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Semiconductor scaling now demands sub-10 nm patterning and sub-nanometer dopant
control—requirements that strain the cost and accuracy limits of extreme-ultraviolet
(EUV) lithography and conventional TCAD process simulators. This dissertation
develops two complementary, simulation-driven pathways to overcome those barriers.
First, a coarse-grained molecular-dynamics (MD) framework is used to map the
process window for PS-b-PMMA directed self-assembly (DSA) on chemo-epitaxial,
brush-coated substrates. Systematic sweeps of pinning-site radius, brush height, and
graft density reveal a cooperative confinement regime: brush heights of 24 o
combined with pinning radii of 6—8 ¢ maximize six-fold bond-orientational order (s
> 92 %), suppress line-edge roughness to < 1 ¢ (three-sigma envelope), and eliminate
pillar tapering. Relative to an unpatterned substrate, optimal flat-pin templates raise ys
from 88.7 % to > 91 %, underscoring the cost-saving potential of DSA as a partial

substitute for EUV multiple patterning.

Second, a quantum-informed, multi-process MD workflow couples density-functional-
theory-derived Si—B Lennard-Jones parameters with a Tersoff Si potential to track
boron implantation, pre-deposition, and rapid-thermal annealing in a single LAMMPS
environment. The model reproduces 3 keV SIMS profiles for 1 x 10'® cm™ and 5 X
105 cm™ implants to within + 5 % over 0—15 nm—more than twice the accuracy of
SRIM-based predictions. A 1 nm amorphous B capping layer boosts near-surface
concentration by = 35 % without widening the 10-90 % junction depth, while a 950
°C, 8 M-step spike anneal removes = 46 % of vacancies and = 42 % of interstitials,
balancing activation against defect regeneration. Collectively, the framework delivers

sub-nanometer junction accuracy, explicit defect chemistry, and seamless process



integration, opening a predictive route for co-optimizing implant dose, energy, surface

treatments, and millisecond anneals.

Together, these two simulation platforms provide actionable design rules and
quantitative benchmarks that enable cost-effective nanolithography and high-precision
dopant engineering, thereby advancing the manufacturability of next-generation

CMOS technology.



BIOGRAPHICAL SKETCH

June-Yo Chen was born in 1994 in Taichung, Taiwan. He graduated from Taichung
First Senior High School in 2012 and went on to earn his Bachelor of Science degree
in Chemical Engineering from National Tsing Hua University (NTHU) in 2016.
During his undergraduate studies, he developed a strong interest in nanomaterials and

computational modeling, which led him to pursue further academic research.

After graduation, he moved to the United States to pursue his doctoral studies at
Cornell University in the Robert Frederick Smith School of Chemical and
Biomolecular Engineering. At Cornell, he joined the research group of Prof. Yong Lak
Joo, where his Ph.D. work focused on advanced simulation methods for
semiconductor manufacturing processes. His research included ion implantation
modeling, directed self-assembly of block copolymers, and process optimization using
machine learning. He also completed an internship at Applied Materials, gaining

hands-on experience in cleanroom fabrication and semiconductor process integration.

In 2025, June-Yo successfully defended his dissertation and received his Ph.D. in
Chemical Engineering. Upon graduation, he is expected to join United Integrated
Services (UIS) in Phoenix, Arizona, as an Instrumentation and Control Engineer,

where he will contribute to the design and optimization of semiconductor fab systems.

11



ACKNOWLEDGEMENTS

Pursuing and completing this dissertation has been an extraordinary journey—one
made possible only through the guidance, collaboration, and unwavering support of
many people. I would like to express my deepest gratitude to all who have walked this

path with me.

First and foremost, I thank Prof. Joo, my advisor, for your sharp scientific insight,
rigorous standards, and constant encouragement. Your thoughtful questions and calm
confidence pushed me to examine every assumption and to keep moving forward
whenever | encountered obstacles. This work simply would not exist without your

mentorship.

I am also profoundly grateful to Prof. Shuwen Yue and Prof. Julia Dshemuchadse.
Your constructive feedback during committee meetings and manuscript reviews
sharpened my thinking and broadened the scope of my research. The perspectives you
shared—spanning theory, experiment, and materials analysis—helped me refine the

dissertation into its present form.

My sincere thanks go to the members of our research group. Late-night simulation
runs, whiteboard debates, frantic conference deadlines, and the daily exchange of
ideas created an environment that was both intellectually stimulating and supportive.
Your willingness to lend a hand, share data, or simply listen made even the toughest
stretches of research feel achievable. I could not have asked for a better team of

colleagues and friends.

Last, but never least, I am indebted to my family. Your unconditional love, patience,
and encouragement gave me the strength to persevere far from home and to stay
focused on my goals. Knowing that you believed in me—even when I doubted

myself—has been my greatest source of motivation.

v



I would also like to extend heartfelt thanks to the music of Aespa and LE SSERAFIM.
During the most difficult periods of writing and experimentation—when motivation
waned and self-doubt crept in—their songs offered me unexpected strength and
comfort. In particular, Aespa’s Supernova and LE SSERAFIM’s EASY became my
companions through moments of discouragement and emotional lows. Their lyrics and
energy reminded me to keep going, to embrace uncertainty, and to believe in my
worth even when things felt overwhelming. In times when I felt alone, their music

reminded me that I wasn’t—and for that, I am deeply grateful.

To everyone who has guided, challenged, and supported me along the way: thank you.
This dissertation is as much a product of your generosity and belief as it is of my own

efforts.



TABLES OF CONTENTS

CHAPTER 1 Introduction to Semiconductor Fabrication Processes...........c.cccceueeunenn. 1
1.1 Overview of Semiconductor Fabrication Processes ..........ccccovveevervieneenieeniennenne. 1
1.2 PhotolithOZIaphy ......ccviieiiiieiieeeeee e e e 2
1.3 Ton IMPLAntation ..........cccueeiieiiiieniieiierie et eeee ettt et e bt eseeesbeesaeeesseessnesnsaens 4
1.4 ANNEAIING ...eeiiiiieiie ettt e e st e e e te e e s e e e s aseeesaseeenseesaseeenneeen 6
1.5 Deposition TECANIQUES ......c.cevcvieriiieiieriie ettt ettt et e e esee s 8
1.6 Molecular Dynamics Simulations and LAMMPS...........c.ccoooviiiiiiiiniiieeeeee, 11
1.7 Coarse-Grained Molecular Dynamics (CGMD) ........ccccoovvviieviencieeiieeieeieeee, 14
1.8 Density Functional Theory (DFT).....ccccooiiiiiiiiiiieeceeeeeee e 17
1.9 CONCIUSION ...ttt sttt et saee e 20

CHAPTER 2 Simulation of Directed Self-Assembly in Block Copolymers using

LAMMPS: A Study on PS-co-PMMA and Pinned Coated Brush Polymers............... 23
2.1 INEPOAUCTION ...t 23

2.1.1 Photolithography process for the semiconductor field......................... 23
2.1.2 Self-assembly block COPOLYyMETrs........cceevevieriiiriiniiiiniceciceeeee 24
2.1.3 Brush polymer guided substrate for chemo-epitaxy..........c.ccceeruveennennn 26
2.14 Simulation Methods .........cooiieiiiiiii e 27
2.2 MethOdOIOZY.....cooouiiiiieiieeieeieeee ettt s 29
2.2.1 MOAEL OVEIVIBW ...ttt ettt 29
222 Simulation SYStem Parameters.........cueeveerreeeveereerireerieeneeneeeeseensneenns 29
223 Chemo-epitaxy with brush-coated substrates...........ccccceeveeriiiiiennnnne 32
224 Simulation details ........coceoiiiiiiiiiii e 33
2.2.5 Analysis MEthod ........cocoiiiiiiiiiii e 34
23 Results and DiSCUSSION ......cocuviiiiiiriiiiiiiieiiieeeeee e 35
23.1 Self-assembly behavior of PS-b-PMMA ..........coceviiiiniiniiiinicnece 35
2.3.2 Brush-pinned template: effect of graft density and pinned area........... 38
233 Brush-pinned template: effect of pinning-site radius on brush-pinned
CHEMO-EPITAXY ..eeeuiiieeiiieeiiee ettt e ette et e et e e et ee e st e e sbeeesebeeesaseeensseeesseesnnseesnsseenns 40
234 Cylinder Roughness and Tapering Effect..........cccccocvviniiniiiinnnnee. 42
2.4 CONCIUSIONS ..uiiiiiiiiiieieeeite ettt ettt ettt st sbee st e it 45

CHAPTER 3 A Multi-Process Molecular Dynamics Framework for High-Precision

Boron Ion Implantation in Silicon LDD DeViCes.........cccovuverviieeriiiiniieeiieeeiee e 47
3.1 INEPOAUCTION ...t 47

3.1.1 P-Type and N-Type Semiconductor...........ccecvueeeruveeeciieeniieeniee e 47
3.1.2 Lightly Doped Drain (LDD) Structure ..........ccceevveerieeiienieeieenieeeeens 48
3.1.3 Types of Ton Implantation ...........ccceeeeveeerciieeniie e 49
3.14 Ultra-Shallow JUNCHIONS ........ooveviiiiiiniiiiiieciceceeeeeeeeee e 51
3.1.5 Rapid Thermal Annealing (RTA)......cccceeviieeviieeieeeeeeeee e 52
3.1.6 Plasma Deposition Techniques..........c.ceccveeeiieniieniienieiiiesie e 54
3.1.7 DFT-Calibrated Interatomic Potentials for MD Simulation................. 55
3.1.8 Applications of MD in Semiconductor Fabrication Modeling............. 57
3.2 A (51 1 e (0] L0 ey TR 59

vi



3.2.1 Density function theory for Si-B interaction............cccceeeevveeeieeeenneennne. 59
322 MD model CONStIUCHION ........ovuverieeiiriietieienieie et 60
323 [on implantation Protocol ..........cccvierciieeriiieeeiie e 61
324 Rapid thermal annealing.............cccceeeevieriiiiiieniieienie e 61
3.3.1 Validation of the DFT-derived Si-B Lennard-Jones potential ............. 62
332 Boron implantation depth profile versus SIMS and SRIM .................. 62
333 Impact of an amorphous-boron cap on implant profile........................ 63
3.3.4 Defect evolution during rapid-thermal annealing.............c.ccccevviveriieneenee. 65

R 07071161 10 S 103 o F TSR 66
REFERENCES ...ttt sttt ettt et saeene s 68

vil



LIST OF TABLES

Table 1. CGMD simulation model design of non-pinned substrate, flat pinned and

BIUush PINNE. ....ooviiiiiiiii ettt ettt et e nbeereen 29
Table 2. Fene bond and Lennard Jones potential used in the simulation system......... 30
Table 3. Dissipative particle dynamics function used as the thermostat..................... 32
Table 4. the Steinhardt bond-orientational order parameters ............ccceeeveeverveeecnveennee. 34
Table 5. Formulas used to characterize cylinder roughness and radius ....................... 35
Table 6. The comparison between mole ratio and the length of BCP on neutral

SUDSITALE. ...ttt ettt ettt ettt b et st b b e ateshe et e 37

Table 7. The relationship between the radius of pinned domain and the structure of the
DSA BCP on flat pinned substrate. The composition of the BCP is PS : PMMA =70 :
30 with co-polymer length equal to 100 . W6 is normalized by the ideal contact hole

