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Abstract of Dissertation 

 

 

Probe-assisted Doping : Modelling and Validation 

 

Atomic force microscope (AFM) is widely used as a material property measurement tool 

which delivers high resolution topographic/tomographic images to reveal mechanical and 

electrical properties of materials in the nanoscale domain. The nanoscale tip utilized in the 

fundamental scanning mechanism of AFM can be used as an instrument of sophisticated 

material modification. With theoretical and empirical understandings of tip-material 

interaction, AFM can yield a high-resolution surface and subsurface modifications with 

nanoscale control.  

This work demonstrates localized probe-assisted doping (PAD), a modification to the 

technique of AFM nano-indentation, by achieving nanoscale doping of aluminum into 

silicon. Subsequent application of rapid thermal annealing generates controlled doping 

profile and nanoscale aluminum-silicon junctions. 

The mechanics of PAD was investigated with analytical and computational modelling 

using two major approaches based on the following theoretical considerations: 1) Bonded 

steered molecular dynamics simulations adopting Dreiding Force Fields for preliminary 

observation of the potential energy profile of aluminum and silicon atoms during atomic 

diffusion of an aluminum atom in the silicon crystal lattice and 2) Non-bonded molecular 

dynamics simulation adopting Lennard-Jones (L-J) and Modified Embedded Atomic 

Method (MEAM) potentials for nanoscale estimation of the potential energy profile, crystal 

deformity, and temperature-induced aluminum insertion and diffusion into the silicon 
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crystal lattice. The simulation results were empirically validated by comparing the 

calculated parameters to corresponding measurements from PAD experiments.  

In the molecular dynamics simulations, the atomic diffusion of aluminum into the silicon 

crystal lattice with PAD is observed during tip indentation. The resulting potential energy 

profiles show identical changes in the aluminum and silicon with respect to tip motion. 

Furthermore, the tip indentation results in irreversible plastic deformation of the aluminum 

layer due to the force dispersion in the x/y directions that results in nanoscale pile-ups of 

aluminum atoms surrounding the contact area. A comparison between the potential energy 

of silicon before and after tip impact suggests the deformity of the silicon is minimized 

when controlling the indentation depth. The energy conversion of the tip potential energy 

at the contact area indicates that tip indentation generates enough thermo-kinetic energy to 

cause insertion and diffusion of aluminum atoms into the silicon at the nanoscale area of 

impact.  

From PAD experiments, localized doping results in changes to the electrostatic potential 

(CPD) with nanoscale spatial resolution. In contrast to the literature on nano-mechanical 

defects of silicon substrates, thermal post-processing of PAD samples electrically activate 

the aluminum dopants in the silicon crystals. Unfortunately, thermal activation also 

promoted the diffusion of the dopants and geometric distortions in the doping area. 

Optimization efforts show the “active” dopant concentration depended primarily on the 

temperature of the thermal annealing process rather than tip dwell time during PAD. 

In this research, we discovered the energy transition mechanism from tip potential energy 

to thermo-kinetic energy of diffusing aluminum atoms using the molecular dynamics 

simulations, and the surface potential energy changes in the PAD processed area due to 



viii 
 

thermal annealing-induced aluminum atom diffusion by using SKPM. The insertion and 

recombination of aluminum atoms in the silicon lattice results in the minimal crystal 

deformity when controlling the tip loading force, limiting the final indentation depth and 

optimizing the temperature of post-process thermal annealing.  

Furthermore, the difference between the results of simulations and the PAD process can be 

reduced by the following:  

1) The Monte Carlo simulation with the optimal kinetic and temperature parameters should 

be implemented to the aluminum diffusion estimation and,  

2) The empirical contact response model with the optimal mechanical parameters for the 

tip geometry and the elastic and plastic properties of thin film is required to improve the 

resolution and the reliability of the PAD technique.          
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Chapter 1 Introduction 

 

1.1 Motivation 

As nanoscale device integration becomes a key component to highly functional electronic 

devices, it is crucial to precisely control the quantity and placement of dopants in the 

semiconductor materials to maintain reliable device operation [1-3]. The technology to 

implant controlled groups of impurities in the nanoscale Region-of-Interest opens 

opportunities to modify the local electron/hole population, and to engineer the energy 

barrier heights at the nanoscale semiconductor channel regions and the metal-

semiconductor junctions [4].  

As a conventional doping technique, ion implantation suffers from the following technical 

limitations: 

(1) severe crystal damage of target semiconductor materials, 

(2) stochastic spatial distribution of implanted ions at the shallow junction,  

(3) dependence on photolithography. 

Due to the difficulties with tightly controlling doping energy and dopant placement while 

minimizing crystal damage to the surface/subsurface, an increased interest in nanoscale 

technologies enabled the production of highly-selective, uniform and ultra-shallow doped 

junctions at the channel regions [5, 6].  

Atomic force microscopy (AFM) is an excellent tool for measuring surface features and 

physical properties of materials in nanoscale [7-14]. Among AFM applications, nano-

indentation is a common method to study the deformation characteristics of materials [15–

19]. The nanoscale hardness, stiffness, and elastic modulus of materials can be calculated 
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with the aid of contact mechanics models [20–23]. AFM nano-indentation also modifies 

the local physiochemistry of materials.  Homma et al. demonstrated that AFM nano-

indentation introduces nanoscale mechanical defects in silicon substrates that result in 

changes in the near-surface chemical potential [24]. Similarly, Furukawa et al. also 

demonstrated that locally doped regions form as a result of the physical placement of 

dopant atoms the surface of a semiconductor [25]. 

In this work, we demonstrate AFM probe-assisted doping (PAD) capable of dopant 

insertion and diffusion into the semiconductor substrate with nanoscale precision and 

verify the doping profile and the surface potential energy with scanning kelvin probe 

microscopy (SKPM).  

The objective of this research is to provide analytically and empirically determined process 

parameters for developing PAD as a novel method for precise nanoscale doping of 

semiconductor substrates. Additionally, doping profiles of shallow junctions at the 

semiconductor surface with nanoscale resolution and explain the energy relations for AFM 

tip to insert and diffuse dopants into semiconductor substrate using molecular dynamics 

simulations. 

This chapter provides the theoretical and technical basis for molecular dynamics modelling, 

computation and empirical PAD experiments, with preliminary studies of (i) AFM tip-

surface contact responses, (ii) surface potential measurement mechanisms and (iii) dopant 

diffusion dynamics. 
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1.2 AFM Tip-Surface Contact Responses 

1.2.1 Contact responses in monolithic systems 

During indentation, the AFM tip compresses the surface, which potentially produces (i) 

changes in the potential energy of the system (i.e., when the system structure changes and 

portions of the crystal are trapped in local energy minima), (ii) loss or modification of 

crystal structure, through reactive or plastic processes, and/or (iii) changes in thermal 

energy as a result of the work performed by the tip on the surface.  

To estimate the critical range of AFM tip compression pressure and related potential energy 

to plastically deform the dopant layer at the contact area, the elastic and the plastic 

responses in AFM tip-surface contact must be understood. 

In previous studies, complex phase transformations in silicon were observed during AFM 

tip indentation and correlated to specific phase transformations in elastic and plastic 

deformations [17-19]. To determine the dominant type of deformation, the critical AFM 

tip compression pressure is estimated from the AFM tip loaded force as defined by: 

𝐹 = 𝑘 ∙ 𝛿     [1-1] 

The AFM tip loaded force, 𝐹, is calculated as the product of the cantilever spring constant, 

k, and the indentation depth, 𝛿, which is the difference in axial displacement of the AFM 

tip.  

The total AFM tip loaded force can be represented as the sum of into the elastic loading, 

𝐹𝐸, and the plastic loading, 𝐹𝑃. 

𝐹 = 𝐹𝐸 + 𝐹𝑃    [1-2]  
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For elastic loading, the vertical contact force can be estimated using the Hertzian model 

for a spherical tip contacting a flat surface [17, 18]: 

𝐹𝐸 = (
4

3
𝐸∗√𝑅) 𝛿

3

2    [1-3] 

 Here, R is the radius of the tip and 𝐸∗ is the effective value of Young’s modulus which is 

defined using Poisson’s ratios to represent the mechanical properties of the indented 

material, vmat, and the tip, vtip : 

1

𝐸∗ =
1−𝑣𝑚𝑎𝑡

2

𝐸𝑚𝑎𝑡
+

1−𝑣𝑡𝑖𝑝
2

𝐸𝑡𝑖𝑝
    [1-4] 

Defining the plastic loading is more complex than that of elastic loading. Thus, an 

analytical solution for the plastic loading is disregarded for empirical quantification when 

defining the plastic response of elastoplastic materials [15-18]. Thus, the plastic loading 

for the continuous bulk system is represented as an undefined function of the indentation 

depth. 

𝐹𝑃 = 𝜉(𝛿)     [1-5] 

Therefore, the relation of AFM tip loaded force to the elastic and the plastic loadings in 

terms of the indentation depth can be described as: 

𝐹 = 2 ∫ 𝐸∗√𝑅
𝛿𝑚

𝛿0
𝛿

1

2𝑑𝛿 + ∫ 𝜉′𝑑𝛿
𝛿𝑚

𝛿𝑛
   [1-6] 

where the first and second integrals represent the elastic response and plastic response from 

the substrate, respectively. The limits of integration are defined as δ0 the initial contact of 

the AFM tip and the surface defined as zero, δn  the yield indentation depth where the plastic 

deformation begins, and δm is the maximum indentation depth. Here, the elastic response 
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from the substrate is considered as a parallel response which may affect the overall 

deformation. 

Plastic deformation in the surface and subsurface crystal structures can be estimated from 

the identical changes in the contact surface morphology, and such deformity can lead to 

the estimation of dopant diffusion paths. The geometrical considerations for plastic 

deformation are estimated from the pile-up structure surrounding the area of tip 

compression as generated with a spherical AFM tip, as shown in Figure 1-1 [17,18]. 

The height of pile-up, P, the depth as the center of indentation, d, the AFM tip contact 

radius, as, and the plastic zone radius, c, is empirically measured after PAD. The AFM tip 

radius, 𝑅𝑡𝑖𝑝, can be calculated after PAD process as: 

𝑅𝑡𝑖𝑝 = 𝑎𝑠 ∙
1+tan2 𝜃2

2 tan 𝜃2
,       [1-7] 

where 𝜃2 is the angle with respect to the surface normal. 
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Figure 1–1 Illustration of the critical plastic zone (PZ) and related parameters. 

 

The empirical model to estimate the size of the plastic zone in a monolithic system varys 

based on material hardness, the shape of the indenter and the indentation depth [17-19]. 

The size of plastic zone in a material of high yield strength can be estimated by analyzing 

the formation of a plastic pile-up. Thus, calculating the volume of the plastic pileup leads 

to the estimation of the volume of the AFM tip contact compression and the volume of the 

critically deformed plastic zone, as defined as: 

𝑉𝑝 = ∫ 2𝜋𝑎ℎ(𝑎)𝑑𝑎
𝑎2

𝑎1
    [1-8] 

where a is the AFM tip contact radius and h(r) is either the height of the pileup or depth of 

the indent at a. The limits of integration for the AFM tip contact compression are a1 = 0 to 

a2 such that h(a2) = 0, and for the pile-up, a1 such that h(a1) = 0 to a2 = c, the plastic zone 

radius.  
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1.2.2 Contact responses in multi-structured systems 

Considering nano-indentation of a thin film coating a bulk substrate, the analytical 

description of elastic and plastic loadings from AFM tip compression is complicated when 

separating the force into elastic and plastic loadings,  

𝐹𝑃 = [(
4

3
𝐸1

∗√𝑅) 𝛿
3

2|
𝛿0

𝛿2

+ 𝜉1(𝛿)|
𝛿1

𝛿2]
𝐹

+ [𝜍2(δ)|
𝛿0

𝛿2 + (
4

3
𝐸2

∗√𝑅) 𝛿
3

2|
𝛿2

𝛿4

+ 𝜉2(𝛿)|
𝛿3

𝛿4]
𝑆

 [1-9] 

where, as similar to the continuous system, the first bracket represents the elastic and 

plastic loading of the aluminum film, and the second bracket represents the elastic and  

plastic loading of the silicon substrate. The limits of integration are defined below. For the 

thin film, the elastic loading will be in effect during the entire film indentation to 𝛿2, and 

𝛿1 is the yield indentation depth where the plastic deformation of the thin film begins. For 

the bulk substrate, the elastic loading integral term of 𝜍2 is introduced to track the elastic 

loading in the substrate during the elastic and plastic loadings in the film, where the strain 

that the substrate experiences is different from the strain during the direct contact elastic 

loading. 𝛿3 is the yield indentation depth where the plastic deformation of the substrate 

begins, and 𝛿4 is the indentation depth at the final AFM tip compression. 𝐸1
∗ is the effective 

Young’s modulus of the AFM tip and the thin film, and 𝐸2
∗  is the effective Young’s 

modulus of the AFM tip and the bulk substrate.  

