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CHAPTER 1: Introduction 
 

1.1 Motivation 

Nanoparticles and their potential applications are among the most pertinent subjects 

in the recent scientific community’s research era. Some of the more promising 

nanoparticles are metal nanoparticles, offering a high degree of versatility in tuning specific 

physical and chemical properties for future uses in applications from chemical/biological 

sensors to use in applications involving energy storage and generation. Metal nanoparticles 

present the possibility of a wide range of uses because of their larger density of states at 

the Fermi energy, ability to tune the work function and the choice of metals specific for 

applications. They have attracted strong interest in applications over various field of study. 

Some of these applications include optical applications due to quantum size effects and 

enhancement of non-linear optical susceptibility [1-6], electrochemical applications for 

higher surface area-to-volume ratios [7, 8] and as floating gate memory devices for their 

charge storage capabilities [1-7]. 

Some of the most researched applications for metal nanoparticles is in the field of 

catalysis and non-volatile memory application. For catalysis applications, because of their 

increased surface/volume ratio compared to traditional thin films, metal nanoparticles 

results in more reaction sites for a given volume. Especially, Pt nanoparticles have been 

studied for their size dependent uses in oxidation of hydrocarbons, carbon di-oxide 

reduction and water hydrolysis. Thus, controlling the nanoparticle size is necessary to 

file:///C:/Users/ALD/SkyDrive/thesis/submit_thesis%20_Bala_Ramalingam.docx%23_ENREF_1
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enable large surface areas and to produce an optimal size for catalysis [8]. Such properties 

for the Pt nanoparticles and their applications studied here are reported in [8-11]. 

This work particularly focuses on the growth of Pt nanoparticle and its other 

application as metal nanoparticle based Non Volatile Flash memory. Since the 

International Technology Roadmap for Semiconductors (ITRS) roadmap forecasts charge 

trapping as the solution to continue NAND flash scaling, it has become essential to identify 

advanced materials capable of enhancing retention properties, ideally at the nanoscale [12, 

13]. Research has shown that discrete metal nanoparticles (MNPs) offer improved charge 

retention characteristics with respect to continuous charge trap layers due to the coulomb 

blockade effect and their ability to electrically isolate the nodes from their neighbors [13-

19]. Various kinds of memory devices have been produced using embedded MNPs to 

improve device characteristics, especially multiple floating gates for enhanced charge 

storage [3, 17, 19, 20].  For these applications, both NP parameters – the size and the 

interparticle distance plays a key role in the charge storage and retention properties [1, 3, 

17, 21-24]. A good control of these properties can exhibit enhanced Coulomb blockade 

effects essential for charge storage. Thus again, controlling the size and the interparticle 

distance becomes an essential requirement for phenomenal improvements in the field of 

floating gate based non-volatile memories [1-3, 5, 6, 25, 26].  

Several chemical routes have been investigated to obtain metal NPs including 

supercritical fluid deposition[27], chemical reduction[28-32], electrochemical 

deposition[33, 34], sol-gel processes[35, 36], and electroless plating[37, 38]. The major 

drawbacks of these techniques is that incorporating these nanoparticles in systems 

requiring subsequent top-down processing steps which are not straightforward and 
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chemical synthesis often lead to undesirable side products. [39] To address these issues, 

small nanoparticles have been synthesized using top-down techniques such as physical 

vapour deposition (PVD) and chemical vapour deposition (CVD).  However, the large 

variation in the nanoparticle size and number density as observed in these studies is not 

desirable for applications focusing on size dependent behaviour [7, 17, 40-46] .  

Top-down approaches like de-wetting [6, 17, 47] and direct deposition [40, 42, 48, 

49] have also been used to create nanoparticles but has often limited control over its size, 

distribution and number density.  Thus, in order to further reduce metal/Pt NP sizes, 

research into new techniques is needed and is currently an active area in nanotechnology 

research. Moreover, such research can open up numerous possibilities in the field of NVM 

flash memory devices and catalysis for making substantial improvement in their respective 

efficiency. 

 We have developed a room temperature tilted target technique to control the 

nanoparticle size and inter-particle distance in the sub-nm regime. With precision control 

of size and density, this work has branched out for novel applications in numerous fields 

[1, 2, 4, 5, 8-11, 25, 26, 51, 53-58]. We focus on using multiple layers of Pt nanoparticle 

for controlled layer by layer charge storage in NVM flash devices and the use of these 

NVM flash architectures combined with special neutron converter layer for demonstrating 

a highly efficient neutron detection which offer many potential advantages over the current 

state-of-the-art, including low cost and compactness.  
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1.2 Scope of the Dissertation 

This report is divided into 5 chapters dealing with all the aforementioned findings. 

Chapter 2 describes the effect of various deposition parameters on Pt nanoparticle growth. 

The importance of each deposition parameter is studied and their respective effect on the 

nanoparticle growth has been reported. The growth of these nanoparticles in the sub-2nm 

regime is discussed extensively based on High Resolution Transmission Electron 

Microscopy (HRTEM) images. Modelling of nanoparticle size with respect to change in 

deposition time and their relation with crystallinity is also discussed. In addition to the 

reported observations in nanoparticle configuration, an in depth understanding in energy 

of the metal atom cluster in the sputtering deposition plume allows us to tune the size and 

density of nanoparticles at will. 

Chapter 3 describes the application of Pt nanoparticles developed in chapter 2 for 

charge storage applications. We focus in layer by layer charging for dual layer Pt NP 

embedded in Al2O3 dielectric. The effect of nanoparticle size, inter-particle distance, 

tunnelling oxide thickness and inter-particle-dielectric thickness has been studied. We also 

briefly describe the methods of characterization and techniques used to fabricate these 

novel architectures 

Chapter  4 focuses on using devices similar to that used in chapter 3 for neutron 

detection. This chapter shows the study on the feasibility to fabricate MOSCAP NVM 

structures with a special neutron converter layer. The effect of different device structures 

has been verified for best device performance using converter layers as dielectrics. More 

specifically, 10B enriched Polystyrene has been used as capping oxide layers for the NVM 
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Flash devices. In addition, this chapter gives the necessary background work for a very 

promising- future research concept for sensitive neutron detection.  

This report concludes with chapter 5, where the major conclusions have been 

derived and the plans for future work has been discussed. 
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CHAPTER 2: Sub-2 nm Platinum 

Nanoparticle Growth Study 
 

This chapter focuses on providing experimental data supporting several theories that have 

been proposed to explain the growth of sub-2 nm platinum nanoparticles. Data is also 

presented regarding size and density characteristics for different energetic regimes of 

deposition, and discussion follows regarding how this data helps in elucidating the 

precision control over size and inter-particle distance for these nanoparticles. 

2.1 Introduction 

Historically, metal nanoparticles have attracted strong interest in applications over 

various fields of study. Compared to semiconductor nanoparticles, metals have many 

advantages because of their larger work function, higher density of states at Fermi energy 

and their ability to tune the Schottky barrier height. Traditionally, the chemical synthesis 

route (bottom-up process) has been utilized for preparation of such metal nanoparticles 

with controlled sizes and size distributions [16, 17]. However, incorporating these 

nanoparticles in systems requiring subsequent top-down processing steps are not 

straightforward and may not be compatible with semiconductor device manufacturing. 

Another major drawback of chemical synthesis of these nanoparticles is the presence of 

undesirable side-products (impurities and capping agents), which may lead to surface 

poisoning, adversely affecting sustained catalysis. [18]  

To address these issues, small nanoparticles have been synthesized using top-down 

techniques such as physical vapour deposition (PVD) and chemical vapor deposition 
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(CVD).  However, the large variation in the nanoparticle size and number density as 

observed in these studies is not desirable for applications focusing on size-dependent 

behavior [1, 15, 19-25]. Top-down approaches like dewetting [14, 23, 26] and direct 

deposition [19, 21, 27, 28] have also been used to create nanoparticles through the physical 

vapor deposition route. The dewetting technique is the most common and produces high 

density metallic nanoparticles but has limited control over their size, distribution, and 

number density due to random ripening at nucleation sites. Moreover, the required 

annealing step makes this technique incompatible with procedures requiring room 

temperature processes. 

Overall, the limited control over the size, distribution and number density of the 

particles leads to issues with experimental reproducibility and failure to accurately 

ascertain specific size dependent properties. This is particularly crucial in the 0.5 nm – 2 

nm nanoparticle size regime where Pt nanoparticles have been known to undergo a 

transformation in crystal structure, which also changes their catalytic and electronic 

properties [9, 11, 13, 29-32]. Thus, it is important to identify techniques that result in better 

control over nanoparticle growth in terms of its size and distribution as well as its 

subsequent characteristics. This need to better control nanoparticle growth led us towards 

research, development and understanding of homogenously dispersed sub-2 nm metal 

nanoparticles which can be accurately controlled in the 0.5 nm-2 nm range in-terms of size 

and number density. This chapter describes and explains the sub 2 nm platinum 

nanoparticle growth in room temperature using a unique tilt target sputter configuration. 

This chapter describes the work that led to fabricating and understanding the growth of 
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sub-nm Pt nanoparticle using the most sophisticated physical vapour deposition process: 

Sputtering.  

2.1.1 Metal nanoparticles using sputtering 

Among PVD processes, the sputtering technique is the most promising method due 

to its inherent controllability of many process parameters and its ability to generate a high 

number density of metal nanoparticles on the substrate surface (as high as 5 × 1012 

particles/cm2) [9, 11, 13, 19, 29-32]. In a sputtering technique, potentially any metal can 

be deposited in a highly controllable manner. This is especially true in radio frequency 

(RF) sputtering, which can even perform at low operating pressure with minimum pressure 

conditions as low as 0.5 mTorr. Since in a sputtering deposition, the ejection of an atom 

from a solid target is purely a result of the bombarding energetic particles—controlling the 

energy of these particles can enable us to control the growth parameters of the deposited 

thin film. Typically, these energetic particles are characteristics of the type of plasma 

created – hence a precise control over the plasma conditions can help us achieve this 

control. The way to approach this would be controlling the chamber pressure and the 

plasma power applied at the cathode and anode. These parameters can define the 

population of the metal atoms that sputter out from the solid target and take part in the 

deposition process, but even this control is limited, and it often narrows down to a lowest 

value of pressure and power possible—so low that sustaining the plasma becomes a 

challenge below that value.  

Researchers have generally utilized sputtering process at a low pressure (< 5 mTorr) 

and low power (< 40 W) to obtain small particles in the 2-5 nm regime [19, 28]. However, 

most of the work has been focused on placing the substrates directly in the main flux of 
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sputtered atoms where a high density of metal atoms and clusters take part in the 

nanoparticle formation, thereby restricting the precision in size control. Typically, particle 

sizes are larger than 2 nm for such techniques due to the fast diffusion and coalescence of 

metal atoms on the substrate surface [19, 33]. Although sputter grown sub-2 nm Pt 

nanoparticles have been reported through sputtering on nitrogen doped carbon nanotubes 

[34], the lowest reported particle size is ~1.5 nm. But here the size dispersion includes 

nanoparticles which are larger than 3 nm, making application of size-dependent behavior 

difficult.   

There is more to manipulating metal atoms than size control utilizing chamber 

pressure and plasma power.  The only possible technique left to modify in-flight metal 

atoms’ density and energy is to take advantage of spatial variations where the path of the 

sputtered atom can itself modify its own energy. All sputtered particles leaving the target 

can collide with each other or other gas atoms during the flight towards the substrate. This 

collision alters the energy of the arriving particles in addition to their direction and 

momentum (a phenomenon more commonly called thermalization), which in turn modify 

the morphology and structure of the deposited thin film. Identifying these techniques can 

lead to precision control over nanoparticle growth.   

2.2 Substrate Surface Energy and Thin Film Growth Modes 

One has to note that nanoparticle growth is dependent on both the energy of arriving 

atoms and the energy of the substrate surface itself. Typically, in theory–for ideal 

surfaces—the surface energy is a dominating factor for type of layer growth on the 

substrate. In practical applications, the surface roughness with kinks, edges and step edges 
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supersede this effect disturbing the ideal theoretical assumptions of thin film growth. To 

understand the effect of surface energy, it is best to understand its effect on ideal surfaces 

and then correlate it with practical applications.  Typically, for ideal surfaces, depending 

on the difference in the energy of the substrate and the energy of the arriving atom, the 

growth modes vary.  

 

Figure 2-1: Three growth modes for thin film 

 

Thin film growth models are classified in three growth modes[45]: 

1. Layer by layer – Frank Van der Merwe – This growth occurs because atoms of 

deposit material are more strongly attracted to the substrate than they are to 

themselves.  In this process, adatoms attach preferentially to surface sites resulting 

in atomically smooth, fully formed layers. This layer-by-layer growth is two 

dimensional, indicating that a continous film is formed prior to growth of 

subsequent layer. Figure 2-1 shows the layer by layer growth. 

2. Island growth – Volmer Weber: In this growth mode, the scenario is somewhat 

contrary to Layer-by –Layer growth where the deposit atoms are more strongly 
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bound to each other than they are to the substrate (Figure 2-1). Since the adatom-

adatom interactions are stronger than those of the adatom with the surface, this 

leads to the formation of three-dimensional adatom clusters or islands. Growth of 

these clusters, along with coarsening, will cause rough multi-layer films to grow on 

the substrate surface. 

3. Layer + Island – Stranski Krastanov – This is a more common growth mode where 

layers form first and then, for one reason or another, the system switches to an 

island formation. Also known as 'layer-plus-island growth', the SK mode follows a 

two-step process: initially, complete films of adsorbates, up to 

several monolayers thick, grow in a layer-by-layer fashion on a crystal substrate. 

Beyond a critical layer thickness, which depends on strain and the chemical 

potential of the deposited film, growth continues through the nucleation and 

coalescence of adsorbate 'islands'. 

If ϒ represents surface tension and we deposit material A on B: We get layer growth if 

ϒa < ϒb +  ϒ*  and vice versa for Island growth. Here, in this equation ϒ* is the interface 

energy. The Stranski Krastanov (SK) mode arises when interface energy is more, and this 

usually happens when the layer thickness increases. In island growth mode, adatom 

concentration on the surface is small at the equilibrium vapor pressure point of deposit. No 

deposit will take place unless there is large super-saturation. In layer growth, the 

equilibrium vapor pressure is approached, thus all processes occur under saturation. As 

mentioned earlier, the above growth modes are for ideal surfaces; real surfaces always 

present some defects such as steps, vacancies or chemical impurities. The presence of these 

surface defects can alter the growth of metal films.  
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Vapor deposition of metals leads to solid aggregate formation and then coalescence to 

form larger aggregates of the same form. If the temperature is not high, there will be no 

Brownian motion, and the motion will be purely attributed to surface properties (tension). 

For any deposition process, particle growth is strongly dependent on surface migration of 

adatoms and nanoparticles. For metal growth analysis, the migration of nanoparticles 

occurs only when the material target is sputtered. When precursors like metal atoms arrive 

at the surface, they bond (chemically) with particles releasing energy, i.e., bonding energy. 

Sometimes, this energy is enough to overcome the potential barrier for surface migration. 

This bonding energy is highly characteristic of the surface and can be controlled by 

controlling surface properties. Typically a low surface energy substrate will have lower 

bonding energy and vice-versa. Thus, any external energy from arriving clusters or from 

thermal energy greater than this bonding energy, can lead to lateral migration of deposited 

clusters at the substrate. One would like to control the atomic migration and coalescence 

at the substrate surface in order to form desired nanoparticles, adjusted in size and inter-

particle distance[19,41,45].  

2.2.1 Tilted Target Deposition 

To gain control over the nanoparticle formation process beyond the chamber 

pressure and plasma power limitation (using top down approaches), controlling the 

incoming metal/atom energy in the deposition profile is essential. Tilted target and glancing 

angle depositions (GLAD) have been used by researchers to modify this energy of the 

arrival atom/cluster for thin film growth, but none reported the study of nanoparticle 

formation and size control [35-37].  
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Typically, sputter deposition flux is comprised of high density metal atoms in the 

center and disperses out radially with lower density of metal atoms at the peripheral regions 

[8] . The generation of metal atoms with different energies in a radially varying metal atom 

flux density in the deposition flux is due to the dispersion of atoms in low pressure 

conditions inside the chamber by diffusion (Figure 2-2). Van Aeken et al. [38] performed 

Monte-Carlo simulations to simulate these deposition profiles based on factors like angle, 

radial arrangement of sample, and different target materials in 0.3Pa -1Pa range where a 

decrease in deposition rate due to the reduction in the atom flux density was observed as 

the sample moved out of the main deposition regime. The high metal atom flux density in 

the main deposition regime can increase the probability of in-flight collisions of metal 

atoms with other metal atoms or with process gas atoms, producing what is commonly 

known as thermalization [39-42]. Typically, a collision between two metal atoms will 

result in formation of clusters and a collision between metal and process gas atoms (e.g., 

Ar atoms) will result in an energy reduction of the atom thereby thermalizing it, which 

affects both nucleation and growth characteristics of nanoparticles as observed by Brault 

et al. [28] and Andreazza et al. [42] when they deposited Pt nanoparticles at different argon 

gas pressures.  

Apart from change in metal atom energy with tilted target deposition, the other 

advantage which causes tilted target sputtering to be preferred over direct sputtering for 

nanoparticle fabrication is enhanced atomic shadowing. Atomic shadowing and adatom 

diffusion are the most dominant reasons for homogenous size distributions. In sputtering, 

atomic shadowing can occur even when the flux is normal to the substrate. During initial 

stages of film formation, when thin films are deposited with low adatom mobility, i.e., high 
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melting point materials deposited onto room temperature substrates, or conversely when 

high surface energy material is deposited on low surface energy substrate, nanoparticles 

are produced. The consequent stage supports atomic shadowing, which helps keep the 

vapor flux from reaching certain trenches in the substrate due to surface roughness. Due to 

increased height, they capture the incident atoms and other areas get shadowed. The atoms 

following this initial stage of deposition grow on these particles, thereby leading to uniform 

growth. 

 

 

Figure 2-2: Representation of deposition plume for tilted target deposition  
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2.2.2 Rate equations and models 

In order to determine the type of growth, it is important to model experimental 

observations to match and understand theoretical assumptions. In metal aggregates growth 

and modeling, rate equations and models can describe the regimes of condensation and 

maximum cluster density. J. A. Venebles et al. have stated that conventional model 

calculations cannot be applied to match and explain experimental observations [41]. Any 

defect on the substrate surface overrules all other aspects and acts as preferred nucleation 

sites. Thus, most conventional rate equations assume perfect conditions of the substrate 

with a defect-free environment. Beysens et al. explained these experimental phenomena 

with a simple analogy using growth of water droplets. He hypothesized three successive 

growth stages.  