SETUCEUTE. .ttt ettt ettt e st e bt e ea e et e st e bt e eab e e bt e eabeenaeeenbeenaees 37
Table 8. comparison between flat pinned domain and non-pinned domain................. 38
Table 9. The relationship between different brush polymer density and the DSA BCP
pattern on the brush coated SubStrate............cccovveeiiiieiiieceece e 39
Table 10. The relationship between different pinned domains and the DSA BCP
pattern on the brush coated SubStrate............cccovvieiiiieiiieceecee e 41
Table 11. The relationship between roughness and pinned domains. ...........c.c.c........ 43
Table 12. The roughness along the z direction over 56 < z < 196 (n=4).............. 43
Table 13. The relationship between pinned domain and the linear slopes................... 44
Table 14. The relationship between linear slop and tapering effects ...........ccccccueeneee. 44
Table 15. The LJ parameters of Si-B and B-B interactions ............ccccceeevvevienveenneennen. 60
Table 16. The concentration profile of Boron implanted Si substrates in different
QOSES. ettt ettt et h e et a e et enhte et enaees 63
Table 17. the effect on concentration profile with various deposited boron layers ..... 64
Table 18. The defect analysis of different RTA methods .........ccccevvveeeiiieiniienieenne, 65

viil



LISTS OF FIGURES

Figure 1. The theoretical block copolymer phase diagram. The blue color is the
PMMA bead, while the red color is the PS beads .........oooveueviiiiiiiiiiiiiiiieeeeeeeeeee, 36
Figure 2. The relationship between different brush polymer densities and Normalized
Y6. (B2 means brush length equals to 2 beads, B4 means brush length equals to 4
beads, B6 means brush length equals to 6 beads, and B8 means brush length equals to

oS 16 ) TP PSRRPRPRUSRI 40
Figure 3. The relationship between different pinned domains and Normalized V6. ...42
Figure 4. The schematic diagram of tapering effect for cylinders...........c.ccccveevrennenne. 44
Figure 5. The flow chart of the simulation for multi-process model development...... 59
Figure 6. The ion implantation model ...........c.coeoieiiieiieniieieie e 61
Figure 7. the DFT calculated LJ potential for (a) Siand B (b) Band B ...................... 62

X



CHAPTER 1

Introduction to Semiconductor Fabrication Processes

1.1 Overview of Semiconductor Fabrication Processes

Modern semiconductor manufacturing is a highly complex, multi-step endeavor,
requiring hundreds of sequential process stages to transform raw silicon wafers into
functional integrated circuits. A single wafer typically undergoes on the order of 300—
500 individual processing steps (lithography, etching, doping, deposition, etc.), and
the entire fabrication cycle can span several weeks.[1] In fact, advanced chip
fabrication flows regularly exceed 500 process steps in total.[2] These steps must be
carefully coordinated to build up the intricate transistor structures and interconnects

with nanometer precision, while minimizing defects and variations.

Each “unit process” contributes a layer or feature to the device. For example,
photolithography defines circuit patterns, ion implantation introduces dopants, and
thin-film deposition lays down conductive or insulating layers. The combination and
repetition of these unit processes gradually construct the integrated circuit in a layer-
by-layer fashion.[3] The complexity and length of modern process flows reflect the
drive toward ever smaller feature sizes (per Moore’s Law) and the integration of new
materials. As devices shrink and new structures like 3D transistors emerge, fabrication
processes have had to evolve in sophistication. Today’s state-of-the-art chips pack
billions of nanoscopic transistors, which can only be realized through extremely

precise and controlled processing steps executed in ultraclean facilities.



The sheer number of steps and the tight specifications in semiconductor fabrication
make it both technically demanding and capital intensive. Leading-edge wafer fabs
employ specialized equipment for each major process (lithography scanners, implant
machines, furnaces, deposition reactors, etc.), and even a minor error in one step can
compromise the entire device yield. An overview of several key fabrication processes
is provided below, followed by a discussion of simulation techniques used to model
these processes. Emphasis is given to the challenges in modeling such complex
processes and the motivations for employing advanced simulation methods —
including molecular dynamics (MD), coarse-grained MD (CGMD), and density
functional theory (DFT) — to gain deeper insight and predictive capability in

semiconductor process engineering.

1.2 Photolithography

Photolithography is the patterning process at the heart of semiconductor
manufacturing — it is the method by which circuit designs are transferred onto the
silicon wafer. Without lithography, mass-production of microchips would not be
possible; indeed, “there would be no semiconductor industry without lithography”.[4]
In a typical photolithographic step, a light-sensitive polymer (photoresist) is coated on
the wafer, then exposed to intense light through a photomask that contains the desired
circuit pattern. The exposed regions of resist undergo chemical changes, allowing
them to be selectively removed in a development process. Subsequent etching steps
transfer the revealed pattern into the underlying material. This sequence — coat, expose,
develop, etch — is repeated many times with different masks to define all the fine

features of the integrated circuit.[5]

For Advances in Lithography, the minimum feature size printable by photolithography

is fundamentally limited by the wavelength of light used. To continue shrinking



transistor dimensions, the industry has continually moved to shorter exposure
wavelengths and novel techniques. Deep ultraviolet (DUV) lithography at 248 nm and
193 nm (using excimer lasers) enabled patterning down to the 90 nm and 45 nm
technology nodes through various resolution enhancement tricks.[6, 7] The current
workhorse is 193 nm immersion lithography, often with multiple patterning steps to
achieve features far smaller than 193 nm. More recently, extreme ultraviolet (EUV)
lithography at a 13.5 nm wavelength has been introduced for leading-edge nodes
(~7 nm, 5 nm, and beyond).[8, 9] EUV’s much shorter wavelength allows it to print
extremely fine patterns (on the order of 20 A resolution) with a single exposure,
largely eliminating the need for multiple-patterning techniques.[10] This has resulted
in immediate benefits: smaller feature sizes and higher transistor densities per chip. In
summary, continuous innovation in optical lithography — from DUV to EUV - has

been pivotal for sustaining Moore’s Law of scaling.

As for the Cost and Complexity, the leap to EUV, however, has come with
tremendous engineering challenges and costs. EUV scanners are among the most
complex machines ever built. Each is roughly the size of a bus, containing over
100,000 precision parts, and costs on the order of $150 million.[11] These systems
require ultrapure vacuum environments, defect-free reflective optics, and high-energy
plasma light sources, making them extraordinarily expensive to manufacture and
operate. The total investment to implement EUV lithography in a fab (including
supporting infrastructure and maintenance) easily runs into billions of dollars.[12]
Because only a few companies can afford such tools, EUV has heightened the
economic barriers of cutting-edge chip production. The complexity is also extreme —
for instance, EUV masks have multilayer mirrors and even a single particle can ruin a
mask due to the short wavelengths involved. All these factors make EUV lithography

as much a triumph of engineering as of science.

On the other hand, Directed Self-Assembly (DSA) is an alternative. The escalating

cost and physical limits of optical lithography have motivated exploration of



alternative nanopatterning methods. One promising approach is directed self-assembly
(DSA) using block copolymers, which can form periodic nanostructures through
molecular self-organization.[13-15] In DSA, a thin film of block copolymer can self-
assemble into regular patterns (lines, holes, etc.) with feature sizes below what optical
tools can resolve. Importantly, DSA can work in conjunction with conventional
lithography — for example, a larger guide pattern defined by photolithography can
direct the self-assembly of polymers to refine features at a much finer scale. This can
effectively multiply the resolution of a given lithographic exposure. The key
advantage of DSA is cost-effectiveness: it leverages relatively inexpensive materials
and chemical processes rather than requiring new optical equipment.[16] Studies have
shown that DSA could allow the continued use of existing 193 nm lithography tools
and delay the need for EUV in certain layers, yielding significant cost savings.[17]
However, challenges remain in achieving defect-free self-assembly and integrating
DSA into high-volume manufacturing. Nonetheless, DSA BCP stands out as an
attractive complementary technique to push patterning to the sub-10 nm scale without

the astronomical expense of next-generation steppers.

In summary, photolithography is an essential enabling process that dictates how small
and dense features on a chip can be. Advances like EUV have extended optical
lithography to the atomic scale, albeit at high cost, while novel techniques like DSA
offer potential low-cost routes to further extend patterning capabilities. The relentless
demand for higher transistor density will continue to drive innovation in lithography
and patterning, be it through new optics, new materials, or new self-assembling

processes.

1.3 Ton Implantation

Ion implantation is the principal technique for introducing dopant impurities into
semiconductor wafers in a highly controlled manner. Since the 1970s, it has become

by far the most widely used method for doping silicon, effectively replacing earlier



thermal diffusion methods for most applications.[18, 19] In an ion implantation
process, ions of the desired dopant element (such as B, P, or As for silicon) are
generated in an ion source, accelerated to high kinetic energies (ranging from a few
keV to several MeV), and directed at the target silicon wafer. The energetic ions
penetrate the surface and come to rest below the surface after a series of collisions.[20,
21] By adjusting the ion energy, dose, and incident angle, manufacturers can precisely

control the depth and concentration profile of the implanted dopants.

A major advantage of ion implantation is its excellent dose and depth controllability
compared to thermal diffusion doping.[18] Implantation is typically a room-
temperature or low-temperature process, so it does not cause the substantial lateral
spreading of dopants that occurs in high-temperature diffusion. Each ion’s path is
stochastic, but on average the dopant distribution follows a known profile (often
approximately Gaussian about a projected range) that can be predicted for given
implant conditions. This allows engineers to implant dopants in very localized regions
(e.g. source/drain of a transistor) with minimal impact on surrounding areas. By
contrast, old diffusion methods introduced dopants across the wafer more uniformly
and required physical masking to control where doping occurred. Ion implantation
also enables shallow junctions for modern transistors by using low ion energies (even
just a few hundred eV for ultra-shallow junctions).[22, 23] As device features have
scaled down, implants with energies in the sub-keV range are used to confine dopants

within around 10-20 nm of the surface.

However, the violent collision process inherent to implantation leaves damage in the
silicon lattice that must be repaired. As each ion plows through the crystal, it creates a
cascade of atomic displacements — knocking silicon atoms out of their lattice sites and
generating point defects (vacancies and interstitials) and sometimes even an
amorphous layer if the dose is high.[24, 25] After a heavy implant, the silicon may be
“amorphized” in the near-surface region — essentially a glassy layer of Si — and even a

lighter implant produces numerous crystalline defects. Immediately after implantation,



the wafer’s electrical properties are degraded because many dopant atoms are not on
proper lattice sites (hence electrically inactive) and the crystal damage introduces
deep-level traps that immobilize charge carriers.[26] For this reason, ion implantation
is always followed by an annealing step to heal the damage and activate the dopants.
During annealing, the silicon lattice is healed as displaced atoms return to lattice sites
and defects recombine, and dopant atoms incorporate substitutionally into the lattice,
becoming electrically active.[27] The annealing process must be carefully tuned: it
should be hot and long enough to repair damage and achieve high activation, but not
so excessive that the dopants diffuse beyond the intended junction depth. The next

section discusses the annealing techniques used to achieve this balance.

