation of Ag or Au ions in Si is one of the most suitable synthesis 

step to facilitate the formation of the metal nanostructures at the shallow depths of Si. 
However during the low energy implantation of the heavy ions, one of the unintended 

consequences is the sputtering of target atoms particularly if the target made of lower Z 
materials such as Si. The sputtering yield is a function of target surface binding energy, element 
type and implantation energy, and other irradiation parameters65. It is extremely important to 

know how the energetic ion modifies the target substrate in order to design a device with 
tailored NC. As an example, 

 

Figure 4.1 shows the sputtering effect on Si target from the implantation of 76 keV Ag at a 

fluence of 5x1015 atoms/cm2.  
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Figure 4.1. Ag ion 76 keV implanted with a fluence 5x1015 atoms/ cm2 in Si. Ion implantation 
induced sputtered etching of 3.5 nm of substrate Si layer. This surface topology map is acquired 
using a Zygo optical surface profilometer. 

In this chapter, we have investigated the re-distribution of atoms in the target layers due 

to the surface sputtering effects from the low energy (50 keV) Ag and Au ion implantation in Si 

substrate. The RBS and XPS techniques were used for characterizing the ion implant 

concentration depth profile. Initially the implant profile was estimated using the widely used 

static TRIM/ SRIM37 simulation code. Though the static code provides the number of surface 

atoms sputtered per incident ion and the changes in the incident enegy due to this sputtering 

process. However, it’s simulation routine lacks any consideration of the fluence dependent 

evolution of the target materials. Therefore, we have explored the use of another ion-solid 

interaction code T-DYN, which considers the dynamic changes in the thickness and/or 

composition of target materials during the implantation process. 
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4.2 Experimental  

Research grade Si (100) wafer samples, cleaned with acetone were irradiated separately 

with 50 keV Ag- or Au- ions with fluences ranging from 1×1016 atoms/cm2 to 1×1017 atoms/cm2. 

All the samples were tilted to ~7o to the surface normal to avoid ion channeling. The RBS 

measurements were carried out using a rectangular collimated beam of ~1 mm2 with 2.0 MeV 

He+ ions66.  The XPS depth profiling measurements were performed with Ar ion sputtering. The 

sputtering was performed with a 2 keV Ar beam, 2 A current exposing an area of 3×3 mm2. The 

Ar ion sputtering rate was calibrated to be 4 nm per minutes for SiO2 target. 

4.3 Results and discussion  

4.3.1. Simulation of Sputtering of target atoms due to ion implantation 

For the T-DYN calculation, an area size of 10 nm x 10 nm sample were considered and the 

simulation was run separately for various ion fluences. In Figure 4.2(a) the T-DYN simulation plots 

for 50 keV Ag ion of fluences ranging from 1×1016 atoms/cm2 to 1×1017  atoms/cm2 are presented. 

The TRIM data for the 50 keV Ag with a fluence of 1×1016 atoms/cm2 and 2×1016 atoms/cm2 are 

also presented in the same figure for the comparison purpose.  In Figure 4.2(b) similar T-DYN 

simulated data carried out for the 50 keV Au ions irradiated on Si along with TRIM data are 

presented. Notice, that as the fluence becomes larger, the centroid of the implant moves closer 

to the surface, indicating that the surface is being sputtered away during the implantation 

process.  At about ~3x1016 atoms/cm2  the implanted Ag as well as Au ion are seen at the top 

surface layers of the Si substrate due to the excessive sputtering of the target atoms including 

the implanted ions. Also interesting to note that the implant ions concentrations reaches a 
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saturation value after reaching a critical fluence.  In Figure 4.3 the amount of Ag and Au ions 

retained in the Si matrix as a function of fluence is shown.  For the 50 keV Ag ions, the saturation 

in the concentration is seen ~6 to 7x1016 atoms/cm2. For the 50 keV Au ions, the saturation in the 

concentration is seen at ~4 x1016 atoms/cm2. In the case of Au implanted samples, there is a slight 

increase in the Au concentration in the surface region (first 4 nm) due to higher sputtering rate 

of Si than Au at the surface layers. This might be useful in growing self-assembled Au 

nanostructures on the surfaces Si substrates based on the underlying symmetry of the Si ((100), 

(110) and (111)) substrates. The TRIM calculations predict, the 50 keV Ag ion at the angle of 7o 

has a sputtering yield of 3.188 Si atoms per Ag ion and the 50 keV Au ion at the angle of 7o has a 

sputtering yield of 4.003 Si atoms per Au ion 37. The sputtering yield of Si as a function of Ag ion 

energy is shown in Figure 4.4(a). The sputtering yield/ion of Si reaches the maximum (shown in 

the inset) at ~ 50 keV, where most of the ion-atom interaction occur predominantly in the nuclear 

energy loss mode. The sputtering yield of Si as a function of angle of implantation for 50 keV Ag 

ions are shown in Figure 4.4.(b). As the angle of implantation increases, the sputtering yield also 

increase reaching ~45 atoms/ions for 75o incident angle of implantation. 
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Figure 4.2 T-DYN simulation of 50 keV (a) Ag and (b) Au implantation in Si matrix.  
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Figure 4.3 (a) The T-DYN simulation showing the Ag retained in the Si matrix for the various Ag 
implantation fluences. The Ag ion concentration starts to saturate at ~6 to 7x1016 atoms/cm2. (b) 
The Au retained in the Si matrix vs the implanted Au fluence in Si as simulated with T-DYN code. 
The Au ion concentration starts to saturate ~4 x1016 atoms/cm2. 
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Figure 4.4 (a) TRIM and T-DYN simulated Si atom sputtering yield vs Ag irradiation ion energy and 
(b) Si atom sputtering yield due to irradiation of  50 keV Ag ions vs incident ion angle with respect 
to the normal of the target surface. 
 

4.3.2. Depth Profile Characterization of the implanted ions using RBS and XPS  

 In Figure 4.5 the RBS spectra from samples implanted with various fluences of 50 keV Ag 

are shown. The incremental trend in the Ag peak area (between 1680 keV- 1740 keV) indicates 

the corresponding increments in the Ag implantation fluences. The peak with the black solid line 

is from the RBS standard sample of 10 nm thick Ag thermally deposited on the Si. The thickness 

of the 10 nm Ag thin film used as thickness standard was monitored by a crystal monitor installed 
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in the thermal evaporation chamber. Also the Ag layer thickness was verified by the optical 

profilometer. The leading Ag edge in RBS spectra is approximately at 1731 keV. The leading Ag 

edges of the high fluence peaks are about same as the standard sample. However, for the Ag 

peaks with lower fluences, its edges are well below the 1731 keV indicating  the Ag scattering  

atoms located below the surface of the sample, as the surface has not been sputtered away that 

much at the lower fluences. The Si leading edge at 1146 keV is from the surfaces of the virgin Si.  