1. Droplets nucleate and grow with no significant interactions between them (Fig 2-2 

(a)). The droplet radius<R> increases according to power law: 

𝑅 ∝ 𝜏𝑥  

where 𝜏 ->     t*(F)1/2 t-time and F-flow rate(deposition rate) 

2. When surface coverage becomes sufficiently large, the droplets interact by 

coalescence which makes them move (Figure 2-3 (b-c)).  

3. At a time when the distance between droplets reach critical value, small droplets 

begin to be apparent between large droplets. The growth process reoccurs on these 

droplets giving us wide distributions (Figure 2-3 (d)). 
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Figure 2-3: Particle growth phenomena demonstrating nucleation, growth, coalescence and new 

nucleation 

 

Generally, on a smooth homogenous, isotropic substrate, the contact angle of a growing 

drop should be equal to that of a shrinking drop, technically, advancing and receding 

contact angles should be equal. But on an inhomogeneous substrate, defects distributed on 

a substrate provide surface roughness and act as physical obstacles for spreading of the 

drop. The border of the drop will stick as it moves across the surface giving the drop a 

larger contact angle as it grows and a smaller angle as it shrinks. Similar analogy has been 

used to understand the governing phenomena in growth of metal nanoparticles. Section 

2.3.1 discusses how this thesis’s rate equation can be used to determine the growth of metal 

nanoparticles on a surface. 

Al
2
O

3
 

(c) Coalescence (d) New nucleation (a) Trapping at 
nucleation 
sites 

(b) Particle growth at 
nucleation sites, 
increased surface 
coverage 

Pt atoms 

Pt atoms 



 

26 

 

2.3 Experiments 

2.3.1 Sample Preparation  

An AJA International ATC 2000 magnetron sputtering system was used to deposit 

platinum nanoparticles (Figure 2-5). A two-inch platinum target with 99.99% purity from 

Kurt J. Lesker Corporation was mounted on a sputtering gun which can be tilted at an angle 

with respect to the substrate.   

   

 

Figure 2-4: AJA Sputtering tool used for nanoparticle fabrication 
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Prior to deposition, the chamber was evacuated to 10-8 Torr, and the platinum target 

was pre-sputtered for 600 s at RF deposition power of 100 W to clean the target. The 

substrate holder was configured as the anode (grounded). Platinum nanoparticles were 

deposited with a high purity Ar gas (99.999%) with a flow rate 10 sccm and a working 

pressure of 4 mTorr. The ambient temperature was ~300 K, with a six-inch target to 

substrate distance at 20 rpm substrate rotation speed. An RF power (13.56 MHz) varying 

from 20 W to 60 W was used to sputter Pt nanoparticles at different deposition times 

starting from 10 s to 60 s.  

 

 

 

 

Table 2-1 shows the different sputter parameters varied in this work for Pt 

nanoparticle growth studies. Figure 2-5 shows the 3-D schematic view of the sputter 

chamber set up, which was used for controlling angular deposition flux in TTS 

configuration where the focal area of the magnetron sputtering source was fine-tuned for 

Pt nanoparticle deposition. For most studies, the TEM grids were placed at the centre of 

the substrate holder to minimize the influence of their radial displacement on the observed 

nanoparticle characteristics. To study the effect of substrate location, two grids were placed 

at centre and edge of the substrate to observe size variation with change in target angle, 

keeping deposition time and power constant. 
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Table 2-1: Different sputter parameters used for Pt nanoparticle growth 

 

Experimental Parameter Parameter values 

Time (s) 5   10   15   20   25   30   35   40   45   50   55    

Power (W) 20   24   27   30   40   50   60 

Target Angle ( deg) 16.2   23.8   38.8 

Pressure  4 mTorr (constant) 

Argon Gas flow 10 sccm (constant) 

Deposition Temperature 293 K (room temperature) 

Substrate Height (inches) 6" (constant) 
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Figure 2-5: (a) Sputter chamber set-up with tilt-target configuration representing an interpretation 

of different spatial parameters in the sputtering chamber, which are involved in the nanoparticle 

growth process.  The remaining images (b-d) show atom flux with tilt-target configuration at (b) 

16.2 (c) 23.8 and (d) 38.8. 

  

(b) 

(c) 

(a) 

(d) 
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2.3.2 Sample Characterization 

The Platinum nanoparticles were characterized using a high resolution transmission 

electron microscopy (HRTEM), Technai F20 (200kV), with beam shift capabilities. TEM 

images were used to determine particle size, shape, and density using statistical image 

analysis software, SPIP 5.0 from Image Metrology A/S. Statistical data analysis was 

performed using software RTM [43].  

For image characterization, a 5 nm of amorphous Al2O3 thin film was deposited on 

Holey-carbon film grid using a Kurt J. Lesker AXXIS electron beam evaporator at room 

temperature, details of which are available in [11]. Since roughness and surface energy of 

the Al2O3 can strongly influence  nanoparticle growth characteristics and its crystallinity 

[41], the Al2O3 surface properties were characterized (atomic force microscopy and surface 

energy) and were left unchanged in all Pt nanoparticle growth experiments (Figure 2-6 and 

Table 2-2). The absolute value for the roughness of the e-beam grown Al2O3 is 0.22 nm 

(AFM details provided in (Figure 2-6 and Table 2-2) and the surface energy was measured 

to be 29.7 dynes/cm (using VCA optima contact angle measurement).  

It is important to note that Pt nanoparticle crystal growth is directed by the growth 

process of sputtered Pt nanoparticles, and the nanoparticle growth process is governed by 

surface energy difference between the incoming Pt atom (surface energy > 2500 dynes/cm) 

and the substrate [19, 44, 45]. 
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Figure 2-6: 3-D profile of Al2O3 surface roughness and inset table surface showing roughness 

characteristics measured using AFM. 

 

Table 2-2: Al2O3 roughness parameter from AFM images 
 

 

 

 

 

 

 

 

PARAMETER VALUES 

Minimum -1.029 nm 

Maximum 1.359 nm 

Median -0.016 nm 

Ra 0.219 nm 

Rms 0.279 nm 
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To minimize beam induced coalescence effects from HRTEM imaging, a 5 nm 

Al2O3 capping layer was deposited by electron-beam evaporation at room temperature on 

Pt nanoparticles. A special imaging procedure was implemented to avoid time dependent 

beam exposure induced effects, which was observed to be more pronounced for sub-1 nm 

particles. Due to the high energy incident on the sample, the Pt atoms on the surface gain 

enough energy to move on the substrate, thereby coalescing. Since this effect is due to the 

characterization technique and not a result of the growth process itself, the beam induced 

coalescence results in exaggerating the size and leads to underestimating the number 

density of the particle. To avoid this, the electron beam was focused and corrected for 

stigmation at one place, then shifted in XY direction by a ~4 micron × 4 micron area. The 

image was immediately taken within an exposure time of less than 5 s to minimize electron 

beam irradiation effect. This shift does not cause physical movement of the sample, and 

thus sample drift was avoided. Since prolonged electron beam exposure would change the 

actual particle size and density, it is important to eliminate this effect by reducing the 

exposure time.  

In order to identify effects of electron beam induced coalescence, HRTEM images of the 

particles were imaged at different times at the same grid location. Figure 2-7 (a) shows the 

image with less than 5 s beam exposure where there are six or seven ultra-fine (sub-1 nm) 

particles appearing. Figure 2-7 (b) shows a larger number and size of particles with longer 

beam exposure time. Although the nanoparticles were capped with Al2O3, the electron 

beam irradiation of the Pt nanoparticles accelerated the lateral coalescence process, which 

makes the ultra-small particles come together and form larger particles, making imaging 

easier. Even though longer beam exposure images show a larger number of Pt 
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nanoparticles, the characterization of the actual size of the Pt nanoparticles is compromised 

due to beam induced coalescence. This technique is thus misleading and may not estimate 

the nanoparticle size and number density accurately, particularly for sub-1 nm particles. 

To avoid this coalescence process, the images for actual characterization purposes were 

taken with a minimum beam exposure time using a stigmation technique described above. 

Even after taking all precautions, it was difficult to image particles with sizes of 0.5 nm or 

less, resulting in underestimation of the densities and overestimation of the sizes. Since the 

characterization techniques for such small size nanoparticles are limited, the discussion of 

growth of the Pt nanoparticles with different sputtering parameters is based on the HRTEM 

results.  
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Figure 2-7: (a) HRTEM of Pt nanoparticles on Al2O3 with less than 5 s beam exposure and (b) with 

greater than 10 s beam exposure. (The white circles highlight the presence of extremely small Pt 

nanoparticles) 
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2.3.3 Image analysis  

Several iterations of experiments were performed to characterize the growth 

dynamics of the particles as a function of deposition time, power and tilt-target angle. The 

obtained TEM images were used to determine particle size, shape, and density using 

statistical image analysis software, SPIP 5.0, from Image Metrology A/S. The images and 

data are representative of several analysed images and applicable error bars are given to 

represent the distribution of size with image-to-image variation across different grid 

regions. Number of observations varied between 400-900 particles per condition 

depending on the density of particles. The mean and standard deviation were calculated 

using the general formulas for arithmetic mean and standard deviation. Where mean is 

given by: 

𝑥̅ =
1

𝑛
∑ 𝑥𝑖

𝑛

𝑖=1

 

And standard deviation, ‘s’ is given by (N= sample size) 

 

Statistical data analysis was performed on these observations. For sample-to-

sample variation, the deposition condition with 30 W deposition power, 20 s deposition 

time and a 23.8 degree target angle was fabricated and analysed at least five times to find 

that the mean diameter was always within the 10% region of the error bar. For size 

dependent crystallinity verification, the samples were characterized using the same 

HRTEM. 
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2.4 Results and Discussions  

In previously published literature, the general consensus on the growth of sputtered 

metal particle on Al2O3 like surfaces has always been as follows: First, small clusters 

nucleate on the Al2O3 surface and grow into bigger nanoparticles as reported previously by 

Andreazza et al. [42]. This typically occurs when the cohesive energy (adatom–adatom) 

exceeds the adhesive energy (adatom–substrate atom).  During deposition, when the 

energetic atoms strike the substrate, the released adatom-adatom binding energy (~1-2eV) 

typically surpasses the adatom-substrate binding energy (~0.1eV) leading to surface 

migration followed by lateral particle coalescence [42]. Throughout this study, three 

separate nanoparticle growth regimes were encountered (as shown in Figure 2-8):  

1. First, in the nucleation governed growth regime, Pt atoms occupy the 

available nucleation sites without coalescence at the very early stages of 

nanoparticle growth. Thus, large number densities and small Pt cluster 

sizes with narrow size distribution can be obtained (Figure 2-8(a)).  

2. Second, in the coalescence governed growth regime, Pt nanoparticles 

increase in size and number density occupying most of the nucleation 

sites, and the inter-atomic distance between these particles reduces. In 

this regime, relatively large size distributions may be encountered due to 

the coalescence and resultant availability of new nucleation sites. (Figure 

2-8(b))   

3. Finally, in the agglomeration regime, the nanoparticles are big enough to 

undergo minimal surface diffusion and are relatively static leading to 
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particle growth without coalescence. This third regime leads to the 

growth of nano-islands and eventually thin films. (Figure 2-8(c)) 

 

 

Figure 2-8: Schematic showing the different growth stages (a) Nucleation, (b) Coalescence and (c) 

Agglomeration 
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The ability to control sub – nm Pt nanoparticle growth in the first regime is the 

highlight of this study, and we are not aware of any systematic study in published literature 

that reports growth characteristics of Pt clusters in this early nanoparticle growth regime. 

For sputtering time dependent nanoparticle growth, it was essential to identify nanoparticle 

2-D and 3-D growth modes as well as different particle growth regimes, which are 

discussed in detail in Section 3.3.1. For Pt nanoparticle growth, it was recognized that 

thermalization of the metal atoms and their diffusion on the substrate surface are competing 

phenomenon, i.e., the higher the rate of thermalization within the sputtering chamber, the 

lower the energy of Pt atoms/clusters arriving at the surface and, therefore, a lower 

diffusion rate of the resultant Pt clusters/particles occurs on the surface. Discussion of 

nearly homogenous Pt nanoparticle distribution, an attribute essential for studying size-

dependent nanoparticle behavior is presented in Section 3.3.2.  While studying target angle 

dependence on Pt nanoparticle size and number density, the substrate exposure (or its lack 

of exposure) to the focal area of the deposition flux (Figure 2-5) was found to be of critical 

importance, the details of which are discussed in Section 3.3.3.  A time-dependent analysis 

of nanoparticle growth at different target angles is presented in Section 3.4. Sputtering 

power dependence on Pt nanoparticle growth helped distinguish domains where 

thermalization overwhelms diffusion as the key factor associated with nanoparticle growth, 

and a thorough discussion of this effect is included in Section 3.5. Finally, the size-

dependent crystallinity of Pt nanoparticles is presented in Section 3.6. 
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2.4.1 Time-related Growth 

The duration of sputtering plays a major role in determining nanoparticle growth 

characteristics. Figure 2-9 (a-f) depicts the size and density of Pt nanoparticles synthesized 

at a 23.8 target angle using different deposition times at a fixed power of 30W.  From 

Figure 2-5(b), for a target angle of 23.8, it can be seen that the main deposition flux is 

away from the substrate, and the low metal atom density region of the deposition flux is 

utilized for Pt nanoparticle formation minimizing thermalization of in-flight metal atoms. 

When the deposition time is increased, initial growth starts by cluster formation at 

nucleation sites followed by high energy Pt atoms arriving at the substrate and exhibiting 

surface diffusion and coalescence (Figure 2-9 (a-b)).  

Until 10 s of deposition time, the coalescence process is not recognizable as the 

interparticle distance is large with numerous available nucleation sites. Due to a large inter-

particle distance, when a Pt atom arrives, it binds to a new nucleation site instead of finding 

another particle to coalesce. It is important to note that the actual mean diameter can 

possibly be smaller than the characterized value for a 5 s deposition time. Thus, by 

extrapolating the growth curve of the Pt nanoparticles with respect to deposition time 

((Figure 2-9 (g) and (i)), the mean nanoparticle size was predicted to be around 0.5 nm, 

whereas the calculated mean value based on observed particles from HRTEM images was 

0.7 nm (±0.12). This is an overestimation because particles smaller than 0.5 nm could not 

be accurately accounted for due to the resolution limits of the HRTEM.   

To understand the time dependent growth mechanism of Pt nanoparticles, the 

ensemble of particles needs to be modelled using statistical analysis tools to determine 
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scaling theories using rate equations. In nanoparticle growth literature, scaling theories 

indicate that diameter,  

  d ∝ tx         (1)  

where t is the deposition time and x=1/Dc, where Dc is the dimensionality of the cluster, 

with Dc=3 for 3-dimensional clusters and 2 for 2-dimensional clusters. In Eq.1, the ‘x’ term 

holds a value of 1/2 for two-dimensional particle growth, and 1/3 for three-dimensional 

particle growth [28]. In analogy with this, Beysens et al. [44] previously reported that the 

evolution of the pattern of droplets when water condenses on glass (breath figures) is 

quantitatively similar to that observed when vapors of metals, in their case silver, condense 

on solids. They [44] reported that the average droplet radius in the case of breath figure 

studies increased following the aforementioned power law at initial stages when droplets 

grew and nucleated without any coalescence. They further claimed that this relationship 

follows from scaling arguments that can be applied irrespective of the underlying growth 

mechanisms.  

Three successive stages of growth were identified: – 1) Droplets nucleate and grow 

with no significant interactions between them (the nucleation stage). In this regime, the 

average droplet radius increases according to a power law. 2)   When the surface coverage 

of these nucleated cluster/particles becomes sufficiently large, the droplets interact by 

coalescence, which makes them move on the surface and combine to form bigger particles 

leading to an increase in mean droplet size and reduction in droplet number density. 3)  At 

a time when the actual distance between droplets reaches a critical value, small droplets 

begin to appear between the large droplets. This new generation of droplets grows in turn 
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through each of the aforementioned stages of growth [44]. This application of the power 

law and correlation of development of breath figures to vapor phase metal nanoparticle 

growth has made a significant impact on understanding nucleation and growth dynamics 

of metal nanoparticles.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

42 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-9: HRTEM images of Pt nanoparticles deposited at 23.8 for (a) 5 s, (b) 10 s, (c) 20 s, (d) 30 

s, (e) 45 s and (f) 55 s. Plot of (g) mean diameter vs. deposition time and (h) mean density vs. 

deposition time.  Linear-fit modeling (rate equation) of time-related growth mode (i). 
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In order to model the time dependent nanoparticle growth characteristics in line with the 

observations reported by Beysens et al. [44], the power law was applied to the obtained 

HRTEM data. Figure 2-9(i) shows the plot of a linear model following, 

𝐿𝑜𝑔 d ∝ x 𝐿𝑜𝑔 t       (2) 

where x is the slope of the fit. Different regions were modelled separately using statistical 

analysis on the obtained experimental data to understand the growth model. Notably, three 

distinct growth regimes (nucleation, coalescence and agglomeration) were observed while 

using the power law to model the nanoparticle characteristics obtained from HRTEM. A 

slope of 0.53 was observed for the 5 s ‒ 20 s growth regime predicting it to be a 2-

dimensional cluster growth. A slope of 0.35 (approximately 1/3) was observed in 25 s – 45 

s regime, indicating a 3-dimensional growth model in this time regime. Beyond 45 s, the 

particles started to agglomerate which changed the exponential factor to 1.17 with a sudden 

increase in mean diameter.  

These observations are similar to the one reported by Beysens and others [28, 44]. 

However, our work is unique from previous works on nanoparticle growth in the following 

two respects: 1) achieving relatively narrow size distribution of the particles and 2) 

understanding of 2D and 3D growth process in terms of non-crystalline cluster (sub – 1 

nm) formation and subsequent crystal phase transformation. These issues are addressed in 

the following sections in detail. 