The serial relation of the elastic and plastic loadings requires following assumptions and 

considerations:  

- The elastic effect during plastic loading in the thin film may be negligible as compared 

to 𝜍2(δ). 
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- 𝛿2 − 𝛿1 > 𝛿4 − 𝛿3 to minimize the plastic zone in the silicon substrate. 

- Damping in the aluminum thin film after 𝛿1 can be neglected during the plastic loading 

in the silicon substrate. 

In order to estimate AFM tip compression pressure-induced potential and kinetic energy 

changes and verify the unknown empirical functions of 𝜉1(𝛿) , 𝜍2(δ)  and 𝜉2(𝛿) ,the 

following must be defined emperically: 

1) obtain the force-indentation depth curve during the aluminum film indentation, where 

the AFM tip loading force is limited by the thickness of the aluminum film, 

2) define the limits, 𝛿0 and 𝛿1, of the elastic loading integration in the aluminum film from 

the force-indentation depth curve by fitting the Hertzian elastic contact model, 

3) extract the 𝜍2(δ) from the Hertzian elastic loading in the aluminum film and find the 

best fitting for the 𝜍2(δ), 

4) subtract the 𝜍2(δ) and the Hertzian elastic loading from the measured 𝜉1(𝛿) and find the 

best fitting for the 𝜉1(𝛿), 

5) obtain the force-indentation depth curve during the aluminum film indentation, where 

the resulted indentation depth in the silicon substrate is greater than the thickness of the 

aluminum film, but limited to 𝛿2 − 𝛿1, 

6) define the limits, 𝛿2 and 𝛿3, of the elastic loading integration in the silicon substrate 

from the force-indentation depth curve and the Hertzian elastic contact model, 

7) subtract the Hertzian elastic loading from the measured 𝜉2(𝛿) and find the best fitting 

for the 𝜉1(𝛿), and 
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8) obtain the force-indentation depth curve with optimized indentation depth parameters to 

determine the indentation energy of the aluminum film and silicon substrate as calculated 

from the force-indentation depth curve. 

 

1.2.3 Plastic zone in multi-structured systems 

According to the system which involves two identical structures, the aluminum film and 

the silicon substrate, the estimation of critical plastic zone is described as: 

𝑉𝑝 = 𝑉1 + 𝑉2     [1-10] 

The parameters to estimate the plastic zone in the aluminum film and silicon substrate are 

described in Figure 1-2. The plastic zone in the aluminum thin film will be contained inside 

the aluminum film and neglecting any formation at the aluminum and silicon interface, 

which is a reasonable assumption when considering the minimized silicon surface potential 

due hydrogen termination process prior to PAD.  
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Figure 1–2 Illustration of the critical plastic zone in the aluminum film (a) and in the silicon 

substrate (b), and related parameters. 

 

The size of the plastic zone within the aluminum film, 𝑉1 is estimated using the empirical 

relation as: 

𝑉1 = ∫ 2𝜋𝑎1ℎ1(𝑎1)𝑑𝑎1
𝛼2

𝛼1
    [1-11] 

where the limits of integration are 𝛼1 = 0 to 𝛼2 such that ℎ1(𝛼2) = 0, and for the pile-up, 

𝛼1 such that h(𝛼1) = 0 to 𝛼2 = 𝑐1, the radius of the plastic zone in the aluminum thin film. 
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In a similar manner, the estimated size of the plastic zone in the silicon substrate, 𝑉2 is 

described as: 

𝑉2 = ∫ 2𝜋𝑎2ℎ2(𝑎2)𝑑𝑎2
𝛽2

𝛽1
    [1-12] 

where the limits of integration are 𝛽1 = 0 to 𝛽2 such that ℎ2(𝛽2) = 0, and for the pile-up, 

𝛽1 such that h(𝛽1) = 0 to 𝛽2 = 𝑐2, the radius of the plastic zone in the silicon substrate.  

Estimated size of the plastic zone in the aluminum film and the silicon substrate will be 

compared to the dopant diffusion area as measured by scanning kelvin force microscopy 

(SKPM). To estimate the plastic zones and the dopant diffusion area, the following must 

be defined empirically empirical: 

1) measure the topography of the AFM tip compressed area in the aluminum thin film using 

AFM after the PAD experiment, and obtain the empirical parameters, a1, c1, p1, and d1, 

2) measure the topography of the tip compressed area in the silicon substrate after removing 

aluminum thin film to obtain parameters, a2, c2, p2, and d2, 

3) calculate the size of plastic zone using Equation [1-11] and [1-12], 

4) measure the surface potential energy using SKPM and compare the size of the dopant 

diffusion area to the plastic zone in the silicon substrate, 

 

1.3 AFM Surface Potential Measurement 

Scanning kelvin probe microscopy (SKPM) is a non-contact variant of AFM first 

introduced by Nonnenmacher et al. [26] that directly measures the contact potential 

difference (CPD) between a metal-coated tip and a sample surface with nanoscale 



12 
 

resolution. Considering that surface potential may relate to many surface phenomena, 

SKPM has a diverse operational modes such as barrier height measurement of metal-

semiconductor interface, surface/inner-surface defect analysis, and 2-dimensional doping 

profile [11, 27-30].  

In SKPM, the CPD between tip and sample is defined as: 

𝑉𝐶𝑃𝐷 =
𝛷𝑡𝑖𝑝−𝛷𝑆

𝑞
    [1-13] 

where 𝑞 is the elementary charge, and the work functions of the tip and the sample are 

represented by 𝛷𝑡𝑖𝑝 and 𝛷𝑆, respectively. In Figure 1-3, the CPD is an electrostatic force 

between the tip and sample that is modeled as a parallel plate capacitor system, where the 

electrostatic force, 𝐹𝑒𝑠, is defined by: 

𝐹𝑒𝑠 =
1

2
[𝑉𝑑𝑐 + 𝑉𝑎𝑐 sin(𝜔𝑡)]2 𝜕𝐶

𝜕𝑧
   [1-14] 

where 𝑉𝑑𝑐 and 𝑉𝑎𝑐 are the DC and AC components of the electrostatic potential between 

tip and sample, 𝐶 is the effective capacitance between tip and sample, 𝑧 is the distance 

between tip and sample, and 𝜔 is the frequency at which the potential is being modulated. 

Simultaneous force gradient measurements can achieve a constant separation between tip 

and sample. This reduces the impact of spacing dependent errors which are prone to other 

Kelvin measurement techniques [26]. Also, force-based kelvin probes can detect a 10-9 ~ 

10-12 V variation in the electrostatic force.  
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Figure 1–3 Schematics of scanning kelvin probe microscopy; (a) amplitude modulated lift-

mode scanning kelvin probe microscopy, which measures a surface topography and a 

contact potential difference, (b) contact potential difference (CPD) which refers to the 

potential difference between the metal tip and the sample. 

 

SKPM detects only the relative potential difference between tip and sample, thus the 

absolute difference in electrochemical potential cannot be resolved using SKPM. It must 

be emphasized that the CPD represents the difference in work function between two metals 

or semiconductors in contact, i.e., the sample and the tip.  

 

1.4 Dopant Diffusion Mechanism 

1.4.1 Atomic diffusion  

Ion implantation and thermal diffusion are conventional methods for introducing dopant 

atoms to semiconductors [31,32]. By applying thermal and/or kinetic energy, dopant atoms 
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are introduced into the semiconductor crystal lattice (interstitials), and replace 

semiconductor atoms (substitutional) or occupy defect in the lattice. The semiconductor 

crystals experience structural deformation which leads to migration, generates lattice 

defects and changes the potential energy of the semiconductor.  

The general diffusion mechanism based on the continuum theory can be described by 

Fick’s 1st and 2nd laws of diffusion: 

𝑱 = −𝐷
∂c

𝜕𝑥
     [1-15] 

𝜕𝑐

𝜕𝑥
= 𝐷

𝜕2𝑐

𝜕𝑥2     [1-16] 

where 𝑱 denotes the diffusion flux, 𝐷  is the diffusion coefficient, and 𝑐  is the volume 

concentration. Although most of intrinsic dopant diffusion can be explained by Fick’s laws, 

the rapid atomic diffusion mechanism considers specified motion of atoms within the 

lattice structure; i) the direct dopant diffusion where the dopant atom transports directly 

from one interstitial to another, ii) the vacancy diffusion where the dopant atom at the 

substitutional state exchanges the position with the neighboring vacancy, and iii) the 

interstitialcy diffusion where the dopant atom at the interstitial site replace the adjacent 

substitutional atom (Figure 1-4) [33,34].  

Rate equations for vacancy and interstitialcy diffusion mechanisms can be denoted as:  

𝐴 + 𝑉 ⇌ 𝐴𝑉     [1-17] 

𝐴 + 𝐼 ⇌ 𝐴𝐼     [1-18] 

𝐴 + 𝐼 ⇌ 𝐴𝑖     [1-19] 
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where 𝐴 indicates a single dopant atom combining with vacancy, 𝑉, forms dopant-vacancy 

pair, 𝐴𝑉. 𝐼 indicates an interstitial and depending on the position of 𝐴, forms either dopant-

interstitial, 𝐴𝐼 pair, or dopant interstitialcy, 𝐴𝑖.  

 

Figure 1–4 Schematics of atomistic rapid dopant diffusions; (a) direct diffusion, where 

dopant jumps from one interstitial to another, (b) vacancy diffusion, where dopant jumps 

via vacancies in the lattice, and interstitialcy diffusion, where (c) interstitialcy displaces 

the dopant and (d) the dopant takes over the position of atom in the crystal lattice. 

 

Figure 1-4 Schematics of atomistic rapid dopant diffusions; (a) direct diffusion, where 

dopant jumps from one interstitial to another, (b) vacancy diffusion, where dopant jumps 
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via vacancies in the lattice, and interstitialcy diffusion, where (c) interstitialcy displaces 

the dopant and (d) the dopant takes over the position of atom in the crystal lattice.  

 

The diffusion dynamics can be described by taking the product of i) the probability of 

finding a defect (vacancy or interstitial) in the vicinity of the lattice site and ii) the 

frequency of the atom crossing the energy barrier for the diffusion motion.  

The probability equation of finding a defect, 𝑝𝑉𝐼, can be described as:  

𝑝𝑉𝐼 = 𝑧𝑣𝑖𝑒
(−(𝑄𝑣+𝑄𝑖)/𝑘𝐵𝑇)    [1-20] 

where 𝑧𝑣𝑖  is the coordination number referring to the number of atoms adjacent to the 

vacancy and the interstitialcy, 𝑄𝑣  and 𝑄𝑖  are the formation energies of vacancy and 

interstitial, respectively. The frequency equation for atom motion, 𝑓𝑉𝐼, can also be denoted 

as: 

𝑓𝑉𝐼 = 𝑓0𝑒(−𝐸𝑚/𝑘𝐵𝑇)     [1-21] 

where 𝑓0 is the attempt frequency proportional to the vibrational frequency of adatoms, 

resulting atom to successfully transport into the point defect site, and 𝐸𝑚  indicates the 

energy barrier height for the diffusion motion. By taking the product of above equations, 

the diffusivity of dopant atom, 𝐷𝐴, is defined as:  

𝐷𝐴 = 𝑧𝑣𝑖𝑓0𝑒(−(𝑄𝑣+𝑄𝑖+𝐸𝑚)/𝑘𝐵𝑇) = 𝐷0𝑒(−𝐸𝐴/𝑘𝐵𝑇)  [1-22] 

When dopant atoms permanently reside within the lattice, the recombination of dopant 

atom and point defects occur, which interfere with diffusion and electrically activate the 

dopant. The recombination is likely to follow, as dopant-defect pairs approaching lattice 
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defects of the opposite type. The rate equations for AI and AV pair recombinations are 

given by: 

𝐴𝑉 + 𝐼 ⇌ 𝐴     [1-23] 

𝐴𝐼 + 𝑉 ⇌ 𝐴     [1-24] 

In both cases, the point-defect disappears at the recombination site and the dopant at a 

substitutional position remains. The dopant atoms are paired with point-defects during the 

diffusion process. Dopant atoms can eliminate defect-binding by means of these 

recombination processes. Furthermore, as the dopant atoms are electrically active at the 

substitutional sites, the recombination process can activate of inactive dopants.  