The Ag fluence of 1x1017 atoms/cm2 will sputter 3.19x1017 Si atoms/cm2, which is about 88 nm 

thick Si. The Si edge is at 1122 keV, which is shifted by 24 keV. Using the Equation (4.1), the energy 

loss of the 24 keV implies that it is 88 nm thick Si, which is from the substrate Si about the end of 

the range from ion implantation. The slope of the Si edge of the 1x1017 atoms/cm2 sample is more 

gradual and has a step at the lower edge, which is due to the enrichment of the Ag ions from the 

ion irradiation and the Si concentration is decreased at this region. The leading Ag edge from 

samples with fluences 4x1016 atoms/cm2 and higher starts at (or very close to) 1731 keV, 

indicating the location of Ag atoms at the surface of the implanted samples. 
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Figure 4.5 RBS Spectra of 50 keV Ag implanted in the Si (100) with the fluence ranges from 1×1016 
atoms/cm2 to 1×1017 atoms/cm2. The Gaussian peak fit is (in the inset) for the Ag peaks of 1×1017 
atoms/cm2 fluence. Also the Si edges (between 1100 keV and 1170 keV) are shown in the inset. 

Figure 4.6 shows some of the selected RBS spectra along with corresponding fitted 

spectra from the Ag implanted samples by simulating the target composition using SIMNRA code. 

The Ag ion implanted layer is modelled as several layers of single thin films of homogeneous 

mixture of Ag and Si. The Ag compositional profile was extracted by dividing the target layer up 

to approximately 20 layers with equal depth intervals. 
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Figure 4.6 Selected RBS Spectra along with fitted spectra simulated using SIMNRA code 

for  50 keV Ag implanted in the Si (100). 

In Figure 4.5 the RBS spectra from samples implanted with various fluences of 50 keV Au 

implanted samples are shown. The incremental trend in the Au peak area (between 1800 keV- 

1860 keV) indicates the corresponding increments in the Au implantation fluences. The Si edge 

is about 1120 keV, which receded about 26 keV from the surface location. The estimated 

thickness of the sputtered Si for 1x1017 atoms/cm2 sample is ~95 nm. In Figure 4.8 some of the 

selected RBS spectra from the Au implanted samples along with corresponding SIMNRA fitted 

spectra are shown. 
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Figure 4.7 RBS Spectra of 50 keV Au implanted in the Si with the various fluences ranges from 
2x1016 atoms/cm2 to 1x1017 atoms/cm2. In the inset the Si RBS edge for various spectra is shown. 

 

Figure 4.8 Selected RBS Spectra along with fitted spectra simulated using SIMNRA code for 50 
keV Au implanted in the Si (100). 
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In Figure 4.9, the depth profiles of the Ag and Au atoms in the various implanted samples as 

extracted from the RBS spectra using the SIMNRA simulation package is shown. The implanted 

ions follow the general trend in the T-DYN simulations shown in Figure 4.1. and 4.2.  

 

Figure 4.9 Depth profile of Ag and Au atoms extrated from the RBS spectra (Figure 4.5 and 

4.7) using SIMNRA package. 
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In Figure 4.10, the concentration profiles of the Ag and Au atoms in the various implanted 

samples extracted from the XPS spectra as a function of Ar ion sputtering time are shown. The 

concentration profiles shown similar distribution trends as the T-DYN and SIMNRA simulated 

profiles. For the high fluence the samples, the Ag concentration profiles show more localized Ag 

atom distributions at 3 minutes Ar etching interval. Simular localizizations of Au are also seen for 

~4 minutes etched time interval.  

 

Figure 4.10 Depth profile of Ag and Au atoms extrated from the XPS with Ar ion etching.  
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Figure 4.11 The distribution profile of Ag and Au for selected implantation fluences in Si. 

(a) Ag distribution profile calculated from T-DYN and SIMNRA simulations. (b) Ag distribution 

profile calculated from the XPS depth profile. (c) Au distribution profile calculated from T-DYN 

and SIMNRA simulations. (d) Au distribution profile calculated from the XPS depth profile.  

For the comparison of various analysis techniques, the distribution profile of Ag and Au 

extracted using SIMNRA, T-DYN and XPS) for samples with selected implantation fluences are 

shown In Figure 4.11.  In both SIMNRA and XPS analysis the atomic concentration of Ag and Au 

are found to be higher in the matrix than the T-DYN simulation for the higher implantation 
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fluences. The highest (saturation) concentration predicted from the T-DYN is about 26 % for the 

Ag and about 24% for the Au in Si. T-DYN predicts the self-sputtering of Ag (Au) at the low fluence, 

for example, at the fluence of 1x1016 atoms/cm2, it sputtered away about 0.1 % Ag (0.17% Au) 

and at the higher fluence of 1x1017 atoms/cm2, it sputtered ~56.7% Ag (71.9% Au). It appears 

that, this phenomena is observed by several other groups as well for the heavier ion 

implantation68,69,67.  For the work shown by Lakshantha et al., for the 50 keV Fe profile67 from 

RBS and XPS, the Fe concentration in the substrate is found more than 50%, whereas the T-DYN 

profile calculated about 42% concentration.  The Ag concentration for 50 keV in the article by H. 

W. Seo65, in the target is found to be34% atomic concentration. For the 32 keV Au at 1x1017 

atoms/cm2 fluence ion implantation in Si, Sahu68, et al., found about 34% Au concentration in the 

Si.   

4.4 Conclusions  

At the higher fluences, the T-DYN simulations curves clearly depart from the static TRIM 

simulation. The plot from the T-DYN code does predicts the sputtering of the Si substrates and 

indicated the presence of the Ag on the target surface at fluence of 3x1016 (and 2x1016 for Au) 

atoms/cm2. The Ag edge starting from fluence 6x1016 atoms/cm2 and higher shows the Ag ion 

saturation in the target. The T-DYN analysis in Figure 4.3 clearly shows the critical fluence for the 

concentration saturation is around 6 x1016 atoms/cm2 for Ag ion and 4x1016 atoms/cm2 for Au 

ions.  The concentration depth profile extracted from RBS and XPS follow similar trends. It 

appears that the total sputtering yield from the target is compensated by the implanted ions and 

the total Ag and Au ion concentration does not increase after it exceed the saturation point. 
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The presence of Ag (Au) at the surface starting to appear from the fluence of 3x1016 (2x1016) 

atoms/cm2 in the XPS depth profile spectra in the Error! Reference source not found.. The 

discrepancy between the RBS and XPS spectra with the T-DYN simulations in the Error! Reference 

source not found. for the higher fluence samples is understood that T-DYN overestimates the 

sputtering yield of atoms after the critical points. 
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INVESTIGATION OF STRUCTURAL PROPERTIES OF AG NANOCLUSTERS FORMED IN SI (100)  

5.1 Introduction 

The various energies of Ag ions were implanted in Si (100) with an intention of clear 

separation of ion projected range (Rp) peaks so that layers of Ag NC were expected to form 

around the desired depth of Rp. The selection of the ion energy is such that the differences 

between the Rp are about ~5-30 nm, which were calculated initially from the SRIM code. The 

implanted ion distributions were also simulated using T-DYN. The RBS spectra were anlyzed with 

the SIMNRA computer package46. 