2.4.2 Homogenous size distribution of sputtered nanoparticles 

As discussed in the introduction, obtaining homogenous size distributions (minimal 

size variation) in the sub-2 nm is essential for understanding of the fundamental role of 
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nanoparticle size in influencing a multitude of phenomena such as quantum confinement 

and charge storage as well as catalytic activity. Figure 2-10 shows the particle size 

distribution for different deposition times at 30 W sputtering power. Table 2-3 shows 

average nanoparticle diameter and the standard deviation.   The 5 s and 10 s particles 

showed the least deviation from the mean particle size due to the dominance of nucleation 

within the growth processes and lack of coalescence. The standard deviation in the particle 

size increased with increase in deposition time due to the coalescence and growth of nano 

particles eventually leading up to the agglomeration regime at later stages of growth. 

However, even with larger size particles, it is essential to note that the particle density was 

higher and the size distribution was narrower compared to previously reported results in 

published literature, particularly those using high-temperature dewetting processes to 

synthesize nanoparticles [14, 19, 21, 23, 26-28]. 

Table 2-3: Pt Nanoparticle mean-diameter and its standard deviation with time variation. 

 

 

 

  

Time 

(s) 

Diameter 

(nm) 

Std. Dev 

(nm) 

5 0.52 0.12 

10 0.74 0.17 

15 0.91 0.22 

20 1.11 0.28 

25 1.21 0.31 

30 1.30 0.31 

35 1.39 0.35 

40 1.47 0.37 

45 1.45 0.36 

50 1.73 0.52 

55 1.67 0.56 
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Figure 2-10: Particle size distribution for 30 W deposition power (target angle=23.80) and for 5s, 10s, 

15s, 20s, 25s, 30s, 35s, 40s, 45s, 50s and 55s.   
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2.4.3 Target angle dependent nanoparticle growth 

As discussed previously in relation to sputtering time, the target angle also plays a 

major role in determining sputtered Pt nanoparticle characteristics. Figure 2-11 shows the 

resulting plot of mean diameter and particle density with different target angles (TA) 

deposited using the parameters listed in Figure 2-5. Changing the angle of the target 

predominantly controls the density and the energy of the arriving atoms/clusters on the 

substrate surface. As metal atoms travel from the target to the substrate, deposition flux 

will be relatively uniform with higher density metal atoms in the area equivalent to the 

target diameter and will gradually disperse out radially towards chamber walls with lower 

density atoms[8]. Here, for lower target angles, with dissipation of the metal atom flux 

outside the main focal beam (peripheral regions of the main deposition flux), the metal 

atom density decreases, and thus, the probability of thermalization of sputtered metal atoms 

reduces, increasing the energy of the arriving atoms at the substrate surface [39, 40].  

With this change in target angle, one can constitute two different deposition regimes 

for sputtered metal atoms/clusters based on either low or high metal atom flux density. For 

a low metal atom density regime (reduced thermalization) the incident atom energy 

exceeds the Al2O3 surface binding energy resulting in surface diffusion, and for high 

density metal atom regime (high thermalization) the incident energy of metal 

atoms/clusters is lower than the surface binding energy, resulting in relatively low surface 

diffusion. 
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Figure 2-11: Plot showing (a) mean diameter and (b) density with different target angles 
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 Along with the energy of incident metal atoms/clusters, their interaction with different 

sites of Al2O3 (Al or O atoms) may also influence the adhesion of Pt atoms/clusters to Al2O3 

surface [46], and hence the nucleation and growth process. Overall, at lowest target angle 

of 16.20, the 20 s deposition falls in the nucleation governed growth regime with smallest 

diameter and lowest density of clusters due to the lower concentration of high energy atoms 

arriving at the substrate, as shown in Figure 2-11. For 23.80 target angle, the 20 s deposition 

falls in the coalescence and growth regime with increased diameter and density of the 

clusters compared to 16.20 target angle due to the high density of high energy atoms 

arriving at the substrate. For highest target angle of 38.80, high density of low energy atoms 

are generated due to dominance of thermalization process. Compared to 23.80 target angle, 

a reduced diameter and increased density of clusters is observed in 20 s deposition due to 

the nucleation and growth of clusters without coalescence (Figure 8).  

2.4.4 Time dependent growth at different target angles 

From Figure 2-12(a) at 16.2 target angle, the metal atoms in the low deposition 

flux regime take part in the nanoparticle formation. Thus, the degree of thermalization of 

in-flight Pt atoms reduces and the sputtered Pt atoms retain their energy as they arrive at 

the substrate. Again, the Pt nanoparticle growth here is governed by the nucleation process 

followed by subsequent coalescence of Pt atoms/clusters on the surface. As the metal atom 

density is extremely low for this target angle, less metal atoms arrive at the substrate 

leading to low particle density and consequently higher-  
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Figure 2-12: (a) mean diameter plot (TA=16.2 deg); (b) density (TA=16.2 deg); (c) 2 min at TA= 16.2 

deg; (d) 2 min at TA=23.8 deg; (e) 2 min at TA=38.8deg; (f) Mean Diameter for TA=38.8 deg and (g) 

Density for TA=38.8 deg  

(a) (b) 

(d) 

(g) (f) 

(e) (c) 



 

50 

 

inter-particle distance. Thus, they cannot coalesce into bigger particles through surface 

migration even with high energy of the arriving atom due to a higher inter-particle distance. 

After a deposition time of 30 s, the inter-particle distance is such that coalescence process 

starts occurring as the atoms arrive at the substrate, and thus, one can observe spherical 

particles even at 120 s of deposition time with not much change in density (Figure 2-12(b)). 

All HRTEM images for 16.2o TA for different sputtering times are provided in the Figure 

2-13    .  

As can be seen from Figure 2-12 (c) and (e-g), the 38.8 target angle, exhibits a 

different growth phenomenon. At this angle, the focal area of the main deposition flux lies 

within the substrate location thereby exhibiting a different growth process. Due to a 

collimated deposition flux, the sputtered metal atoms are focused within the 2-inch 

diameter of the metal target. Since the metal atom density is extremely high in this focal 

area, the probability of thermalization drastically increases, thereby reducing the energy of 

the in-flight Pt atoms/clusters arriving at the substrate for nanoparticle formation. Thus, for 

low energy incident Pt atoms, the adatom-substrate adhesion energy dominates adatom-

adatom binding energy rendering surface migrations. Thus, the arriving Pt atoms nucleate 

on the surface without lateral diffusion. As the sputtering time is increased beyond 20 s, 

the Pt nanoparticle mean size increases, and the number density drastically decreases. This 

can be explained by the nanoparticle growth occurring in the coalescence regime where 

coalescence of Pt clusters occurs as the energy released due to Pt atom – Pt cluster bond 

finally exceeds the Pt cluster – surface binding energy, and the Pt clusters start coalescing 

to from bigger particles [42]. This effect is more pronounced after 45 s of Pt sputtering 

where the Pt nanoparticle size increases and the density size drops further. As the Pt 
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nanoparticle size further increases, the nanoparticle agglomerates create worm like 

structures and increase in overall size drastically reducing the particle density. This later 

stage nano-island growth is in the agglomeration regime. Figure 2-15 shows the HRTEM 

images for 38.8o TA for different sputtering times.  

Another interesting nanoparticle characteristic that can be used to gain further 

understanding of its growth mechanism is the saturation number density.  For 16.2o target 

angle, (Figure 2-12 (b)), as the deposition time is increased, it can be seen that the number 

density does not increase beyond 7 × 1012/cm2 before saturation. This saturation of Pt 

number density is another indication of higher energy Pt atoms/clusters arriving at the 

substrate at this low target angle. For higher energy Pt atoms/cluster arriving at the surface, 

the average migration radius (indication of distance nanoparticles/clusters can migrate to 

and from their mean position on the substrate surface) for a certain-sized Pt 

nanoparticle/cluster is larger and thus, the inter-particle distance where coalescence is 

likely to occur and result in larger particles (leading to decrease in nanoparticle number 

density) is also larger. Therefore, the jamming limit (surface coverage of Pt nanoparticles 

– defined as the limit of packing in the process of random sequential adsorption in two 

dimensions [44]) would be smaller for lower target angles and would ultimately lead to 

lower saturation of nanoparticle number densities. 
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Figure 2-13:TEM images for Pt Nanoparticles 

deposited using 16.2 target angle and varying 

deposition time for a deposition power of 30W 

and (a) 10s, (b) 20s, (c) 30s, (d) 45s and (e) 

120s 

 

(d) (c) 

(e) 

(b) (a) 
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Figure 2-14: Size distribution for Pt Nanoparticles deposited using 16.2 target angle and varying 

deposition time for a deposition power of 30W and (a) 10s, (b) 20s, (c) 30s, (d) 45s and (e) 120s.  
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It is also important to note that the relative size distribution of nanoparticles grown 

beyond the nucleation regime would also be smaller. This is the case for 120 s sputtered Pt 

nanoparticles at 16.2o target angle where the error bar for Pt nanoparticle size is ~ ±22.15% 

as compared to ~±40.25% for particles obtained after 120 s of sputtering at a higher angle 

(38.8o). This is a result of larger migration radius: Since the arriving high energy Pt 

atoms/clusters would have be more likely to diffuse on the surface and eventually stabilize, 

this would ultimately lead to narrow nanoparticle size distributions past the nucleation 

regime when compared to deposition conditions where the nanoparticles/clusters on the 

surface have lower average migration radius. For 38.8o target angle, the ability to attain 

maximum particle number density of 1.1 × 1013/cm2 with near complete surface nucleation 

was possible because of this characteristic behavior of low energy incident atoms. To our 

knowledge, this Pt nanoparticle number density is the highest number density reported in 

literature [14, 19, 21, 22, 28, 42]. This higher value of number density saturation for high 

target angle sputtering (lower energy of incoming Pt atom/clusters due to dominant 

thermalization process) agrees with the explanation provided for the aforementioned 

contrary phenomenon observed for Pt nanoparticles sputtered at 16.2o target angle. Figure 

2-15,13 shows the HRTEM image and size distribution for 38.8 degree target angle. As 

mentioned before, this higher jamming limit (surface coverage) is a result of smaller 

migration radius as the arriving low energy Pt atoms/clusters would have a lower 

probability of diffusion on the surface and this would ultimately widen nanoparticle size 

distributions past the nucleation regime when compared to deposition conditions at lower 

target angles.  
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(e) 

(d) (c) 

(b) 

Figure 2-15: TEM images for Pt Nanoparticles 

deposited using 38.8 target angle and varying 

deposition time for a deposition power of 30W 

and (a) 10s, (b) 20s, (c) 30s, (d) 45s and (e) 120s. 

(a) 
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Figure 2-16:Size distribution for Pt Nanoparticles deposited using 38.8 target angle and varying 

deposition time for a deposition power of 30W and (a) 10s, (b) 20s, (c) 30s and (d) 45s. 
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2.4.5 Substrate location variation in deposition plume 

To study the effect of sample location in the substrate holder, two locations : one in the 

center of the substrate holder and one in the edge was chosen to observe the variation in 

size and density of the Pt NP. At 16.3 deg target angle, both samples located at the center 

and edge of the substrate holder, are outside the main deposition flux and much farther 

away from the focal beam Figure 2-5. The metal atoms arriving at these locations are in 

the region of deposition flux with similar metal cluster size, and thus there is minimum size 

variation between the center and the edge. But, as it is obvious that the sample at the edge 

location keeps revolving (due to substrate holder rotation), which falls periodically in a 

higher density region of metal atoms with higher number of thermalized atoms and thus 

they have a higher nanoparticle density compared to the center location. It is important to 

note that, though the mean particle diameter was similar for both locations, there was a 

large deviation in the density (Figure 2-17). This potentially means non-uniform 

interparticle distance and thus drastically varying self-capacitance for each particle which 

is not desired for device applications [1]. When the target angle is increased to 23.8 deg, 

the focal beam of the flux lies just outside the substrate holder. Here the density of metal 

atoms taking part in nanoparticle formation is higher when compared to 16.3deg. Since, 

the focal beam is near the substrate holder, the cluster size plays an important role at these 

locations. As earlier, the edge sample reaches the high density region near the focal beam 

periodically due to substrate rotation thereby showing higher density compared to the 

center sample. At this angle (23.8deg), the beam is stationed such that the flux taking part 

in the deposition has a minimum density variation across the substrate holder with least 
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variation in size, which can be seen in Figure 2-17, where the densities of center and edge 

sample are closest.  

Now, for the final scenario where the target angle is changed to 38.8 deg, the focal 

beam hits the substrate just outside the center sample and the edge sample encounters this 

focal beam with high density metal atoms periodically. At this stage, for the deposition 

time of 20s, a high atom density flux leads to nucleation in early stages and rapid particle 

growth, which results in an increase in particle size and decrease in density compared to 

the sample at the center (Figure 2-17). On the other hand, the center sample sees a lower 

density flux resulting in slow nucleation and maximum density occupation. Though this 

gives highest density at the center location, it still can’t be used due to a wide size 

distribution and varying density across the substrate. However, considering placing the 

samples only at the center, this high particle density can have various applications in optics 

and electrochemistry. 

 

 

Figure 2-17: Plot for samples at different substrate location: (a) mean diameter plot and (b) Density 

plot. 
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2.4.6 Sputtering power dependent growth 

Along with sputtering time and target angle, the sputtering power also plays an 

important role in determining sputtered Pt nanoparticle characteristics. Figure 2-18 shows 

the size and density with respect to change in deposition power. Deposition time of 10 s 

was kept constant with power varying from 20 W to 60 W at a target angle of 23.8. This 

deposition time was chosen to observe all particle growth regimes with increasing power.  

The growth behavior of Pt nanoparticles with respect to change in power can be 

explained based on the aforementioned thermalization process. As change in power is 

directly related to the number of Ar atoms getting ionized, when the power increases, the 

ionization of the Ar gas increases, increasing the in-flight sputtered metal atom density in 

the deposition flux. Thus, with increase in power at a fixed Ar gas pressure; there will be 

more energetic atoms in the flux accelerating the thermalization effects within the 

deposition flux.  As discussed previously, the energy associated with the incident metal 

atoms can potentially exhibit different processes for nanoparticle formation based on the 

incident metal atom energy.  
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Figure 2-18: (a) Mean Diameter and (b) density plot vs. Deposition Power (at Deposition time = 10s 

and TA = 23.8 deg) 

  

(a) 

(b
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Figure 2-19:TEM images for Pt Nanoparticles deposited using varying power at deposition time of 

10s and target angle of 23.8° for (a) 20W, (b) 24W, (c) 27W, (d) 30W, (e) 40W, (f) 50W and (g) 60W. 

  

(c) (b) 

(g) 

(f) (e) (d) 
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Table 2-4: Pt Nanoparticle mean-diameter and its standard deviation with power variation 
 

 

 

 

 

 

 

 

 

 

Table 2-4 shows average nanoparticle diameter and the standard deviation at 

different sputtering powers. From the size distribution plots of Figure 2-13, the narrowest 

distribution (with standard deviation ~0.13 nm) is observed for low powers (20 W-30 W) 

as initially particles are just nucleating and growing without any coalescence process. As 

the power increases (30 W ‒ 40 W), they coalesce and the density of the particles reduces, 

opening new nucleation sites and thus increasing the size and size distribution.  

At even higher powers, (50 W ‒ 60 W), the metal atom density is higher and more 

thermalized atoms take part in the nanoparticle formation at the substrate. In this regime, 

since the number of metal atoms arriving at the substrate is higher, the rate of deposition 

increases such that the nucleation sites fill out in a very short time and thus, the incoming 

low energy atom/cluster is likely to arrive atop an existing particle increasing the size 

Power 

(W) 

Diameter 

(nm) 

Std.Dev 

(nm) 

20 0.57 0.14 

24 0.56 0.13 

27 0.66 0.15 

30 0.74 0.17 

40 0.97 0.26 

50 0.86 0.20 

60 1.12 0.37 
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without coalescence thereby retaining the high number density characteristic seen in 20 W 

‒ 30 W regime.  

Transformation from coalescence to nucleation and growth regime just by changing 

the power from 40 W to 50 W is an interesting phenomenon. Since thermalization is 

dominant in the 50 W regime, due to incoming atoms just filling in nucleation sites without 

coalescence, the diameter is smaller and still has relatively narrower distribution at 50 W 

when compared to 40 W and then broadens at 60 W because the larger number of incoming 

thermalized atoms (number of Pt atoms sputtered is directly proportional to the sputter 

power) sit on new nucleation sites on the Al2O3 substrate or existing particle without any 

preference over nucleation centers. It was interesting to observe that within a window of 

0.8 nm mean particle diameter difference, it was possible to tune the density varying from 

1 x 1012 /cm2 to 9 x 1012 /cm2 simply by changing the deposition power.  
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Figure 2-20: Particle size distribution for 20 W, 24 W, 27 W, 30 W, 40 W, 50 W and 60 W with a 

deposition time of 10 s (TA=23.8) 

 

  



 

65 

 

2.4.7 Development of size dependent nanoparticle 

crystallinity  

The knowledge of crystallinity and surface faceting of metal nanoparticles is 

essential for application purposes—especially for catalytic applications. [47-49]. To this 

end, we observe evolution of size-dependent Pt nanoparticle crystalline structure with 

sputter times at a fixed sputtering power (30 W). It is important to know the size domains 

where these supported Pt nanoparticles make the transition from non-crystalline Pt clusters 

to single crystal Pt nanoparticles and later towards polycrystalline Pt nano-islands. 

Previously, it has been theoretically predicted that, at very small Pt nanoparticle sizes (<1 

nm), the surface-to-volume ratio of Pt nanoparticles in the cluster is too large to support a 

crystalline structure and thus the structure collapses to a more disordered structure [50]. 

The HRTEM, i.e., large objective--aperture bright field electron phase-contrast images of 

Pt nanoparticles sputtered on the Holey-carbon grids coated with Al2O3 films at different 

deposition times at 30 W sputtering power are shown in Figure 2-21. No sign of 

crystallinity was observed for resultant Pt nanoparticles formed after 10 s and 20 s of Pt 

sputtering. However, signs of nanoparticle crystallinity surfaced starting at 30 s Pt 

deposition. As reported previously in [30], out of about 298 particles in the 30 s deposition, 

single {111} or {200} lattice fringes were identified in 29 particles, and cross-fringes in 

only about 5 particles. The fraction of particles with identified lattice fringes in the longer 

depositions was greater, i.e., between 40% and 50% for 45 s deposition. In our HRTEM 

image of particles on Al2O3 starting from 30 s of Pt sputtering (Figure 2-22), the spacing 

between the electron diffraction fringes was approximately 2.2 Å.  
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Figure 2-21:HRTEM images of Pt nanoparticles sputtered for various durations: (a) 10 s, (b) 20 s, (c) 

30 s, (d) 45 s, (e) 60 s, and (f) 120 s with a deposition power of 30 W and TA = 23.8. 