1.4 Annealing

Thermal annealing is a critical step after ion implantation (and after other processes
that induce defects) to restore the crystalline order and electrically activate dopants. In
essence, annealing involves heating the wafer to an elevated temperature for a
controlled duration, allowing the silicon atoms to regain their proper lattice positions
and enabling dopant atoms to occupy substitutional sites. The primary goal of post-
implant annealing is to repair implantation-induced lattice damage (which has a high
activation energy, on the order of ~5 eV) while simultaneously minimizing
undesirable dopant diffusion (activation energies ~3—4 eV for dopant diffusion).[28,
29] Because defect repair typically has a higher activation energy than dopant
diffusion, using a very high temperature for a very short time can preferentially heal

damage before dopants have time to diffuse significantly.[30, 31]

In the early days of semiconductor processing, annealing was performed in furnaces at
temperatures around 800—1000 °C for extended times (tens of minutes to hours). The
furnace anneals successfully repaired damage and activated dopants, but the long
durations led to substantial dopant diffusion (smearing out junction profiles) and were

incompatible with the ultra-shallow junctions needed for modern devices. The industry



therefore shifted to rapid thermal annealing (RTA) in the 1980s and 1990s.[32] RTA
uses high-intensity lamps or lasers to heat the wafer to peak temperatures ~1000—
1100 °C for only a few seconds or less, then quickly cool it down. By shortening the
anneal time dramatically (to seconds or milliseconds), RTA achieves the necessary
lattice repair and dopant activation while limiting the time available for dopants to
diffuse.[33] RTA is typically done one wafer at a time for uniformity, in contrast to

batch furnaces.

As device dimensions pushed into the deep nanometer regime, even RTA was not
sufficient to prevent diffusion in some cases. This led to millisecond annealing
techniques such as flash lamp annealing and laser spike annealing. In these approaches,
the wafer is heated to extremely high temperatures (1200-1300 °C or more) but only
for a few milliseconds or even microseconds. The temperature ramp rates are on the
order of 10"5-10"6 °C/s. Millisecond anneals provide an almost instantaneous
thermal pulse: the wafer surface can reach >1200 °C to anneal out damage and
activate almost 100% of dopants, but it cools before significant diffusion can
occur.[34] Empirical data and simulations show that such ultrafast anneals yield very
abrupt, shallow junctions with excellent electrical activation.[35, 36] For example, in
boron-implanted silicon, millisecond laser annealing can activate dopants to near full
solid solubility while keeping junction depths on the order of 10 nm. The trade-off is
that millisecond processes require specialized tools (for uniform laser or lamp
illumination) and precise control to avoid thermomechanical stress or wafer damage

from the rapid heating.

Today, an annealing step (or a series of anneals) is carefully integrated into the
fabrication flow after implants and some deposition steps. Typical modern processes
might use a combination of anneals: a quick sub-millisecond flash anneal for ultra-
shallow junction activation, followed by a slightly longer “medium” anneal (on the
order of seconds) to remove any residual defects, and possibly a low-temperature

furnace anneal for strain relaxation or other purposes. Such multistage annealing



balances the need for maximal activation with minimal diffusion. Overall, advanced
annealing techniques are indispensable for fabricating the shallow, abrupt doping
profiles in today’s CMOS devices. Continued innovations in annealing (e.g.
microwave annealing, pulsed laser anneals) are being explored to further improve

dopant activation and reduce thermal budgets.[37, 38]

From a modeling perspective, annealing is challenging to simulate because it involves
multiple kinetic processes: defect recombination, dopant diffusion, clustering, and
interactions of defects with dopants (e.g. transient enhanced diffusion due to implant
damage). Traditional continuum process simulators use fitted diffusion equations with
parameters that attempt to capture these phenomena. However, as discussed later,
atomistic simulation methods (MD and DFT) are increasingly employed to provide
more fundamental insight into defect and diffusion behavior during annealing, helping
to improve and calibrate continuum models. In summary, annealing is the thermal
“repair and activate” step that ties together the implantation and diffusion engineering

in semiconductor fabrication.

1.5 Deposition Techniques

In addition to patterning and doping, chip fabrication requires numerous deposition
steps to add new material layers (conductors, semiconductors, or insulators) onto the
wafer. Thin-film deposition processes create the various layers that make up
transistors (gate oxide, gate electrode, etc.), interconnect wiring (metal layers and vias),
and passivation or protective coatings. Deposited films must meet stringent
requirements for thickness uniformity, step coverage over topography, composition,
purity, and electrical properties. Several deposition techniques are commonly used in

semiconductor manufacturing, each with its own advantages.

First is the Chemical Vapor Deposition (CVD). CVD uses reactive gases introduced

into a reactor chamber that, when energized (by heat, plasma, or other means),



undergo chemical reactions at the wafer surface to form a solid film.[39] For example,
to deposit silicon dioxide (SiO2), a typical CVD process might flow silane (SiH4) and
oxygen at high temperature, which react to form SiO: on the wafer and gaseous
byproducts. CVD is essentially a chemical growth process — materials “grow” on
surfaces via surface reactions of precursor gases. This method excels at conformality
(covering complex 3D structures evenly) and can achieve high deposition rates.[40]
Variants of CVD include low-pressure CVD (LPCVD), plasma-enhanced CVD
(PECVD), and others, tuned for different film types and temperatures. A downside of
CVD is that it can incorporate impurities or produce byproducts that are hard to fully
remove.[41] Nonetheless, CVD is widely used for depositing dielectrics (SiO2, SizNa),

polysilicon, and even metals like tungsten in contact holes.

Another deposition method is Physical Vapor Deposition (PVD). PVD, in contrast, is
a physical process that does not rely on chemical reactions to form the film. The most
common form of PVD in chip-making is sputtering.[42] In a sputter deposition system,
a target of the desired film material (e.g. aluminum or copper) is bombarded by
energetic ions (usually argon plasma). Atoms ejected (“sputtered”) from the target
travel through a vacuum and deposit on the wafer, coating it with a thin film.[43] PVD
is essentially line-of-sight deposition: material is vaporized and then condenses on the
substrate. It generally yields high-purity films (since no chemical byproducts are
involved) and is good for depositing metals and some dielectrics.[44] However, PVD
films may have poor step coverage in high-aspect-ratio features (because vaporized
atoms travel in straight lines). Still, PVD is heavily used for metal interconnect layers
(aluminum, copper barrier/seed layers, etc.) and for some insulators. Evaporation is
another PVD method (thermally evaporating material), though less common in

modern fabs compared to sputtering.

The last one is Atomic Layer Deposition (ALD). ALD is a special variant of CVD that
deposits films one molecular layer at a time by self-limiting surface reactions.[45] In

ALD, precursor gases are introduced sequentially in pulses. For instance, to grow



HfO., a metal precursor (hafnium chloride, HfCls) is pulsed into the chamber and
reacts with the wafer surface, forming at most one monolayer of hafnium atoms
attached (and leaving some surface Cl).[46] Excess precursor is purged, then a second
reactant (e.g. H20) is pulsed in, which reacts with the adsorbed layer to form HfO: and
release HCI byproduct. This completes one ALD cycle, depositing ~1 atomic layer. By
repeating the cycles, a film of precise thickness can be built up layer-by-layer.[47]
ALD’s strengths are unparalleled thickness control (Angstrom-level) and excellent
conformity even in deep, narrow features — each cycle deposits a uniform layer no
matter the topology.[48] It is ideal for high-x gate dielectrics, spacer layers, or any
application requiring ultra-thin, pinhole-free films over complex structures. The trade-
off is that ALD is relatively slow due to its sequential nature.[49] Thus, ALD is used
selectively for critical thin films where its precision is needed, while faster methods

like CVD handle bulk film deposition.

Overall, deposition processes provide the material building blocks (silicon, oxides,
nitrides, metals) for device structures. A modern integrated circuit may have dozens of
deposited films, from angstrom-thin atomic layers to micrometer-thick dielectric
stacks. The choice of deposition technique depends on the material and requirements:
for example, a thick intermetal dielectric might use high-density plasma CVD for

speed, whereas a nanometer-thin high-«k gate oxide would use ALD for accuracy.

On the other hand, deposition steps are interwoven with lithography and etch steps.
Often, a film is deposited over the entire wafer and then patterned (using lithography
and etching) to remain only in desired areas. For instance, a blanket metal film might
be deposited by PVD and then etched away except where interconnected wires are
needed. In other cases, deposition fills an etched trench or via (e.g. CVD of dielectric
into an isolation trench). The ability to precisely simulate deposition processes —
predicting film conformality, thickness uniformity, stress, etc. — is valuable for process
development. While continuum models (like fluid dynamics and surface reaction

kinetics) are used for CVD reactor design, atomistic modeling can help understand
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film microstructure or interface formation. However, deposition modeling often
involves length scales (feature-scale to reactor-scale) that are beyond straightforward

molecular simulation, so multi-scale approaches or empirical models are common.

As features continue to shrink and aspect ratios increase (e.g. contacts in 3D NAND or
through-silicon vias), deposition techniques like ALD have grown in importance.[50]
New materials such as metal gate electrodes and phase-change memory compounds
have also expanded the use of various deposition methods. From a simulation
standpoint, predicting how a new material will deposit and integrate is a significant
challenge, often requiring a combination of first-principles calculations (to understand
surface reactions), molecular modeling (for film growth mechanisms), and

experimental calibration.

1.6 Molecular Dynamics Simulations and LAMMPS

Given the complexity of semiconductor fabrication, simulation and modeling have
become indispensable tools to understand processes at a fundamental level and to
optimize them without excessive trial-and-error experimentation. One important class
of simulation techniques is molecular dynamics (MD), which models the physical
movements of atoms and molecules over time. In an MD simulation, a system of
atoms is advanced step-by-step by numerically solving Newton’s equations of motion,
with interatomic forces computed from a chosen potential (force field). By tracking all
atomic trajectories, MD can provide a detailed, atomistic view of phenomena such as

collision cascades, chemical reactions, or diffusion events in materials.

In the context of semiconductor processing, MD is particularly valuable for studying
processes that involve atomic-scale interactions and damage creation — for example,
ion implantation damage, defect formation during annealing, or thin-film growth at the
atomic level.[51] Unlike continuum process simulators, MD makes no continuum

assumption: it treats matter as discrete atoms, which is essential for capturing
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phenomena like channeling of implanted ions along crystal axes or the formation of
defect clusters.[52] Classical MD (using empirical interatomic potentials) can simulate
systems of millions of atoms, reaching spatial scales of tens of nanometers and
timescales up to nanoseconds or microseconds, depending on the available computing
power. While this is still far smaller and faster than a full device or process scale, MD
can zoom into the critical early moments of a process (like the first picoseconds of an

ion implantation event) with high fidelity.

A widely used MD engine in materials simulation is LAMMPS (Large-scale
Atomic/Molecular Massively Parallel Simulator).[53] LAMMPS, developed at Sandia
National Laboratories, is an open-source, high-performance MD code designed to run
efficiently on parallel supercomputers.[54] It supports a broad range of interatomic
potentials for different materials — metals, semiconductors, polymers — and even
coarse-grained or mesoscale potentials.[54] Because of its parallel spatial-
decomposition algorithms and MPI (Message Passing Interface) implementation,
LAMMPS can handle simulations partitioned across many processors, enabling
simulation of large atomistic systems (millions of atoms) or long simulation times, as
far as is feasible. LAMMPS has been widely adopted in the semiconductor research
community for tasks such as modeling silicon lattice dynamics, simulating ion
bombardment effects, and exploring thin-film deposition physics. Its flexibility allows
users to implement custom potential or integrate with other methods (for example,

coupling MD with a continuum finite element solver for multi-scale modeling).