5.2 Experimental 

 In order to create staggered NCs in Si, several types of samples were prepared. Each type 

of sample was prepared with variation in the specific parameters to study a detail sequential 

structural step change. The sample details are summarized in Table Table 5.1. 

Table 5.1. Experimental parameters for various types of prepared samples. 

Sample 

type 

Description (energy) Beam angle 

(off axis  

Fluence 

(atoms/cm2)  

Type-1 Ag ions of 78, 68, 58 keV implanted on 

(100) Si 

7 1x1016 at 78 keV, 5x1015 at 

68 keV, 1x1015 at 58 keV 

Type-2 Single energy Ag ion Implantation 

 76 keV 7 1x1016 
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 76 keV 7 5x1015 

 67 keV 7 1x1016 

 67 keV 7 5x1015 

 57 keV 7 1x1016 

 57 keV 7 5x1015 

Type-3C Multiple energies Ag ion Implantation at multiple angles 

 75 keV 5 9.3 x1015 

 55 keV 25 6.5 x1015 

 35 keV 45 5.1 x1015 

Type-4 Multiple energies Ag ion Implantation at multiple angles 

 80 5 8.22 x1016 

 30 55 2.68 x1016 

 

The first set of samples were prepared with Si (100) wafers (Boron doped p-type, 

resistivity of 10–20 cm) cleaned with acetone, and were irradiated sequentially with low 

energies Ag- ions. The energies of the ion implantation were 78, 68, and 58 keV (designated as 

type 1 sample), so that the Rp (as simulated by the static TRIM code) of each ion were separated 

by about 4 nm. The fluence of Ag ion implantation was (1x1016, 5x1015, and 2.5x1015 atoms cm-2 

respectively (high to low concentration)). All the samples were tilted to ~7o to the surface normal.  

The type 2 samples were prepared with single energy ion as to study to compare with the 

type-1 sample. The type 3 samples were prepared with a Si (100) wafers (Phosphorous doped n-

type, resistivity of 1–10 cm) with larger ion energy differences than the type-1 samples. The 
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NC distribution in the type-3 samples is expected to be different than that of type-1, since the 

sequential projectile energies were larger than that from the type-1 samples. Figure 5.1 is the ion 

implant profile according to TRIM for type-4 sample, which was prepared to synthesize NC with 

two distinctive distributions in very shallow and deeper layers in the Si substrate. 

 

Figure 5.1. (A) TRIM simulation of Type-4 sample (B) Normalized TRIM simulation of type 4 
sample. 

 

Figure 5.2. (A) T-DYN simulation of Type-2 sample and (B) type 3 C sample. The single energy ion 
implanted the type-2 samples have low fluences. The type-3 sample is implanted with multi-
energy Ag ion. The total fluence is higher than type-2. The excessive sputtering from heavy ion 
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implantation erode top layer of Si from the substrate such that the implanted Ag atoms appeared 
on the surface. 

5.3 Results and Discussion 

5.3.1. Compositional and Structural Characterization 

In Figure 5.3, simulations of the projected range of the implanted ions for various energies 

normalized with their respective fluences are presented using the TRIM code as well as the 

dynamic T-DYN code for the type-1 sample. In the 'as-implanted' sample, the amorphous layer in 

Si (a-Si) created by the 78 keV ion implantation was ~85 nm thick. The Rp peaks from the SRIM 

simulations for 78, 68, and 58 keV Ag ions in Si are 45 nm, 40 nm, 35 nm, respectively, and the 

peak positions for individual curves are prominently separated from each other. The 

corresponding T-DYN simulations are shown in solid lines partially overlapping the TRIM 

simulation. The T-DYN simulations considered the dynamic changes in the target surface layer 

due to surface sputtering and implantation of the Ag ions. The sum of all the individual energies 

simulations are also shown to be peaked between ~35-45 nm deep. The corresponding T-DYN 

simulation for equivalent fluence at 74 keV shows the distribution of the ions is more towards 

the surface region. The T-DYN simulations show the lateral shift in the Rp towards the surface as 

well as the decrease in the implanted ion concentrations due to the sputtering and redistribution 

of the surface layers. 

          In the Figure 5.4, the RBS spectra of the as-implanted and annealed samples are shown for 

type–1 sample (as simulated in Figure 5.3). The RBS spectra simulated by SIMNRA are 

superimposed on the experimental spectra.  The Ag depth profile extracted using the SIMNRA 

are shown in the inset. The Ag profile of the as-implanted sample agrees quite well to the sum of 
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the SIMNRA simulations as shown in Figure 5.4. For the annealed samples, the Ag atoms are seen 

with a bimodal distribution, with a component migrating towards the top 20 nm of the surface 

region and another component centered at ~70 nm towards the interface of the amorphous and 

crystalline regions of the samples.  

 

Figure 5.3 TRIM simulation of the range (Rp) of various energetic Ag ions in Si normalized with 
the respective ion fluences. The corresponding Rp values are Rp78 keV = 44 nm, Rp68 keV = 40 nm, 
Rp58 keV = 35 nm. The corresponding T-DYN simulations are shown in solid lines overlapped with 
the TRIM plots. The solid curves show the distribution of Ag ions of the corresponding 
experimental parameters (energies and fluences) using T-DYN simulations. The T-DYN simulation 
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shows the lateral shift in the Rp towards the surface as well as decrease in the implanted ion 
concentrations due to the sputtering and redistribution of the surface layers. 

 

Figure 5.4 RBS spectra of the as-implanted and annealed Si samples with multiple energy Ag ion 
implantations (type-1 sample). The spectra are overlapped with parameters fitted using SIMNRA 
simulation package. The Ag depth profile extracted using the SIMNRA are shown in the inset. 

         In the  Figure 5.5, the distributions of Ag in the as-implanted and annealed samples for the 

type-1 samples are shown using XPS depth profile in  Figure 5.5(a). These general features of the 

Ag distributions follow the similar trends as the RBS results shown in the Figure 5.4. The absolute 

concentrations of Ag are slightly different in XPS and RBS results, which may be due to the 

different analytical techniques used in each measurement. 