  

(a) (b (c) 

(d (e) (f) 
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This fringe spacing corresponds to a {111} lattice plane spacing for a FCC Pt 

crystal. At longer deposition times (starting at 60 s Pt deposition), the formation of grain 

boundaries arising from the agglomeration of Pt nanoparticles was observed. More detailed 

analysis of Pt nanoparticle size dependent crystallinity and its influence over certain 

catalytic processes is provided in [30].  As mentioned before, formation of crystal structure 

within sputtered Pt nanoparticles was observed starting at 30 s Pt sputtering. This sputtering 

time coincides with the transformation of Pt nanoparticle growth mechanism from 2-D 

growth to 3-D growth as discussed earlier based on the power law in Section 2.4.1. Based 

on the development of crystalline characteristics within these nanoparticles at different 

sputtering times, it can be concluded that during the nucleation phase, the Pt clusters are 

too small to form well-ordered lattice structures due to small size and large surface-to-

volume ratio. However, the rise of single crystalline nanoparticles can be seen starting from 

the coalescence regime of nanoparticle growth. As the growth regime switches to the 

agglomeration regime, observation of grain boundaries and polycrystalline domains were 

observed hinting at nanoparticle growth through the process of agglomeration. Thus, it can 

be speculated that as the Pt clusters start forming more ordered near spherical structures, a 

crystalline order is established within the nanoparticle leading to the observation of 

crystallinity of the sputtered Pt nanoparticles.    
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 Figure 2-22: HRTEM images of Pt nanoparticles prepared by sputtering onto Al2O3 alongside their 

corresponding FFT patterns (inset) for (a, b) 30 s and (c, d) 45 s Pt sputtering. The corresponding 

FFT patterns represent an FCC crystal along the <110> zone axis 
 

  

(a) 

(c) 

(b

) 

(d

) 



 

69 

 

2.4.8 Longer Deposition time  

To fully understand the nanoparticle growth beyond the nanoparticle regime, longer 

deposition conditions were implemented to see the growth of Pt as a continuous layer of 

thin film. For these experiments the target angle and the deposition power were set constant 

at 23.8 deg and 30 W respectively. The deposition time was varied to see the growth 

mechanism effect when extended into the agglomeration region as described in Section 

2.4.1. For this study 2 min, 5 min, 10 min and 20 min deposition times were performed on 

Al2O3 coated TEM grids to analyze and characterize the growth dynamics. Figure 2-23 

shows the HRTEM images for 2 minute and 5 minute deposition time. It is evident that the 

growth is in the agglomeration region where the Pt nanoparticles have coagulated to form 

~3nm islands. Typically for Al2O3, there are nucleation sites in the substrate where particle 

gets bonded. With longer deposition time the particle tends to grow around these sites 

making bigger particles, like discussed in section 3.1.1. With 2 minute depositions, inter-

particle distance gets smaller and particle tends to agglomerate to form island structures. 

From TEM images, there is an estimation of four to five number of Pt nanoparticles 

agglomerated (Figure 2-23(a)). When deposition time is further increased to 5 minutes, we 

no longer have nanoparticles but a more radical nano-dendrimer like structures connected 

to each other (Figure 2-23(b)). The discreteness observed in the island for 2 minute 

deposition is no longer observed in the 5 minute deposition film and we start to see a 

transition to continuous Pt metal thin film. 

For 5 minute deposition, the incoming metal atoms tend to partly stick to the Pt 

particles and diffuse to the surface. So, particles grow in size and a film grows around the 

particles leaving empty spaces or voids around the agglomerated particles. For 10 minute, 
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this process continues and size of the voids decreases leading to the formation of a 

continuous film at 20 minute deposition. This process of attaining a continuous thin film is 

observed in Figure 2-23 (c-d). 

 

 

Figure 2-23:HRTEM images for (a)2 min, (b)5 min, (c)10 min and (d)20 min deposition using 30W 

deposition power and 23.8 degree target angle 
 

(d) (c) 

(b) (a) 
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CHAPTER 3: Layer By Layer Charging In 

Multilevel Pt Nanoparticle Embedded Non 

Volatile Memory MOSCAP 
 

3.1 Introduction 

 Non-Volatile Memory (NVM) devices were first introduced in 1960’s followed by 

extensive commercialization. These devices were based on a so-called floating gate design. 

Even at present state of the NVM roadmap, the stacked floating gate device continues to 

be the industry standard NVM implementation used for both standalone and embedded 

memories. Typically, for a solid state Floating gate NVM device, information is stored in 

the form of charge retention in a floating gate. Changing the number of charges in the 

floating gate affects the threshold voltage of the device. Consequently a change in charge 

can be determined by measuring this threshold voltage. Basic operation of a NVM involves 

either increasing or decreasing the stored charges in the floating gate, which is commonly 

referred to as writing and erasing operations. The commonly used phenomena to modify 

this associated charge in the floating gate is through either Direct tunneling or Fowler 

Nordheim Tunneling (FN).  

Technological developments for non-volatile flash memory fabrication have 

focused on device area reduction and scaling down the tunneling and capping oxide 

thicknesses [1]. These desired design goals have imposed stringent constraints on the 

fabrication materials and methods with respect to current industrial-scale practices. Most 

commercially available flash memory devices employ Polycrystalline Silicon (pSi) or 

Silicon Nitride (SiN) as floating gate materials, which are infeasible for use as ultra-thin 
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tunneling oxides due to the presence of shallow traps in the Silicon-Oxide-Nitride-Oxide-

Silicon (SONOS) structure [2-4]. Poor charge retention properties in stacked nitride layers 

further cuts the number of stored electrons at each node in half, which results ultimately in 

a thickness scaling limitation in designing viable devices [1]. Moreover, storing charge on 

a single node (eg. SiN) makes the memory structure prone to failure. One weak spot in the 

tunnel oxide is enough to create a fatal charge leakage path compromising long term 

reliability and retention properties of the memory architecture. The solution to the problem 

is to use distributed charge storage in a way that the scaling limitations are alleviated. Since 

the ITRS (International technology roadmap for semiconductors) forecasts charge trapping 

as the solution to continue NAND flash scaling, it has become essential to identify 

advanced materials capable of enhancing retention properties, ideally at the nanoscale [5, 

6]. Nanocrystal related memories are one particular aspect related to the solution of this 

problem. 

Unlike stacked Floating gate Poly-Si memory where charges are stored in a 

continuous layer, the nanoparticle based memory system uses layer/layers of discrete 

nanoparticles (made of metal or semiconductor) to store charges. This facilitates the device 

structure to use thinner tunneling oxide without sacrificing the endurance and retention 

characteristics. This is an important advantage as thinner tunneling oxides will lead to 

lowering operating voltages and increasing operating speeds.   

Research has shown that discrete metal nanoparticles (MNPs) offer improved 

charge retention characteristics with respect to continuous charge trap layers due to the 

coulomb blockade effect and their ability to isolate the nodes electrically from their 

neighbors [6-12]. Additionally, metal nanoparticles are preferred over semiconductor 
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nanoparticles for scaling down operational non-volatile memory devices[13, 14]. They 

have larger work functions, higher density of states than a semiconductor, and tunable 

barrier height due to various available metals[10, 13]. For semiconductor nanoparticles, at 

sub- 10 nm the bandgap increases compared to the bulk due to carrier confinement. Due to 

this the overall depth of the potential well of nanoparticles reduces and causes poor 

retention[15]. And as current trends require Effective oxide thickness(EOT) to be scaled 

for device miniaturization, metal nanoparticles are being embedded with high-k dielectrics 

for non-volatile memory applications[16]. These devices potentially exhibit smaller 

operating voltages, faster program/erase operations, better data endurance and long 

retention characteristics[16]. Specially, sub-2nm nanoparticles has shown benefit of 

Coulomb blockade and quantum confinement which are essential for improving charge 

retention characteristics for NVM devices.[17-22] 

 Various kinds of memory devices have been produced using embedded MNPs to 

improve device characteristics, especially multiple floating gates for enhanced charge 

storage [10, 12, 21, 23]. Although an increase in memory window is observed in these 

devices with multiple layers, none report distinct charging steps in the large memory 

windows [24]. These steps will occur only after the preceding MNP layer achieves 

complete charge saturation for a range of bias. Upon surpassing a further threshold bias, 

determined by the MNP Coulomb charging energy and tunneling layer thickness, the 

second layer starts charging, thereby increasing the memory window. This process results 

in a characteristic step-like response in  the flat-band voltage (VFB) vs. gate voltage plots, 

facilitating the identification of layer-by-layer charging and feasibility of multi-level 

memory architectures.  
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The Coulomb charging energy of a MNP depends on the total capacitance coupled 

to the MNP, which is dependent on particle size and inter-particle distance between 

neighboring MNPs [25, 26]. Precise control of the charging energy of discrete islands 

depends on optimization of these properties for a layer of MNPs sandwiched between 

dielectric layers. In this chapter, we apply the particle deposition technique described in 

chapter 3 to produce a finely tuned multi-layer memory device and demonstrate controlled 

sequential layer charging, evidenced by step-like behavior in the VFB plots, through proper 

engineering of MNP Coulomb charging energy. The simplicity of the direct sputter 

deposition technique and its compatibility to standard CMOS processes makes the approach 

highly attractive for use in non-volatile memory devices.  

3.1.1 Basic Programming Mechanisms 

In  charge-trapping memories, the charge needed to program the device has to be 

injected into the floating gate, i.e the nanoparticle layer. In order to change the charge or 

data content of NVM's, two major mechanisms have been shown to be viable: Fowler 

Nordheim tunneling (F-N) through thin oxides (< 12 nm) [27] and channel hot-electron 

injection (CHE) [28]. Since our main devices are associated with tunneling oxides less than 

12 nm we will only describe FN-tunneling (Figure 3-1).For nanoparticle based floating 

gate devices, under thermal equilibrium conditions, the floating gate is isolated from both 

the control gate and the substrate by the dielectrics. However, when a large bias is applied 

to the control gate, the two insulating layers will undergo band bending, where the thinner 

tunneling oxide will undergo a severe band bending and charges in the substrate will tunnel 

through the very thin tunneling oxide and be trapped by the floating gate, which in this case 

is the discrete layer of nanoparticles. As the barrier width decreases, the probability of a 
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particle penetrating it rises exponentially. In sufficiently thin oxides (below 15 Å), direct 

quantum mechanical tunneling through the barrier can occur. Also, under oxide band 

bending, electrons can more readily penetrate a barrier giving rise to F-N tunneling or field 

emission. F-N tunneling can occur even in thicker oxides under sufficient band bending. 

The bending of the energy bands of the tunneling oxide and the gate oxide are different 

due to the thickness difference and thus the tunneling only occurs from substrate to PtNP 

through the tunneling oxide. Because the oxide layer above the floating gate is thicker 

(such that tunneling is not prominent), the charges remain trapped at the floating gate 

inducing shifts in flat band voltage. 

3.1.2 Basic Erasing Mechanisms 

In order to reprogram an NVM, it first has to be erased. The electrons that are injected into 

the floating gate are trapped by the high gate to oxide energy barrier of 3.2 eV. Since the 

potential-energy barrier at the oxide-silicon interface is greater than 3.0 eV, the rate of 

spontaneous emission of electrons from the oxide over this barrier is negligibly small. The 

net negative charge which remains on the floating gate shifts the VT to a positive value. 

Thus, again, FN tunneling is used to erase an NVM. One of the methods for erasing a 

floating gate,  is by applying a large negative voltage at the control gate. The energy band 

structure will be influenced as shown in Figure 3-1(b). The applied gate voltage creates the 

electric field which results in a potential barrier. This barrier provides a path for the 

electrons to tunnel from the floating gate to the substrate through the thin gate oxide (Figure 

3-1(b)). 
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Figure 3-1: Energy band diagram FN tunneling for (a) Programming and (b) Erasing  

(a) 

(b) 
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3.1.3 Retention Characteristics 

When a nonvolatile memory cell can no longer hold the charge in the floating gate 

or metal NP, it is said to have affected its retention capability. Retention is a measure of 

the time that a nonvolatile memory cell can retain the charge whether it is biased or not. In 

nanoparticle discrete memories, the stored charge can leak away from the floating gate 

through the gate oxide or through tunneling oxide. This leakage can be caused by mobile 

ions and oxide defects and results in a shift of the threshold voltage of the memory device. 

Different charge loss mechanisms have been described [29, 30], namely, charge loss due 

to thermionic emission(at room temperature), charge loss due to electron detrapping, and 

charge loss due to contaminations such as positive mobile ions. To improve the retention 

characteristics of the memory cell, various improvements to the quality of the gate oxide, 

tunneling oxide and size and structure of the floating gate metal NP become very important. 

Retention can be quantified by measuring or estimating the time it takes for the floating 

gate NP to discharge when it is intended to keep the information stored. Typically, retention 

can be improved significantly by modifying the Coulomb charging and Quantum 

confinement energy of the floating gate used. 

3.1.4 Characteristic charging energies 

Charging a nanoparticle with electrons are often associated with two kinds of 

energies: Coulomb charging energy and Quantum confinement energy, where the Coulomb 

charging energy arises from the self-capacitance of the NP and the Quantum confinement 

is linked to the spatial confinement of electrons[1]. 
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 Coulomb charging energy is based on electrostatic capacitive charging energy, 

where for every addition charge dq transported to a conductor, work has to be done against 

the field of already present charges. Thus charging a capacitor with a charge q required  

𝐸 =
(𝑞)2

2𝐶
⁄  

Where C is the total capacitance coupled to the NP, and this changes according to the NP 

size, density, tunneling and blocking oxide thickness and number of NP layers in the 

system. 

For ultra-small MNPs, self-capacitance (C) is calculated by: 
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where εmedium is the permittivity of the surrounding medium (8ε0 for Al2O3), a is the MNP 

radius, and d is the distance between the center of the MNP and the substrate surface[26].         

 

The corresponding Coulomb charging energy (E) is given as: 

𝐸 =
(𝑛𝑞)2

2𝐶
⁄       (ii) 
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where q is the elementary charge. Note that varying the particle number density modifies 

the interparticle distance (l) and, thus, its Coulomb charging energy. The calculated 

Coulomb charging energy values for PtNPs used in this work are summarized in Table 3-3. 

For 0.52 ± 0.12  nm PtNP (23.8° target angle and 5 s sputtering time), E was calculated to 

be 336 meV, which is the highest reported so far with MNPs and has also allowed for room 

temperature observation of single electron tunneling [19, 33]. Furthermore, since Coulomb 

charging energy corresponds to the energy required to add or remove one electron from the 

PtNP, a high value for E indicates the ability to hold a charge strongly improving the device 

retention properties.  

On the other hand, Quantum confinement energy is based on the energy level 

spacing, where with decreasing NP sie the energy level spacing of electron states increases 

indirectly proportional to the NP size[1]. 

𝐸𝑛𝑒𝑟𝑔𝑦 𝑙𝑒𝑣𝑒𝑙 𝑆𝑝𝑎𝑐𝑖𝑛𝑔 
𝑑𝐸𝑓

𝑑𝑁
=

2

3

𝐸𝑓

𝑁
 

Where Ef is the Fermi-energy of the bulk material and N is the number of atoms 

available in the NP.  Quantum confinement energy for different sized Pt NP is shown in 

Table 3-1. 

Table 3-1: Quantum confinement energy for different Pt NP 

NP size QCE(meV) 

0.5 663.3333 

0.7 234.1177 

1.11 57.68116 

0.65 284.2857 
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The sum of Coulomb charging energy and the Quantum confinement energy defines 

the energy required to charge/discharge the nanoparticle in consideration. 

3.2 Experimental Section 

3.2.1 Device Preparation 

 Figure 3-6(a) shows the schematic of the device structure. The samples were 

prepared on Shiraki-cleaned P-type Silicon wafers (Float zone grown) with 5-10 Ω-1-cm-1 

resistivity. Tunneling and interparticle Al2O3 dielectric layers were deposited by atomic 

layer deposition (ALD, Cambridge Nanotech) at 300 °C using water and 

Trimethylaluminum (TMA) precursors with a deposition rate of 0.8 Å/cycle. Since 

hydroxyl-terminated surfaces are essential for complete TMA reaction coverage and 

defect-free  Al2O3 formation[31], water was pulsed for twenty cycles (0.02 s pulses with 8 

s purge interval) prior to flowing any TMA vapor. This was followed by repetitive cycles 

of 0.015 s TMA and 0.02 s H2O with 8 s purge interval. The numbers of ALD cycles 

required for each thickness are provided in Table 3-2, with specific thicknesses measured 

using a J.A. Woollam ellipsometer (VASE). 

 For ellipsometry measurement, a 50 nm Al2O3 (actual 53.28±0.056 nm) control was 

first fabricated and used to determine the optical constants for the ALD process. These 

measured optical constants were than kept fixed to that of standard alumina to determine 

the thickness of Al2O3 less than 20 nm using the Cauchy model. After the tunneling layer 

deposition, the first Platinum nanoparticle (PtNP) layer was deposited using a tilted target 

configuration with varying target angle and 30 W deposition power as detailed 

previously[32]. This was followed by depositing an interparticle Al2O3 layer at 100°C. The 



 

89 

 

second layer PtNP was then deposited with different deposition parameters. This was 

succeeded by a 15 nm Al2O3 capping layer and 1 hr Hydrogen anneal at 260 °C [21]. 

Finally, a 150 nm Titanium gate was deposited using a Kurt J. Lesker Axxis electron beam 

evaporator. 

Table 3-2: Thickness and ALD process parameters for each Al2O3 layer 

Type of Layer 
Thickness 
(nm) 

# of 
Cycles Temperature 

Tunneling 
1.9±0.001  25 300 °C 

3.18±0.008 35 300 °C 

Interparticle  3.22±0.003  35 100 °C 

Capping 14.91±0.0071 162 100 °C 
 

 Different combinations of Pt nanoparticle size and number density were chosen 

from our previous publications for the first and second PtNP layers (Table 3-3) [21]. For 

each configuration, control samples were fabricated either without PtNP or with only a 

single PtNP layer deposited on different thicknesses of Al2O3 to simulate the multi-layer 

structures without either the first or second PtNP layer and demonstrate that the step-like 

VFB charging effects are unique to the multi-layer device configurations. 
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Table 3-3: Pt Nanoparticle Size and Density Configuration at Different Layers 

Layer 
Type 

Target 
Angle 

Depo
sition 
Time 

(s) 

Mean Diameter (nm) 
Number 
Density 

Interparticle 
Distance (nm) 

Theoret
ical 

Coulom
b 

Chargin
g 

Energy 
(meV) 

First 23.8° 5 0.52 ± 0.12 1.7 × 1012/cm2 4.65 ± 2.09 336 

First 38.8° 20 0.7 ± 0.19 10 × 1012/cm2 1.92 ± 0.54 238 

Second 23.8° 20 1.11 ± 0.28 5.4 × 1012/cm2 2.75 ± 1.05 147 

 

3.2.2 Electrical characterization: 

 Capacitance-Voltage (CV) measurements were performed at room temperature in 

a 4200SCS Keithley semiconductor characterization instrument. CV measurements were 

taken at 1 MHZ in a voltage sweep range up to ±18 V. The voltage was swept initially with 

±1 V to demonstrate the absence of initial PtNP charging in the dielectric stack. A shielded 

probe station from Signatone micromanipulators was used as a testing station. 