 

1.4.2 AFM tip compression and induced thermal diffusion 

The compression of the AFM tip on the surface changes the potential and thermal energies 

of the system. The potential energy changes during the AFM tip compression, ∆𝑈𝑝, can be 

described as:  

∆𝑈𝑝 = 𝑈𝐶 − 𝑈0    [1-25] 

where 𝑈0 is the initial potential energy of the entire system and 𝑈𝐶 is the resultant potential 

energy due to tip compression.  

Tip compression is similar to a macroscopic case of a rapid compression-induced heat 

generation. The change in thermal energy, ∆𝑄𝑝, manifests due to rapid changes potential 

energy during elastic compression as well as non-elastic (e.g., plastic) deformations, which 

can be described as: 
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𝜒∆𝑈𝑝 = ∆𝑄𝑝 = 𝜌𝑉𝐶∆𝑇    [1-26] 

where  𝜒  is the complex energy conversion coefficient, 𝜌  is the atomic density of the 

material, V is the volume of the AFM tip compressed area, C is the specific heat capacity 

of the material, and the thermal energy, ∆𝑇. As the atomic density and the specific heat 

capacity constants, the relation can be rewritten with respect to the motion of dopant atoms: 

∆𝑇 =
1

2𝑁𝑘𝐵
𝑚𝐺𝑣𝐺

2    [1-27] 

where 𝑁 refers to the number of dopants in motion, and 𝑚𝐺 and 𝑣𝐺  are the atomic mass 

and the velocity of group of atoms, respectively. 

Previous studies investigated the thermal diffusion of dopatns in an effort to find the 

effective temperature range for controlling the diffusion behavior of dopant [32].  The 

relation of the temperature change in the system resulted by the AFM tip compression to 

the diffusivity of dopants can be described as:  

𝐷 = 𝐷0𝑒(−𝐸𝐴/𝑘𝐵∆𝑇), where 𝑘𝐵∆𝑇 >  𝐸𝐴    [1-28] 

The effective dopant diffusion can occur when 𝑘𝐵∆𝑇 is greater than the activation energy 

of the system. 

Further, the one-dimensional diffusion length of the dopant, 𝐿𝐷, can be described as: 

𝐿𝐷 = (𝐷𝑡)1/2     [1-29] 

where t is the diffusion time and 𝐷∆𝑇 is the diffusivity of dopant at ∆𝑇. 
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1.5 Research Goals 

The primary goal is to develop PAD for nanoscale semiconductor device channels and 

metal-semiconductor junctions with highly selective doping and minimal substrate damage. 

The technique depends on mechanical dopant implantation using AFM tip, activation of 

the implanted atoms, post-processing surface morphological and functional 

characterization. Specifically, the process consists of depositing a thin film of dopant onto 

the semiconductor substrate, followed by tip-induced indentation where dopant 

implantation is desired (i.e., Region of Interest), and subsequent AFM characterization. 

The initial proof-of-concept involves doping aluminum atoms into a silicon crystal lattice. 

The presented work focuses on addressing the following scientific questions: 

- What is the energy profile of aluminum atoms diffusing through the silicon surface, 

subsurface interstitial sites and crystal lattice sites?  

- What PAD conditions overcome the energy barriers during an indentation event to 

successfully achieve doping? 

The first question concerns the molecular processes underlying the PAD to aid in the 

selection of experimental parameter ranges. The second part focuses on the optimization 

of the experimental parameters.   

The scientific questions address:  

1) the potential energy profile, as an aluminum atom crosses the Si surface and into the 

crystal;  

2) pressure and temperature generated by the tip during implantation, which is a function 

of tip geometry, sample position, and indentation parameters;  
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3) the thermal and potential energy available for diffusion, as supplied through the increase 

in temperature and pressure, and  

4) the relationship between energy availability and the rate of the PAD process.  

 

Figure 1–5 Schematic project flow for AFM probe-assisted doping. 

 

The following paragraphs expand on the technical approaches using the molecular 

dynamics simulations and PAD experiments in Figure 1-5. 

1) Determination of the potential energy profile, as the aluminum atoms cross the silicon 

surface and diffuse into the crystal, and occupy interstitial or lattice sites: 

Determination of the potential energy profile 
for aluminum and silicon atoms

Optimization of the experimental conditions 
and Validation of PAD technique 

Determination of the available thermal and potential energy 
for aluminum diffusion

Estimation of the diffusion energy and the diffusion rate 
for aluminum atoms

Determination of the pressure and temperature during PAD 

Modelling and Computation
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This investigation will include atomic modelling tools, including Bonded and Non-bonded 

molecular dynamics.  Specifically, simulations will be carried out for an extensive set of 

possible trajectories for a diffusing atom, whereby the atom will be guided along the 

trajectory using the “steered molecular dynamics” tool and “fixed velocity verlet” force 

integration.  Examples of trajectory features include (i) crossing the surface, (ii) diffusion 

between interstitial sites, (iii) diffusion into a vacant lattice site, (iv) displacement of a 

lattice atom, etc. 

2) Determination of the pressure and temperature generated during implantation.  

During indentation, the tip compresses the surface, which leads to a variety of changes, 

including (i) changes in the potential energy of the system (i.e., when the system structure 

changes and portions of the crystal are trapped in local energy minima), (ii) loss or 

modification of crystal structure, through reactive or plastic processes, and (iii) changes in 

thermal energy.  

3) Determination of the available thermal and potential energy for diffusion. 

Simulation of a complete PAD event is unrealistic due to the processing time (e.g., 

microseconds) is beyond the time scales for molecular dynamics modelling.  Therefore, 

the calculations described in the previous step will not necessarily yield the thermal and 

potential energy that is available to dopant atoms.  Certain portions of the system that do 

not participate in the doping process (e.g., local defects, “hot pockets,” etc.) may hold high 

potential or thermal energy which contributes to the overall energy of the system. Therefore, 

a detailed analysis of the individual atom energetics needs to be carried out to determine 

what energy contributions are directly relevant to the PAD process. Additionally, an 
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estimation of the “equilibrated” energy profile over the PAD timescale is need to determine 

which the diffusion processes occur, which as stated, is larger than what standard molecular 

dynamics can model.   

4) Estimation of the relationship between energy availability and the rate at which the PAD 

process occurs  

Following calculation of (i) the potential energy profiles that diffusing atoms must cross in 

order for successful implantation to occur, (ii) the expected crystal structure following 

indentation, and (iii) the available thermal and potential energy, conduct statistical 

mechanical calculations can estimate PAD process rates along the various reaction and 

diffusion paths.  Beyond providing theoretical insight at the molecular level, these 

calculations will be insightful for guiding the optimization of the various process 

parameters involved in the experimental PAD process.  
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Chapter 2 Molecular Dynamics Simulation of AFM Probe-assisted Doping 

 

2.1 Rationale 

In molecular dynamics simulations, the interatomic relation describes the energy profile as 

a function of atomic position and can be explained as the harmonic oscillation resulting 

from the attaching of the unbreakable virtual spring to the mass center of atom pairs, or as 

the empirical pair potentials which computes the interaction of neighboring atoms from the 

electron density function-based energy relation. The energy profile, including the transition 

between the potential energy and the thermo-kinetic energy calculated from molecular 

dynamics simulations, provides theoretical and pre-experimental insights to correlate 

molecular-level phenomena to large-scale experiments. 

In this work, two major approaches in molecular dynamics simulations have been made: 

1) Bonded steered molecular dynamics simulations for preliminary observation of potential 

energy profile for aluminum and silicon atoms during a single aluminum diffusion in the 

silicon lattices, 

2) Non-bonded molecular dynamics simulations for AFM tip contact compression-induced 

potential energy profile for aluminum and silicon atoms and temperature-induced 

aluminum diffusion analysis  

Using Bonded steered molecular dynamics simulations, the simplified atomic structure 

including a single aluminum atom with silicon crystal lattice was designed and the potential 

energy barrier in the silicon crystal along with the fixed velocity motion of the aluminum 

atom was calculated.  
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Further, to determine the contact pressure and the temperature generated during the 

aluminum insertion and diffusion in the silicon crystals, we used Non-bonded molecular 

dynamics simulations. The AFM tip compression at contact area was calculated from the 

force relation between the tip atoms and the aluminum and silicon atoms and related to the 

temperature changes at the tip contact area in the aluminum and silicon atoms. Furthermore, 

the crystal deformities in aluminum and silicon crystal structures were observed and 

compared in terms of final indentation depth of the tip. Finally, the energy profiles in the 

individual atom and the group of atoms were computed to verify the transition of energy 

and the important PAD process determinants.  

The Chapter is comprised of four exclusive calculation and estimation components:  

a) Calculation of diffusing atom energy profiles for a comprehensive set of diffusing 

trajectories 

b) Calculation of the temperature and pressure profiles during PAD process 

c) Calculation of individual atom energetics and estimation of the thermal and 

potential energy available for dopant diffusion 

d) Calculation of diffusion and reaction rates calculations for different simulated PAD 

process conditions 
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2.2 Interatomic Potential 

The interatomic potentials are crucial calculating the motion of atom and the resultant 

energy profile in the molecular dynamics simulations [35,36]. Based on the molecular 

structure and the force interaction of the materials, more than one interatomic potential can 

be used in the molecular dynamics simulation, and for materials with crystal structures, 

such as metals and semiconductors, specific interatomic potentials are used to best describe 

the position and related bonding energy of atoms [37-39].  

 

2.2.1 Lennard-Jones potential 

During the PAD process, the non-coulombic interaction of carbon atoms (AFM tip) to 

aluminum (film) and silicon atoms (substrate) can be considered as a weak non-bonded 

interaction compared to covalent bonding and metallic bonding of silicon atoms and 

aluminum atoms.  

The Lennard-Jones (L-J) potential is widely used in molecular dynamics simulations to 

characterize the atom interaction with van de Waals force [40-44]. The L-J potential,  𝐸𝐿−𝐽, 

is described as:    

𝐸𝐿−𝐽 = 4𝜖 [(
𝜎

𝑟𝑖𝑗
)

12

− (
𝜎

𝑟𝑖𝑗
)

6

]    [2-1] 

where 𝜖 is the energy coefficient which indicates the depth magnitude of potential energy 

well with respect to the interatomic distance, 𝑟𝑖𝑗, and  𝜎 is the inter-atom distance referring 

to the distance where the potential energy sign changes.  
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According to the Lorentz–Berthelot mixing rule, 𝜖  and 𝜎  parameters for two different 

materials combined are expressed by: 

𝜖 = √𝜖𝑖𝜖𝑗     [2-2] 

𝜎 =
𝜎𝑖+𝜎𝑗

2
     [2-3] 

By adopting previously investigated parameters as shown in TABLE I [41,45], we 

calculated the interatomic potentials for aluminum-carbon and silicon-carbon interactions 

in terms of inter-atomic distance (Figure 2-1). For molecular dynamic simulations, the 

cutoff distance for both aluminum-carbon and silicon-carbon interaction was determined 

as 10 Å.  

 

Figure 2–1 Lennard-Jones potential energy-distance plot for aluminum-carbon and silicon-

carbon interactions. 
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Table I Lennard-Jones potential parameters for aluminum-carbon and silicon-carbon 

interactions [41,45] 

 Ů, eV ů, Å 

Al-C 0.035 3.01 

Si-C 0.012 1.95 

 

 

2.2.2 Modified Embedded Atom Method potential 

From the previous molecular dynamics simulation studies, the interatomic potentials for 

monolithic molecular structures composed of semiconductors and metals were described 

using Morse potential or Tersoff potential [39, 46-48].  

However, for the multi-structured system presented in this dissertation research, the 

interatomic potential including the energy states of semiconductor-metal alloys with the 

boundary conditions such as the second neighboring atoms, the defect density and the 

angular/dihedral interactions in the crystal structure needs to be considered [49-51]. 