The TEM images (Figure 5.6) is the “as-implanted” and annealed samples with multiple 

energy Ag ion implantations (type-I samples). The selected area diffraction (SAD) patterns from 

the as-implanted region (shown in the inset of the TEM image (Figure 5.6 (a)), indicates the 

implanted region is totally amorphized Si (a-Si) ~85 nm deep. The SAD patterns from the 

underlying substrate show the crystalline nature of the Si substrate. In the case of the annealed 
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sample, the TEM image (Figure 5.6 (b)) shows the shrinkage of a-Si to ~80 nm and the formation 

of various sizes NCs up to ~15 nm in diameter. Linear profiles using EELS (Figure 5.8) across the 

region containing NCs correspond to the Ag signal from NCs.  A similar EDX linear profile across a 

larger NC ( Figure 5.5 (b)) also indicated the composition of the NC to be Ag. Using the ImageJ 

image analysis program for the HRTEM image of NC in the Figure 5.10 (b), the lattice constant is 

calculated about 0.405 nm. This value agrees with the NIST data for the FCC Ag NC lattice 

constant, which range from 0.405-0.409 nm. So with these specific results from ImageJ, EELS and 

EDX techniques, we assumed all the NCs to be Ag.  A detailed image analysis of NCs shown in 

Figure 5.6 (b) is presented in Figure 5.7 using the ImageJ package51. 

 
Figure 5.5 (a) XPS depth profile of the as-implanted and annealed type-1 sample, (b) EDX 
spectrums of type 1 sample indicating the presence of Ag in the Si matrix. 
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Figure 5.6 Cross-sectional TEM image of the (a) as-implanted and (b) annealed type-I Ag 
implanted Si samples. The Ag implanted region shows the formation of Ag NCs with sizes up to 
15 nm (figure b). The encircled areas in the TEM image (b) were used for the analysis of the Ag 
NCs using NIH ImageJ software package. 

The size selection for the NCs ranges only from 3 nm2 to 300 nm2. A multi-dimensional 

(number of NCs as a function of the depth and sizes) distribution of Ag NC is presented for the 

type 1 sample.  The average size of Ag NCs is from ~2 nm to ~15 nm. For comparison, the average 

size of the Ag NC calculated to be 10.7 nm according to XRD 2 scan (Figure 5.9) and Scherrer 

equation (3.19). The areal distribution of Ag in the TEM image has two different preferential 

regions, one toward the surface region and another toward the interface of crystalline-Si and 

amorphous-Si. Ag NCs of larger diameters (up to 15 nm) were seen distributed at the peak 

concentration positions (~35-55 nm) of the implanted Ag ions. These larger NCs were formed due 

to the availability of higher concentrations of the Ag in the peak positions. This distribution of 

NCs is a significant step in terms of synthesizing layers with tailor made NCs sizes.      
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Figure 5.7 The analysis of the Ag NCs encircled in Figure 5.6 (b) TEM image are presented. The 
average sizes of Ag NCs are from ~2 nm to ~15 nm. Ag NCs of larger diameters (up to 15 nm) were 
seen distributed at the peak concentration positions (~35-55 nm) of the implanted Ag ions. 
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Figure 5.8. EDX and Scanning Transmission Electron Microscopy (STEM) High Angle Annular Dark 
Field (HAADF) detector line profile of an Ag NC in the High Resolution TEM (HRTEM) image. 

 

Figure 5.9. XRD 2  scan for type 1 annealed sample. 

 

 

Figure 5.10. (a) HRTEM image of type 1 sample in the interface of the Ag ion implanted region 
and substrate c-Si (i.e. at the end of the range region). At the boundary, there are mixture of c-Si 
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as well as a-Si (b). HRTEM of type 1 sample with Ag NC encircled in which, the lattice of Ag FCC 
and the poly crystalline Si is clearly visible. 

 Type 3 samples, like type 1, are implanted with three ion energies, but (unlike type 1) with 

three different implanting angles to produce distinctively larger Rp differences. The amorphized 

Si by the Ag ion implantation is ~83 nm deep in the as-implanted samples. Once this sample is 

annealed, this amorphized Si region shrunk to 71 nm as was seen in the type 1 samples. The 

annealed sample has larger and denser Ag NC in the upper layer as seen in the TEM image in 

Figure 5.11, which corresponds to the RBS plot and XPS depth profile. The as-implanted Ag peak 

distribution is a somewhat positively skewed Gaussian, but the peak begins to separate after it 

went through thermal annealing, which is due to the Ag atoms redistribution and Ag NC 

nucleation as seen in the TEM image in Figure 5.11. The Ag NC layer on the top begins with dense 

population from the surface, not around the Rp due to the Ag atoms diffusion mitigated by Ag ion 

implant induced defects.  
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Figure 5.11 The RBS, TEM images (inset above), and XPS depth profile (inset below) of type 3 C 
sample. The RBS parameter are 2.0 MeV He+ with 150o scattering angle. The TEM image (a) as-
implanted with Ag ion with ion implant profile as described in Table 5.1. The TEM image (b) after 
annealing. The XPS depth profile of the as-implanted (black solid line) spectra shows the thin 
layer of Ag atoms on the surface and the rest of the Ag distribution in Si were truncated broad 
Gaussian peak as predicted by T-DYN in Figure 5.12. 

 

 

Figure 5.12 (a) The Gaussian plot data acquired from the SRIM code for type 3 samples. (b) The 
T-DYN simulation for type 3 samples. The T-DYN simulation takes into account the sputtering 
effects from the heavy ion implantation. T-DYN simulation of type 3 sample resemble the as-
implanted RBS spectra of type 3 sample in Figure 5.11. 

The type 4 sample were prepared with very shallow and deep ion implantation with the 

implant parameter described in Table 5.1. During the ion implantation, it can be deduced that 

both Si as well as Ag atoms were (which is part of the substrate atoms from ion implantation) 

sputtered away. The SIMNRA analysis calculated that about 3.7 % of Ag atoms were loss during 

the Ag ion implantation.  

 The XPS depth profile spectra in the inset of the Figure 5.13, suggests that the 80 keV Ag 

implanted in Si is shifted forward by 1.8 sputtering time after is has been implanted with 30 keV 
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Ag at angle of 55o to the normal.  This shift is the thickness of Si that has been sputtered by the 

30 keV Ag ion implantation done afterward. 