3.2.3 Particle deposition and TEM characterization:  

 For transmission electron microscopy (TEM) image analysis of the multi-layer 

stack, the same device stack was prepared without the Ti electrode on Carbon grids (500 

mesh Cu) and Silicon substrates. The Carbon grids were used for analysis using the plane 

view images and the Silicon substrates were used to prepare for cross-sectional TEM 

imaging. The low electron density of amorphous Al2O3 was favorable to characterize the 

size and density of these particles using Top-view TEM viewing. The Fork and tube 

method was implemented for sample preparation of the cross sectional sample, details of 

which are mentioned in [20]. Further characterization involved acquiring the Pt 

nanoparticles size and distribution for plane view image from JEOL 1400 TEM and for 
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cross sectional image from Technai F20 high resolution TEM. EDS spectrum was also 

obtained using a Technai F20 TEM with EDS capability. 

Figure 3-2(a) shows the plane view TEM image of a single-layer of uniformly 

distributed 1.08 nm Pt nanoparticles where the density was found to be 6.6  1012 cm-2. 

The resulting nanoparticles are spherical in shape having near uniform particle size and a 

good separation of 2.75 nm from each other. Figure 3-2 (b),(c) and (d) shows the plane 

view image for double, triple and quadruple layers of Pt nanoparticles separated by 3nm 

Al2O3 spacer layer, where the density of Pt nanoparticle increases with number of layers 

without a change in mean diameter. Though, Pt nanoparticle density variations can be 

determined from the image analysis, the actual density prediction (calculated by 

multiplying number of layers to density of a single layer Pt nanoparticle) in a device stack 

could not be compared with the observed density using image analysis. Here, since the 

plane view TEM image is a top view of the multilayer, there will be instances where the 

particle might lie under another particle from a consecutive/alternative layer. Since TEM 

is based on electron density, the projected image will show such overlapping particles as 

one which will account for a lower density value from image analysis. Thus for multi-layer 

stacked on Si-based devices, the density will multiply with increasing layers unlike what 

was calculated from image analysis using top view TEM images. 
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Figure 3-2: (a) Plane view TEM image of a single-layer of uniformly distributed 1.08 nm Pt 

nanoparticles. The inset of (a) shows particle size distribution over 5 images after statistical post-

image analysis (b) Plane view TEM for double layer Pt nanoparticles (c) Plane view TEM for triple 

layer Pt nanoparticles. (d) Plane view TEM for quadruple layer Pt nanoparticles 
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Figure 3-3 Plots from image analysis of multiple layers showing (a) Mean Diameter vs. Number of 

Layers and (b) Particle Density vs. Number of Layers. 
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Figure 3-3 shows the plots for mean particle diameter and particle density for 

different number of Pt NP layers from the image analysis. It was found that the mean 

diameter is almost constant with varying number of layers but the density increases with 

increase in number of layers. Thus, from the observed increase in particle density without 

any change in mean diameter, we can derive that the Pt nanoparticles are not coagulating 

during the multilayer fabrication process and hence it retains its size when incorporated in 

multiple layers separated by a 3nm Al2O3 layer.  

The existence of Pt nanoparticles was further examined using EDS spectrum to 

determine the Pt density variation with multilayer stacking. Figure 3-4(a-d) shows the 

elemental mapping for these grids using EDS analysis. It is clear that the intensity peak for 

Pt increases as we increase the number of layers. Figure 3-4(e) shows the integrated 

intensity plot for Pt at the M-shell and L-shell excitation levels. The consistent increase in 

the intensity also proves the existence of Pt NP layers. 
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Figure 3-4:  EDS Spectrum of (a) single-, (b) double-, (c) triple-, and (d) quad-layer Pt nanoparticle 

samples. (e) Integrated intensity of Pt M peak (f) Integrated intensity of Pt L peak 
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Figure 3-5 shows the cross sectional high resolution TEM image of the multi-layer 

Pt nanoparticles. A major problem faced during this TEM imaging was the coalescence 

and collapsing of multi-layer Pt nanoparticles due to the electron dose. Thus a process was 

adopted where the image was taken as soon as the beam was introduced to the specimen; 

this resulted in images having less contrast but without any beam-induced coalescence. The 

inset of Figure 3-5 (b) shows the size distribution of these nanoparticles. The mean 

diameter is around ~1.1 nm which is close to the mean of 1.08 nm from plane view image. 

The inter-particle layer analysis also showed a mean value of 3.14 nm proving the presence 

of multi-layer Pt nanoparticles which were analyzed by measuring vertical distances 

between nanoparticles. Thus, any beam induced coalescence was avoided during TEM 

characterization. 

 This work on quad-layer stacks showed the survival of PtNPs when stacked on 

different numbers of layers with a 3 nm oxide separation layer [20]. Although different NP 

size and density configurations were used in these experiments, we assumed that PtNP size 

and density were not affected through addition of multiple layers provided there was at 

least 3 nm separation layer between different PtNP layers.  
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Figure 3-5: Cross-sectional TEM of quad layer sample. Inset shows the particle size distribution after 

statistical post-image analysis 
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3.3 Results and Discussions 

3.3.1 Pt Nanoparticle Configuration 

 The tilted target configuration allows tunable variation in the in-flight metal atom 

density interacting with the substrate by changing the focal point of the deposition flux 

with time. The change in flux modifies the metal thermalization at the surface, which in 

turn affects the nanoparticle size and number density[32]. The type of process governing 

the MNP growth can be alternated by using either high energy for MNP coalescence or 

low energy for random nucleation. Through precise tuning of each of the deposition 

parameters, ultra-fine MNPs can be produced with specific average size, particle number 

density, and homogenous size distribution [32]. Figure 3-6(b-d) shows the plane view TEM 

images for PtNP deposited by tilted target configuration at tilt angle/deposition times of 

23.8°/5 s (0.52 ± 0.12  nm), 23.8°/20 s (1.11 ± 0.28  nm), and 38.8°/20 s (0.7 ± 0.19 nm), 

respectively. The 0.52 ± 0.12  nm PtNPs (Figure 1b) were used for the primary MNP layer. 

The second MNP layer was deposited with a different particle size and number density 

following Figure 3-6 (c,d) as mentioned in Table 3-3.  
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Figure 3-6:(a) Schematic of double-layer NVM MOSCAP device designed for controlled charging. 

Plane view HRTEM for (b) 0.52 ± 0.12  nm PtNP (23.8°/5 s), (c) 1.11 ± 0.28  nm PtNP (23.8°/20 s), 

and (d) 0.7 ± 0.19nm PtNP (16.2°/20 s) 
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3.3.2 Demonstrating Controlled Nanoparticle Layer 

Charging through Capacitance-Voltage Measurement 

Figure 3-7 shows the Capacitance-Voltage (CV) measurements for single- and 

double-layer PtNP-embedded NVM MOSCAPs. In order to demonstrate controlled 

charging of each PtNP layer in the double-layer device and, thus, multi-bit feasibility, it is 

necessary to observe a step effect in ΔVFB (i.e. the memory window) in the final device 

stack. Figure 3-7 (a) shows the negligible hysteresis of a control MOSCAP without PtNP, 

ensuring that ALD-grown Al2O3 does not contribute significantly to MNP charging or 

hysteresis. All other PtNP-embedded devices were first scanned in a narrow range of ±1 V 

to identify the minimum hysteresis region, indicating only 0.08 V charging of the PtNPs 

with electrons [21].  The counter-clockwise hysteresis loops indicate electron injection 

from substrate to PtNP under positive voltage for programming operation by Fowler-

Nordheim Tunneling [34]. Figure 3-7(b) shows the CV for the MOSCAP embedded with 

only one layer of PtNP with 3 nm tunneling and 15 nm capping layers, fabricated to observe 

saturation of the memory window with respect to the bias. Saturation of ΔVFB occurred 

beyond a program voltage of ±7 V, which can be explained by the limited electron 

capturing capacity of the 0.52 ± 0.12  nm PtNP layer as a result of its low number density. 

Using the relationship Nt = (CoxΔVFB)/q, where Nt is the trapped charge, Cox is the 

accumulation capacitance density of the oxide, and q the elementary charge, the 

corresponding electron charge density was calculated to be 3.08 × 1012/cm2. Recalling the 

PtNP number density of 1.72 × 1012/cm2 (Table 3-3), the above charge density corresponds 

to charging of ~1.79 electrons per PtNP. This value is known to be a slight overestimation 

since the PtNP number density is undoubtedly underestimated as a result of the inherent 
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limitations to TEM characterization of the PtNPs[19, 32]. Thus, the electron charging per 

PtNP is estimated to be about one. 

To simulate the activity of the second PtNP layer in a dual-layer PtNP-embedded 

MOSCAP, a device was fabricated with similar configuration to the dual-layer device but 

without the first PtNP layer. A 3 nm tunnel oxide described in Table 3-2 followed by a 3 

nm interparticle was deposited resulting in a total of 6 nm tunneling oxide. PtNP with ~1.11 

± 0.28 nm diameter and 5.4 × 1012/cm2 particle number density were deposited over  this 

thicker tunneling oxide (~6.4nm)  Figure 3-7 (c) shows the CV characterization for this 

device. Minimum initial charging was observed for this device even up to a programming 

voltage of ±15 V. Above 15 V, PtNP charging began and a distinct memory window was 

observed. The saturation of the memory window could not be reached for this device as 

the thin capping oxide thickness of 15 nm limited the measurements to a maximum bias of 

18 V, beyond which device breakdown would occur. These observations lead to an 

expectation of controlled charging of the PtNP layer when these two PtNP layer 

configurations are combined to form the final double-layer NVM MOSCAP. 

Figure 3-7 (d) shows the CV measurements for the final double-layer MOSCAP 

device fabricated combining the devices from Figure 3-7 (b) and (c) (i.e. 3 nm tunneling 

Al2O3 layer, 0.52 ± 0.12  nm primary PtNP layer, 3 nm interparticle Al2O3 layer, 1.11 ± 

0.28 nm second PtNP layer, and 15 nm blocking Al2O3 layer).  This device stack was 

probed over a voltage sweep range of ±18 V. There was an apparent increase in memory 

window associated with increase in bias, shifting the VFB in both directions and saturating 

over a voltage range of 7 to 14 V in both sweep directions. The near constant flat band 

voltage from 7 V up to a bias of 14 V indicates complete charging of the first PtNP layer 
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at 7 V with a charge density of 4.2 x 1012/cm2. VFB then shifts again beyond this range, 

exhibiting an increase in memory window (see also Figure 3-7 (e-f)). This shows that for 

a 6 nm tunneling oxide, there is no direct charging from the substrate to the second layer 

PtNPs until a 14 V bias is applied. Figure 3-7 (e) and (f) show the gate voltage dependence 

of the flat band voltage as extracted from the CV measurements for the program and erase 

operation and the total calculated memory window, respectively, which illustrate the 

distinct, controllable layer charging more explicitly than the raw CV measurements 

themselves. 
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Figure 3-7: (a-d) CV characteristics for NVM MOSCAP with (a) no PtNP layer (control), (b) a single 

0.52 ± 0.12  nm PtNP layer over a 3 nm tunneling oxide layer, (c) a single 1.11 ± 0.28  nm PtNP layer 

over a 6 nm tunneling oxide layer, (d) the final double-layer device (3 nm tunneling layer | 0.52 ± 0.12  

nm PtNP layer | 3 nm separation oxide | 1.11 ± 0.28  nm PtNP layer); (e) Flat band voltage as a 

function of gate voltage during program and erase conditions; and (f) Plot illustrating the step effect 

in the memory window as a function of gate voltage. 
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Figure 3-8 Retention characteristics for first layer charging and second layer charging with 7V and 

15V respectively. The left axis denotes change in Flat Band and the right axis denotes the total charge 

loss in percentage. 
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In order to  check device reliability in terms of oxide leakage and NP configuration, 

we performed charge retention measurements for the dual layer device at 7 V and 15 V 

programming voltage. Figure 3-8 shows that whole device charge retention (both first and 

second layer charging) is extremely solid with less than 9% charge loss for over 105 s. 

Meanwhile, the charge retention for the first layer only is greater than 98% due to the higher 

Coulomb charging energy for 0.52 ± 0.12 nm PtNPs. Thus, our devices can be used in 

multi-level architecture with good control over layer-by-layer charging, large memory 

window, and longer retention times.  

3.3.3 Effect of thinner tunneling layer and larger diameter 

first layer PtNP 

As mentioned above, the controlled charging phenomenon requires a precise, 

optimized nanoparticle configuration and device structure. Figure 3-9 shows the CV 

measurements of alternate double-layer device configurations with (a) a 2 nm tunneling 

oxide layer with the rest of the device configuration identical to that shown in Figure 3-9 

(d) and (b) 0.7 ± 0.19 nm diameter PtNPs with a smaller interparticle distance of 1.92 nm 

as the initial layer with the rest of the device configuration identical to that shown in Figure 

3-7(d). From Figure 3-9 (a), it can be seen that devices with a 2 nm tunneling oxide layer 

resulted in a 0.89 V initial charging even with a voltage sweep of ±1 V, indicating 

uncontrolled electron tunneling and a charge leaky device. This hinders the ability to 

exhibit controlled layer-by-layer charging and a huge memory window of 11 V is obtained. 

Similarly, increasing the PtNP diameter from 0.52 ± 0.12  nm to 0.7 ± 0.19  nm gives a 

corresponding smaller interparticle distance of 1.92 nm and the Coulomb charging energy 
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is reduced to 238 meV (Figure 3-9 (b)). In turn, the reduced Coulomb charging energy 

decreases the charge storage capability and there is charge leakage back to the substrate, 

indicated by the change in slope of the CV curves shown in the black focus circles in Figure 

3-9 (b)[20]. We also observe an initial charging of 1.32 V for a sweep voltage of ±1 V.  

Again, the charge leakage  at the PtNPs makes it difficult to observe controlled, step-like 

charging behavior and the device exhibits large memory windows showing complete 

charging with tunneled charges.  

The fact that these configurations do not exhibit layer-by-layer charging does not 

eliminate the possibility that they can. For example, using a 2 nm tunneling layer might 

require the MNPs in the first layer to have a higher Coulomb blockade effect to avoid 

charge leakage. Similarly, for larger size MNP with lower Coulomb charging energy, we 

might be able to exhibit layer-by-layer charging phenomena with thicker tunneling oxide. 

Obviously, when changing these parameters, the second layer MNP size and interparticle 

distance should also be modified in order to achieve proper device configuration for layer-

by-layer charging. 
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Figure 3-9: MOSCAP NVM with (a) 2nm tunneling, 0.52 ± 0.12 nm PtNP first layer, 3nm 

interparticle layer thickness, 1.11 ± 0.28nm Second layer PtNP and 15nm capping oxide (inset: 

extracted Flat band voltage vs. gate voltage for erase and programming mode); (b) 3 nm tunneling, 

0.7 ± 0.19 6 nm PtNP second layer, 3nm interparticle layer thickness, 1.11 ± 0.28 nm second layer 

PtNP and 15 nm capping oxide. (inset: extracted Flat band voltage vs. gate voltage for erase and 

programming mode) 
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3.3.4 Effect of varying the second layer Pt NP density 

Figure 3-10 shows the CV characteristics of MOSCAP NVM where the structure 

comprises of 3 nm tunneling Al2O3, first NP layer of 5 sec Pt NP(TA=23.8), 3nm separation 

Al2O3 layer and a low density Pt NP layer using 20s(TA=16.2 deg). Though there was 

negligible hysteresis window for +-2V of programming bias, the Vfb was shifted to 

difference of +2V from the ideal Vfb value. This shift corresponds to a total of 1.6e12/cm2 

charges using the relation for Nt(trapped charge) A lower number density of the second 

layer Pt NP corresponding to a higher inter-particle distance, thereby increased the 

coulomb blockade energy associated with the nanoparticle. Due to this, some of the Pt NPs 

trapped the electrons in the bulk oxide and developed a partial charge inside the dielectric. 