The Modified embedded atom method (MEAM) potential is initially proposed by Baskes 

as a modified form of embedded atom method potential [52]. By including the angular 

interactions between atoms, which introduce the electron density term, MEAM potentials 

describes directional bonding of atoms, which is most apparent in covalent materials such 

as silicon and diamond but also in e.g., body-centered cubic (BCC) and face-centered cubic 

(FCC) metals [53]. Furthermore, MEAM potential shows capabilities to include a larger 

number of neighbors and support general functional forms including splines [54,55]. In the 
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MEAM potential, the total system energy, 𝐸, can be expressed as the sum of atomic energy, 

𝐸𝑖, and 𝐸𝑖 includes the atom embedding energy and the interatomic pair potential: 

𝐸𝑖 = ∑ 𝐹𝑖(𝜌𝑖)𝑖 +
1

2
∑ 𝜙𝑖𝑗(𝑟𝑖𝑗)𝑖,𝑗

(𝑖≠𝑗)

   [2-4] 

The atom embedding function, 𝐹𝑖 , is the background electron density at the site of atom i, 

and is the interatomic pair potential between atoms 𝑖 and 𝑗 separated by a distance 𝑟𝑖𝑗 . The 

embedding energy 𝐹𝑖(𝜌𝑖) represents the energy cost to insert atom 𝑖 at a site where the 

background electron density is 𝜌𝑖. The 𝐹𝑖(𝜌𝑖) is expressed as:     

𝐹𝑖(𝜌𝑖) = {
𝐴𝑖𝐸𝑖

0𝜌𝑖 ln(𝜌𝑖),        𝜌̅𝑖 ≥ 0

−𝐴𝑖𝐸𝑖
0𝜌𝑖          ,        𝜌̅𝑖 < 0

   [2-5] 

Where the sublimation energy 𝐸𝑖
0 and parameter 𝐴𝑖 depend on the element type of atom 𝑖.  

The background electron density is given by:  

𝜌𝑖
𝑎(𝑘)

= 𝜌𝑖0exp [𝛽𝑖
(𝑘)

(
𝑟𝑖𝑗

𝑟𝑖
0 − 1)]   [2-4] 

where 𝑟𝑖
0  is the nearest-neighbor distance in the single-element reference structure and 

𝛽𝑖
(𝑘)

 is an element-dependent parameter. The pair potential is given by: 

𝜙𝑖𝑗(𝑟𝑖𝑗) = 𝑆𝑖𝑗𝜙̅𝑖𝑗(𝑟𝑖𝑗)     [2-5] 

𝑆𝑖𝑗 = 𝑆𝑖̅𝑗𝑓𝑐 (
𝑟𝑐−𝑟𝑖𝑗

∆𝑟
)     [2-6] 

Depending on the interatomic distance 𝑟𝑖𝑗, the screening function 𝑆𝑖𝑗 can be determined as; 

𝑆𝑖𝑗 = 1, if atoms i and j are unscreened and within the cutoff radius 𝑟𝑐, and 𝑆𝑖𝑗 = 0, if they 

are completely screened or outside the cutoff radius.  
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It varies smoothly between 0 and 1 for partial screening. The total screening function is the 

product of a radial cutoff function and three body terms involving all other atoms in the 

system: 

𝑆𝑖̅𝑗 = ∏ 𝑆𝑖𝑘𝑗𝑖≠𝑘,𝑗     [2-7] 

𝑆𝑖𝑘𝑗 = 𝑓𝑐 (
𝐶𝑖𝑘𝑗−𝐶min,𝑖𝑘𝑗

𝐶max,𝑖𝑘𝑗−𝐶min,𝑖𝑘𝑗
)    [2-8] 

𝐶𝑖𝑘𝑗 = 1 + 2
𝑟𝑖𝑗

2 𝑟𝑖𝑘
2 +𝑟𝑖𝑗

2 𝑟𝑗𝑘
2 −𝑟𝑖𝑗

4

𝑟𝑖𝑗
4 −(𝑟𝑖𝑘

2 −𝑟𝑗𝑘
2 )

2     [2-9] 

𝑓𝑐(𝑥) = {
1                           ,             𝑥 ≥ 1,
[1 − (1 − 𝑥)4]2,     0 < 𝑥 < 1,
0                           ,             𝑥 ≤ 0

   [2-10] 

where Cmin and Cmax can be defined separately for each atom, i, j, k, based on their element 

types. The parameter r controls the distance over which the radial cutoff is smoothed from 

1 to 0 near r = rc. 

For molecular dynamics simulations presented in this work, by adopting the previously 

investigated MEAM potential parameters in TABLE II and III [52,53,55], we calculate the 

interatomic potential for aluminum-aluminum, silicon-silicon and aluminum-silicon in 

terms of inter-atomic distance (Figure 2-2), and the cutoff distance for neighboring atom 

interaction is determined as 10 Å.  
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Figure 2–2 Modified Embedded Atomic Model (MEAM) potential energy-distance plot 

for aluminum-aluminum, silicon-silicon, and aluminum-silicon interactions. 
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2.3 Bonded Molecular Dynamics Simulation 

2.3.1 Steered molecular dynamics 

In general molecular dynamics simulation, the Newtonian motion of atoms in the system 

is solved numerically by computing and predicting the position of atoms varying with time 

step, using a time integration relation known as the velocity verlet algorithm [56]. 

𝑟𝑛+1 = 𝑟𝑛 + 𝑣𝑛 +
1

2
𝑎𝑛∆𝑡2    [2-11] 

𝑣𝑛+1 = 𝑣𝑛 +
1

2
𝑎𝑛∆𝑡 +

1

2
𝑎𝑛+1∆𝑡   [2-12] 

where the position of atom, 𝑟𝑛+1, at given time, 𝑡 + ∆𝑡, can be predicted by integrating  

known velocity, 𝑣𝑛, and known acceleration, 𝑎𝑛 over time step, ∆𝑡. 

For preliminary observation of atomic diffusion of aluminum atom in silicon crystal, we 

conducted the Bonded molecular dynamics simulations using a steered molecular 

dynamics (SMD) in nanoscale molecular dynamics (NAMD) simulator.  

The SMD simulation was carried out for a simplistic aluminum atom diffusing trajectories 

in the silicon crystals, attaching the aluminum atom to a “ghost atom” via a non-breakable 

virtual spring, shown in Figure 2-3 (a) and (b). By applying a constant velocity to the “ghost 

atom”, the potential energy, 𝑈, between the aluminum atom and the “ghost atom” can be 

measured as: 

 𝑈 =
1

2
𝑘[𝑣𝑐𝑡 − (𝑟 − 𝑟0) ∙ 𝑛⃑⃑]2    [2-13] 

where 𝑘 is the spring constant between the aluminum atom and the “ghost atom”, 𝑣𝑐 is the 

constant pulling velocity, 𝑡 is the time of simulation, 𝑟 is the position of the aluminum atom 
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at the 𝑡, 𝑟0  is the initial position of the aluminum atom, and 𝑛⃑⃑ is the vector of pulling 

motion. 

 

Figure 2–3 Schematics of “constant velocity pulling” of SMD simulation: (a) velocity 

verlet algorithm based “ghost atom” and SMD atom motion over user-defined time step 

and SMD simulation of a single aluminum attached to “ghost atom” crossing silicon crystal 

structure (b).   

 

For Bonded SMD simulation, the silicon crystal structures with (110) and (100) plane 

orientations were designed with a x/y/z dimension of 21.6 Å x 21.6 Å x 21.6 Å and 

composed of 618 and 671 atoms, respectively. The interatomic relations of silicon atom 

including bond stretch interactions, three body angles and dihedral torsions were 

determined by using simple harmonic equations:  
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𝐸𝑏𝑜𝑛𝑑 =
1

2
𝑘𝑒(𝑅 − 𝑅𝑒)2    [2-14] 

𝐸𝑎𝑛𝑔𝑙𝑒 =
1

2
𝐾𝑖𝑗𝑘(𝜃𝑖𝑗𝑘 − 𝜃𝑗

0)
2
    [2-15] 

𝐸𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙 =
1

2
𝑉𝑗𝑘{1 − cos[𝑛𝑗𝑘(𝜑 − 𝜑𝑗𝑘

0 )]}   [2-16] 

where the spring constant, 𝑘𝑒, the bond length, 𝑅𝑒, the equilibrium angle, 𝜃𝑗
0, the angle 

bend force constant, 𝐾𝑖𝑗𝑘, the total torsion potential barrier, 𝑉𝑗𝑘, the dihedral periodicity, 

𝑛𝑗𝑘, and the dihedral equilibrium angle, 𝜑𝑗𝑘
0  are referred from the Dreiding force fields [35]. 

The interaction between the aluminum and silicon atoms was defined as weak van der 

waals force interaction, described using L-J potential [Eq. 2-1, 2-2, 2-3] and adopted the 

previously investigated Dreiding force fields parameters shown in TABLE IV [35].  

 

Table IV Dreiding force fields parameters for silicon atom interactions [35]. 

ke, kCal/mol∙A2 Re, Å Kijk, kCal/mol∙rad2 ɗj
0, deg Vjk, kCal/mol njk  űjk

0, deg 

700 2.35 100 109.47 0.11 3 0.00 

 

2.3.2 Potential energy profile 

In Figure 2-4, the time-lapse illustration for SMD motion of the aluminum atom includes 

the initial position of the aluminum, entering the silicon (110) surface, crossing the silicon 

lattice, and being pulled out from the silicon crystals by “ghost atom” using Visual 

Molecular Dynamics (VMD). From the trajectory information of the aluminum atom, we 

can categorize the position of aluminum atom as STAGE I to IV, where STAGE I refers to 
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its initial position, STAGE II refers to its original contact with the silicon crystal surface, 

STAGE III refers to its motion within the silicon crystals, and STAGE IV refers to its final 

position outside of the silicon crystals.  

 

Figure 2–4 Visualized time-lapse trajectory of aluminum atom in silicon (110) crystal 

structure using VMD. The position of aluminum atom at (a), (b), (c) and (d) are time-lapse 

capture using VMD visualizer. For the comparison with the potential energy profile, (a), 

(b), (c) and (d) are categorized as STAGE I, II, III, and IV in the potential energy profile 

shown in Figure 2-6. 

  

After successfully penetrating the surface of silicon (110) crystals, aluminum atom crosses 

the silicon lattice resulting in a small distortion in silicon crystals.  
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In Figure 2-5, the periodic crossing motion of aluminum atom within the silicon crystals 

are observed with respect to the trajectory of “ghost atom” in z axis, until the aluminum 

atom exits the silicon crystals. 

 

Figure 2–5 Aluminum atom trajectory in silicon (110) crystal structure during “STAGE 

III”. Aluminum atom crossing the silicon lattice as the energy provided via SMD motion 

exceeds the potential barrier of the silicon atoms. 
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In Figure 2-6, the potential energy profile at each stage shows identical changes due to the 

motion of the aluminum atom, where in STAGE II, the rapid increase in the potential 

energy is observed due to the compression of the aluminum atom needed to overcome the 

surface potential barrier of silicon (110) crystals. In STAGE III, the aluminum atom 

experiences the periodic potential energy well of ~ 275 kCal/mol, as it crosses the silicon-

silicon bond, shown in Figure 2-5.  

Due to the non-breakable bonding of silicon atoms, the potential energy barrier at the 

silicon surface is more than 2000 kCal/mol, which is not realistic, considering that the 

bonding energy of silicon atom is ~ 51.82 kCal/mol.  

 

Figure 2–6 Potential energy profile silicon (110) crystal structure with respect to the 

position of aluminum atom during Bonded SMD simulation. STAGE I, II, III, and IV 

corresponds to the aluminum trajectories in Figure 2-4. 
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The Bonded SMD simulation of aluminum atom in silicon (100) crystal was also conducted 

to compare the potential energy profile.  

In Figure 2-7, the resultant potential energy profile shows the potential energy barrier of 

silicon (100) crystals at STAGE II, greater than 3000 kCal/mol. Thus, the increased 

potential energy barrier at the silicon (100) surface results in the greater distortion of 

overall silicon crystal structure (Appendix-A). In STAGE III, after the aluminum atom 

enters the silicon surface, there is no identical periodic potential well shown in the potential 

energy profile.   

 

Figure 2–7 Potential energy profile with respect to the position of aluminum atom during 

Bonded SMD simulation. STAGE I, II, III, and IV corresponds to the aluminum trajectories 

in Appendix-A. 
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The possible interpretation for the unrealistic potential energy barriers at the surface of 

silicon (110) and (100) and the distortion of silicon crystals during the simulation are that 

the surface potential energy in Bonded molecular dynamics simulations is computed as a 

summation of silicon potential energies including bonding, angular and dihedral/torsional 

energies with respect to the cut-off distance due to non-breakable bonding between silicon 

atoms defined from Dreidng force fields. 