 The RBS and TEM images show the presence of Ag on the surface; however the high 

concentration of Ag is still beneath the shallow layer of mixed Si and Ag. The receded Si edge in 

the RBS plot implies that the thin layer where Ag is implanted has almost 50% of Ag atomic 

concentration. The thin layer of Si itself in dual implanted sample is about 100 nm thick, whereas 

80 keV implanted Si layer is 88 nm thick. The 30 keV Ag implanted region in Si is less than 10 nm 

thick, since the Ag ion was implanted at a high angle (at 55o). The sputtering yield at this angle is 

higher than that from the small angle ion implantation. The Si edge from Ag standard (10 nm) 

sample suggests the thickness of Ag is about 10.08 nm thick. 

 

Figure 5.13 RBS and XPS depth profile spectra of Type 4 sample. In the XPS depth profile spectra, 
blue line is as-implanted 80 keV Ag ion, black line is for duel, 80 keV at 5° then 30 keV at 55° Ag 
ion, as-implanted sample. The red line is annealed duel energy implanted sample. The top right 
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inset plot is the detail Si edge modification seen from RBS spectra, which indicates the thin layer 
of Si matrix mixed with implanted. 
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INVESTIGATION OF OPTICAL ABSORPTION AND PHOTOCURRENT IN SILVER-SILICON SYSTEM 

6.1 Introduction: 

The optical path length is critical for maximizing the absorption of the photon. The optical 

path length has to be sufficiently large to be an efficient photo sensor 1, 2 .  The incident photon 

energy needs to be larger than band gap of Si to produce e- h+ pairs in Si. To maximize the e- h+ 

pair collection, optical path length need to be large but the device need to be thinner to reduce 

recombination of e- h+ pair. The thickness of the PV the optical path length and the e- h+ pair 

recombination length are the competing factors.  The optical path length of the PV can be 

maximized without increasing the physical thickness of the PV by surface/substrate modification. 

The surface plasmons (SP) generated in the Ag NCs oscillates with frequency as the 

incident electromagnetic waves but with a much shorter wavelength, hence, increases the optical 

path length in Si. The Ag NCs can enhance the light absorption and increase the efficiency of PV 

devices [9-13]. Recently, Shi et al. had shown that light trapping can be enhanced by fabricating 

double layer Ag nanoparticles in silicon based materials [16].   

In this study, we have investigated the optical absorption from staggered layers of Ag NCs 

synthesized in Si (100) substrate by sequentially implanting multiple energies (< 80 keV) and 

different fluences (ranging from ~1×1016 to ~1×1017 atoms/cm2)  of Ag ions and subsequent 

thermal annealing [17]. Here, we report the investigations into the photocurrent collection in 

samples with these staggered Ag NC-Si layers.  

 6.2. Experimental 
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Single crystal Si (100) (Boron doped p-type, resistivity of 10–20 cm and Phosphorus doped n-

type, 1-10 cm) wafers were irradiated with low energies (80 keV to 30 keV) Ag- ions at fluences 

ranges from ~1×1016 to ~1×1017 atoms/cm2. In order to investigate the role of defects on the 

optical properties, some of the Si samples were implanted with 60 keV Si at fluences ranges from 

1×1014 to ~1×1015 atoms/cm2 and 40 keV deuterium with a fluence of 1×1014 atoms/cm2. The Ag 

ion implanted Si samples were prepared as multiple implants at different ion energy and fluence 

conditions as described previously [17]. Some of the Si samples were also irradiated with 60 keV 

Cu or 80 keV Au up to a fluence of 1×1016 atoms/cm2. 

The optical characterization was mainly focused on the specular absorption and the 

(photocurrent) electric response characteristic of the samples. The Si surface and substrate were 

modified by the high fluence ion irradiation. The areal rms value of surface roughness of virgin Si 

was measured to be less than 0.5 nm whereas, the areal rms roughness value of ion irradiated 

region was found to be about 1.3 -0.8 nm. The interaction of visible light on this type of surface 

roughness act as specular reflection, since the magnitude of visible light wavelength is many 

order greater than the magnitude of surface roughness. The surface roughness of the implanted 

samples were on the order of few nm, which is similar to a well-polished surface. It is relevant to 

point out that a high percentage of the visible light can reflect under normal conditions from c-Si 

much like a polished surface. 
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Figure 6.1.    Si base line absorption spectrum. 

For calibration and setting up the base line absorption spectrum, two identical pristine 

samples from the same Si wafer are placed on the reference sample holder as well as on the 

characterizing sample holder. The aperture size for the reference as well as the sample holder 

was 5 mm diameter. The incident angle of the beam is 5°, which minimizes the influence of 

polarized light on the absorption spectrum. The base line absorption profile (Figure 6.1.   ), as 

well as the normalization of the spectra of the implanted samples with respect to the 

virgin/pristine Si (100) intensity, was automatically adjusted using the UV-2550 spectrometer 

data acquisition software. The base line Si spectrum shows the virtually flat line absorption since 

it is normalized to zero absorption with respect to similar Si. Hence the absorption spectrum is 

the true absorption due to the ion induced modifications done on the Si (100) surface layers. 

Most of the samples were characterized from 900 nm to 200 nm for specular absorption.  
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The current-voltage (I-V) photo switching measurements were carried out with an 

experimental setup which included the Newport Cornerstone™ Monochromator. The 

experimental arrangements are shown in Figure 3.23. The optical design is based upon an 

asymmetrical in-plane version of a Czerny-Turner Monochromator, which is designed to ensure 

high resolution, maximum throughput, and optimized to provide stray light rejection while 

minimizing aberrations.   

The I-V photo switching measurements were performed on the experimental PV cells 

fabricated from the Ag implanted samples. Before the I-V measurements, the samples were 

cleaned with 10% hydrogen fluoride (HF) acid for 20 - 30 seconds to remove the native oxides. In 

order to prevent the formation of native oxides, the samples surfaces were passivated with Br. 

The Br/Si interface has proven to be an extremely stable system for non-UHV conditions72, 73. As 

the samples were pulled out of the HF acid bath, a 0.05% bromine– methanol solution rinsed the 

samples so that the samples surface were not exposed to atmosphere the HF acid bath. The 

substrates were rinsed in methanol to remove the free Br solution and finally dried with dry 

nitrogen gas. These cleaned samples were mounted on a grid mask and securely fixed inside the 

thermal evaporator. Grid lines of ~50 to 90 nm thick Ag films were deposited on the samples at 

~7×10-7 mbar pressure in the thermal evaporator. The thickness of the Ag films were estimated 

using a crystal thickness monitor mounted inside the thermal evaporator. The Ag grids were 

connected with Ag liquid paint and conducting wire. The samples were securely mounted on a 

textured black painted box (Figure 6.2). These devices were mounted on I-V measurement 

equipment (Figure 3.23). The I-V photo switching measurement were taken using AM 1.5 light 

beam with appropriate aperture to illuminate the solar cell sample. The crystalline-Si (c-Si) solar 
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cell has high current density with the AM 1.5 light source compared to the dark condition.  It 

shows the minimum leakage current since c-Si has minimum defects present. 