Removing this electron from the Pt NP (embedded in the dielectric) becomes impossible 

using potential voltages resulting in a shift of the net Vfb of the device. Because of this 

charging, from Figure 3-10 (a) the first NP layer is already saturated with electrons and the 

Vfb remains almost constant until a programming voltage of +-15V. Beyond this, the 

charging of second Pt NP layer is shown, but here we can expect the second layer to saturate 

at an early programming voltage due to a lower particle number density of the Pt NP layer 

which corresponds to a lower programming efficiency and charge storage capacity. Since 

in this device configuration the first layer Pt NP was similar to the one used for devices in 

Figure 3-9 and only second layer Pt NP was varied, a control sample for second layer Pt 

NP was fabricated and tested. Pt NP with 1nm diameter and 4e12/cm2 particle density 

(20sec Pt NP/TA=16.2) were characterized with a thicker tunneling oxide of 6.5nm 

between the Pt NP and Si substrate. Figure 3-10 (b) shows the CV characterization for this 

device with control second layer Pt NP MOSCAP without the first layer. It was observed 
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that there was no initial charging for this device even up to a programming voltage of +-

16V. Beyond 16V the NP layer started charging and a memory window was observed. The 

saturation of the memory window could not be reached. Figure 3-10 (c) shows the extracted 

Vfb values with respect to Programming and erasing operation for the CV plot in Figure 

3-10 (a). It is clear that the step effect is visible only in the erase operation as the first layer 

NP are getting charged from the charge in the Pt particle even under no bias. Due to this 

the NP are stored with electron and saturates up to 15V. Beyond this there is increase in 

Vfb in both directions. For Figure 3-10 (d) the step effect is more prominent but ambiguous 

due to the reason that, the memory window is nothing but the difference of Vfb at 

programming and erasing, and for this particular case the step is purely due to effect of 

controlled erasing operation. 
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Figure 3-10: CV characteristics of MOSCAP NVM (a) dual layer Pt NP with 3nm tunneling Al2O3, 

first NP layer of 5 sec Pt NP(TA=23.8), 3nm separation Al2O3 layer and a low density Pt NP layer 

using 20s(TA=16.2 deg) and 15nm Capping oxide; (b) Second layer Pt NP (20s/TA=16.2) only with 

7nm tunneling and 15nm capping oxide; (c) Change in VFB for program and erase modes and; (d) 

Extracted memory window  
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3.3.5 Effect of a thicker separation layer 

Figure 3-11 shows the CV characteristics for a thicker separation of 4nm Al2O3 

layer between the Pt NP. Figure 3-11(a) shows that due to an initial charging effect and a 

shift of Vfb by -0.4V, the initial charging was calculated to be 7.3e11/cm2 but carried by 

holes (due to a negative shift) and the first Pt NP layer was partially charged with these 

holes. Thus from Figure 3-11 (b), we can see partial control over the erasing behavior, but 

due to depletion of charges, for a positive program voltage the majority of the electron 

population starts charging the first layer and saturation is not reached even with +15V. At 

15V now the first layer Pt NP has enough energy to let the electron tunnel out from it to 

the second layer. Because of this effect, the device fails to exhibit a controlled charging or 

a step effect in its VFB plot. 
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Figure 3-11: Shows the CV characteristics and erase programming efficiency for a NVM MOSCAP 

with (a-b)3nm Tunneling, 5 sec Pt NP(TA=23.8), 4nm Separation Al2O3 layer, 20 sec Pt NP(TA=23.8) 

and 15nm capping (c-d) 3nm Tunneling, 5 sec Pt NP(TA=23.8), 4nm Separation Al2O3 layer, 20 sec 

Pt NP(TA=16.2) and 15nm capping     
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Here, an inverse effect is observed where the VFB shifts to the right because of the 

small size Pt NP at the second layer. The small size Pt NP at second layer corresponds to 

a higher coulomb energy associated with it and thus traps the electron in the bulk oxide. 

These trapped electrons in the second layer exhibit coulomb repulsion making it difficult 

to charge the first Pt NP layer. Also, this trapped electron corresponds to a shift in Vfb 

exhibiting asymmetric charging. Though, charging becomes a challenge with smaller Pt 

NP in second layer, the erasing operations becomes feasible exhibiting first layer saturation 

at -8 to -12V and creating a step-wise effect 

Although the configurations in Figure 3-9, Figure 3-10, Figure 3-11, do not 

necessarily exhibit the multi-bit modes (or controlled charging), they are essential to 

endorse the fact that it is important to precisely control the Pt NP configurations and the 

thickness of the tunneling and inter-particle dielectric to see controlled layer by layer 

charging of Pt NP with electrons.  

3.3.6 Avoiding lateral tunneling and Coulomb staircase 

Apart from the electron tunneling from the first layer to the second layer directly, 

there could be two other mechanisms leading to an increase in memory window. 1) 

Addition of extra electrons in the metal nanoparticle exhibiting coulomb blockade staircase 

effect, and 2) Lateral tunneling of electrons within the same NP layer. In order to validate 

the claims in these experiments it is important to prove that these two mechanisms are not 

liable for the demonstrated effects. Firstly, For single layer Pt NP device, the electron can 

be continuously injected to the charge trapping Pt NP during the programming operation, 

however the flatband voltage can reach a saturation as long as the bias potential lower than 
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the next level of Pt NP charging energy. For coulomb blockade staircase effect to take place 

the energy required at the 5 sec Pt nanoparticle to add another electron from equation (ii) 

is calculated to be 1264 meV (with n=2). This high energy is clearly not provided through 

the φ potential at the NP, thus this mechanism doesn’t hold true for the configuration 

studied here. Moreover, as capacitance coupling depends on the number of trapped charges 

in the Pt NP, coulomb repulsion will not allow more than 1 electron per particle.  
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CHAPTER 4: Neutron Detectors with 

integrated Pt NP and 10B 
 

4.1 INTRODUCTION 

Neutron detectors have applications in many fields as area monitors and personal 

dosimeters in health physics and homeland security applications. They are also used in 

biological applications-> to measure absorbed ionization radiation in human tissue for 

radiation, -> to measure neutron, gamma and beta exposure to monitor radiation levels in 

space and nuclear powered vessels, and -> in commercial nuclear power plants for 

monitoring spent atomic fuel and in-core and out- core instrumentation. They also play an 

important role for detection of nuclear-based Weapons of Mass Destruction (WMD) using 

special nuclear materials (SNMs) in cargo containers at port of entries. SNM typically 

emits neutrons making the detection of these materials feasible. Due to the extremely 

important nature of neutron related applications, and their hazardous consequences to 

health and safety, it is important to detect neutrons using efficient systems. Neutron 

detectors are mainly classified as non-powered and powered. Although, non-powered 

detectors like thermo-luminescent[1], bubble[2] and track-etch[3] dosimeters have an 

advantage due to their cost and simplicity, they cannot be used for instantaneous real time 

neutron detection and thus one choses powered detectors for real time detection. The most 

commonly used powered neutron detector is a He3 proportional counter, where a gas filled 

tube is exposed to the ionizing particle of interest [4]. This leads to a gas ionization process 

and a current due to an avalanche process which is determined through the ionization 

energy of the incident particle. Since the ionization of gas molecules is dependent on the 
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incident neutron, the kinetic energy of the neutron can be determined by estimating the 

number of ionized gas molecules in the chamber [4]. These detectors are often 

accompanied by bulky enclosures and high power batteries to power up the electronics and 

analyzers involved. This is where portable solid-state-device (SSD) based detectors come 

into play. 

Any detection process requires a measureable change of energy when the detector 

encounters the detecting agent. This change in energy depicts a detectors efficiency to 

detect – for example, how fast it happens and the magnitude of the change with respect to 

the detecting-agent interaction. For traditional neutron interaction with materials, this 

change in energy is typically based on properties like ionization potential [4], but these 

changes are not sensitive and selective enough to be of practical use as real-time neutron 

detection schemes. Reliable energy transduction technology relies upon radiation-induced 

effects in the electrical structure of a device to produce a plausible signal [5, 6] , however, 

the ionizing nature of neutrons significantly limits the probability of such reactions 

occurring locally, which are often undetected. For simple SSD based detectors, neutron 

reactions with inorganic semiconductors such as Si and GaAs do not have high enough 

cross sections to produce sensitive thermal neutron detectors [7] It is for this reason that 

two material isotopes of interest in neutron detection studies are 6Li and 10B:which are 

capable of undergoing specialized capture reactions with low-energy neutrons that can 

convert the difficult-to-detect neutral particle (neutron) into energetic charged-particle.6Li 

has a capture cross-section of 940 Barns compared to 3840 Barns for 10B, due to which 

typically 10B based compounds are preferred for neutron capture converter materials[8]. 
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Thermal neutrons absorbed by 10B produce 7Li (1.015 MeV)  + 4He(1.777 MeV) 

with a branching ratio of 94% and  7Li (0.84 MeV)  + 4He(1.470 MeV) + 0.482 MeV 

gamma ray with a branching ratio of 6%.  The 7Li and 4He are charged particles with a 

traversing range of 2.7 – 3.0 µm and 5.1 – 6.4 µm in decaborane (B10H14) respectively[7]. 

For solid state detectors, to make neutron detection feasible, a converter (or active sensing) 

layer comprised of 10B or 6Li is usually incorporated within the active vicinity of the 

operating PN junction or MOSFET device to achieve desirable changes in the operating 

behavior upon neutron interaction and charged particle interaction [8-12]. A detection 

event occurs when a decelerating charged particle upon neutron capture creates electron-

hole pairs in (or close to) the converter region of the radiation sensor.  

Figure 4-1shows the reaction mechanism for neutron capture for 10B. As depicted 

in the figure, the energetic particles are produced at a phase difference of 180 degree to 

each other and these energetic particles create e-h pairs that contribute to sensing 

mechanisms. Typically, all solid state neutron detectors generate and separate these 

electron-hole pair through a hetero-structure geometry. The direct-conversion resistive or 

dielectric hetero-structures are consequently the most efficient architectures, which are 

often limited by lack of materials in which the majority constituent is a high-neutron-

capture-cross-section isotope that also yields energetic particles upon neutron capture and 

is capable of generating and separating e–h pairs.  
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Figure 4-1 (a) Interpretation of neutron interaction in a Boron enriched converter layer (b) reaction 

products in 180 degree phase  
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This limitation for direct conversion hetero-structures has driven most of the recent 

research towards studying and optimizing PN junction and Schottky devices[8, 12]. 

Especially, these architectures are based on an indirect conversion where the neutron 

conversion material is placed in the vicinity of the device, so that the scattering or reaction 

capture products may create e-h pairs in the space charge region for a noticeable change in 

current characteristics. Due to the highly directional nature (180° phase shifted) of neutron-

capture reaction products, only a fraction of them take part in signal transduction limiting 

even the theoretical efficiency of detection <10%. Experimentally, only a maximum of 

3.7% detection efficiency has been observed. Currently, research led by McGregor et al. 

focuses on development of perforated and thin film coated semiconductor thermal neutron 

detectors, mostly as PIN diodes[10-12]. They use such converter materials to convert 

neutron capture into energetic components detectable through their PIN diode 

configuration. The presence of a depletion region in these devices allows them to operate 

as a neutron detector. The charge carriers created by the passing energetic particles are 

carried out of the depletion region by the electric field to create a current pulse proportional 

to the number of created charges. The sensitivity of these devices are increased by 

operating them in reverse bias with a larger depletion region, but their efficiency are still 

limited by the probability of energetic particles arriving at the junction (due to the 

directionality of reaction products). To improve the energetic particle interaction with their 

PN junctions, Mc Gregor et al etched trenches in their substrate to backfill it with 10B based 

neutron converter materials and used the neutron capture event to efficiently collect the 

energetic particle for a detection signal[10-12]. This technique, though still based on an in-

direct architecture, results in an intrinsic efficiency of 30% for neutron detection, and thus 
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is still limited by the capturing efficiency of the traversing energetics particles which are 

highly directional. 

SRAM (Static Random Access Memory) detectors have also surfaced in recent 

years where the converter layer materials are back filled in a Silicon-On-Insulator (SOI)- 

based SRAM cell. In these structures, upon neutron exposure, a soft error involving a 

change of state is caused which instantaneously changes the digital information in the 

memory cell [13-15]. For all these configurations, the converter layer is used as an indirect 

conversion layer where it is not a part of the device. Thus, these suffer from low detection 

efficiency due to an indirect architecture and irreversible radiation damage[16], making 

them unreliable and expensive [8, 9, 11, 12].  

In this chapter, we would discuss development of a highly sensitive neutron 

detector with 10B enriched Pt Nanoparticles (Pt NP) embedded MOSCAP structures, where 

the neutron converter layer acts as a dielectric- making it an active part of the device, 

thereby defining it as a direct conversion architecture[8]. We explore new methods to 

separate and sustain charges in direct-conversion dielectric hetero-structures, which has 

been and continues to be a grand challenge. We address this challenge by developing a 

novel method to incorporate metal nanoparticles (NP) as charge trap centers embedded in 

the dielectric layer of the MOSCAP architectures. The NP and 10B based material serves 

towards both neutron capture (by 10B) as well as hold generated charges (by Pt NP) for 

usable signal transduction. The 7Li and 4He are charged particles with a range of 2.7 – 3.0 

µm and 5.1 – 6.4 µm in carborane, respectively. A detection event occurs when a 

decelerating charged particle generated upon neutron capture creates electron-hole pairs in 

or at the interface to the converter region of the device. Most importantly, the embedded 
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Pt nanoparticles act as trap centers for any charge separation generated by primary reaction 

products of a neutron capture event. Similar analogies were observed  in various 

applications of these NPs through several years[17]. Using these NP, we have seen 

phenomenal charge trapping and retention for MOSCAP devices due to the Coulomb 

blockade effect [18-21]. The unique properties of these NPs were utilized in highly 

sensitive and fast detection of explosive vapors through efficient charge transfer between 

NP and explosive molecule [22]. In another application, TiO2 nanowires decorated with Pt 

NPs exhibited extremely high CO2 photoreduction efficiency due to the fast electron-

transfer rate in TiO2 single crystals and the efficient electron−hole separation by the Pt NPs 

[23]. In this work, we exploit these unique charge separation properties to capture charges 

generated through energetic reaction product interaction leading to detection of neutrons.  

4.2 Experimental details: 

4.2.1 Device Fabrication 

For the different type of capping oxides (PS/DB and Al2O3), control samples were 

fabricated with no embedded Pt NP layers. Dual layer devices (similar to one in CHAPTER 

3:) and control sample were fabricated with a polystyrene and decaborane mixture as 

capping oxides. Traditional Si and Al2O3 based MOSCAP with embedded Pt NP were also 

fabricated to compare and study detection schemes. The samples were prepared on 

modified Shiraki[24]-cleaned P-type Silicon wafers with 5-10 Ω-1-cm-1 resistivity 

terminated with a 0.9 nm chemical oxide. Tunneling Al2O3 dielectric layers were deposited 

by atomic layer deposition (ALD, Cambridge Nanotech) at 350 °C using water and 

Trimethylaluminum (TMA) precursors with a deposition rate of 0.8 Å/cycle. The TMA 
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precursors for the ALD system were purchased from Sigma-Aldrich. Since hydroxyl-

terminated surfaces are essential for complete TMA reaction coverage and defect-free 

Al2O3 formation[25], water was pulsed for twenty cycles (0.02 s pulses with 8 s purge 

interval) prior to flowing any TMA vapor. This was followed by 35 repetitive cycles of 

0.015 s TMA and 0.02 s H2O with 8 s purge interval. The 35 cycles lead to a total of 3.22nm 

of tunneling oxide (thickness measured using ellipsometer a J.A. Woollam ellipsometer) 
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Figure 4-2: Device Schematic for Si based Pt NP embedded MOSCAP device (a)Dual layer Pt NP with 
10B enriched Decaborane/Polystyrene capping layer (b) Dual Layer Pt NP embedded MOSCAP 

without Polystyrene/Decaborane layer, and (c)Single Layer Pt NP embedded MOSCAP with 

Polystyrene/Decaborane capping layer 
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Table 4-1: Different Layers with thickness and method of deposition 

Layer  Thickness/size Method 

Bare Si substrate with 

SiO2 

0.9 nm Chemical - Shiraki 

Tunneling Al2O3 3.2 nm ALD 

Pt NP 0.5 nm Tilted Target Sputtering 

Inter dielectric 3.2 nm ALD 

Pt NP 1.11 nm Tilted Target Sputtering 

Blocking Al2O3 3.2 nm ALD 

Capping 

Polystyrene/Decaborane 

122 nm Spin coating 
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After the tunneling layer deposition, for devices depicted in Figure 4-2 (a) and (b)  the first 

Platinum nanoparticle (Pt NP) layer was deposited using a tilted target configuration with 

23.8 degree target angle, 30 W deposition power and 5s deposition time as detailed 

previously[17]. For dual layer devices (Fig 2(a-b)) the first Pt NP layer was followed by 

depositing a 3nm inter particle Al2O3 layer at 100°C, followed by the second Pt NP layer 

deposited at 23.8/20s/30W. For capping oxides, two variations were made for a controlled 

experiment on understanding the interaction: 

For traditional Si/Al2O3 memory devices (Figure 4-2 (b)), where the devices were capped 

with a 15nm Al2O3 using ALD, followed by 150 nm Ti electrode deposition. For the 

neutron detector MOSCAP structure, the devices were capped with an interfacial 3nm 

ALD-deposited Al2O3 and spin coated with Polystyrene ((C8H8)n)/ Decaborane (B10H14) to 

deposit the neutron converter region. Capping oxide for devices in Figure 4-2(a),(c).This 

was followed by 100nm Ti and 50nm Au electrode deposition using a Kurt J. Lesker Axxis 

electron beam evaporator equipped with a multi-pocket deposition system. For devices 

shown in Figure 4-2 (c), single layer Pt NP were deposited using 23.8°/20 s and 23.8°/45 s 

atop the 3nm tunneling Al2O3layer. These were followed by 3nm Al2O3 and 122nm PS/DB 

layer and Ti/Au electrode deposition. 

10B Neutron Converter Layer synthesis: 90 mg Polystyrene and 250 mg Decaborane was 

mixed in Toluene to form a Polystyrene-Decaborane mixture. This was then spin-coated 

on Si based memory stack to form the converter film. These films were then cured in 

vacuum for 12 hours (room temperature) for slow polymerization and the heated at 90C 

and 150C  for 10 minutes in a Nitrogen filled glove box to remove any intrinsic solvent. 

The ellipsometry measured thickness of this film was 122.227 nm. 
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4.2.2 Neutron Exposure  

Both the device types- traditional and Ps-DB based, were exposed to a well-

characterized mixed field thermal neutron beam in the University of Missouri – Research 

Reactor (MURR).  The gamma dose measured at the irradiation position is 64 cGy/h and 

the thermal neutron flux is 8.5X108 n/cm2/s at 0.023eV. Figure 4-3 shows the neutron source 

distribution plot for the beam created at MURR, the samples were strategically placed such 

that only the thermal component of the beam was used for irradiation, in this case the 

0.0253eV peak was used. For detector response and analysis, these devices were exposed 

for different durations to control the number of incident neutrons. Au fission foils estimated 

the different doses to be 1.19E10, 1.615E10, 3.0175E10 and 5.1E10 n/cm2. Samples 

without any exposure were also retained for comparison and control. 
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Figure 4-3: Unshielded neutron source distribution plot 
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4.2.3 Electrical characterization 

After neutron exposure, the devices were immediately measured for observable 

changes in their behavior. Capacitance-Voltage (C-V) measurements were performed at 

room temperature in a 4200SCS Keithley semiconductor characterization instrument. A 

shielded probe station from Signatone micromanipulators was used as a testing station. 

4.3 Results and discussion 

For proper understanding and a systemic study, the devices shown in Fig 5-2 are discussed 

in separate sections to emphasize the importance of their individual attributes towards 

device configuration.  