Thus, in order to effectively simulate the compression-induced deformation of aluminum 

and silicon atoms including breaking of atomic bonds and defect generation, and the 

diffusion of aluminum atom via interstitialcies and substitutionals in the silicon crystal 

lattice, a Non-bonded molecular dynamics simulation should be considered. 

 

2.4 Non-bonded Molecular Dynamics Simulation 

2.4.1 Simulation structure design and modelling 

The primary purpose of Non-bonded molecular dynamics simulation is to understand the 

molecular-level phenomena including the atom position based potential energy profile, the 

crystal deformation, and the atomistic diffusion, followed by fundamental physics of 

energy transition from potential energy to thermos-kinetic energy. 

In Non-bonded molecular dynamics simulations, the total energy of system, 𝐸𝑇 , is 

described by including the statistical ensemble term to improve the computation reliability 

as: 

𝐸𝑇 = 𝑈𝑝 + 𝐾𝑇 + 𝜒𝑑Δ𝑇𝑑   [2-17] 
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where 𝑈𝑝 is the potential energy, 𝐾𝑇 is the temperature-related kinetic energy, and 𝜒𝑑 is 

the temperature to the kinetic energy conversion factor for the thermostat and ∆𝑇𝑑 is the 

damping temperature for the thermostat at given time step. From Bonded molecular 

dynamics simulation results, we know that the atoms experience the potential energy 

changes due to the motion of atoms and it is important to verify the intermediate energy 

transition between tip atoms to aluminum atoms and silicon atoms. 

The Non-bonded molecular dynamics simulation of PAD were conducted using the Large-

scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) to include the atomistic 

diffusion and the recombination of aluminum atoms within the silicon crystals [57].  

In Figure 2-8, the scale-down periodic PAD structure consisted of tip carbon atoms (cyan), 

aluminum layer (white, navy and red), and silicon substrates (green). The carbon tip was 

designed as a semi-spherical shell to enhance the computation efficiency by removing the 

atoms at the position of residing the outside of the cut-off for L-J potential.  The outer shell 

radius is 34.5 Å and the thickness of shell is 10 Å, and composed of 11,294 atoms. The 

bottom layer of the tip carbon atoms are placed 10 Å away from the aluminum surface to 

reduce the simulation period.  

The aluminum layer was designed with a dimension of 108 Å x 108 Å x 12 Å in x, y, and 

z directions, consisting of 10,206 atoms. The dimension of the aluminum layer was decided 

to minimize the lattice mismatch to silicon crystals and the interface between aluminum 

layer and silicon substrates has 2 Å gap within the cut-off distance for MEAM potential. 

Further specifying the aluminum atoms into three groups, the center of tip contact area (r 

3.45 Å, t 12 Å), the outer contact area (r 34.5 Å, t 12 Å), and the contact surrounding area 
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(t 12 Å), provides better observation capabilities of molecular dynamics simulations 

regarding the deformation behavior of the aluminum atoms, and also provides qualitative 

analysis in aluminum diffusion into silicon crystals.  

The silicon substrate was designed with a dimension of 108 Å x 108 Å x 43.2 Å in x, y, 

and z directions, and composed of 26,400 atoms. The silicon substrate was further 

categorized into three groups, namely, the Newtonian group, the thermostat group, and the 

fixed boundary group. The silicon atoms in thermostat group were configured with a 

constant temperature of 300 K which enabled atoms to absorb heat generated during 

simulations and dissipate the heat to outer space. In order to support the silicon crystal 

structure during simulations, the bottom two layers of silicon substrate were set to “0” force 

interaction.  

The position of atoms are optimized by minimizing the potential energy followed by the 

thermal relaxation with a periodic boundary conditions in x/y directions and a stretchable 

boundary condition for z direction using a Nose-Hoover thermostat (300 K) and barostat 

(zero pressure). 
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Figure 2–8 PAD structure configuration for Non-bonded LAMMPs simulations. (a) A 

dimension of aluminum crystal (white) is 108 Å x 108 Å x 12 Å, a dimension of silicon 

crystal (green) is 108 Å x 108 Å x 43.2 Å, and an outer radius of semi-spheric carbon tip 

(cyan) is 34.5 Å with a shell thickness of 10 Å. (b) A contact area on aluminum is specified 

as in different color matrix, where (c) and (d) illustrates the group of aluminum atoms 

cylindrically defined in red and navy. A radius of red cylinder is 3.45 Å and radius of navy 

cylinder is 34.5 Å. 
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2.4.2 Potential energy profile  

The potential energy profile was calculated based on the interaction of the tip carbon atoms 

to the aluminum layer and the silicon substrate. While a tip velocity was fixed as 2.5 Å/ps, 

the Non-bonded SMD simulation was carried out for the different indentation depth 

conditions, from 12 Å to 22.8 Å, where the indentation step was defined as a half lattice 

length of silicon crystal lattice (2.7 Å) to study the deformation behaviors of aluminum and 

silicon crystals and the potential energy profile resulted from the crystal deformation of 

aluminum and silicon as well as the atomic insertion/diffusion of aluminum into the silicon 

crystals.  

Figure 2-9 depicts the deformation of aluminum layer and silicon substrates during the 

Non-bonded SMD simulation with a tip indentation depth of 22.8 Å, and the silicon 

substrate resulted by the Non-bonded SMD simulations which includes the 

inserted/diffused aluminum atoms after removing the excessive aluminum layer can be 

found in Appendix-B. The drastic deformation of the aluminum layer results in irreversible 

crystal structure rearrangements for the aluminum atoms, and the phase transformation of 

the silicon crystals at the contact area which enables the insertion/diffusion of aluminum 

atoms via crystal defects (Appendix-B). 
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Figure 2–9 Cross-sectional views on nano-indented aluminum layer and silicon substrates 

at the final indentation depth of 22.8 Å including (a) the initial position of tip, (b) tip contact 

to the surface of aluminum, (c) tip at the maximum indentation depth, and (d) the full 

retraction of the tip. 
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Figure 2–10 Total potential energy profile calculated during the Non-bonded SMD 

simulation with different final indentation depth conditions. 

 

In Figure 2-10, the potential energy profile of the entire system is presented with different 

indentation depth conditions. With the minimum indentation depth of 12 Å, there are no 

identical changes in the total potential energy during the tip indentation. However, the 

potential energy reduces to ~ 0.27 x 104 eV as soon as a tip retraction and the potential 

energy doesn’t recover to the initial value. This indicates that within the simulation time 

frame, the aluminum layer experiences irreversible changes in the potential energy 

correspond to the drastic changes in aluminum atom position at the contact area which can 

be verified from the Figure 2-9. As the tip indents further into the silicon surface, the 
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potential energy increases exponentially, and decreases with a retraction of the tip. 

Furthermore, the resultant potential energy after the tip retraction increases with the final 

indentation depth conditions. This indicates the changes in the potential energy profile are 

dominated by the deformation of silicon crystals as well as the insertion/diffusion of 

aluminum atoms into the silicon crystals.  

 

Figure 2–11 Potential energy profile of silicon calculated during the Non-bonded SMD 

simulation with different final indentation depth conditions. 

 

In Figure 2-11, the potential energy of the silicon atoms shows identical changes with 

increasing indentation depth from 12 Å to 22.8 Å, which supports that the potential energy 
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of silicon is due to the deformation of the silicon crystals. While the potential energy of the 

silicon with the final indentation depth of 12 Å quickly recovers their initial potential 

energy after a tip retraction, the further deformation of silicon crystals delays or prevents 

the recovery of silicon potential energy to their initial value, indicating that the silicon 

requires more relaxation time to reach the equilibrium states or that the potential energy of 

silicon is permanently changed due to the formation of aluminum-silicon alloys.  

In order to fully understand the potential energy profile, the aluminum potential energy is 

calculated with the same indentation depth conditions.  

 

Figure 2–12 Potential energy profile of aluminum calculated during the Non-bonded SMD 

simulation with different final indentation depth conditions. 
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In Figure 2-12, the potential energy profile of aluminum is presented with the same 

indentation depth conditions. Compared to the potential energy profile of silicon, the 

plastic deformation of aluminum from the tip indentation results in irreversible changes in 

the potential energy which can be explained by the lower equilibrium potential energy for 

aluminum-silicon alloys compared to aluminum-aluminum bonding, and also supports that 

the changes in the silicon potential energy includes the potential energies resulted from the 

formation of aluminum-silicon alloys.  

 

2.4.3 Force-distance relation 

In order to calculate the force interaction between the tip carbon atoms and the aluminum 

and silicon atoms, the molecular level force-distance relation, 𝐹(𝑟𝑖𝑗), between the tip 

carbon atoms and the aluminum and silicon atoms, is estimated by following Non-bonded 

interatomic relation via summation of 𝑁  pair-forces between tip atoms and interacting 

atoms calculated by differentiating L-J potential, 𝐸𝑛(𝑟𝑖𝑗), : 

𝐹(𝑟𝑖𝑗) = ∑
𝑑

𝑑𝑟𝑖𝑗
𝐸𝑛(𝑟𝑖𝑗)𝑁

𝑛=1     [2-18] 
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Figure 2–13 Force-distance curve from the carbon tip interaction to aluminum and silicon 

atoms with tip velocity of 2.5 Å /ps and the maximum indentation depth of 12 Å. Force 

curve in red refers to the force calculated via vector integration in z direction, and force 

curve in black refers to the force calculated via vector integration in x/y/z directions. Force-

distance curve with other final indentation depth conditions are attached in Appendix-C. 

 

Figure 2-13 shows the force-distance curve which corresponds to the tip approach and 

retraction with the tip velocity of 2.5 Å /ps and the maximum indentation depth of 12 Å. 

The computed force between the tip carbon atoms and the aluminum and silicon atoms 

including x/y/z force vector integration shows a non-linear decrease in the repulsive force 

region due to the tip geometry-induced force dispersion in x/y directions resulting in a 
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deformation of the aluminum layer. By limiting the force vector integration to z direction, 

the force interaction in the tip carbon-aluminum and silicon atoms becomes clear. By 

further approaching the tip to the surface and indenting the aluminum surface, the almost 

linear increase of force emerges due to the short-distance repulsive interaction in between 

tip atoms and the aluminum and silicon atoms. At the beginning of a tip retraction curve, a 

drastic decrease of force is observed, and in order to understand the source of force decrease, 

the force interaction in the tip carbon-aluminum atoms and the tip carbon-silicon atoms is 

computed separately for carbon-aluminum interaction and carbon-silicon interaction.  

Furthermore, the area difference between the indentation curve and the retraction curve 

indicates that there is a transition of energy from the tip to the aluminum and silicon during 

the tip indentation. 
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Figure 2–14 High frequency oscillation of tip velocity during Non-bonded SMD simulation. 

The velocity oscillation during a tip approach is due to atomic vibration resulted by 

aluminum and silicon atoms, and during a tip retraction, the adhesive interaction from 

aluminum atoms due to increased contact area induces the oscillation. 

 

The background noise from the force-distance curve is the oscillation of tip velocity during 

a tip indentation which needs to be discussed further. In Figure 2-14, the difference in the 

oscillation amplitude between the indentation and the retraction is due to the motion of the 

tip and the force interaction in the tip carbon-aluminum and silicon atoms. During the tip 

indentation, the tip velocity oscillation is nullified due to the tip compression and the short-

distance repulsive interaction of the tip carbon-aluminum and silicon atoms, while during 

the tip retraction, the tip velocity oscillation is enhanced due to the pulling motion of the 

tip and the long-distance adhesive interaction of the tip carbon-aluminum and silicon atoms. 
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Figure 2–15 Force-distance curve from the carbon tip interaction to (a) aluminum atoms 

and (b) silicon atoms with a tip velocity of 2.5 A/ps and the different final indentation depth 

conditions, a, indicates the indentation depth where the force interaction of tip carbon-

aluminum atoms saturates.  

a

a

(a)

(b)
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In Figure 2-15, the force-distance curves of tip carbon atoms to the aluminum atoms and 

to silicon atoms are presented with different final indentation depth conditions. In Figure 

2-15 (a), the force-distance curves of tip carbon-aluminum atoms saturate after the 

indentation depth, a, where the force interactions of tip carbon-silicon atoms become 

primary components in the total force interactions of tip carbon-silicon and aluminum 

atoms.  