Despite its power, classical MD does face limitations that motivate the use of
complementary methods. One key limitation is the timescale: simulating beyond a few
nanoseconds of physical time is often impractical because each femtosecond-scale
time step requires force calculations for every atom.[55] Many semiconductor
processes (like dopant diffusion during annealing) occur over milliseconds or
seconds — far out of reach for brute-force MD. Another limitation is size: even a

million-atom simulation corresponds to a cube of material only in the order of tens of

12



nanometers across, whereas device features and pattern dimensions are in the
micrometer range or larger. As a result, MD alone cannot directly simulate an entire
semiconductor process or device; it can only simulate a tiny representative volume for
a brief moment. Moreover, the accuracy of MD hinges on the quality of the
interatomic potential used. Empirical potentials (e.g. Tersoff or Stillinger—Weber for
Si) are fitted to limited data and may not capture every aspect of defect energetics or
chemical reactions, especially when new elements or complex bonding states (as in

doping or interfaces) are involved.[56, 57]

In practice, MD is often used in tandem with higher-level models. For example, MD
simulations of energetic ion impacts can predict the immediate damage structure
(vacancies, interstitials, displacements).[58] These atomistic configurations can then
be handed off to kinetic Monte Carlo (KMC) or cluster dynamics simulations that
evolve the defects over longer times to emulate annealing. This multi-scale modeling
leverages MD for what it does best (capturing fast atomic collision dynamics and
defect formation) and then uses more coarse-grained stochastic methods to simulate
the slower diffusion and defect interactions that occur over milliseconds or seconds.
An example of this is the simulation of ultra-shallow junction formation: MD might
simulate a hundred boron ions striking a silicon substrate (each over a few
picoseconds), generating an initial damage and dopant distribution;[59] then a KMC
simulation takes over to model defect recombination and dopant diffusion during the

subsequent anneal, over microseconds to milliseconds.

It is also common to integrate MD with first-principles calculations to improve the
realism of the simulations.[60, 61] For instance, density functional theory can be used
to calculate the formation energies or migration barriers of specific defects, which can
then calibrate the parameters in an MD force field or in a continuum diffusion model.
In fact, DFT-informed MD is a powerful approach: one can derive or refine
interatomic potentials based on DFT data for the interactions of interest (such as a

dopant atom with a silicon lattice). In the present context of semiconductor process
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modeling, such an approach was taken to develop a more accurate B—Si interaction
potential for MD simulations of boron implantation and annealing. By fitting a
classical potential to match DFT energies of various B—Si configurations, the MD
simulations can more faithfully reproduce defect formation and dopant clustering

behavior observed in experiments.

Finally, MD outputs can feed directly into continuum Technology CAD (TCAD) tools.
For example, MD might reveal that a certain fraction of implanted dopant atoms forms
immobile clusters, or that a certain defect anneals out with a particular activation
energy. These insights can be translated into improved continuum models — e.g. a
defect cluster “container” model or an adjusted diffusion coefficient in TCAD —
thereby enhancing the predictive accuracy of process simulators. The bottom line is
that molecular dynamics provides the microscopic, physics-based view of
semiconductor processes, which is essential for understanding fundamental limits and
mechanisms, and it works best when linked with coarse-grained models to cover the
full span of length and time scales. LAMMPS, with its performance and versatility,
has been a crucial tool in carrying out such large-scale atomistic simulations in

semiconductor process research.

1.7 Coarse-Grained Molecular Dynamics (CGMD)

While atomic-scale MD is a powerful technique, its computational expense motivates
strategies to extend simulations to larger scales. Coarse-grained molecular dynamics
(CGMD) is one such strategy, in which groups of atoms are treated as a single pseudo-
particle (bead), and effective interaction potentials are used between these coarse-
grained beads.[62, 63] By reducing the total number of particles and smoothing out
high-frequency degrees of freedom, CGMD can simulate systems that are larger in
size or longer in time than all-atom MD can handle, albeit at the cost of losing atomic

detail.[64] Coarse-graining is especially useful for materials like polymers and
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biological macromolecules, where one can often represent a cluster of atoms (e.g. a

monomer unit) as a single bead without losing the essence of the large-scale behavior.

In semiconductor manufacturing, an important application of CGMD is in modeling
self-assembling materials and other mesoscale phenomena. A prime example is the
directed self-assembly of block copolymers (as mentioned in the lithography section).
All-atom MD of long polymer chains forming domains would be prohibitively slow
and unnecessary — the interesting behavior is the phase separation and morphology on
the tens-of-nanometers scale, not the vibration of every bond. With CGMD, each
polymer block might be represented by a handful of beads interacting via a tunable
potential that captures the thermodynamic incompatibility between different blocks.
Researchers have developed coarse-grained models for di-block copolymers that
reproduce their ability to form lamellae or cylinder patterns of around 10-20 nm half-
pitch.[65] Using CGMD, they can simulate microphase separation and defect
dynamics in block copolymer films under various conditions, which provides insight

into how to guide the self-assembly to desired patterns for lithography.

More broadly, CGMD serves as a bridge between atomistic simulations and
continuum models. It allows one to incorporate some chemical specificity and
molecular structure (unlike a purely continuum or phase-field model) while greatly
expanding the accessible length scale. For instance, CGMD can model ~100 nm scale
chunks of material or simulate microseconds of dynamics, which might encompass,
say, the aggregation of point defects into a dislocation loop during annealing, which is
difficult for all-atom MD. In CGMD, the form of the coarse interactions can be
derived from finer-level simulations or experiments (a process known as force-field
coarse-graining or mapping). There are even hierarchical approaches where one first
uses MD or DFT to parametrize a coarse-grained model, and then uses that model to

explore larger system behavior.
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One important consideration is that coarse-graining often averages out fast processes,
so it may miss some atomistic mechanisms.[66] For example, a coarse model of
silicon might not capture a rare diffusion pathway that an atomistic model would.
Therefore, CGMD 1is usually used for phenomena where the fine details are less
critical than the collective behavior (like the morphology of a polymer blend or the
elastic response of a material). In semiconductor process modeling, areas where
CGMD can be particularly useful, including modeling stress evolution in thin films
(treating regions of crystal as mesoscale elements), simulating large-scale defect
clustering, or exploring the flow of resist polymers in nanoimprint lithography, to

name a few.[67, 68]

Several specialized coarse-grained methods exist as well — e.g. dissipative particle
dynamics (DPD), which adds stochastic and dissipative forces to mimic solvent
interactions, or Monte Carlo lattice models for phase separation. These can be seen as

cousins of CGMD, targeting specific types of problems.[69, 70]

It’s worth noting that LAMMPS and similar MD packages are capable of running
coarse-grained models just as well as all-atom models. LAMMPS, for instance,
provides potentials for bead-spring polymer models, DPD, and other coarse-grained
techniques. This flexibility enables researchers to stay within one simulation
framework while moving up and down the scale as needed. For example, one might
simulate a small region of a silicon crystal with full atomistic MD to parameterize
defect energetics, then embed that knowledge into a coarse-grained model that treats
groups of atoms as single units to simulate defect dynamics in a larger region over

longer times.

In summary, coarse-grained MD extends the reach of molecular simulation into
regimes that are closer to device-scale. By sacrificing atomic-resolution detail, one
gains the ability to model mesoscale structure formation and long-time kinetics that

are otherwise intractable. In the multi-scale toolkit for semiconductor process
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modeling, CGMD fills the important middle ground between atomistic MD
(nanometers, nanoseconds) and continuum TCAD (millimeters, seconds), often
providing the link that connects fundamental materials behavior to practical device-

level outcomes.

1.8 Density Functional Theory (DFT)

While classical MD and CGMD rely on empirical or effective potentials, density
functional theory (DFT) is a first-principles quantum mechanical method that offers a
more fundamental — albeit computationally intensive — view of materials.[71] DFT
calculates the electronic structure of a system by solving quantum-mechanical
equations for electrons under the approximation that properties of the many-electron
system can be determined from an electron density functional.[71] In simpler terms,
DFT allows one to compute the total energy, charge density distribution, and related
properties of a collection of atoms from the basic principles of quantum physics,
without requiring fitted interatomic potentials. It is one of the most popular and
versatile methods in computational physics and chemistry for studying molecules and

solids.

In semiconductor manufacturing research, DFT plays a crucial role in elucidating
material properties and reaction mechanisms at the atomic scale. For instance, DFT

can be used in four different topics.

First is “Calculate Defect and Dopant Energetics”. DFT can determine the formation
energy of point defects (vacancies, interstitials) or defect complexes in semiconductors,
as well as the binding energies of dopant-defect clusters. These quantities are essential
for understanding phenomena like transient enhanced diffusion (TED) and dopant
activation.[72] For example, DFT calculations can reveal how a boron atom pairing
with a silicon interstitial (forming a B-I cluster) becomes energetically favorable,

which in turn helps explain the TED of boron in silicon.[73] Similarly, DFT can
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predict which lattice sites are energetically preferred by a dopant (substitutional vs

interstitial) and how that changes with Fermi level or charge state.

Second is “Compute Diffusion Barriers”. The migration of dopants or defects is
governed by activation barriers — the energy required for an atom or defect to move
from one site to another. DFT, often combined with techniques like the nudged elastic
band (NEB) method, can calculate these migration energy barriers.[74] For instance,
for a given dopant in silicon, DFT might show that the interstitial diffusion pathway
has a lower barrier than the vacancy mechanism, quantifying values that can be
plugged into diffusion models.[75, 76] Knowing accurate diffusion barriers is key to

predicting how dopants will redistribute during anneals.

Third is “Investigate Surface Reactions and Materials for Deposition”. Many
depositions and etch processes hinge on surface chemical reactions. DFT allows
modeling of reaction pathways on semiconductor surfaces.[77] For example, the
adsorption and dissociation of a CVD precursor on a silicon surface, or the reaction of
etchant radicals with a silicon or oxide surface. These studies can identify rate-limiting
steps or explain the selectivity of processes. In atomic layer deposition, DFT might be
used to design precursor molecules by computing how completely a precursor can
react in one cycle and how much activation energy is needed for removal of

ligands.[78]

The last 1s “Explore New Materials and Phases”. The introduction of new materials
(high-x dielectrics, metal gates, ferroelectrics, 2D materials, etc.) in semiconductor
devices often requires knowledge of their structural and electronic properties.[79] DFT
can predict lattice constants, band structures, band gaps (with some limitations),
dielectric constants, and interface properties of novel materials before they are even
synthesized.[80, 81] This guides experimental efforts by narrowing down candidates.

For example, for a new high-x gate dielectric, DFT might evaluate a variety of oxides
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or multilayer structures and identify which have desirable high permittivity and band

alignment with silicon.

One of DFT’s biggest strengths is accuracy at the atomic scale. DFT simulations
typically involve systems of up to a few hundred atoms (due to steep computational
cost scaling with system size), which is sufficient to model local structures like a
defect in a crystal or a surface patch.[82] The results, including formation energies,
barrier heights, charge distributions, feed directly into higher-level models. For
instance, DFT-informed process simulation is now a common paradigm: a DFT study
might compute the activation energy for a dopant diffusing via a vacancy mechanism,
and that value is then used in continuum diffusion simulations to replace a previously
fitted parameter. This improves the physical soundness of device simulations,

especially as devices shrink and old empirical models become less reliable.