 

Figure 6.2.   An optical image of a test PV device fabricated out of Ag implanted Si samples. The 

Ag grid lines were separated by ~2.5 mm distance. The AM 1.5 light was incident via appropriate 

apertures so that only the ion implanted regions of the samples were exposed. 
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Figure 6.3.   Light absorption line spectra for (A) (a) low fluence 60 keV Si implanted in Si, (b) high 

fluence Si implanted in Si, (c) light ion 40keV (deuterium) implanted in Si, and (d) the normalized 

baseline absorption spectrum for c-Si, and light absorption profiles for single energy ion 

implantation for (B) Ag 57 keV, (C) Ag 67 keV, (D) Ag 76 keV. 

The absorption in the UV range is primarily due to the defect induced by ion irradiation. 

This absorption is seen in the Si irradiated with light ions as well as heavy ions (Figure 64 (A)). 

However the UV absorption is enhanced several fold when the irradiated ions are high z metallic 

ions. In Figure 6.3.    (A), the low and high fluencies Si produced defects show the absorption of 

near UV. Even in the deuterium ion irradiated Si shows the UV absorption. In the same wave 
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length range, the high z metallic ion irradiated Si shows the large absorption of UV (Figure 6.5 -

Figure 6.8). The sample (a) has ion implantation induced defects, which begins to form sporadic 

amorphous Si (a-Si) as the implantation fluence (1×1014 atoms/cm2) was just below the complete 

amorphous threshold. In sample (b), the defects from ion implantation formed a complete layer 

of a-Si in the implanted region from the high fluence (1×1015 atoms/cm2) implantation of 60 keV 

Si in Si. Figure 5(c) shows absorption profile from 40 keV deuterium implanted Si samples. The 

amorphous layer contained mostly point defects. In the investigated range of light wavelengths, 

Figure 5 clearly shows that a-Si has higher absorption than c-Si. At higher concentration of defects 

in (b), the visible light is absorbed at the higher rate peaking at the red spectrum (~720 nm). The 

characteristics peaks in the higher energy part (~ 320 nm) of the absorption spectra are 

independent of the size and shape of the NCs as reported previously in some of the references74. 

The metallic as well as semiconductor NCs exhibit enhanced optical properties5. These optical 

properties are due to the quantum effects as well as electronic properties influenced by the 

implanted ion species. The quantum effects are due to the NCs’ spatial character such as size, 

shape, and location. This property enhances the optical properties of the free electrons present 

in the metallic NCs. Larger NCs are primarily responsible for light absorption and scattering, 

whereas the smaller NCs are responsible for the nonlinear optical properties. The modified Mie 

expression5 expresses the absorption of light due to the size and ion species of NCs. 

Figure 6.5(B, C, D) shows the optical absorption from the type 2 samples for the as-

implanted and annealed samples of fluences 5×1015 and 1×1016 atoms/cm2. The relative 

absorptions of near UV, visible and ear IR light with respect to unmodified Si are clearly seen. The 

UV peaks at 271 nm, 367 nm, and visible peaks at 420 nm, 440 nm and 465 nm, are primarily the 
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defect mitigated absorption further enhanced by the implanted Ag ions. Similar defect oriented 

absorption in Si has been observed by another group6. The absorptions in the visible to near 

infrared regions are the direct result due to the shallow depth ion irradiation in the Si. As the ion 

fluence exceeds a critical range (~5×1014 atoms/cm2 needed to attain full amorphization, the 

defects induced by the ion irradiation in the Si substrate increases and starts forming clusters of 

amorphous Si. The amorphized Si has a high density of defects. We have also observed similar 

absorption in the UV region due to irradiation of low energy (<60 keV) light ions (deuterium, Si) 

as well as heavy ions (Cu, Au) shown in Figure 6.5. 

 

 

Figure 6.5.    (a) Absorption spectra of 60 keV Cu implanted in Si. (b) The absorption profile of 80 

keV Au implanted in Si. 
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Figure 6.6.    The normalized absorption spectrum (black line) for c-Si taken as a base line. Photo 
absorption spectra of type 1 sample.  Annealing in forming gas created an oxide layer on the 
surface, which reduced absorption in the UV region.  Enhanced absorption in the visible to IR 
region due to Si and Ag nanoparticles. The absorption peak at (a) is from interband transitions66 
in metal, a sharp peak67, 68 due to the Ag nanoparticles at (b) and broad peak at (c) are from Si 
and Ag79 nanoparticles. 

When these ion irradiated samples are thermally annealed, it relaxed the ion implantation 

induced stress in the Si substrate. The thermal annealing produces polycrystalline Si and Ag NCs 

in the ions implanted amorphized region. The metal NCs and polycrystalline Si are active optical 

centers65, which interact with incident light. In the annealed samples type-1, the optical 

absorption is seen to be enhanced in the ultra violet (UV), visible, and infrared (IR) region. We 

believe this enhancement in the optical absorption in the visible range is due to the presence of 

Ag NCs in the near surface region (top 20 nm). One can also see the decrease in the optical 

absorption in the UV region due to re-ordering/re-crystallization of the top amorphous layers in 

the Si substrate.  

In order to investigate the optical absorption effects of individual components of the 

multiple energy implanted samples, we have carried out optical measurements on the samples 
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with single energy.  These samples were annealed in vacuum at a temperature ~500 oC up to 90 

minutes. Figure 6.5 (B, C, and D), shows the optical absorption on the samples implanted with 

57, 67, and 76 keV Ag ions. Similar to the type-1 sample; the absorption in the UV range is seen 

to be decreased for the annealed sample. However, the absorption in the visible range is seen to 

be slightly decreased as compared to the as-implanted samples. This may be due to the formation 

of a poly-crystalline Si layers in the top surface and the distribution of Ag NCs in a deeper layer 

as compared to the multiple energy implanted samples.   

Recently, Shi et al. have reported better light trapping in double layer Ag NCs sandwiched 

between SiO2 layers on solar cells80. The multiple energy samples were annealed in a gas mixture 

of 4% H2 + 96% Ar, but there is a possibility of contamination due to the presence of oxygen in 

the annealing chamber. Though we haven’t investigated the presence of oxygen in the top 

surface layers (~20 nm), we believe the presence of oxygen in the top layers could also make 

additional contributions besides the Ag NCs to the enhancement in the optical absorption in the 

visible range replicating similar multilayer structures reported in Shi et al.  

  The minimum photon energy required to excite an electron to undergo an interband 

transition to an empty state near the Fermi energy is called the interband transition threshold81 

(ITT). The ITT is dependent on the band structures and relative energies of the outermost filled 

and innermost partially filled or empty electron bands. Therefore, the ITT is unique for any given 

material. For semiconductors and insulators, the ITT is the bandgap, and it represents the energy 

difference between the valence (outermost filled) and conduction (innermost empty) bands. 