In Figure 2-15 (b), the force interactions of tip carbon-silicon atoms are minimized during 

the tip indentation in the aluminum layer due to the L-J potential cut-off, and the interaction 

increases linearly while the tip indents the silicon, which supports the serial deformation 

behavior estimated for the incontinuous multi-structured system discussed in Chapter 1. 

The marked regions at the force-distance curves show identical reverse force interactions 

for a short period of time, and such repulsive interaction can be considered as the limited 

repulsive response of aluminum and silicon crystal structures. 
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Figure 2–16 Pressure-distance curve from the carbon tip interaction to aluminum-silicon 

with tip velocity of 2.5 Å/ps and the final indentation depth of 22.8 Å. 

 

Furthermore, the tip indentation induced contact pressure was calculated by dividing time 

varying tip force, by the indentation depth dependent contact area, which varies with 

respect to the indentation depth. In Figure 2-16 the decrease of pressure between the 

indentation depth of -4.32 Å and -6.22 Å is caused by the adhesive interaction of tip atoms 

to surface aluminum atoms, and almost linear increase of tip pressure is observed after the 

indentation depth of -10 Å. The background noise included in the pressure-distance curve 

is directly proportional to the tip velocity noise attached in Appendix-D.  
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Figure 2–17 Potential energy profile of aluminum during SMD simulation. Potential Tip-

Al-Si, Potential Tip-Al and Potential Tip-Si are computed by calculating the dissipation 

energy from the force-distance curve for the total system, for aluminum, and for silicon at 

the maximum indentation depth of 22.8 Å. The graph also includes the potential energy of 

tip, Potential Tip, computed with the L-J potential. 

 

In Figure 2-17, the potential energy profile of the tip carbon atoms to the aluminum and 

silicon atoms with the final indentation depth of 22.8 Å and the tip velocity of 2.5 A/ps is 

presented. The potential energy calculated with the L-J potential is exact half of the 

potential energy calculated from the force-distance curve which indicates that the force-

distance curve is calculated considering the interaction between the pair of atoms 

separately as carbon-[aluminum and silicon], [aluminum and silicon]-carbon, carbon-
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aluminum, aluminum-carbon, carbon-silicon, and silicon-carbon. Thus, Potential Tip can 

be considered as an accurate potential energy introduced into the aluminum-silicon atoms, 

and since the integration of Potential Tip-Al and Potential Tip-Si is equal to Potential Tip-

Al-Si, the half of Potential Tip-Al and Potential Tip-Si can be considered as the potential 

energy introduced into the aluminum layer and the silicon substrates. 

 

2.4.4 Plastic deformation analysis 

Due to the tip compression-induced potential energy changes in the aluminum and silicon 

atoms, the atoms in the contact area experience drastic temperature increases.  

In Figure 2-18 the potential energy induced temperature profile is computed, while the 

NVT ensemble of Nose-Hoover thermostat with 300 K is attached to the silicon thermostat 

layer and the rest of atoms are defined with the NVE ensemble.  
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Figure 2–18 Average temperature profile during the Non-bonded SMD simulation. (a) 

Average temperature profile of aluminum atoms at the different tip-aluminum contact area 

where Temperature Al refers to the average temperature of total aluminum atoms, 

Temperature Al1 refers to the average temperature of aluminum atoms at the center of 

contact area within 6.9 Å radius, Temperature Al2 refers to the average temperature of 
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aluminum atoms excluding the center within 34.5 Å radius, Temperature Al3 refers to the 

average temperature of aluminum atoms at the rest of aluminum layer. (b) Average 

temperature profile of silicon atoms at the different tip-aluminum contact area where 

Temperature Si, Temperature Si1, Temperature Si2, and Temperature Si3 follow the same 

notations as Temperature Al, Temperature Al1, Temperature Al2, and Temperature Al3. 

 

From Figure 2-18 (a) Temperature Al1, the maximum temperature of 1470.5 K is observed 

which exceeds the activation temperature of aluminum (500 K to 880 K) for the short 

period of time. This indicates the thermal energy resulted from the tip compression is 

sufficient enough to plastically deform the aluminum at the contact area and surrounded 

area, and the diffusion behavior of aluminum atoms observed from the time-lapse 

aluminum atom trajectory are due to the temperature observed from the time-lapse 

aluminum atom trajectory.  

Figure 2-19 shows the deformation of aluminum layer with the final indentation depth of 

22.8 Å. The surface area of deformed aluminum layer is increased due to the 

reconfiguration of aluminum crystals, and in order to compare the dimensional changes in 

the deformed aluminum layer with different final indentation depth conditions, we 

calculated the volume of deformed aluminum layer at the maximum tip indentation and the 

post-thermal relaxation.  



60 
 

 

Figure 2–19 Deformation in aluminum film during PAD process with tip velocity of 2.5 Å 

/ps and the maximum indentation depth of 22.8 Å, while aluminum film thickness is 12 Å. 

(a) and (b) refer to aluminum layer at the pre-indentation stage, (c) and (d) refer to 

aluminum layer at the maximum indentation stage, and (e) and (f) refer to aluminum layer 
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after thermal relaxation at 300 K for 20 ps. Deformation in aluminum with the maximum 

indentation depth of 12 Å is attached in Appendix-E for comparison. 

 

Based on the resultant position of aluminum atom and the changes in the number of 

neighboring atoms, the volume of deformed aluminum layer, 𝑉𝑃, can be estimated as:  

{
𝑉𝑃 = ∑ 𝑉𝑖

𝑃(𝑟𝑖)
𝑁
𝑖=1 ,            𝑟𝑖 − 𝑟0 ≥ 𝑟𝑐, 𝑛𝑖 ≠ 𝑛0

𝑉𝑃 = 0,                                𝑟𝑖 − 𝑟0 < 𝑟𝑐, 𝑛𝑖 = 𝑛0
   [2-19] 

where 𝑉𝑖
𝑃(𝑟𝑐) is the volume of individual atom while the changes in the position of atom, 

𝑟𝑖 − 𝑟0, exceeds the cutoff distance of MEAM potential and the number of neighboring 

atoms, 𝑛𝑖, is no longer same as the initial number of neighboring atoms.  

In Figure 2-20, the volume of aluminum layer is calculated and compared for the tip 

indentation depth of 12 Å, 17.4 Å, and 22.8 Å.  

The maximum deformed volume of 14.3 x 104 Å3 is obtained at the tip indentation depth 

of 22.8 Å, and almost no changes in the volume of aluminum layer after the thermal 

relaxation at 300 K confirms that the irreversible plastic deformation is resulted during the 

tip indentation.  

Furthermore, the resultant displacement of aluminum atom due to the tip indentation leads 

to the rearrangements of aluminum bonding with new neighboring atoms including silicon 

atoms.  
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Figure 2–20 Comparison of deformed volume in the aluminum layer with the different 

indentation depth conditions. STAGE I, STAGE II and STAGE III correspond to pre-

indentation stage, the maximum indentation stage, and the post-thermal relaxation stage at 

300 K for 20 ps. 

 

In Figure 2-21, the average number of neighboring atoms for an individual aluminum atom 

decreases during due to the plastic deformation in the aluminum layer and shows almost 

no changes after the thermal relaxation which also supports the .  

 

 

STAGE I. STAGE II. STAGE III.
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Figure 2–21 Average number of neighboring atoms with the different indentation depth 

conditions. STAGE I, STAGE II and STAGE III correspond to pre-indentation stage, the 

maximum indentation stage, and the post-thermal relaxation stage at 300 K for 20 ps. 

 

2.4.5 Aluminum diffusion 

After PAD simulation, the structure is further modified for thermal diffusion simulations 

of aluminum atoms inserted in the silicon surface due to tip compression. The aluminum 

atoms are removed except the aluminum atoms within the first neighbor cut-off distance 

of 8.1 Å, defined from the MEAM potential, with the silicon atoms.  

STAGE I. STAGE II. STAGE III.
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In order to quantify the diffusion behavior of aluminum atoms with respect to different 

temperature conditions, the molecular dynamics simulation calculates the mean-squared 

displacement (MSD) of aluminum and silicon atoms in terms of simulation time.  

The slope of the MSD-time curve is direct proportional to the diffusion coefficient, 𝐷, 

which can be described as: 

𝐷 ≈
𝑑(𝑑𝑟𝑥

2+𝑑𝑟𝑦
2+𝑑𝑟𝑧

2)

𝑑𝑡
    [2-20] 

The calculation of MSD in terms of each time step includes all the vector components for 

the atoms crossing via periodic crystal structures, thus by calculating the displacement in 

a separate plane, we can estimate the diffusion-desirable direction of diffusing atoms. 

In Figure 2-22, calculated MSD of aluminum atoms are plotted with respect simulation 

time. The relative comparison of the mean-squared displacement for a single plane, dx2, 

dy2, and dz2, indicates that the motion of aluminum atoms in z-plane is limited compared 

to x- and y-planes.  
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Figure 2–22 MSD-time plot resulted from the thermal diffusion simulation. The MSD is 

calculated for separate x/y/z plane and for the x/y/z plane integrated at the soaking 

temperature of 300 K. MSD-time curve for aluminum and silicon atoms with different 

temperature conditions of 500 K, 700 K, and 900 K are attached in Appendix-F. 

 

However, it is difficult to estimate the diffusion coefficient from the slope of non-linear 

MSD curve. From the previous molecular dynamics simulation studies [68], the diffusion 

simulation requires a complex optimization process for the temperature and the atom 

velocity conditions with enough random seed numbers to meet the boundary condition of 

effective Monte-Carlo computation. In this dissertation work, the further optimization of 

diffusion simulation conditions are not presented due to the technical difficulties in 
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conducting such heavy molecular dynamics simulations, and the work would be continued 

in the future with better computation capabilities.   

 

2.5 Chapter Summary 

In the molecular dynamics simulations, the atomic diffusion of aluminum into the silicon 

crystal lattice with PAD is observed during tip indentation. The resulting potential energy 

profiles shows identical changes in the aluminum and silicon with respect to tip motion. 

Furthermore, the tip indentation results in irreversible plastic deformation of the aluminum 

layer due to the force dispersion in the x/y directions that results in nanoscale pile-ups of 

aluminum atoms surrounding the contact area. A comparison between the potential energy 

of silicon before and after tip impact suggests the deformity of the silicon is minimized 

when controlling the indentation depth.  

In Figure 2-23, the energy conversion of the tip potential energy at the contact area 

indicates that tip indentation generates enough thermo-kinetic energy to cause insertion 

and diffusion of aluminum atoms into the silicon at the nanoscale area of impact.  
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Figure 2–23 Potential energy profile of silicon atoms at the contact area after the Non-

bonded molecular dynamics simulations with different final indentation depth conditions 

followed by the thermal relaxation at 300 K.   
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Chapter 3 AFM Probe-assisted Doping of Silicon 

 

3.1 Rationale 

In this Chapter, physical probe assisted doping (PAD) experiments are presented and 

compared with the predictions from the molecular dynamics simulations is discussed.  The 

materials presented in this chapter had been previously published as a peer-reviewed article 

[58]. 

The chapter is comprised of four major components:  

a) Development of specimen preparation process flow to ensure minimum 

adventitious  surface contamination, 

b) Development of molecular dynamics simulation informed optimized AFM 

indentation parameters, including tip geometry,  

c) Optimization of selective excess aluminum film removal process after PAD process, 

d) Non-destructive morphological, mechanical and electrical characterization of the 

doped surface, using tapping mode AFM and SKPM. 
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3.2 Experimental Preparation 

The physical experiments were conducted with the resources provided by the Center for 

the Nanoscale Science and Technology (CNST) in the National Institute of Standards and 

Technology (NIST), Gaithersburg, Maryland. We further adapted and optimized the tool 

and processes for the selective aluminum wet etching to the PAD experiments. 

 

3.2.1 Initial sample preparation 

4-inch n-type silicon (100) substrate of 1- 10 Ω▪cm silicon substrate was diced into 10 by 

10 mm2.  The silicon substrates were cleaned to remove organic and metallic contaminants 

as well as chemical oxide layers by following the standard RCA cleaning protocol, as 

follow: 

1) Removal of the particles and the organic contaminants: Standard Clean-1 (a.k.a., SC-1 

clean) 

The silicon substrate is cleaned with a solution of 5 parts of H2O (deionized water), 1 part 

of NH4OH, and 1 part of H2O2 at 80 ˚C for 15 mins. 