4.3.1 Neutron exposure on Samples with PS/DB capping layer 

and no embedded Pt NP: 

Figure 4-6 shows the capacitance voltage curves for the device with 122 nm 

Decaborane/ Polystyrene layer and no embedded Pt NP.   Plots 4-4 (a) through (e) shows 

the C-V plot at zero neutron exposure, 1.19E10, 1.615E10, 3.0175E10 and 5.1E10 

neutrons/cm2 respectively. Fig 4-4(f) shows the compiled plot for comparing the C-V 

curves where it is evident that there is no change in the response for these devices. These 

devices were fabricated to analyze the importance and the role of Pt NP in the sensor 

system.  

Though these devices didn’t show a characteristic neutron response, it was 

important to study and understand the behavior of the newly synthesized dielectric material 

composed of B10H14 (Decaborane) using C-V. Conventionally, parameters derived from 

the C-V analysis can classify the type of dielectric and identify the necessary properties 
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pertaining to dielectric behavior. Especially, any irregularity in an ideal C-V curve for 

traditional Si-based MOSCAP (like flat band shift, stretched C-V, hysteresis etc.), will 

directly relate to its properties and its interface with the semiconductor[26]. For the PS/DB 

devices studied here, the ideal flat band for these devices with the metal-semiconductor 

work-function difference is at -0.35, but the experimental flat-band is at -2.7V for most 

devices in Figure 4-6. This negative shift in flat band voltage for control sample denotes 

trapped charges in the dielectric which is purely contributed through the electron deficient 

PS/DB layer. According to Cotton’s Advanced Inorganic Chemistry (pg 188, 5th edition, 

1988); boranes are electron deficient because there are not enough electrons to allow 

formation of conventional 2 electron bonds between all adjacent pairs of boron 

atoms[27]. This leads to covalent bonds that are not observed in carbon based alkane 

systems.  For example, there are 3 center 2 electron B-B-B bonds and 2 center 2 electron 

bonds B-B, B-H and B-H2, leading to incredibly complex chemistry.  In many of the 

boranes, the boron atoms are capable of acting as electron pair acceptors in an attempt to 

complete the octet. In the case of B10H14 there are 14 electron vacancies in a lewis structure 

to satisfy the octet rule. As such, boranes are often lewis acids which are electron acceptors. 

Since the dielectric is enriched with these acceptor atoms we see a negative shift in the 

Voltage flat band. Currently, for these devices a negative shift of -2.35 is observed 

corresponding to 1.9 x 1011 holes/cm2 as trapped charge density in the oxide. 

For neutron detection, a measurable detection for MOSCAP can be through a shift 

in C-V curve after neutron exposure, which will correspond to the charge trapping ability 

of a device. With trapped charges, the flat-band voltage of the device shifts such that the 

direction and the magnitude of this shift (ΔVFB) can be used to predict the number of 
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charges using the relationship Nt = (CoxΔVFB)/q, where Nt is the trapped charge, Cox is the 

accumulation capacitance density of the oxide, and q the elementary charge. For these 

devices in Figure 4-6, we believe that the neutron converter region captures and converts 

the incident neutron to energetic reactions products of mostly 7Li (1.015 MeV) + 4He 

(1.777 MeV), where these energetic products create electron-hole pairs through their 

traversing path. Though generated, the e-h pairs are not trapped due to which they get 

recombined and lost, making it impossible to convert the transduction to a usable signal. 

This becomes a traditional example of direct-dielectric architecture which is capable of 

generating electron-hole pairs but fails to separate them through this architecture, which is 

a major limitation for devices of such type. But by itself, these devices showed optimum 

device performance using a polymer dielectric enriched with 10B (decaborane). Based on 

present literature, this is the first investigation of such devices in MOSCAP configurations 

ever reported. From the C-V curves, for a Cox of 1.3e-8 F/cm2 and a dielectric thickness of 

122.227 nm PS-DB and 9.4 nm Al2O3, the experimental dielectric constant is calculated to 

be 1.93, which is close to the reported dielectric constant of pure Polystyrene films (2.6) 

[28]. This reduction in overall dielectric constant could be due to the addition of decaborane 

in polystyrene. 
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Figure 4-4: Different types of oxide charges 

 

In a typical MOSCAP, a voltage shift in flat band is due to the sum of all charges 

ΔVfb= 
𝑄𝑓+𝑄𝑚+𝑄𝑜𝑡

𝐶𝑜𝑥
 

Where the Qf is the fixed oxide charge, Qm is the mobile ionic charge, and Qot is 

the trapped oxide charge.  

For a MOSCAP, the flat band is given by  

Vfb= Φms -  
𝑄𝑓+𝑄𝑚+𝑄𝑜𝑡

𝐶𝑜𝑥
 

Where Φms is the work function difference. The oxide charges are specific to their 

type and location and effectively change C-V characteristics. As shown in Fig, Qf is located 

at the interface of the Si-Al2O3, it is generally positive and its density is not greatly affected 

by the oxide thickness or by the type or concentration of impurities in the silicon, but it 

depends on oxidation and annealing conditions, and on silicon surface orientation. Mobile 

ionic charges are throughout the oxide and can move back and forth through the oxide 
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layer, depending on biasing conditions, and thus give rise to voltage shifts. The oxide 

trapped charge is associated with defects in the oxide. The oxide traps are usually initially 

neutral and are charged by introducing electrons and holes into the oxide layer. This can 

occur from any current passing through the oxide layer, hot-carrier injection, or by photon 

excitation.  

Hysteresis can be due to interface states or at higher biases due to mobile ions and 

trapped charges. For thinner films, the E-field generated due to the applied bias is typically 

high enough to move these mobile charges or to charge the trap locations within the 

dielectric at low bias conditions. However, for thicker films the hysteresis is primarily due 

to interface states at low bias conditions and often require high biasing to move the mobile 

charges and activate the trap sites in the thick dielectric. In the case of control sample 

without any PS/DB layer, with a ~20nm Al2O3 we see hysteresis at low bias due to interface 

states and some mobile/trapped charges (0.15V at ±1V). At higher biases, the effect of 

mobile charges on hysteresis is more pronounced leading to a hysteresis of around 1.3V at 

a sweep of ±8V. In case of control devices with PS/DB layer, the hysteresis remains 

consistent at around 0.1V (less than 0.15V as seen in the control case without PS/DB) even 

at higher biasing operation up to ±8V, which is most likely due to just the interface states 

where mobile and trapped charges are not contributing. The absence of larger hysteresis at 

higher bias operation indicates that we are not moving mobile charges or activating trapped 

charges (which would contribute to hysteresis) within the operating bias regime. This is 

because the dielectric layer 122nm PS/DB + 6nm Al2O3 is too thick to generate a high 

enough E-field to move the mobile charges (or activate trap sites) through the dielectric.  
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Figure 4-5: Frequency Dispersion C-V plot for (a) 20 nm Al2O3 Control sample without PS/DB 

capping and (b) 6nm Al2O3 with 122nm PSDB capping oxide MOSCAP. 
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Since for the thick PS/DB layer, the contribution from the mobile charges and 

trapped charges are minimal for the studied biasing conditions, thus it is logical to conclude 

that the -2.35V flat band shift is primarily due to the fixed charges. It should be noted that 

fixed charges are primarily due to the processing condition of the dielectric. These fixed 

charges were not observed in control sample without PS/DB which leads us to the 

conclusion that the processing condition (like annealing at 90C and 150C for PS/DB film) 

of the dielectric contribute towards creating the fixed charges near the Si-Alumina interface 

and results in a flat band shift. It is well known that polymer dielectrics have lot of mobile 

ions which during annealing are likely to penetrate the Alumina layer and result in fixed 

charges near the interface. From Figure 4-5 , when we compare PS/DB (a) and control 

Alumina without PS/DB (b), it can be seen that the PS/DB C-V curves are stretched and 

show a high degree of frequency dispersion compared to the Alumina control, which is 

generally attributed to charging near the interface.  Based on the evidence so far it is 

probable that this results in change in Vfb.  
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Figure 4-6:C-V plots for Control sample with no embedded Pt NP with stack configurations of Si/9 

nm Al2O3/122nm PS/DB layer; exposed to neutron dose of (a) 0 n/cm2(b) 1.19E10n/cm2, (c)1.615E10 

n/cm2, (d)3.0175E10n/cm2 and (e)5.1E10 n/cm2 .(f) shows the combination of all plots for comparison.  
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4.3.2 Samples with PS/DB capping layer and embedded Single 

layer Pt NP: 

Figure 3-2 shows the TEM images for Pt NP deposited by tilted target configuration 

at tilt angle/deposition times of 23.8°/5 s (0.52 ± 0.12  nm), 23.8°/20 s (1.11 ± 0.28  nm) 

and 23.8°/45 s (1.45 ± 0.36 nm). This configuration allows tunable size and density in the 

sub-nm range described elsewhere [17]. This unique ability to control the nanoparticle size 

and density in the sub-nm regime has been the basis of controlled charging and effective 

retention. With coulomb blockade energy ranging from 100meV up to 300meV, there has 

been evidence of high density charging and phenomenal retention with devices using 

embedded Pt NP in their dielectric[17, 22, 29, 30]. Table 4-2 shows the Coulomb charging 

energy of specific sized Pt NPs with 3 nm tunneling Al2O3 layer. 

 

Table 4-2 Pt NP size and its associated Coulomb charging energy 

Deposition 

time 

Pt Nanoparticle 

diameter (nm) 

Coulomb charging 

energy (meV) 

5 0.54 336 

20 1.11 147 

45 1.45 62.8 

 

As described in [29, 30], the charging of Pt nanoparticle is highly dependent on the 

Coulomb charging energy and the Quantum confinement energy. Higher energy means that 

the ability to discharge a Pt NP (remove an electron) will need a higher matching potential 

energy. For Single layer Pt NP embedded in Al2O3 dielectric of 3 nm tunneling and 15nm 
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capping oxide, we can derive the biasing voltage required to program and erase the device. 

Typically for stacks with Si/Alumina/Pt NP/Alumina/ Ti there will be capacitance coupled 

from both the tunneling layer and the blocking layer. The sum of these capacitances will 

give us the total capacitance induced at the NP and thus the required energy. 

For a spherical NP with Sphere-plane configuration 

 

  

The capacitance is given by [31] 

 

C = 2πϵ√𝑑2 − 4𝑎2 ∑(coth [(𝑗 +
1

2
) 𝑎𝑟𝑐𝑜𝑠ℎ (

𝑑

2𝑎
)] − 1)

∞

𝑗=0

 

Or  

]

2
1

2

2
1[4

2

2






















d

a

d

a

d

a
aC medium

 



 

143 

 

Where ‘a’ is the radius of the nanoparticle and ‘d’ is the distance from the surface 

of the electrode to the center of the nanoparticle. Using these, equations for CBO(blocking) 

and CTO(tunneling) can be computed 

 

 

 

Total capacitance associated to the NP is 

𝐶𝑡𝑜𝑡 = 𝐶𝑇𝑂 + 𝐶𝐵𝑂 

It must be noted that even though it looks like the capacitors are in series in the 

figure, for the actual capacitance coupled at the nanoparticle, they will act as parallel 

capacitors and thus it will be a summation of ingredient capacitances. 

Table 4-3 Capacitance terms associated to the 0.5 nm Pt NP 

 NP size oxide thickness Capacitance 
CTO 0.5 3.2 2.3092E-19 
CBO 0.5 15 2.24402E-19 
CTOT   4.55322E-19 
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Table 4-3 shows the self-capacitance calculated for 0.5 nm Pt NP. To derive the voltage 

required for charging one electron onto a nanoparticle, the work done should be ‘equal 

to’/’greater than’ change in the energy at the NP.  

𝑈𝑁(N) =
𝑒2 (𝑁 −

1
2)

𝐶tot
= W = e𝑉𝑏𝐶𝐵𝑂/𝐶𝑡𝑜𝑡 

Where N is the number of electrons, Vb is the bias voltage. 

If we include quantum confinement, the total energy required for addition of 

electron will be quantum confinement energy (Q.C.E) + Coulomb charging energy. Thus, 

the work done should be matched by applied Vb, and the equation becomes, 

𝑈𝑁(N) = Q. C. E +  
𝑒2 (𝑁 −

1
2)

𝐶tot
= W = e𝑉𝑏𝐶𝐵𝑂/𝐶𝑡𝑜𝑡 

Where Q.C. E for different sized Pt NP (Table 4-3) can be calculated using [31], (Ef for Pt 

is 5.6 eV) 

  

Table 4-4: Quantum confinement energy for different Pt NP 

NP size QCE(meV) 

0.5 663.3333 

0.7 234.1177 

1.11 57.68116 

0.65 284.2857 

 

𝐸𝑛𝑒𝑟𝑔𝑦 𝑙𝑒𝑣𝑒𝑙 𝑆𝑝𝑎𝑐𝑖𝑛𝑔 
𝑑𝐸𝑓

𝑑𝑁
=

2

3

𝐸𝑓

𝑁
 

Ef= Fermi Energy of the bulk material 

N= number of atoms in the nanoparticle [17]  
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Adding Coulomb charging energy to Q.C.E and calculating Vb, for the case of 0.5 

nm Pt NP in a regular 3nm tunneling and 15nm capping Al2O3 stack, we get a required 

voltage of 1.7024V and for 1.11 nm Pt NP we get a required voltage of 0.275V. This 

voltage delivers the required energy through a created E-Field around the NP which 

accelerates the programming/erasing behavior. In the case of PS/DB samples, the problem 

becomes a more complex phenomena since the capacitance coupled to the blocking oxide 

is through two different oxide materials (the capping layer is 3nm Al2O3 and 122nm 

PS/DB). Thus, to simplify, we calculate the E-Field required for programming and erasing 

in an Al2O3 system. This E-field around the Pt NP is matched in the PS/DB devices in order 

to calculate the required biasing for program/erase operation. For example, in the 18nm 

Al2O3 samples without PS/DB layer, the programming voltage for 1.11nm Pt NP was 

calculated to be 0.27V creating a total E-field of 15 MV/m. In order to derive the 

programming voltage of similar systems but with a 122 nm PS/DB capping layer the E-

field was matched to 15 MV/m in the layer around Pt NP and the required gate voltage was 

calculated using the voltage divider rule for the different dielectric material. A 4.4V of 

equivalent gate voltage was calculated to create a 15MV/m E-field around the Pt NP in 

devices with 122nm PS/DB layer. Similarly for the 0.5 nm Pt NP, the 1.7V requirement 

corresponds to 36.09V gate voltage requirement in a PS/DB capping layer device, and for 

1.4 nm Pt NP the requirement is calculated to be 2.4V. Thus, for single layer devices 

embedded with Pt NP the direct relation of NP size and the voltage required to program 

becomes a key governing factor to determine the usability of these devices as neutron 

detectors.  
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Table 4-5: Required Gate voltage to exhibit programming in devices with 122nm PS/DB capping layer 

NP Size Required Gate Voltage 

1.4 nm 2.4 V 

1.11 nm 4.4 V 

0.5 nm 36.09 V 

 

Table 4-5 becomes very important to determine the type of NP that can be used for 

usable signal transduction. When a neutron capture event is converted to energetic particle, 

the e-h pair generation in different device layers are created and trapped in these NPs 

energetically. Since this study is based on post exposure measurements, when the devices 

are swept with gate voltages to measure the C-V curves, the devices with 1.11nm and 

1.4nm becomes unusable since the sweeping voltage will typically remove the collected 

charges after a neutron detection event. Thus, only devices with 0.5nm Pt NP as their first 

layer in a dual layer achitecture becomes applicable for neutron detection using post 

exposure measurement techniques, where the energetically programmed Pt NP retains its 

charges even during a sweep voltage of ±10V. 

Fig 4-5 shows the C-V (hysteresis) curves for devices with embedded 1.11 nm and 

1.4nm Pt NP, were there was no memory window for 1.11nm Pt NP but a slight window 

(4.36V) for 1.4nm Pt NP was observed (Fig 4-5 (b)). Since these devices exhibited memory 

windows, their ability to program and erase the Pt NP by using the gate potential renders 

its use as neutron detectors for post-exposure measurements. This is mainly because, the 

trapped charges upon a neutron detection and energetic particle interaction will get driven 

out or erased during a read/write cycle making it impossible to determine a capture event. 



 

147 

 

These devices were exposed to different neutron doses to verify their detection ability.  

Figure 4-7(a) shows the C-V curves for 1.11nm Pt NP embedded devices under different 

neutron exposure where there was no observable response. We believe that upon neutron 

exposure when the traversing energetic particles are creating e-h pairs, the Pt NP might be 

trapping the electrons but losing it sooner due to retention ability of these Pt NPs.   Since 

the charge is lost immediately after exposure, the trapping effect is not detectable for post-

exposure measurements. Similarly, for Figure 4-7 (b), the C-V curves showed a slight 

change in memory window which is again not quantifiable for reliable signal transduction. 

Moreover, as discussed, the electrical read/write ability is not desired for a reliable 

detection event. Though these devices failed to respond for post-exposure characterization, 

they will be excellent candidates for in-situ monitoring using MOSFET architectures, 

where a trapping event can correspond to shift in threshold voltage, thereby generating a 

pulse. The ability to remove the charges from Pt NP electrically, becomes beneficial at that 

point making the device re-usable. This has been demonstrated in a different scenario 

where MOSFET configurations were used for chemical analyte detection [22]. 
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 7 

Figure 4-7: C-V plots for neutron exposure results for single layer Pt NP embedded MOSCAP with 

PS/DB layer embedded with (a)1.11 nm Pt NP and (b)1.45 nm Pt 
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4.3.3 Neutron exposure on Samples with PS/DB capping layer 

and embedded dual layer Pt NP:   

Pt NP with sizes ~0.5nm exhibit high coulomb blockade and charging energy which 

requires higher bias voltage to charge these NP, which falls out of the operation voltage 

(~35V refer to section on page 141). But once they are combined in a dual layer 

configuration with a larger particle, they get charged and would show exceptional retention 

ability[18, 30]. For such properties, these 0.5nm Pt NP has been mainly used as a part of a 

dual layer system, and the role of the 0.5nm Pt NP is to block any charge flow between the 

second layer and the Si/oxide interface (at low voltage ranges) and thus improving charge 

retention. For this work, the 0.52 ± 0.12 nm and 1.11 ± 0.28  nm PtNPs were chosen for 

their phenomenal charge retention properties when fabricated with PS/DB based dual layer 

devices (reported in chapter 4). The 0.52 nm Pt nanoparticle provides two advantages upon 

using them as the first layer: 1. it improves the retention and helps reduce any charge 

leakage to the semiconductor and 2. it increases the required voltage for programming(35V 

for devices with PS/DB layer). This advantage makes these devices instrumental for 

neutron detection studies. A second layer of 1.11nm Pt NP was used for high density charge 

trap centers for efficient charge collection upon e-h pair generation during a neutron 

conversion event. 