Moreover, DFT often acts as the foundation for developing better interatomic
potentials for MD.[83, 84] Classical potentials have parameters that can be tuned to
reproduce DFT energy surfaces. For example, if one is simulating SiC and needs a
new potential that handles implanted aluminum defects, one can perform a series of
DFT calculations on small SiC supercells with Al in various configurations
(substitutional, interstitial, etc.). Those data points can then be used to fit or validate a

modified potential for AI-Si—C interactions in an MD simulation.

Despite being powerful, DFT has its own limitations. Standard DFT (using common
exchange-correlation functionals) sometimes underestimates semiconductor band gaps
and can struggle with strongly correlated electrons or rare events (like exact defect
levels in band gaps).[85] It also cannot directly simulate large systems or long times —
it’s essentially a zero-Kelvin, ground-state calculation for a snapshot.[86] However,
there are extensions like ab initio molecular dynamics (where DFT computes forces
on the fly for a small system over a short time) and time-dependent DFT (for excited

states), which extend its reach modestly. Generally, though, DFT in process modeling
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is used to get static properties and activation energies that inform bigger-picture

models.

As for the multiscale integration part, the ultimate power of DFT, MD, and CGMD (or
continuum) is realized when they are used together in a multiscale workflow. A
noteworthy recent example involved the simulation of Al implant damage in 4H-SiC
power devices: researchers combined MD to model the ion impacts, DFT to calculate
the electronic trap states of the resulting defects, and a tight-binding transport
simulation to assess how those defects degrade MOSFET performance.[87] This kind
of end-to-end simulation — from atomistics to electrical characteristics — underscores
the motivation for using all these techniques in concert. DFT supplies the “first
principles” data, MD captures the real-time atomistic evolution, and coarse-grained or

device-level models project the implications to device behavior.

In summary, DFT is the fundamental tool that anchors the simulation hierarchy by
providing quantitative insights into atomic-level processes in semiconductors. It
complements MD and CGMD by addressing what they cannot: electronic structure,
accurate energetics, and quantum effects. Together, these methods help researchers
tackle the grand challenge of predictive process simulation — the ability to virtually
experiment with new process recipes or materials and foresee their impact on the final
device. The continued advancement of simulation algorithms and computational
power is steadily bringing this vision closer to reality, enabling more efficient and

cost-effective development in semiconductor manufacturing.

1.9 Conclusion

The above sections have outlined the key processes in semiconductor fabrication and
the simulation techniques employed to model them. Semiconductor manufacturing
involves a complex interplay of physical and chemical steps — from lithography and

doping to annealing and deposition — all of which must be optimized to create
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nanostructures with atomic precision. Capturing this complexity in models requires a
multiscale approach. Atomistic simulations (MD and DFT) provide deep insight into
phenomena like ion-induced damage, defect dynamics, and surface reactions,
uncovering physics on the scale of angstroms and femtoseconds. Coarse-grained
modeling extends the simulation reach to mesoscopic scales, allowing one to study
polymer self-assembly or microstructure evolution over larger domains and longer
times. These detailed simulations can then inform or be integrated with continuum

process and device simulations, which operate at the scale of the whole chip.

The motivation for using advanced modeling in semiconductor processing is clear — it
offers a window into the sub-microscopic world where intuition and experimental
characterization alone struggle. For example, understanding why a certain annealing
schedule yields better activation, or how a new dopant interacts with point defects, or
whether a novel patterning technique will reliably produce uniform features, are
questions that simulations can help answer without costly wafer runs. Each method
(MD, CGMD, DFT) comes with challenges: whether it be the trade-off between
accuracy and scale, the need for reliable potentials, or the heavy computational

demands. Yet, each contributes essential capabilities to the overall modeling toolkit.

In an era where further improvements in semiconductor technology are increasingly
difficult and expensive, predictive simulation has become indispensable. By
employing MD, CGMD, and DFT in complementary roles, researchers and engineers
can explore the process parameter space more efficiently, troubleshoot problems at the
atomic level, and even discover new process strategies (like new materials or
annealing methods) before implementing them in the fab. The following chapters of
this dissertation will leverage this simulation-driven approach. Building on the
background provided here, we will delve into specific case studies of semiconductor
process modeling — illustrating how the combination of molecular dynamics, coarse-

grained modeling, and first-principles calculations can be applied to contemporary
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challenges in semiconductor manufacturing, and how these methods together advance

our ability to design processes for the next generation of nanoelectronics.
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CHAPTER 2
Simulation of Directed Self-Assembly in Block Copolymers using

LAMMPS: A Study on PS-co-PMMA and Pinned Coated Brush Polymers

2.1 Introduction

2.1.1 Photolithography process for the semiconductor field

Photolithography is a fundamental process in the semiconductor industry, serving as a
key technology for defining the intricate patterns that form the transistors,
interconnects, and other critical structures on silicon wafers.[88, 89] The process
involves the use of light to transfer a circuit pattern from a photomask onto a light-
sensitive material known as photoresist, which has been applied to the surface of the
wafer. After exposure to light, the exposed or unexposed areas of the photoresist are
developed, depending on whether a positive or negative photoresist is used, creating a

precise pattern that will guide subsequent etching or deposition steps.

As semiconductor technology has advanced, the demand for smaller and more
complex devices has pushed the limits of traditional photolithography. Feature sizes
have continued to shrink, following Moore’s Law, leading to an increased need for
high-resolution patterning techniques. To address this, photolithography equipment
has evolved to incorporate advanced technologies such as Deep Ultraviolet (DUV) and,
more recently, Extreme Ultraviolet (EUV) lithography, which wuses shorter

wavelengths of light to achieve finer resolution. [90, 91]
EUV lithography, in particular, represents a significant leap in photolithography

capabilities, allowing the industry to create features as small as 7 nm and beyond.[92]

However, this leap comes with a substantial increase in cost. EUV systems are
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incredibly complex, requiring highly specialized components like ultra-clean
environments, advanced optics, and precision-controlled light sources. The cost of a
single EUV lithography machine can exceed $150 million, with additional expenses
for maintenance, operation, and necessary infrastructure upgrades. The total
investment required for EUV integration into a manufacturing facility can easily reach
billions of dollars, which poses a significant challenge even for the largest

semiconductor companies.

Given these financial barriers, the semiconductor industry is actively exploring
alternative and complementary patterning techniques that can reduce reliance on such
costly photolithography equipment. One promising solution is Directed Self-Assembly
(DSA) using Block Copolymers (BCPs). The key advantage of DSA BCP is its cost-
effectiveness compared to traditional photolithography. While photolithography
requires expensive equipment to achieve the necessary resolution, DSA allows for
pattern refinement at the molecular level without relying on advanced optical systems.
Instead, it uses relatively low-cost materials and simpler processing steps to achieve
high-resolution patterns. DSA BCP can either be used in conjunction with
photolithography, as a way to "fine-tune" patterns created through conventional means,
or as a replacement for certain steps, significantly reducing the overall cost of the

patterning process.

In summary, while photolithography remains an essential technology for
semiconductor manufacturing, the increasing costs of cutting-edge photolithography
equipment—yparticularly for EUV—have prompted the industry to seek alternatives
like DSA BCP. This approach not only offers a more cost-effective solution but also
opens up new possibilities for advanced patterning, helping the industry to continue
advancing while managing the high financial barriers posed by state-of-the-art

lithography systems.

2.1.2  Self-assembly block copolymers
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As devices shrink, traditional photolithography approaches its physical and economic
limits, prompting the exploration of alternative techniques. DSA BCPs offers a
promising solution, potentially surpassing the resolution limits of traditional methods

while significantly reducing cost and complexity.[93]

Block copolymers, such as PS-co-PMMA (Polystyrene-b-Polymethylmethacrylate),
capitalize on their ability to self-organize into ordered nanostructures, enabling the
fabrication of patterns at resolutions difficult to achieve through other means. These
copolymers inherently phase separate due to the chemical dissimilarity of their blocks,
a process driven by thermodynamics. This self-organization is influenced by the
molecular weight, volume fraction of each block, and the Flory-Huggins

parameters.[94]

When external fields or patterned substrates are introduced, BCPs can be steered to
assemble into complex, ordered structures. The surface energy of the substrate can
selectively attract different blocks, influencing the copolymers to form diverse
structures like hexagonally packed cylinders (contact hole structures), gyroids, and

lamellae.[95]

Advancements in substrate design have further refined DSA capabilities. One of the
promising methods is chemo-epitaxy, which creates chemically distinct regions on the
substrate to direct the copolymer assembly into desired configurations, crucial for
controlling the orientation and periodicity of the domains.[96, 97] Conversely,
graphoepitaxy uses substrate features such as grooves or posts to guide the copolymer
assembly, enhancing the alignment and order of the nanostructures and facilitating

their integration into traditional lithographic workflows.[98, 99]

Thus, DSA of block copolymers emerges as a highly efficient nanolithography strategy,

combining bottom-up assembly with top-down patterning techniques. By designing
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substrate templates and controlling processing conditions, such as solvent annealing or
thermal treatments, researchers can harness the inherent properties of BCPs to
fabricate nanoscale features with precise shapes and orientations, essential for the next

generation of electronic devices.

2.1.3  Brush polymer guided substrate for chemo-epitaxy

This work investigates the use of brush polymers coated on a substrate as a method for
chemo-epitaxy. Three key factors—brush polymer length, brush domain dimensions,
and polymer density—are examined to optimize the morphology of Directed Self-
Assembly (DSA) block copolymer (BCP) patterns. The focus of this study is on
contact hole structures, specifically hexagonal cylinders, aiming to enhance pattern

resolution and complexity through chemical patterning and polymer design.

To explore the formation of various nanostructures, the composition of BCPs and
polymer chain modifications were systematically simulated. The study then assessed
the impact of tuning brush polymer parameters on the resulting patterns. While the
effects of brush polymers have been widely studied, these simulations seek to refine
our understanding of how subtle variations in brush composition and dimensions
influence microdomain morphology in DSA applications. The resulting patterns act as
templates that guide the self-assembly of BCPs into desired structures, such as contact
holes. The introduction of brush copolymers offers potential improvements in
controlling the assembly process, potentially overcoming limitations of traditional

chemical patterning techniques.

This research also examines how the density and molecular length of brush
copolymers affect their ability to guide BCP assembly. Simulations of variations in
brush density and length aim to identify optimal conditions for achieving precise and

reproducible patterns. These findings are critical for designing substrates that both
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effectively guide BCP assembly and remain compatible with existing manufacturing

processes.

A preliminary literature review suggests that the application of brush copolymers for
chemical patterning in DSA has not been extensively explored, presenting an
opportunity for significant contributions to the field. This research could provide
valuable insights into the scalable use of brush copolymers in nanolithography,

particularly in enhancing the manufacturability and resolution of DSA patterns.