2) Removal of the chemical oxide layers:  Intermediate Oxide Strip 

After SC-1, the silicon substrate is immersed in a solution of 1 part 49%-HF and 50 parts 

H2O2 at the room temperature for 10 secs. 

3) Removal of the metallic contaminants (ions): Standard Clean-2 (a.k.a., SC-2 clean) 

After Intermediate Oxide Strip, the silicon substrate is cleaned with a solution of 5 parts of 

H2O (deionized water), 1 part of HCl, and 1 part of H2O2 at 80 ˚C for 15 mins. 
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4) Rinse and Dry 

The sample is rinsed with H2O (deionized water) and dried thoroughly using dry N2 to 

remove water marks and unwanted stains on the silicon surface. 

 

Fidelity pattern marks used for locating features on the silicon substrate after aluminum 

removal were printed with photo-lithography followed by the dry etching process. The 

identifier pattern was created on the silicon substrate using a contact aligner (Suss 

MicroTec, US), AZ-9260 photoresist is patterned to protect the Region-of-Interest, and 

hard-baked at 120 ˚C for 2 mins to increase the chemical and physical stability of resist 

structure. An inductively coupled plasma silicon etcher (Oxford Instruments, UK) was used 

for the anisotropic etching of silicon and the photoresist etching mask removal. The dry 

etching of silicon substrate, to a depth of ~ 300 nm, was conducted using the facility 

optimized recipe; 1000 W of ICP power, 10 W of RF power, 8 mTorr of process pressure, 

52 sccm of SF6 flow rate, and 8 sccm of O2 flow rate for 20 secs. The average feature depth 

was confirmed visible via AFM optical viewer.   

  

3.2.2 Aluminum deposition 

The etched silicon substrates were re-cleaned just prior to aluminum deposition with the 

RCA protocol. A thin continuous aluminum layer is deposited on the cleaned silicon 

substrate using an electron-beam (E-beam) evaporation technique, with a Denton Vacuum 

Infinity 22 Electron Beam Evaporator system (Denton vacuum, US), at the average 

deposition rate of aluminum is controlled to 3 ± 0.1 A/s, without heating the silicon 
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substrate. In order to measure the thickness of deposited aluminum, a portion of the silicon 

substrate was covered by the AZ-9260 photoresist which was subsequently removed to 

create a measuring step as shown in Figure 3-1. The resulted surface morphology and the 

thickness of aluminum were measured by using Dimension 5000 and Nanoscope V AFM 

system (Bruker, US). Figure 3-1 shows the where the aluminum film thickness is 15 ± 0.8 

nm (Figure 3-1). 

 

Figure 3–1 AFM topography image of aluminum deposited silicon substrate; area with 

relatively dark contrast is the silicon substrate, which was covered using PR during the E-

beam evaporation for the post-deposition film thickness measurement. 

 

3.3 Experimental Methods 

Figure 3-2 illustrates a schematic PAD experiment overview including four major steps: 

(a) initial scanning of area, (b) tip indentation, (c) aluminum removal, and (b) surface 

potential measurement. The PAD experiments were conducted by using Dimension 5000 

and Nanoscope V AFM system (Bruker, CA) using diamond coated tip with a tip radius of 
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25 nm. In order to generate arrays of PAD-processed areas, the conventional AFM ramping 

mode used for AFM nano-indentation is modified and implemented with a micro-stage 

control, where each PAD-processed area separates from each other with a 100 nm spacing 

in 1.5 μm x 1.5 μm area. The indentation speed for tip approach and retract was reduced to 

0.4 Hz from the default value (1 Hz) to minimize the lateral bending and torsion of 

cantilever. The indentation force is varied from 5 μN to 38.12 μN by changing the trigger 

threshold voltage, VTT, from 2 V to 8 V, and by detecting a shallow indent with a depth of 

< 1 nm on the silicon surface using AFM topography, we fixed the value of VTT to 8 V for 

further experiments, to ensure the AFM tip penetrates the aluminum layer and reaches to 

the silicon substrate.  

The aluminum atoms driven into the silicon substrate by PAD process were further thermal 

annealed using RTA system (AS-Master, AnnealSys, Montpellier, France). The soak time 

was set to 20 seconds, while temperature was set at 500 ̊ C, 600 ̊ C and 700 ̊ C, respectively 

in dry N2 ambient, and the temperature ramp time was set to 30 seconds.  

Prior to the electrical measurements, the excess aluminum layer was removed by selective 

wet etching followed, by thermal oxides removal using HF solution. A commercial 

Aluminum Etchant was used at the process temperature of 25 ˚C to have a slow etch rate 

of ~ 30 Å/sec, and after 5 sec of etching. The surface of silicon was inspected for metal 

residues with an optical microscope.  

The fabricated devices were electrically characterized with lift-mode SKPM using a Pt-Ir 

coated tip with a tip radius of 20 nm. As described in Figure 3-2, the SKPM measurements 

were performed in two stages: an initial scan obtains the topography of the silicon surface, 

followed by a second pass scan, during which the tip was held at a 5 nm lift above the 
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silicon surface and was not mechanically driven. The CPD was measured during the second 

pass when, an AC bias of 2 V in amplitude was applied to the tip to generate electrostatic 

force fields between the tip and the silicon substrates, proportional to the CPD between the 

tip and the substrates.  

 

 

Figure 3–2 Schematic PAD process flow; (a) Locate and scan the In-situ Region-of-Interest, 

(b) PAD on the Region-of-Interest, (c) Remove the aluminum layer using wet-etching, and 

(d) Measure the changes in the surface potential using SKPM. 
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3.4 Deformation Analysis 

3.4.1 Elastic response 

Figure 3-3 shows the deflection amplitude of cantilever measured with respect to the 

changes in the position of the piezo-scanner, which can be directly converted to the force-

displacement (indentation depth) by following relation: 

𝐹 = 𝑘 ∙ (𝑍 − ∆𝑧)    [3-1] 

where 𝑍 is the displacement of the piezo-scanner and ∆𝑧 indicates the deflection amplitude 

of the cantilever in distance units calculated by multiplying the conversion factor of the 

photo-detector, and for the AFM tip used in PAD experiments, the conversion factor is 

63.5 ± 3.4 nm/V. Note that the spring constant, k, used in PAD experiments are measured 

via the standard thermal noise calibration methods [59]. 
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Figure 3–3 Cantilever deflection amplitude measured during the PAD experiment with VTT 

conditions of 2 V, 4 V, 6 V, and 8V. 

 

In order to understand the elastic response of aluminum thin film and verify the type of 

deformation at corresponding tip loading force, we measured the force-distance curves on 

aluminum thin film, and compared them with the predictions of Hertzian contact model 

[18].  We assumed that the aluminum over-layer and the substrate were in direct intimate 

contact. In applying the Hertz model, we adopted the modulus of silicon and aluminum 

thin films from previous thin film nano-indentation studies (TABLE V), namely 130 GPa 

and 34.9 GPa, respectively [60,61]. Due to the large Young’s modulus of our tip (≈ 750 

GPa) [61], we did not consider any changes in tip radius caused by tip wear.  
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Table V Material parameters for elastic response estimation [58,61]. 

Element Youngôs modulus, GPa  Poissonôs ratio  Spring Constant, N/m 

Al 130 0.18 -- 

Si (100) 34.9 0.32 -- 

Diamond tip 750 0 58.53 – 61.5 

 

Figure 3-4 shows the variation of tip loading force in terms of the indentation depth, while 

we varied VTT from 0 V to 9 V. We observed multiple step-like changes in the force-

displacement curve for the aluminum thin film, which results from load induced thermo-

mechanical properties changes of the aluminum thin film and at aluminum-silicon interface 

[61]. The data suggests identical changes in tip loading force after the indentation of 15 

nm, where we consider the tip reaches the silicon substrate.  
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Figure 3–4 Typical tip loading force-indentation response on the aluminum layer. The tip 

loading force-indentation response curves varied substantially from run to run, probably 

from the thickness reproducibility and uniformity of the aluminum thin films used. The 

inset plot compares the measured force curve with the Hertzian model based elastic 

response within for the first 3 nm of indentation [58]. 

 

The inset of Figure 3-4 shows the comparison of the measured indentation curve to 

expected Hertzian contact response for an indentation up to 3 nm (the small indentation 

range was chosen to exclude the effect of the substrate on the indentation force). The 

measured force curve showed a steeper slope than for the Hertzian contact model which 

suggests that aluminum film under test instantly ruptured before showing elastic response. 



78 
 

It is possible that the modulus of the aluminum thin film is much smaller than the reported 

modulus (≈ 34.9 N/m) due to the thickness of the aluminum thin film (≈ 15 nm) and also 

due to the fact that the mechanical properties of the film depend on the deposition method 

(e-beam evaporation in our case), possible oxidation on the aluminum surface, and residual 

stress at the aluminum-silicon interface. 

 

3.4.2 Plastic deformation of aluminum 

The empirical estimate of plastically deformed area is more complicated due to the highly 

asymmetric deformation behavior as shown in Figure 3-5.  Regardless of tip-surface 

contact angle optimization and low tip approach/retract speed, the specific direction-

oriented pile-ups measured to a maximum height of 9.8 nm at the maximum indentation 

depth of 16.7 nm (Figure 3-5 (b)). From Chapter 2, the molecular-level estimate of 

plastically deformed area in the aluminum film is calculated by summating the volume of 

atoms whose positions have changed by more than the cut-off and have established new 

interatomic bonds with neighboring atoms. However, as we discussed from Chapter 1, 

there is no analytical model to estimate the plastic deformation behavior when the 

indentation is close to the full thickness of the thin film where plastic deformation and 

rupture of the material are expected.  Furthermore, the plastic deformation depends on 

numerous experimental factors; the deformation time-scale, the presence of a thermal oxide 

layer, tip geometry, surface roughness and thickness of the film, as well as crystal 

morphology within the film [21-23]. 

Due to the geometrical limitations in empirical estimation of plastic zone, we redirected a 

research focus to silicon surface potential energy changes by (i) indentation-induced silicon 
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crystal deformation and aluminum insertion, (ii) applying thermal energy, and (iii) varying 

the tip compression time in following sub-chapters. 

 

Figure 3–5 Deformation in aluminum film during PAD process with VTT of 8 V and the 

maximum indentation depth of 16.7 nm, while aluminum film thickness is 15 ± 0.8 nm. 

The dashed line in (a) 3-D topography image corresponds to (b) cross-sectional line profile. 

 

3.5 Surface Potential Profile 

3.5.1 Temperature-induced surface potential variation  

In ion-implantation based doping, the ‘as-implanted’ dopants were not electrically active; 
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the conversion into electrically active species is a mechanistically complicated process 

involving diffusion, defect annihilation, and activation [62-64]. For example, ‘as-

implanted’ aluminum dopant atoms are known to sit on tetrahedral interstitial site within 

the silicon lattice, with the aluminum atoms complexed with other defects in the silicon 

substrate; this configuration has to change for the aluminum to become electrically active 

[65].  The required energy is usually provided by external heating. However, thermal 

annealing techniques result in an unacceptable broadening of the junction profiles and an 

increase in the junction depth of the source/drain contacts [66]. Of the available thermal 

annealing options, we elected to use RTA because it offers several potential advantages 

such as minimized dopant redistribution and required no capping [67].  

Figure 3-6 presents the topography and CPD image of the PAD-processed silicon surface 

after aluminum removal. The areas corresponding to the indents are marked with red dots 

in Figures 3-6 (b) and (d). In addition, the profile of dashed line shown in Figure 3-6 is 

discussed in Figure 3-7.  Inspection of Figure 3-6 (b) reveals that the sample which was 

not annealed with RTA shows almost no change in CPD, even though there is obvious 

topographical variation due to the indents, as seen in Figure 3-6 (a). On the other hand, 

Figure 3-6 (d) shows changes in surface CPD after the RTA anneal at 500 ˚C. After the 

RTA process, the CPD changed by about –29 mV ± 6 mV over the PAD-processed area, 

as shown in Figure 3-6 (d). The white streaks in Figures 3-6 (a) and (c) are probably due 

to ‘oxidized silicon’ pile-up from the indentation process. These artifacts have CPD values 

consistent with the silicon substrate as shown in Figures 3-6 (b) and (d).  
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Figure 30–6(a) AFM topography of 3 x 3 arrays of PAD processed n-type silicon (100) 

surface without RTA and (b) corresponding CPD image of same area. The red colored 

areas were manually added to indicate the indent sites with a depth profile > 1.5 nm. (c) 3 

x 3 arrays of PAD processed n-type silicon (100) surface with RTA at 500 ˚C performed 

after removing the aluminum over-layer.  The white streaks in figure are probably due to 

‘oxidized silicon pile-up from the indentation process, and (d) corresponding CPD image 

of same area. The red colored areas were manually added to indicate the indent sites with 

a depth profile > 1.5 nm [58]. 
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Figure 3–7 Comparison of the topography and CPD line profile: (a) AFM topography and 

CPD line profiles from an indentation of PAD processed n-type silicon (100) surface before 

RTA and (b) corresponding topography and CPD profile of same area after RTA at 500 ˚C 

[58]. 