Metals are more complex since electron energy bands can overlap around the Fermi energy, 

allowing these bands to be partially filled. Because of this nature, metals are better electrical 
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conductors than semiconductors. The lowest energy d-band to available s-band transition is very 

large for Ag (~4 eV)81. 

The Drude function does take into account the dielectric response of the implanted 

species (Ag) as well as Si electronic transitions in its energy band structure in the solid. This 

macroscopic dielectric response is from interband electron transitions, which are manifested in 

the high energy part (below 320 nm) of the absorption spectrum. These characteristic peaks are 

independent of the size and shape of the NPs1. The free electron response modeled by the Drude 

relation describe interband transition (SP resonances)82. 

The absorption peak (a) is due to the interband transitions of electrons in the metal (or 

semi-metal). The interband threshold of the transition metals is given by excitations of 

conduction band electrons to higher levels as all filled bands lie far below the conduction band1. 

This peak is independent of the size of NPs. The interband peak is absent in the deuterium 

implanted sample with minimum amplitude for the Si implanted samples (Figure 6.5 (A)). This 

sample was annealed at 500 oC inside a forming gas (96% Ar and 4% H2) environment at 

atmospheric pressure. At this region, the absorption peak is observed reduced when annealed. 

We believe, the reduction of the intensity in the annealed spectrum is not due to the minimizing 

of the interband transition of the electrons but due to the few monolayers growth of the SiO2 

layer on the top of the sample. When ion implanted samples were annealed in vacuum, this 

particular peak has tendency to increase as seen in type 3Figure 6.7(a) or remain same at the 

best as in type 4. 

Absorption due to the Si defect center 
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The 𝑸𝒂𝒃𝒔 of Ag NCs are function of wave length dependent dielectric medium. At high 

energy photons, the 𝑸𝒂𝒃𝒔 of Ag in Si medium is just about twice the size of NP, while the 𝑸𝒂𝒃𝒔 is 

quite large at red to near infrared region shown in Figure 3.21.  

The absorption peak (c) in Figure 6.6, are contribution defects presence in the Si matrix. 

But the enhancement of the absorption in the region (c) is from the quadrupole dielectric 

response of Ag NCs in Si. The type 4 sample in Figure 6.8 shows the quadrupole dielectric 

response is low. This is from high super concentration from Ag in Si (>50%). The photo 

absorptions at (a) and (b) are due to the interband transition and Ag NCs as well as Si defects 

mitigated. This relatively high absorption is correlated to the high fluence ion implantation 

induced defects as well as the high concentration of Ag NCs. 
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Figure 6.7.   Photo absorption spectra of (a) type 3 sample and (b) type 4 sample.  Annealing in 
vacuum minimized oxide layer and enhanced absorption in UV region. In (b) large enhanced 
absorption in UV region due to higher concentration of Ag nanoparticles at surface for this 
sample.  Fluence 50% higher results in 50% higher absorption in UV region. 

I-V Measurements 

The c-Si solar cell has high current density with AM 1.5 light source comparing to the dark 

condition. It shows the minimum leakage current since c-Si has minimum defects present.  
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Figure 6.8. The on-off switching of photocurrent generation in various devices are shown. The 
aperture size for AM 1.5 light source is 0.5 cm x 0.5 cm. An approximately 10% of area of the 
device is covered by the silver grid.  

The photocurrent and voltage generated when exposed to AM 1.5 light were measured 

on the PV devices samples, which are presented in Figure 6.9. The light source exposure to the 

PV devices were switched on-off via a mechanical shutter at a regular time period. The annealed 

type-3 sample shows the higher photocurrent production than any of the other devices including 

devices made from the virgin c-Si.  We believe  the formation of Ag NCs in the shallow layers 

(within 50 nm depth) are responsible in creating enhanced e--h+ pairs when subjected to the 

incident light.  
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Figure 6.9 The on-off switching of voltage generation in various devices are shown. 

The voltage generated when exposed to AM 1.5 light were measured on PV devices 

samples, which are presented in Figure 6.9. The virgin Si sample shows the higher voltage 

production than any of the other devices.  We believe that the ID and ISH are very large and IS is 

relatively small for c-Si. The defect concentration is minimum in the c-Si, so the leakage current 

is also minimum.  

The short-circuit current (Jsc) and open-circuit potential Voc measured from various devices 

are summarized in Table 2 The short-circuit current (Jsc) and measured open-circuit potential Voc.. 
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Table 2 The short-circuit current (Jsc) and measured open-circuit potential Voc. 

Samples Voc (volts) Jsc (A/ cm2) 

Pristine Si 0.3 -12.8 

Type-1 as-implanted 0.68 -0.08 

Type-1 annealed 0.025 -0.74 

Type-2as-implanted 0.025 -0.12 

Type-2 annealed 0.041 -0.03 

Type-3 as-implanted 0.0712 -12.8 

Type-3 annealed 0.0685 -20.8 

Type-4 as-implanted 0.031 -0.0048 

Type-4 annealed 0.055 -4.48 

 

The energy of the Ag ions were selected for implantation into commercially available Si 

substrates, such that Ag NCs of various sizes are formed in top 100 nm of the Si substrate with 

the larger NCs at the greater depth in the Si. The absorbance of light is increased in Ag implanted 

Si with increases in the current collection in I-V (current-voltage) photo switching measurements.  

An enhancement in the photocurrent were measured in the annealed samples, where prominent 

Ag NCs were formed in the Si matrix compared to the as-implanted samples with amorphous 

layers. We believe the enhancement of the photo-current density from the samples with Ag NC 

is due to the improvement of efficiency of charge collection of e--h+ pairs produced by the 

incident light.  
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 The I-V response in the c-Si for the AM 1.5 condition shows less current density than for 

the ideal c-Si solar device, it has minimum leakage current as expected since it has minimum 

defects presence. The e- h+ pair production is mainly from photon energy higher than Si band gap 

energy.  

 Type 1 solar device has high leakage current indicating the presence of high concentration 

of oxygen enriched defects. The photo absorption property is enhanced compared to c-Si, but it 

indicated that the high rate of e- h+ recombination resulting in less production of net photo 

current. 

 Type 3 and type 4 solar devices have minimum leakage current than type 1 device 

indicating the presence of low concentration of oxygen enriched defects. The photo absorption 

property is enhanced compared to c-Si due to the reasons described earlier. The photo current 

production is much improved from the c- Si and type 1 device. However, it indicated that the high 

rate of e- h+ recombination resulting in less production of net photo current. Type 3 device shows 

the relatively high photo current production even in the as-implanted device is not well 

understood yet, but it must be related to type of defects presence in this device. 