Figure 4-8 shows the C-V curves for dual layer Pt NP and 122nm 

Decaborane/Polystyrene capping layer as depicted in Fig 4-2(a). Figure 4-7(a) and 4-7(b) 

are two iterations of similar device stack but with different annealing temperatures(150C 

and 90C) of the PS/DB layer. The Figure 4-8 (a) denotes C-V for devices annealed at 150C 

and Figure 4-8 (b) denotes the C-V curves for 90C annealing. As it can be noted, the 
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devices in Figure 4-8 (a) are shifted to a flat band of +0.5V even at zero exposure. The film 

in these devices showed irregularity with topological cracks when annealed at 150C, which 

was adjudged to have degraded the device quality. This degradation has led to an 

unintentional charging of the embedded Pt NP which resulted in a positive shift of the flat-

band. For Fig Figure 4-8 (b), the devices annealed at 90C and zero neutron exposure, 

showed a flat bad shift of ~ -2.6V, which is close to that observed in control samples, and 

therefore we believe that these devices had better performance compared to the one on 

Figure 4-8 (a).  For both of these devices,  due to a 3.2nm Al2O3 tunneling and a thick 

capping PS/DB dielectric, the required voltage to drive the charges in and out of the 

nanoparticle drastically increases making it impractical to charge the devices electrically. 

This observation leads to the design of a detection scheme, where energetic particles create 

electron-hole pairs in the vicinity of the NP, which gets trapped in the NP, changing the 

electrical characteristics of the device. Figure 4-8 shows the C-V plot at different neutron 

exposures ranging from zero exposure, 1.19E10, 1.615E10, 3.0175E10 and 5.1E10 n/cm2 

for both devices. . It is clearly evident there is a continuous shift in the voltage flat band as 

we increase the neutron dose corresponding to trapped charges in the dielectric.  Upon 

neutron capture, the energetic reaction products generate eh pairs at the PS-DB layer, the 

Al2O3 layer and the Si/ Al2O3 interface, which are then trapped by the Pt NP, corresponding 

to a detection event. The high coulomb blockade effect and low self-capacitance property 

of the embedded ultra-small Pt NPs trap and retain the charges efficiently. This device, 

which is based on a direct-dielectric or insulator architecture, successfully generates and 

traps electrons, creating a measureable change for a detector response (representation 

shown in Figure 4-10). The absence of this effect in the C-V of control sample and single 
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layer samples (Fig 4-6) shows that the metal NP size and the way it is configured plays an 

important role in trapping these generated e-h pairs for neutron capture events, mainly for 

post-exposure measurements. 

 

 

 

 

 

 

Figure 4-8: C-V plots for Dual layer Pt NP sample exposed to neutron dose of (a) 0 n/cm2(b) 

1.19E10n/cm2, (c)1.615E10 n/cm2, (d)3.0175E10n/cm2 and (e)5.1E10 n/cm2 .(f) shows the combination 

of all plots for comparison.  

 

Figure 4-9 shows the detector response for VFB shift in the control sample and dual 

layer sample for both types of devices. Exposure 1 denotes the samples annealed at 150C 

with a compromised device performance and exposure 2 denotes the samples annealed at 

90C with optimum device performance. In both cases it interesting to note that,  the change 

in VFB for control sample in both exposures is within the error bar, but the change in VFB 

for Dual layer sample (from Figure 4-9  (f)) increases linearly with neutron exposure. More 

importantly, though the dual layer devices (for exposure 2) showed a large slope for the 

first exposure, we believe that these devices get saturated with charges produces due to the 
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high neutron dose and we are limiting the detection. It is possible that with a lower neutron 

dose these device can exhibit a larger slope demonstrating phenomenal sensor response. 

 

Figure 4-9: VFB shift comparison for dual layer vs Control sample for different neutron exposure. 

 

Furthermore, frequency dispersion measurements were carried out to show that 

these charging effects are purely from the bulk insulator and not from any Si/ Al2O3 

interface defects. Though these devices naturally show initial frequency dispersion, it was 

not affected with neutron exposure, mainly because of the low neutron temperature of the 

thermal neutron (0.0253eV). 

4.3.4 Charge Calculations and Detector efficiency:  

Monte Carlo N-Particle Extended (MCNPX) radiation transport code 

simulations[32] were performed for similar architectures to estimate the deposited energy 

and predict the number of e-h pair creation. The deposited energy is derived from the 

energetic reaction products from the 10B neutron capture event for the Decaborane/ 
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Polystyrene layer. As the 7Li (1.015 MeV) and 4He(1.777 MeV) particle traverse through 

different regions of the device, they deposit energy which is estimated through MCNPX 

with respect to the neutron fluence (8.5x108n/cm2/s ), neutron temperature and the 10B atom 

density in the material. This energy is then converted to estimate the e-h pair density at 

each layer. Table 4-6 shows the simulation results for 0.120um Polystyrene/Decaborane 

layer. The neutron capture efficiency is highly dependent on the thickness of the converter 

layer and for a 0.120um PS-DB layer, it was found to be 0.15%. Typically, the 7Li and 4He 

charged particles have a traversing range of 2.7 – 3.0 µm and 5.1 – 6.4 µm in decaborane, 

respectively, and thus for a 0.120um Ps-DB layer the particles just pass through all the 

layers depositing energy, but most of it is deposited at the Si/ Al2O3 interface. In 

comparison to the predicted charges from MCNPX, the experimental trapped charges from 

Figure 4-10 are close to predicted charges at the PS-DB layer. (b) shows comparison of 

detected charges vs. MCNPX simulated charges, where a clear linear relationship is 

depicted for the number of charges and the neutron dose. The increase in experimental 

charges with respect to the neutron dose also follows a similar trend predicted through 

MCNPX. From this plot, the limit of detection for 90% confidence level was calculated to 

be 3.95E+09 n/cm2.  

Figure 4-10 also shows the plot of estimated e-h pair density at each layer and the 

experimental trapped charges. The close relationship between the number of 

experimentally detected charges and the charge generation at the PS-DB layer predicts that 

the charge separation happens at the PS-DB layer (shown in Figure 4-10(b)), where the 

electrons are tunneling to the 1nm Pt NP layer to get trapped and retained. The other two 

possibilities of charge tunneling to NP can be from the Si/ Al2O3 interface and the bulk 
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Al2O3. Though charges created at bulk Al2O3 can get trapped, they are low in number and 

are negligible compared to the number of charges at Si/ Al2O3 interface and at PS-DB layer. 

On the other hand, the charges at the Si/ Al2O3 are blocked by the 3nm Al2O3 at the 

interface and ultrafine 0.5nm Pt NP with very high Coulomb blockade which does not 

allow the charge to tunnel. Ultimately, the charges at the PS-DB layer tunnels to 1nm Pt 

NP shifting the Voltage flat band of the device. This mechanism is graphically illustrated 

in Figure 4-10 (a) 

 

Table 4-6: Number of e-h pair estimation from MCNPX simulations for different neutron flux 

 

 

 

 

 

 

 

 

 

 

 

Neutron 

Flux 

(n/cm^2) 

eh pairs 

in Si/cm2 

eh pairs 

in 

alumina 

in cm2 

eh pairs 

from PS-

DB layer 

Total 

Charges  

0 0 0 0 0 

1.19E+10 5.52E+12 1.14E+10 2.11E+11 3.41E+13 

1.62E+10 7.49E+12 1.54E+10 2.86E+11 4.63E+13 

3.02E+10 1.40E+13 2.88E+10 5.35E+11 8.66E+13 

5.10E+10 2.36E+13 4.87E+10 9.04E+11 1.46E+14 
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Figure 4-10 (a) Representation of energetic particle interaction with NP embedded device stack; 

(b)Charge plot vs Neutron dose for experimental (blue, green) vs MCNPX estimations 
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4.3.5 Ionization damage and displacement effects 

To determine the neutron ionization effects occurring at different device layer 

interfaces and establish that the neutron detection is purely from the combination of 10B 

layer and Pt NP and not through ionization damage/effects, devices without any 

Decaborane layers (Devices schematic shown in Fig 4-2(b)) were exposed to the same 

neutron dose and studied for bias dependence and frequency dispersion to see any 

observable effects. Figure 4-11 shows the voltage sweep C-V curves for Si based control 

and dual layer Pt NP embedded devices for different neutron doses(Fig 4-4(b)). From the 

C-V analysis, there was no change in observable parameters and the devices were 

unaffected by the thermal neutron dose and the 64cG/h Gamma radiation. Frequency 

dispersion C-V curves were also measured to see no observable change for neutron 

exposure stating no displacement damage at the Si/ Al2O3 interface. This holds true, since 

typically neutrons with higher temperature exhibit ionization radiation. Thermal neutron 

of just 0.023eV energy is harmless as it is just in the same order of thermal energy at room 

temperature. For ionization and displacement damage, it takes the neutron to be in the 

epithermal and fast neutron range. Moreover, since these devices were also exposed to a 

gamma dose, we believe that these can be potentially used for gamma discrimination. 
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Figure 4-11 voltage sweep C-V curves for Si based control and dual layer Pt NP 

embedded devices for different neutron doses 
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CHAPTER 5: Conclusions and Future Work 
 

5.1 Conclusion 

To conclude, sputtered sub-2 nm Pt nanoparticle growth characteristics by tilted-target 

deposition were studied in this work by varying the target angle, power and time. By simply 

optimizing the parameters, the size and density of the particles can be controlled so 

precisely that the mean diameter can be shifted in intervals of less than 0.2 nm and the 

density can be varied from 1E12 to 1E13 /cm2. Three separate nanoparticle growth regimes 

(nucleation dependent, coalescence dependent and agglomeration) were observed based on 

the detailed analysis of HRTEM images of these nanoparticles.  

It was shown that, with time, nucleation dependent growth dominates at the beginning 

stage of nanoparticle growth and is replaced by diffusion and coalescence based growth, 

which is further followed by agglomeration at later growth stages. The sputtering power is 

another important parameter, and when combined with time can be used to precisely 

control the size, density and size distribution of the particles. The size dependent crystalline 

characteristics of these nanoparticles were also studied, and it was concluded that at very 

low sputtering time domains (t < 20 s) the particles are non-crystalline clusters, whereas 

they evolve over time to form single crystalline nanoparticles and finally polycrystalline Pt 

nano-islands further down the sputtering time domain.  

Detailed understanding of various nanoparticle growth domains provides one a unique 

opportunity to design unique nanoparticle decorated surfaces (with desired nanoparticle 

size and number density) for a variety of applications. For example, in the case of charge 
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retention applications, small homogeneous non-crystalline nanoparticles with large inter-

particle distances are preferred. These features can be attained by carrying out depositions 

within the nucleation regime and using high energy particles (lower target angles/lower 

deposition power) to attain smaller size distributions and high inter-particle distances 

(lower nanoparticle number densities). Meanwhile, for catalysis applications, crystalline 

nanoparticles with low inter-particle distances (high jamming limit) would be ideal. In this 

case, high target angle depositions could be carried out first in order to attain high number 

densities, followed by subsequent low target angle deposition or substrate annealing to 

attain larger crystalline particles with relatively narrow size distribution. This matrix of 

information was instrumental in applications where the size and density of Pt nanoparticles 

needed to be tuned in the sub-2 nm ranges. 

For example, in Chapter 3 we saw that how the size and density were important 

factors in order to observe layer by layer charging. Controlled layer-by-layer charging was 

demonstrated using the optimized double-layer floating gate NVM MOSCAPs with 

embedded size- and density-tunable PtNPs. Test structures with appropriate PtNP 

configuration and specific tunneling and interparticle dielectric layer thicknesses revealed 

a distinct step effect in the programming memory window. Simply using two high-density 

PtNP layers resulted in a more pronounced step effect and a large 15 V memory window 

compared to Si quantum dot-based structures. The importance of precise control over each 

parameter in the device architecture to achieving the step effect phenomenon was driven 

home by providing and explaining contrary device results using non-optimal particle and 

dielectric configurations in terms of the mechanisms of device failure and potential 

methods to overcome these shortfalls through further modification of the device 
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configuration. These observations suggest the feasibility of using multi-level architecture 

in the same device architecture. The high retention properties and high charging energies 

observed in these devices gave us a good background to make devices for neutron detection 

sensors. Novel dual layer Pt NP embedded device architectures with  0.52 ± 0.12 nm and 

1.11 ± 0.28  nm PtNPs and PS/DB capping layers were fabricated and exposed to thermal 

neutrons (greater than 1e10 n/cm2) and gamma to determine a characteristic neutron 

sensing mechanism. These devices are based on a direct-dielectric configuration trapping 

e-h pairs generated in the active layer of the device (through energetic particle from neutron 

capture at 10B layer) and producing a signal relevant to a detection event. The charge/cm2 

trapped in these devices are proportional to the neutron fluence making it an efficient 

detection scheme. Other control experiments and samples were also tested to deduct the 

working principle of these detectors, where control sample and single layer devices with 

1.11nm and 1.45nm Pt NP did not exhibit neutron detection . Overall, a unique and 

sensitive neutron detection scheme based on direct-conversion architecture, with capability 

of gamma discrimination was exhibited.  We believe that, with MOSFET architectures 

these devices can exhibit promising neutron sensing mechanism that has great potential 

5.2 Future Direction 

The future work for this doctoral dissertation will be in fabricating NVM MOSFET device 

architectures with boron enriched dielectrics. Some of the proposed directions are: 

5.2.1 Incorporating metal NP in 10B polymer: 

 We propose a novel method to incorporate gold and platinum metal nanoparticles (NP) as 

charge trap centers embedded in 10B -enriched polymer insulator layer for Metal Oxide 
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Semiconductor Capacitor (MOSCAP) and Metal oxide semiconductor field effect 

transistor (MOSFET) architectures. The NP-embedded 10B enriched polymer layer act to 

both neutron capture as well as to hold generated charges for  signal transduction. Thermal 

neutrons absorbed by 10B produce 7Li (1.015 MeV) + 4He (1.777 MeV) with a branching 

ratio of 94% and 7Li (0.84 MeV) + 4He (1.470 MeV) + 0.482 MeV gamma ray with a 

branching ratio of 6%. Based on our MCNPX analysis, in our 10B -enriched polymer 

insulator layer, the 7Li and 4He are charged particles with a range of 2.7 – 3.0 µm and 5.1 

– 6.4 µm, respectively. A detection event will occur when a decelerating charged particle 

generated upon neutron capture (through 10B) creates electron-hole pairs in or at the 

interface to the converter region of the device. Most importantly, the embedded ultra-fine 

Pt nanoparticles play dual role of separating the e-h pairs generated by primary reaction 

products of a neutron capture event and trapping electrons due to strong Coulomb blockade 

effect. The number of trapped charges can then be quantified by the change in device 

characteristics such as flat band voltage shift which would correspond to a neutron dose 

incident on the detector. A 10B based insulator material can be synthesized using the 

crosslinking of novel boron containing monomers with styrene or methacrylate forming 

highly-cross-linked polymers containing up to 45% 10B by weight. Polystyrene and 

polymethacrylate have been shown to possess high thermal, oxidative, and hydrolytic 

stability, as well as, superior radiation hardness properties. The metal nanoparticle 

embedded 10B polymer layer will act as the gate dielectric for the fabrication of MOSCAP 

and MOSFET devices with two choices of semiconductors: silicon for ease of fabrication 

for CMOS compatibility; and indium Gallium Zinc Oxide (InGaZnO) due to it’s large band 

gap and radiation hardness. Finally, Si and InGaZnO based MOSCAP and MOSFET will 
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be studied along with the NP embedded 10B polymer for ionization effects and irreversible 

damage at interfacial sites for neutron and gamma radiation.  

5.2.2 Approach: 

To increase the charge trapping efficiency in the proposed novel materials, we will 

incorporate characteristically sized and distributed metal NP in the 10B enriched insulator. 

This will aid in tuning the Coulomb charging efficiency of the NP resulting in optimum 

charge trapping and retention. We propose two methods to achieve this: 

5.2.2a: Physical methods (Shubhra Gangopadhyay): Evaporating/sputtering 

metal on 10B thin-film kept at Tg and then cooled down for metal atom diffusion and 

coagulation. This study will be performed at different 10B compositions kept at different 

temperatures to study the metal atom diffusion, nucleation and growth. Experimental 

analysis with detection results on these insulating devices will further help understanding 

charge separation using direct-

conversion hetero-structures and the 

importance of NP size and density 

towards detection.  

5.2.2b: Solution phase synthesis of platinum nanoparticles: An alternative 

method for the synthesis of sub-2nm nm diameter platinum nanoparticles can be performed 

in a manner similar to that previously reported. Briefly, as aqueous solution of 

chloroplatinic acid can be added to polyvinylpyrrolidone and irradiated for one hour using 

254 nm ultraviolet light (Scheme 3) to for Pt NP. These Pt nanoparticles coated with 

 

Scheme 3.   The solution phase synthesis of 1 nm platinum nanoparticles 

 in water. 
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polyvinylpyrrolidone will be dispersed in carbomethyl acrylate monomer with different 

concentrations and polymerized. 

5.2.3 Silicon on Insulator Devices and sputtered InGaZnO 

 

Figure 5-1: SOI- based Boron and NP enriched MOSFET 

 

Silicon on insulator devices and sputtered InGaZnO based MOSFET can be used to 

incorporate the synthesized novel materials to study other device parameters as well as 

understand the in-situ reactions during neutron exposure events. MOSFET structures 

(Figure 5-1) are especially interesting for such applications because of the number of 

parametric extraction possible. By real time monitoring of multiple OFET parameters, such 

as the drain current, change of mobility and hysteresis window, high sensitivity can be 

observed instrumental in determining factors like Limit of detection, etc. Especially with 

our unique Pt NP and its specific capacitance for a high coulomb blockade effect, a neutron 

detection event can be effectively transduced into collecting and separating charges. These 

NP tend to trap e-s whenever possible in multiple-diverse scenarios, for eg, our recent study 

on their characteristic behavior has shown single electron tunneling behavior in Si solid-

state devices, as well as e- trapping for rapid transfer of e-s to absorbed CO2 vapor during 

a photoreduction process [5]. Due to the thin geometry of these devices, we expect the 
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Gamma radiation to just pass through without inducing any effect. This gamma 

discrimination can also be studied and explored.  
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