 

Figure 3-7 compares the CPD and AFM topography indent line profiles for (a) PAD doped 

sites before (a) and after (b) RTA treatment at 500 ̊ C, which correspond to the dashed lines 

shown in Figure 3. Close inspection of the micrographs reveals that for thermally treated 



83 
 

area, CPD is larger than that of the un-annealed indents and that the CPD image seems 

blurred along the perimeter, due to out-diffusion of the aluminum dopants. The effect of 

the aluminum out-diffusion in CPD can be also found from the normalized CPD 

distribution data presented in Figure 3-8. The CPD changes due to nano-indentation 

induced silicon phase transformation are relatively small compared to the CPD changes 

resulted by the PAD process, and further annealing the PAD-processed silicon with RTA 

at 500 ˚C, the center of CPD distribution shifts about -24.5 mV while the value of FWHM 

increases more than 2 times. This also supports the out-diffusion effect of aluminum atoms 

due to RTA.    

 

Figure 3–8 Normalized distribution of CPD for PAD-processed silicon before RTA, for 

PAD- processed silicon after RTA at 500 ˚C, and for silicon nano-indents. 

 

 

PAD before RTA
PAD after RTA
Nano-indent.
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3.4.2 Tip compression time-induced surface potential variation 

In an effort to further understand the out-diffusion of activated aluminum dopants, the 

combined effect of the AFM-probe dwell time on the substrate and the annealing 

temperature were investigated. Figure 3-9 compares the SKPM micrographs of annealed 

aluminum-doped samples in which sections were doped with varying the additional AFM-

tip dwell times (0-3 sec) on the silicon substrate surface. On the sample processed with 

RTA at 500 °C, the CPD varied in the -21 mV to -31.5 mV range, as shown in Figure 3-9 

(a), while the CPD ranged from -36 mV to -50.5 mV on the samples processed at 600 °C 

(Figure 3-9 (b)).  

 

Figure 3–9 SKPM CPD images of PAD processed silicon (a) after RTA at 500 °C for 20 

secs, (b) after RTA at 600 °C for 20 secs, and (c) after RTA at 700 °C for 20 secs. Changes 

in CPD at PAD site are observed, as varying the dwell time of AFM tip from 0 to 3 secs (1 

sec interval) at the maximum load [58]. 

 

In addition, the size of the area with altered surface potential increase by over 40 % when 

the annealing temperature was increased from 500 °C to 600 °C, and by over 70 % when 

the temperature was further increased to 700 °C (Figure 3-9 (c)). Since there was no further 
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injection of aluminum by PAD after RTA, these observations suggest that both the number 

of electrically active aluminum dopants, and diffusion range of the aluminum dopants in 

the silicon lattice increased with increasing RTA process temperature. 

Taken together, these observations suggest that: (i) CPD is a reasonable metric for 

monitoring the electrical response of the sub-surface doping, (ii) some thermal treatment 

was needed to thermally activate the dopants, and lower the energy level at the silicon 

surface due to an increased concentration of holes [64], and (iii) the implanted aluminum 

dopants out-diffused from the point of introduction with the thermal anneal. 

In an attempt to fully optimize the thermal anneal process for maximum dopant activation, 

the RTA temperature and AFM time dwell time were expanded. The maximum values of 

CPD in PAD processed area were compared in terms of annealing temperature and tip 

dwell times as shown in Figure 3-10. The change in the maximum CPD value clearly shows 

that the “active” dopant concentration depended on both the RTA temperature and the 

AFM tip dwell time. The CPD data convergence at 700 °C can be attributed to dopant loss 

due to evaporation during high temperature anneal, as shown by Murarka [66], and / or to 

volumetric dilution of the activated dopants as the aluminum diffuses further away from 

the PAD site at higher temperatures. Furthermore, the data seems to suggest that at 700 °C 

the CPD was independent of the probe tip dwell time during the indentation step. In fact, 

statistical analyses of the CPD data, not presented in this paper for brevity, indicate that 

the additional dwell time had no meaningful impact on the doping process and the resultant 

electrical activity of the doped sites. 
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Figure 3–10 Plot of the calculated changes in the maximum CPD values at the PAD sites 

as a function of the nominal RTA annealing temperature, and AFM-tip dwell time. The 

data points represent the results of a calculation, and hence has no error bars. The 

connecting lines between the individual points are just a visual aid [58]. 
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3.6 Chapter Summary 

In this Chapter, the PAD experiments are conducted with (i) an optimized experimental 

specimen preparation procedure which minimizes surface contamination, (ii) an optimized 

AFM indentation parameters, including tip geometry and parameters, as well as instrument 

parameters, informed by the theoretical calculations, (iii) an optimized aluminum film 

removal process from silicon substrate without damaging or removing aluminum atoms in 

PAD-processed site, and (iv) non-invasive morphological, mechanical and electrical 

characterization of the doped surface using tapping mode AFM and SKPM. 

We have demonstrated an AFM probe-assisted doping technique and successfully 

illustrated it with aluminum doping of an n-type silicon substrate. The force-indentation 

curves show that the interpretation of the contact response for PAD is complicated due to 

the experimental artifacts such as dopant film inhomogeneity and premature load induced 

film rapture which limit the elastic deformation analysis. Nevertheless, the doping resulted 

in modifications in local electrical characteristics, reported as changes in CPD. In stark 

contrast to the previous results in the open literature, our data indicate that a thermal process 

is needed to make the dopants electrically active. Qualitatively, the number of activated 

dopants increased with increasing activation temperature. The thermal activation at the 

high temperature results in undesired diffusion of the dopants away from their intended 

location, leading to doping resolution loss. However, the electrical results indicate that the 

electrical activation and the diffusion of aluminum dopants can be controlled and must be 

optimized to balance the electrical performance and the resolution of the junctions created 

by the probe assisted implantation in the intended application. 
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Chapter 4 Conclusions and Future Work 

 

4.1 Conclusions 

The mechanics of PAD was investigated with analytical and computational modelling 

using two major approaches based on the following theoretical considerations: 1) Bonded 

steered molecular dynamics simulations adopting Dreiding Force Fields for preliminary 

observation of the potential energy profile of aluminum and silicon atoms during atomic 

diffusion of an aluminum atom in the silicon crystal lattice and 2) Non-bonded molecular 

dynamics simulation adopting Lennard-Jones (L-J) and Modified Embedded Atomic 

Method (MEAM) potentials for nanoscale estimation of the potential energy profile, crystal 

deformity, and temperature-induced aluminum insertion and diffusion into the silicon 

crystal lattice. The simulation results were empirically validated by comparing the 

calculated parameters to corresponding measurements from PAD experiments.  

In the molecular dynamics simulations, the atomic diffusion of aluminum into the silicon 

crystal lattice with PAD is observed during tip indentation. The resulting potential energy 

profiles show identical changes in the aluminum and silicon with respect to tip motion. 

Furthermore, the tip indentation results in irreversible plastic deformation of the aluminum 

layer due to the force dispersion in the x/y directions that results in nanoscale pile-ups of 

aluminum atoms surrounding the contact area. A comparison between the potential energy 

of silicon before and after tip impact suggests the deformity of the silicon is minimized 

when controlling the indentation depth. The energy conversion of the tip potential energy 

at the contact area indicates that tip indentation generates enough thermo-kinetic energy to 
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cause insertion and diffusion of aluminum atoms into the silicon at the nanoscale area of 

impact.  

From PAD experiments, localized doping results in changes to the electrostatic potential 

(CPD) with nanoscale spatial resolution. In contrast to the literature on nano-mechanical 

defects of silicon substrates, thermal post-processing of PAD samples electrically activate 

the aluminum dopants in the silicon crystals. Unfortunately, thermal activation also 

promoted the diffusion of the dopants and geometric distortions in the doping area. 

Optimization efforts show the “active” dopant concentration depended primarily on the 

temperature of the thermal annealing process rather than tip dwell time during PAD. 

In this research, we discovered the energy transition mechanism from tip potential energy 

to thermo-kinetic energy of diffusing aluminum atoms using the molecular dynamics 

simulations, and the surface potential energy changes in the PAD processed area due to 

thermal annealing-induced aluminum atom diffusion by using SKPM. The insertion and 

recombination of aluminum atoms in the silicon lattice results in the minimal crystal 

deformity when controlling the tip loading force, limiting the final indentation depth and 

optimizing the temperature of post-process thermal annealing.  
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4.2 Future Work 

Based on the findings obtained in this work, we believe that the following items deserve 

consideration to further improve the liability of PAD technique and to further demonstrate 

the capability of PAD in nano-scale device application. 

1) The thermal diffusion estimation of aluminum and silicon atoms using a molecular 

dynamics simulation must be optimized and extended. The will require better computation 

capabilities, including but not limited to high computing speeds and advanced parallel 

processing to enable accurate Monte Carlo simulation implementation to molecular 

dynamics simulations modelling, the thermal diffusion estimation.  

2) With improved process logic of PAD technology, we expect to design, and to create, a 

new generation of nano devices that can be configured to provide alternative primitives for 

device authentication derived from the physical characteristics of the integrated circuit to 

address the cyberphiscial hardware security gap [69,70]. These novel Physical Unclonable 

Functions enable portable hardware authentication capabilities immune to unauthorized 

access and prevent further data security breaches. This application of the PAD technology 

was published as a petent, and is currently reduced to practice as a working project with 

National Institute of Standards and Technology [71]. 
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Appendix-A 

 

 

 

Single aluminum atom trajectory in silicon (100). The position of aluminum atom at (a), 

(b), (c) and (d) corresponds to a timelapse capture using VMD visualizer. During the SMD 

simulation, the silicon (100) crystal structure experiences a greater distortion compared to 

silicon (110) due to large potential energy barrier of ~ 3000 kCal/mole. 
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Appendix-B 
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Top and cross-sectional views of silicon substrate resulted by the Non-bonded SMD 

simulations after removing excessive aluminum layer above the silicon surface. From top 

to bottom, figures refer to the final indentation depth of 12 Å, 14.7 Å, 17.4 Å, 20.1 Å, and 

22.8 Å. The aluminum atoms labeled in red and navy refer to the initial position of 

aluminum atoms, where the aluminum atoms in red are from the center of tip contact area 

(r 3.45 Å, t 12 Å) and the aluminum atoms in navy are from the outer contact area (r 34.5 

Å, t 12 Å).  
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Appendix-C 
 
 

 
 

Force-distance curves from the carbon tip interaction to aluminum and silicon atoms with 

tip velocity of 2.5 Å /ps and the maximum indentation depth conditions of 14.7 Å (top-

left), 17.4 Å (top-right), 20.1 Å (bottom-left), 22.8 Å (top-left), while aluminum film 

thickness is 12 Å. Force curve in black refers to the force calculated during a tip approach, 

and force curve in red refers to the force calculated during a tip retraction.  
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Appendix-D 

 

 

 
 

High frequency oscillation of tip velocity during the SMD simulation at the maximum 

indentation depth of 22.8 Å. The velocity oscillation during a tip approach is due to atomic 

vibration resulted by aluminum and silicon atoms, and during a tip retraction, the adhesive 

interaction from aluminum atoms due to increased contact area induces the oscillation. 
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Appendix-E 
 
 

 
 

Deformation of aluminum layer during PAD process with tip velocity of 2.5 A/ps and the 

maximum indentation depth of 12 A, while aluminum film thickness is 12 A. (a) and (b) 

refer to aluminum layer at the pre-indentation stage, (c) and (d) refer to aluminum layer at 

the maximum indentation stage, and (e) and (f) refer to aluminum layer after thermal 

relaxation at 300 K for 20 ps.  
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Appendix-F 
 
 

 
 

MSD-time curve resulted from the thermal diffusion simulation. The MSD is calculated 

for aluminum atoms (top) and silicon atoms (bottom) with different temperature conditions 

of 500 K, 700 K, and 900 K. 