 The type 4 sample I-V measurement has improved from c-SI and type 1 devices and 

comparatively similar to type 3 device for annealed AM 1.5 illumination condition. The leakage 

current in this device is not minimal as in c-Si since it has the presence of higher order of defects, 

but photo absorption is higher with high efficiency of photo current production. Unlike type 3, 

type 4 device shows the less photo current in the as-implanted device. This is particularly 

interesting and it also has less photo absorption in the red and infrared region. 
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SUMMARY OF THE DISSERTATION 

In this dissertation, the synthesis of Ag NCs in Si was studied in order to produce staggered 

fashion Ag NCs in the Si matrix. The motivation for synthesizing staggered fashion Ag NCs in Si 

matrix is to enhance the light absorption property, hence increasing the efficiency of Si based 

solar cell. 

The low fluence type-1 sample was synthesized with three different implantation 

energies (78 keV, 68 keV, and 58 keV) with just about 10 keV difference in each successive ion 

implantation, which produces the differences in projected range is about 5 nm in each successive 

ion implantation. The characteristic ion distribution in multi energy ion implantation was further 

investigated by single energy Ag ion implantation with two different fluences. The Ag ion 

implantation of high fluence (1x1016 atoms/cm2) and low fluence (5x1015 atoms/cm2) were 

prepared for each ion implantation energies of 76 keV, 68 keV and 58 keV, respectively to study 

the Ag ion distribution in Si matrix. The Ag distribution peak for 1x1016 atoms/cm2 fluence moved 

toward surface as few monolayer of the surface sputtered from Ag ion irradiation. 

The Ag distribution in the Si matrix is found to be sensitive to ion implantation parameters and 

the thermal diffusion property of Ag in Si. The diffusion Si is primarily due to the presence of high 

defect concentration in ion implanted regions. After the thermal annealing, the increased Ag 

concentrations were found close to the surface as well as interface layer between amorphized 

implanted layer and c-Si substrate just after the Ag implanted region. The Ag NCs distribution is 

the function of annealing time, whereas the size of the Ag NCs is the function of the Ag ion 
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concentration as well as the annealing temperature. The larger Ag NCs mostly found in the Ag 

ion projected range in the Si matrix. 

The sputtering yield of Si from heavy ions such as Ag is found to be significant in the high 

fluence region. We carried out detailed studies of ion saturation from 50 keV Ag and Au ion 

implantation. The ion implantation rate and sputtering rate of the Ag ion at high fluence reach 

an equilibrium point where the ion concentration of implanted ion remained constant. These 

properties played a critical role on Ag NCs distribution in Si matrix. The Ag ion concentration 

profile in the Si matrix T-DYN agree with major part the experimental data except the absolute 

Ag ion concentration at the high fluence. It seems the T-DYN over estimates the sputtering yield 

during the ion implantation. The Ag ion retained in the Si matrix is actually higher than that 

estimated by T-DYN code. 

Type 3 and type 4 samples were prepared to compensate the surface erosion due to the 

sputtering effect.  The Rp separation calculated from SRIM for the Type 3 are about 10 – 12 nm, 

and when sputtering effect was considered the Rp separation were found to be lot less than SRIM 

calculation. This is shown in type 3 XPS depth profile spectrum. The Rp separation calculated from 

SRIM is about 31 nm for type 4. The RBS and XPS depth profile (Figure 5.13) shows the clear 

separation of Ag peaks. The XPS depth profile spectrum and TEM image of the type 4 sample 

clearly indicate the distribution of Ag in Si matrix is arranged in layer fashion with two different 

concentrations.  

The defect along the Si matrix contributed to higher photo absorption with respect to 

bare c-Si; however, it also increases the dark current (leakage current) due to the high defect 

concentration. 
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There are three main regions in photo absorption profile that are identified due to the 

surface modification by Ag ion implantation in Si. The metallic interband transition occurs at the 

high energy region.  The absorption peak around 275 nm (~4.5 eV) labeled as peak (a) Error! 

Reference source not found.) is close to interband electron transition in Ag reported by G.L. 

Eesle82. The 275 nm peak is the intrinsic nature of Ag metals, and independent of size of NCs in 

the Si matrix. The second type of absorption about 370 nm in Error! Reference source not found. 

labeled as peak (b) is also due to the Ag; however, this absorption is from the Ag NCs82. The 370 

nm peak intensity changes as the size and NCs population changes. The Ag NCs average size in 

the type-1 and type-3 are not large since the total Ag fluences are about 1.75x1016 to 2x1016 

atoms/ cm2, which are about 7 to 10 mono layers of Ag in the Si matrix. The TEM images of type-

1 and type-3 show the numbers of Ag NCs are sparse in these samples. Comparing the type 3 

sample, type-4 sample has high fluence (1.2x1017 atoms/ cm2) Ag, which equivalent to about 60 

monolayers of Ag. The RBS, XPS depth profile, and TEM images also shows the high concentration 

of Ag in type-4 samples. The TEM image of type-4 shows the Ag NCs are distributed in staggered 

and orderly fashion. The absorption intensity of peak 370 nm in type-4 sample (b)) is quiet higher 

than any other samples. The third region of absorption is in red to infrared region, which is 

contributed by Ag NCs as well as Si QDs. The absorption from Ag NCs in this region (red-near IR) 

also reported by J. Puiso et al79. The absorption in red to near IR are also from the Si QD and Ag 

NCs as reported by A. Benami. The Ag NCs plays various roles in photo absorption, which is the 

foundation of the broad spectrum absorption. 



114 

The large absorption cross section of Ag NCs boosts the absorption efficiency. Which 

means the large absorption cross section increases the optical path length without increasing the 

physical length.  

The presence of Ag NCs in the Si also contributes to an increase in photo current 

production. The staggered Ag NCs in Si matrix helps increase production of photo current without 

increasing leakage current, therefore increasing efficiency of the solar cell. The photo absorption 

from type-4 is virtually same for the as-implanted and the annealed sample; however, the 

photocurrent collection is several time higher in annealed sample. The photocurrent density 

measured in Error! Reference source not found., is several times larger. Therefore, just high 

fluence ion implantation alone is not enough to increase the efficiency of photo cells. A proper 

Ag NCs synthesis has a greater chance to create an efficient solar cell device.   

 The photo absorption enhancement in the UV, visible and IR regions was observed from 

the Ag ion implanted samples; however, the improvement of photo current collection did not 

increased in same trend as light absorption. The enhancement of photo current is hindered by 

increased leakage current and other parasitic factors included in the system. The future work 

should be focused on decreasing the defects concentration, leakage current and parasitic factors 

which hinders photo current production. 
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