2.1.4 Simulation methods

In this study, we utilize the Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS) in conjunction with Coarse-Grained Molecular Dynamics
(CGMD) and Dissipative Particle Dynamics (DPD) to simulate the self-assembly of
block copolymers (BCP) for Directed Self-Assembly (DSA) applications. While
LAMMPS is a powerful and versatile tool for large-scale molecular dynamics
simulations[53, 100], CGMD and DPD are key methodologies that enable us to

effectively model the mesoscale behavior of polymer systems.

Coarse-Grained Molecular Dynamics (CGMD) is employed to simplify the system by
reducing the degrees of freedom, enabling the simulation of large systems while
maintaining essential structural characteristics.[101-103] By grouping several atoms
into larger coarse-grained beads, CGMD allows for the study of long-range
interactions and large-scale molecular movements, which are critical in understanding
the phase separation and self-assembly processes of BCPs. This method is especially
useful in DSA studies, where the balance between computational efficiency and

accurate representation of molecular interactions is crucial.

Dissipative Particle Dynamics (DPD) is another technique that we incorporate to

capture the hydrodynamic behavior of the system. DPD is particularly well-suited for
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simulating soft matter systems, such as polymers, as it introduces a dissipative force
that mimics the effects of thermal fluctuations and fluid dynamics at the
mesoscale.[104-106] This allows for a more realistic representation of the molecular
self-assembly process in BCPs, where solvent effects and dissipative interactions play
a significant role. By using DPD, we can model the dynamic evolution of BCP
morphologies under various conditions, such as different brush polymer densities and

substrate patterns.

In the context of DSA, these simulation methods are used to model the formation of
ordered nanostructures on chemically or topographically patterned substrates. By
carefully defining the interaction parameters between polymer blocks and the substrate,
we simulate the phase separation that leads to well-ordered patterns such as cylinders,
lamellae, or spheres. Specifically, the study focuses on optimizing the contact hole
pattern formation by investigating the impact of brush polymer characteristics,

including pinned domain dimensions, brush density, and brush length.

By combining LAMMPS with CGMD and DPD, we aim to gain deeper insights into
the molecular mechanisms driving DSA in BCP systems. This approach provides a
more comprehensive understanding of how different variables influence the final
pattern fidelity and feature size, ultimately contributing to the optimization of DSA

processes for next-generation semiconductor manufacturing.
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2.2 Methodology

2.2.1 Model overview

In this study, the model is developed according to previous work.[107-109] Three
types of substrates are constructed: pure substrate, flat pinned substrate, and brush
pinned substrate, to investigate the effects of chemo-epitaxy. The dimensions of each
model are outlined in Table 1. The non-pinned region (represented by yellow beads)
acts as a neutral substrate, showing no selectivity toward either PS or PMMA.
Meanwhile, the pinned domain (shown as pink beads) exhibits PS-affinity interactions,

functioning as the chemo-epitaxy mechanism.

Table 1. CGMD simulation model design of non-pinned substrate, flat pinned and

brush pinned.
Non-pinned substrate Flat pinned Brush pinned
Model Xy 300
structure 5 .

Pinned pattern | N/A

2.2.2  Simulation system parameters
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The block copolymer under investigation is an A-B type di-block copolymer,
specifically polystyrene-block-polymethylmethacrylate (PS-b-PMMA). A coarse-
grained modeling approach is employed to reduce the degrees of freedom in the
system, which simplifies the simulation while maintaining a reasonable representation
of the macroscopic properties. This method allows us to explore larger length scales

without fully capturing all the microscopic structural details.

The bead-spring model is used in conjunction with Kuhn segments to represent the
polymer chains, approximating them as generalized Lennard-Jones particles. In this
model, one monomer unit () corresponds to a size of 1 nm, which is approximately
the Kuhn length of styrene. This coarse-grained bead represents around 4 styrene
molecules. Similarly, one coarse-grained bead of polymethyl methacrylate (PMMA) is
equivalent to approximately 4.5 molecules of methyl methacrylate. This approach
helps strike a balance between computational efficiency and structural accuracy in

simulating the self-assembly behavior of block copolymers.

In a polymer chain, the length varies from 10 beads to 160 beads with a specific
composition. For instance, when L=100 ¢ and PS: PMMA = 70 : 30, the polymer
chain consists of 100 beads, with 70 PS beads and 30 PMMA beads. The interaction
between bonded BCP (block copolymer) beads is modeled using the FENE (Finite
Extensible Nonlinear Elastic) bond potential, as shown in Table 2. The spring constant
K for the FENE bond is 30ec72, where ¢ is the energy parameter and o represents the
bead diameter. The maximum bond extensibility is set to 1.50. For long-range
interactions, the Lennard-Jones (LJ) potential with a tail correction is applied, while
the Weeks-Chandler-Andersen (WCA) potential is used to control repulsive

interactions between non-bonded beads.

Table 2. Fene bond and Lennard Jones potential used in the simulation system.
Name Equation

Fene bond Ut ene (1) = =05KR g In [1 = ()]

max
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Lennard Jones interaction-1: Ugeeraceivs (1) = 4€l(a/r)* — (a/r)8] + 5, forr
attractive force <256

Lennard Jones interaction-2: Uypepuisive (1) = 4el(a/r)* — (o/r)8]+ = forr <
repulsive force 256

The density of the BCP site is 0.85 beads per nm® is maintained and the Nosé—Hoover
is for thermostat. The interaction of Lennard Jones parameters is selected according to
previous works.[107-109] The optimized parameters ( €pg—psartractive = 0-15 ,
€pMMA-PMMAattractive = 0-15 and €ps_paaarepiusive = 0.15 ) are used in the main

simulations.

On the other hand, Dissipative Particle Dynamics (DPD) has proven to be a powerful
method for simulating soft matter systems due to its ability to bridge multiple scales,
offering an efficient mesoscopic approach that captures both the microscopic details of
molecular dynamics (MD) and the macroscopic behaviors of complex fluids, which is
introduced by Hoogerbrugge and Koelman.[110, 111] The inherent structure of DPD,
which employs coarse-grained particles representing clusters of atoms or molecules,
makes it particularly suitable for handling large-scale simulations that are

computationally prohibitive for classical MD.

One key advantage of DPD is its capability to model hydrodynamic interactions
effectively while maintaining computational efficiency. As demonstrated in studies
such as those by Ma et al., DPD was used to investigate the mesoscale structures and
proton conduction properties in polymer membranes, showing how the method can
model both the molecular structure and transport properties in soft materials.[112]
Additionally, Flekkey and colleagues emphasize the versatility of DPD, particularly in
cases where multiple length scales coexist, such as in the simulation of complex fluids
and soft matter. [113] This versatility is crucial for accurately simulating the dynamic
behavior of soft matter systems, where interactions and structural evolution occur over

a wide range of spatial and temporal scales.
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When applying a DPD thermostat, the interaction between two beads is defined by the
non-conservative component of the DPD force field. The total force exerted on bead i

by bead j is the sum of the following individual force terms.

Table 3. Dissipative particle dynamics function used as the thermostat

Name Equation
Dissipative particle dynamics f =(FP+F®)r; r<r
Dissipative force FP = —yw*(r)(r; - v;;)
Random force FR = sw(r)a(At) —%

. . . -}1
Weighing function wir) =1-——
Scale factor 5 =/ 2kgTy

In table 3, Fp represents the dissipative force, functioning as a heat source, while Fr is
the random force, acting as a heat sink. The vector rj; denotes the unit vector between
beads i and j, and vj; is the relative velocity between them. The temperature parameter
is T, and kg is the Boltzmann constant. The random number @, drawn from a Gaussian
distribution with a mean of zero and variance o6°=1, introduces stochastic behavior.
The time step for each iteration is At, and o(r) is a weighting function, equal to 1 when

r < rc (cutoff radius) and 0 otherwise.

2.2.3 Chemo-epitaxy with brush-coated substrates

Two distinct chemo-epitaxial templates were explored. In the first, an idealized
“flat-pinned” substrate was constructed by embedding immobile, PS-affine beads at
predefined circular sites; radius of 3,4,5,6, and 8 c were positioned either at the
center or at the four corners of the simulation cell to impose a static chemical field that
favors hexagonal cylinder packing. The second, more experimentally realistic template

replaced these static pinned domains with polymer brushes. Each brush chain was

32



grafted to the otherwise neutral substrate at one end, leaving the free end mobile so
that the layer could respond elastically to the surrounding melt. To emulate the
imperfect coverage found in spin-coated mats, the graft density was varied from 25 %
to 100 %, while the contour length of the brushes was tuned independently between
2 6 and 8 0. Systematic sweeps of pinning-site radius, graft density, and brush length
allowed us to map the parameter space and identify the combinations that most
effectively promote the formation of highly ordered, hexagonally packed PS-5>-PMMA

cylinders.

2.2.4 Simulation details

The initial coarse-grained configuration was generated with an in-house Python script
that places all beads—block-copolymer (BCP) chains and substrate layers—on a
predefined lattice. After construction, the system was first equilibrated for at least
1x10° integration steps under a uniform, non-selective Lennard-Jones (LJ) potential

applied to every bead pair.

To accelerate the calculation, interactions between the pillar beads and the underlying
substrate beads were set to zero and the substrate beads were fixed in space, thereby
eliminating unnecessary force evaluations while keeping a rigid template.
Equilibration and production runs were carried out in the NVT ensemble (constant
number of beads, fixed simulation box, and constant temperature) using a dissipative-

particle-dynamics (DPD) thermostat to maintain the target temperature.

After the initial equilibration, chemically selective LJ parameters were activated to
capture the thermodynamic driving force for microphase separation. Production
trajectories were then propagated for a sufficiently long duration to ensure that the
targeted morphology emerged and reached a steady state. All simulations employed a
reduced time step of At=0.005. Molecular dynamics were performed with LAMMPS,
and trajectory snapshots were analyzed and rendered with OVITO.
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2.2.5 Analysis method

To obtain a quantitative, orientation-invariant measure of how closely the simulated
block-copolymer (BCP) pillars approach an ideal hexagonal array, we evaluate the
bond-orientational order parameters originally proposed by Steinhardt, Nelson and
Ronchetti.[114] Because these parameters are derived from local spherical-harmonic
projections, they have proven highly effective in distinguishing crystalline symmetries
from amorphous backgrounds across a wide spectrum of soft-matter and polymeric

systems.[115, 116]

The positions of the PMMA beads are analyzed with the expressions listed in Table 4.
Perfect hexagonal packing in two dimensions exhibits six-fold rotational symmetry, so
the harmonic index is fixed at £ = 6 throughout, where { = 6 equals to y6. Only
PMMA beads (atom type 2)-which define the cylindrical domains of interest—are
included; substrate-brush and PS beads (types 1 and 3-5) are excluded. The neighbor
shell is delineated by the first minimum of the partial radial-distribution function,
giving a cut-off radius rcut= 1.30 o and an average coordination number Nm = 6, as
expected for an ideal hexagonal lattice. This definition maximizes sensitivity to six-
fold order while suppressing spurious long-range correlations. For ease of comparison,
the resulting y6 values are normalized to that obtained for a simulated ideal contact-

hole lattice.

Table 4. the Steinhardt bond-orientational order parameters

Formula Explanation

@ (1) = |

Scalar magnitude of the local €-fold

! - orientational order around bead i
|G 1m {1} |<

4t
20+1 L
M—=—t

\
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1 Ny (£) Complex spherical-harmonic projection of the
Gim (i) = ~ Z Yim (1:5) bond vectors connecting bead i to its Ny (7)
Ny (1) =1 neighbors

Cylinder morphology was quantified by analyzing the cross-sectional geometry
slice-by-slice along the pillar axis. Each cylinder was partitioned into horizontal slabs
of thickness Az = 1 o, and within every slab the in-plane bead coordinate (x;, v;) were
referenced to the slice center of mass (x, ¥).Two complementary descriptors were then

computed. First, the side-wall roughness was defined as the root-mean-square (RMS)
. , , : : .
lateral fluctuation, R ;naer = ~.,I| o> +o,%, where o, = std(x;) and g,, = std(y;); this

metric is the three-dimensional analogue of the line-width and line-edge roughness
figures widely used in semiconductor metrology. A three-sigma criterion applied to the
distribution of Reylinder values identified cylinders whose roughness lay within the

99.7 % confidence envelope required for process qualification. Second, the mean

cylinder size was captured by the RMS radius, Rgps = +/ (), where the instantaneous

radial distance of each bead from the slice center is r; = /(x; — €)% + (y; — #)?; this
orientation-invariant quantity characterizes the average pillar diameter independently
of local roughness. Together, these two metrics provide a quantitative picture of the in-
plane roughness and the axial tapering behavior of the cylinders, allowing direct

comparison across different simulation conditions.

Table 5. Formulas used to characterize cylinder roughness and radius
Metric Expression

Cylinder roughness - N
Rc}'!indar = ‘Jl':"_.:r_ + ':"_}'_

Cylinder RMS radius (rs),

Rrus = +/
n=E -0+ 00— 3)°

2.3 Results and Discussion

2.3.1 Self-assembly behavior of PS-b-PMMA
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Figure 1 juxtaposes the simulation snapshots with the mean-field phase diagram of
diblock copolymers. [95] When the minority-block volume fraction (fpmma) is 0.50,
the polymer adopts the expected lamellar (L) morphology. Reducing femma to 0.40
first produces perforated lamellae and then, at 0.30, a well-defined hexagonal array of
PMMA cylinders (C). A further decrease to 0.20 eliminates long-range order and
yields a disordered (D) melt, reproducing the canonical sequence L — C — D

predicted by theory and experiment.[117]

Phase Diagram

A_Lamella

\
\\\. / B. Cylinder

XN

o]
2
o
2
B
=3
@
=

Figure 1. The theoretical block copolymer phase diagram. The blue color is the
PMMA bead, while the red color is the PS beads

Because microphase separation is governed by the product yN, we first surveyed the
effect of chain length N (expressed as the reduced contour length L in units of o).
Table 6 summarizes the morphologies obtained for L = 80, 100, and 120 c at four PS :
PMMA compositions. Cylindrical ordering is absent for L < 80 o, but emerges sharply
once YN exceeds = 140 (= L = 80 o in this model). Increasing L beyond that threshold
primarily sharpens the domain interfaces without shifting the phase boundaries.
Among the conditions tested, the combination L = 100 ¢ and fpmma=0.30 produces the

most regular, defect-free hexagonal array and therefore offers the greatest potential for
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contact-hole patterning. This parameter was selected as the baseline for all subsequent

chemo-epitaxy simulations.

Table 6. The comparison between mole ratio and the length of BCP on neutral
substrate.

PS : PMMA ratio

BCP length (o) 50:50 60:40 70:30 80:20

L=80oc

L=1000c

L=1200c

With these baseline parameters established, we introduced immobile PS-affine discs
(“flat-pinned domains”) to guide cylinder placement. Table 7 summarize the outcome
for pinning-site radius R=3-6 . Each disc nucleates a single PMMA cylinder, and the
global hexagonal order—quantified by the averaged bond-orientational parameter

(y6)—improves markedly relative to the unpatented case.

Table 7. The relationship between the radius of pinned domain and the structure of the
DSA BCP on flat pinned substrate. The composition of the BCP is PS : PMMA =70 :
30 with co-polymer length equal to 100 . W6 is normalized by the ideal contact hole
structure.
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Pinned domain radius (o)

R=40

R=50¢

xy
xz BEEBR &S IEBEER
yz ws B E W OE B
w6(%) 90.7659 91.0266 91.1832 90.6224

The optimum range R = 4 ~ 5¢ coincides with one half of the natural cylinder-to-

cylinder spacing, indicating that commensurability between the pinning site and the

intrinsic lattice constant minimizes defects. A control simulation with no pinning

Table 8) attains only (y6)=88.65 %, underscoring the templating effect of chemo-
VALY g

epitaxy.

Table 8. comparison between flat pinned domain and non-pinned domain

Pinned domain radius (o)

R R=30¢ R=40¢ R=50 R=60¢
y gy ® 8 ® 8 ® 8 & @ B & @ @
Substrate » = = 41|p 8 ® ® 4/p 8@ B & 4|p @ © © 4
= " " ® @ @ @ B & & @ B & @& &

DSA
BCP

P6(%)

88.6538

90.7659

91.0266

91.1832

90.6224
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Table 9 and figure 2 show that the two shortest brush layers—2 ¢ and 4 c—deliver the
highest normalized bond-orientational order, ys = 91.8-92.5 %, over the entire graft-
density range of 25—-100 %. By contrast, extending the brushes to 6 ¢ or 8 ¢ lowers s
by roughly 1-3 %. The trend is readily explained by the relative balance of chemical
versus topographic guidance. When the grafted chains are shorter than about 5 o, they
remain close to the substrate and act chiefly as a chemical affinity patch that anchors
the PS block without intruding into the volume occupied by the PMMA cylinders; the
cylinders therefore retain a high degree of six-fold orientational order that is largely
insensitive to surface coverage. Once the brushes grow to 6 ¢ or 8 o, their swollen
coronas protrude well into the self-assembling film, crowding the space needed for
regular packing and introducing an unintended grapho-epitaxial constraint; the
resulting steric interference distorts the local lattice, depressing ys to the 89-91 %
range. Graft density modulates this behavior only secondarily: short brushes tolerate a
wide span of coverages, but a moderate window (25—75 %) still yields the very highest
ys, Whereas complete coverage (100 %) slightly blurs the chemical contrast through
lateral crowding of free ends. Overall, maintaining a brush height no greater than ~4
o—comparable to, or smaller than, half the natural cylinder pitch—preserves high six-
fold symmetry across a broad range of graft densities, while longer brushes invariably
introduce grapho-epitaxial perturbations that erode the orientational order of the

resulting cylinder array.

Table 9. The relationship between different brush polymer density and the DSA BCP
pattern on the brush coated substrate.

Brush density (%)
Normalized W6 (%)
25% 50% 75% 100%
Substrate
Brush Length=2 ¢ 92.449 91.872 92.104 91.831
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Brush Length=4 ¢ 92.124 91.444 91.333 91.200

Brush Length=6 ¢ 91.726 91.141 90.842 90.687

Brush Length=8 ¢ 91.482 90.695 90.100 89.458

mB2 mB4 mB6 mB8

91
90
89
0.25 0.5 0.75 1

Density (%)

Normalized W6 (%)

o}
o2}

[e=]
~

Figure 2. The relationship between different brush polymer densities and Normalized
Y6. (B2 means brush length equals to 2 beads, B4 means brush length equals to 4

beads, B6 means brush length equals to 6 beads, and B8 means brush length equals to
8 beads)

2.3.3 Brush-pinned template: effect of pinning-site radius on brush-pinned chemo-

epitaxy

Table 10 and figure 3 reveal that the influence of pinning-domain radius (R =4, 6, 8 ©)
on six-fold orientational order depends sensitively on brush height. When the grafted
chains are short (< 4 o) they lie close to the substrate, act almost exclusively as
chemical affinity patches, and therefore benefit from a broader target: s rises steadily
with R and reaches a maximum of = 92 % at R = 8 o. Once the brushes extend to
intermediate lengths (~4 o), their coronas begin to protrude into the film; under these
conditions s levels off near 91.6 % and shows only a shallow optimum at R = 6 o,
indicating that moderate domains still guide the cylinders effectively but additional
area beyond one lattice spacing confers little extra advantage. For the longest brushes

(> 6 o) the trend reverses: the swollen chains crowd the volume that the PMMA
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cylinders must occupy, so enlarging the pinning site simply introduces more steric

interference and ys decreases monotonically, the value at R = 8 ¢ being ~1.4 % lower

than at 4 ¢ for an 8 o brush. Taken together, these observations establish a coupled

design rule: widening the pinning domain improves hexagonal order only when the

brush layer remains short and closely bound to the surface, whereas templates with

brushes protruding appreciably above the substrate should restrict the domain radius to

roughly one natural cylinder spacing to preserve maximal symmetry.

Table 10. The relationship between different pinned domains and the DSA BCP

pattern on the brush coated substrate.

Normalized W6 (%)

Pinned Domain Radius (o)

40 60 8o
— . . T
® 8 W e @ & @

Substrate e » » (| p & O q
s B ® @ @ @
Brush Length=2 ¢ 91.833 92.109
Brush Length=4 ¢ 91.507 91.596
Brush Length =6 ¢ 91.441 91.110
Brush Length =8 ¢ 91.038 89.866

a3
92.5

£ 915
[{s)
© 91
T 905
(5]
N9
©
£ 895
o
S 89

88.5
88
87.5

mB2 mB4 mB6 mB3

Pinned domain radius (o)
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Figure 3. The relationship between different pinned domains and Normalized V6.

2.3.4 Cylinder Roughness and Tapering Effect

Table 11 and table 12 quantify how surface roughness evolves with height for
cylinders templated by brush-pinned domains of increasing radius (R=4, 6, 8 6) and
brush length (brush length =2-8 ¢). Two features stand out. First, although the mean
roughness averaged over the central core of the pillars (5 6<z<190) is essentially
invariant at 6.0 ¢ for all three radius, the width of the roughness distribution—
measured by its three-sigma envelope—contracts steadily as the pinning site or the
brush layer is enlarged. For a fixed radius the envelope narrows by 15-20 % when
brush length is extended from 2 o to 8 o, consistent with the notion that a thicker, more
compliant brush mantle damps interfacial undulations. Second, at every brush length
the largest pinned domain (R =8 o) delivers the smoothest cylinders: the three-sigma
spread falls to 0.97 +0.35 6, compared with 1.18 £0.43 ¢ for R=4 o, shown as table
10. This additional gain can be traced to the broader chemical footprint provided by
the 8 6 pinned domain, which packs the cylinder base more tightly and suppresses
low-z roughening. The data therefore suggest that roughness stability is governed by a
cooperative confinement mechanism: longer brushes furnish radial support along the
entire pillar while a sufficiently wide pinning domain locks the cylinder at its foot,
together yielding the lowest fluctuations observed. At the opposite extreme—short
brushes combined with large pinned domain—Ilack of top-end guidance can still
trigger local roughening spikes near the free surface, underscoring the need to balance
brush height and domain radius when both surface smoothness and global six-fold

order are required.
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Table 11. The relationship between roughness and pinned domains.

Pinned domain radius =4 ¢

Pinned domain radius = 6 ¢

Pinned domain radius = 8 ¢

—8—b2 14 —@—b4 4 —@—bG r4 —8—DbE rd4

R
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Roughness (o)
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Table 12. The roughness along the z direction over 56 <z<19c (n=4)

Pinned domain Pinned domain Pinned domain

radius=4 ¢ radius=6 ¢ radius=8 ¢
Avg. Roughness 5.984 +0.151 5.998 £ 0.153 5.987 +0.130
Avg. 3 ¢ 1.182 £ 0.430 1.087 £ 0.341 0.971 £ 0.346

On the other hand, slope analysis of the cylinder-radius profiles (table 13 and table 14)

offers quantitative insight into pillar tapering across the brush-pinned parameter space.

For each sample the radius R(z) was fitted to a linear function over the interval

50<z<190, and the resulting slope, AR/Az, serves as a single-number descriptor of

shape: negative values correspond to conventional tapering (bottom-wide, top-narrow),

positive values to inverse tapering, and slopes statistically indistinguishable from zero

indicate straight pillars, shown as Figure 4. The data reveals two cooperative effects.

First, increasing brush length systematically flattens the radius profile. At a fixed

pinning radius of 6 o, the slope rises from —3.6 x 1072 for the 2 ¢ brush to —8.1 x 103
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for the 6 ¢ brush, a four-fold reduction in tapering. Second, enlarging the pinning

domain further mitigates shape anisotropy: with an 8 ¢ pinned domain the longest

brush (8 ¢) yields a small positive slope (+6 x 107%), while the shortest brush still

exhibits only modest conventional tapering (—2.4 x 1072). These trends support a

simple physical picture. Long grafted chains provide a compliant, radially confining

sheath that suppresses differential shrinkage along the pillar axis, whereas a broader

chemical footprint at the base distributes the pinning force over a larger area and

minimizes corner effects, thereby promoting uniform growth in the upper section.

Consequently, the combination of large pinning domains and long brushes produces

the straightest pillars (JAR/Az|=0), whereas short brushes tethered to small domains

generate the most pronounced tapering.

Az

Tapered pillar
(slope < 0)

Straight pillar
(slope =0)

x/y

z Inverse-tapered pillar
(slope = 0)

x/y

Figure 4. The schematic diagram of tapering effect for cylinders

Table 13. The relationship between pinned domain and the linear slopes

Pinned domain radius =4 ¢

Pinned domain radius = 6 ¢

Pinned domain radius = 8 ¢
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Table 14. The relationship between linear slop and tapering effects
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Slope Pinned Domain Radius (o)
(Aradius/Az)
Pinned domain Brush length = | Brush length = | Brush length= | Brush length =
20 40 60 8o
R=40¢ -0.0235 -0.0391 -0.0352 -0.0385
R=60 -0.0358 -0.0341 -0.0081 -0.0267
R=8¢ -0.0237 0.0175 -0.0068 0.0063

2.4 Conclusions

This study employed coarse-grained molecular-dynamics simulations to clarify how
chemo-epitaxial templates fashioned from brush-coated pinning domains guide
PS-b-PMMA into the hexagonally packed contact-hole morphology required for
advanced lithography. Beginning with a neutral substrate, we established a baseline
copolymer composition (L=1000c, fpmma =0.30, xN= 140) that exhibits the highest
intrinsic degree of order and then quantified the coupled influences of pinning-site
radius, brush-chain length, and graft density on three performance metrics: six-fold
bond-orientational order (y6), side-wall roughness, and pillar tapering. Flat, immobile
pinning domain enhanced y6 from 88.7 % in the unpatterned film to values exceeding
91 % when their pinned domain matched one-half of the natural cylinder pitch (4 o).
Replacing these pinned domains with mobile brush layers preserved—and in favorable
cases slightly surpassed—this level of ordering provided the brush height remained at
or below one half-period of the lattice; longer brushes introduced steric crowding that

degraded y6 by as much as three percentage points.

The simulations further reveal a cooperative confinement mechanism governing
surface quality. As brush height increases from 2 ¢ to 8 o, the three-sigma envelope of
side-wall roughness contracts by roughly twenty percent, an effect that is amplified by
an additional ten percent when the pinning-site radius is expanded to 8 c. This
smoothing arises because a compliant brush mantle damps interfacial fluctuations

while a broad chemical footprint anchors the cylinder base. Linear-slope analysis
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shows that such cooperative confinement also controls pillar shape: tapering is
essentially eliminated only when long brushes (>6 ) are paired with the largest
pinning domains, whereas short brushes tethered to narrow domains produce the most
pronounced bottom-wide pillars. Synthesizing these trends yields a practical design
window for sub-10 nm contact-hole printing: graft densities of 25—75 %, brush heights
of 2—4 o, and pinning radii of 6—8 ¢ simultaneously maximize y6 (> 92 %), minimize

roughness (< 1.0 ¢ on a three-sigma basis), and suppress taper.

By combining quantitative order metrics with geometric analyses of roughness and
tapering, the present work provides a materials-selection map that can guide the
integration of brush-assisted chemo-epitaxy with optical lithography, thereby offering
a route to pattern fidelity without exclusive reliance on costly EUV exposure. Future
extensions will incorporate multi-layer stacks and experimentally calibrated
interaction parameters, enabling wafer-scale validation and direct assessment of

defectivity across realistic process windows.
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CHAPTER 3
A Multi-Process Molecular Dynamics Framework for

High-Precision Boron Ion Implantation in Silicon LDD Devices

3.1 Introduction

This section focuses on a Lightly Doped Drain (LDD) process modeling framework
that integrates multiple semiconductor fabrication steps. In contrast to the broad
overview provided in Chapter 1, this chapter zeroes in on specific concepts and
techniques critically for accurately simulating LDD formation. The following
subsections introduce the key background topics — from basic semiconductor doping
and LDD device structures to advanced processing techniques and atomistic
simulation methods — that set the stage for the detailed modeling work presented. By
covering these targeted areas, the introduction clarifies how the chapter’s approach
combines various processes (implantation, annealing, deposition) within a single

model tailored to LDD engineering.

3.1.1 P-Type and N-Type Semiconductor

Modern semiconductor devices rely on controlled doping to tailor electrical properties.
Doping is the intentional introduction of impurity atoms into a pure (intrinsic)
semiconductor crystal in order to modify its conductivity.[118] Adding trivalent
impurities (from group III of the periodic table, like boron or indium) creates a p-type
semiconductor, whereas adding pentavalent impurities (group V elements such as
phosphorus, arsenic, or antimony) produces an n-type semiconductor.[118] In p-type
silicon, dopant atoms like boron substitute for silicon and have one fewer valence
electron, which results in mobile “holes” (positive charge carriers) in the lattice.
Conversely, n-type dopants like phosphorus have one extra valence electron,
contributing additional free electrons (negative carriers) to the material. The

concentration and type of dopant introduced can change the semiconductor’s carrier
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density by many orders of magnitude, effectively turning a near-insulator into a
conductive material.[119] Careful spatial control of p-type and n-type regions is what
allows formation of p—n junctions and transistor structures. For example, in CMOS
transistor fabrication, the source and drain regions are heavily doped (n+ or p+) while
the channel region under the gate is lightly doped or has the opposite type of doping to
set the desired threshold voltage.[120] These well-defined doping profiles are essential
for device functionality and are achieved through highly controlled processing

techniques, as discussed below.

3.1.2  Lightly Doped Drain (LDD) Structure

As transistors scaled into the sub-micron regime, engineers introduced the Lightly
Doped Drain (LDD) structure to improve device reliability and mitigate short-channel
effects. In a conventional MOSFET, the abrupt junction between the highly doped
source/drain and the channel can create a very strong electric field at the drain end
when the device is biased, accelerating carriers to high energies (hot carriers) that
damage the gate oxide and shift device characteristics. The LDD structure addresses
this by inserting a narrow lightly doped n™ region between the channel and the n*
source/drain regions (for an n-channel transistor).[121] This graded junction spreads
out and lowers the peak electric field at the drain, thereby reducing hot-carrier
injection and improving the transistor’s breakdown voltage. Ogura et al. (1980) first
demonstrated that LDD transistors achieved significantly less hot-electron degradation
and higher breakdown compared to conventional devices, at the cost of a slight
increase in series resistance due to the lightly doped extensions.[121] Subsequent
analyses confirmed that while the LDD implant regions inevitably introduce extra
source/drain resistance (diminishing drive current modestly), they dramatically cut

down the maximum field and prolong device lifetime under high voltages.[122]

The typical fabrication sequence for an LDD MOSFET involves two implant steps: a

low-dose, low-energy implant to form the shallow n~ extension regions self-aligned to
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the gate edges, followed by the deposition of a sidewall spacer and then a second,
higher-dose implant to form the deep n" source/drain regions.[122] The sidewall
spacer (often made of a CVD-deposited dielectric) offsets the second implant from the
gate, so that the heavily doped n" area begins where the lightly doped extension ends.
After subsequent annealing, this process yields a graded junction profile: very shallow
doping near the channel and heavier doping farther out. The LDD structure thus
balances competing needs — it preserves performance as much as possible while
protecting the device against the worst of hot-carrier and short-channel effects. LDD
implants became a standard feature of sub-micron MOSFET technologies and are

central to the process modeled in this chapter.

3.1.3 Types of lon Implantation

Ion implantation is the primary method for introducing dopant atoms into precise
locations in silicon for modern processes, offering fine control over dose and depth. In
a conventional beam-line ion implanter, dopant ions (such as B, P*, or As") are
accelerated to a specified energy and directed at the wafer, where they collide with the
lattice and come to rest at some average penetration depth governed by the ion
energy.[123] By adjusting the implant energy, species, and dose, manufacturers can
tune junction depths and sheet resistances with great accuracy. For instance, achieving
the ultra-shallow junctions needed for LDD source/drain extensions requires
extremely low implant energies (on the order of a few keV or below for boron), since
higher-energy implants would place dopants too deep into the substrate.[124] One
practical challenge of these ultra-low-energy implants is low beam current — the ion
beam inherently carries fewer ions at low acceleration voltages, reducing
throughput.[124] Additionally, light dopants like boron tend to channel along crystal

directions during implantation, leading to deeper tails than intended.[125]

To push junction depths even shallower without sacrificing throughput or precision,

researchers developed specialized implantation techniques. One approach is the cluster
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ion implantation, wherein a molecule containing the dopant (e.g. decaborane, BioHi4)
is 1onized and accelerated as a single heavy particle.[126] Upon impact, the molecule
breaks apart, effectively implanting a cluster of boron atoms in nearly the same
location. Decaborane implantation at a given total energy per molecule deposits boron
atoms with much lower per-atom energy, thus inherently producing shallower profiles
than an equivalent monomer implant.[127] Studies have shown that a 3 keV
decaborane implant, after rapid annealing, can achieve junction depths of ~20 nm —
extremely shallow by conventional standards.[127] Moreover, because each
decaborane ion carries ten boron atoms, space-charge effects are reduced and higher
beam currents can be used, improving dose rate capacity. Molecular dynamics
simulations indicate that while B cluster implants and B* implants yield similar dopant
distributions, a single decaborane impact displaces roughly four times more Si atoms
than a single B ion, creating a more locally amorphized region that must be annealed
to recrystallize.[128] Despite the extra damage, cluster implantation proved effective
for forming ultra-shallow junctions in research prototypes, and it addresses the beam

current limitation of ultra-low-energy single-ion beams.

Another variant is plasma immersion ion implantation, often simply called plasma
doping (PLAD).[129] In plasma doping, the wafer is placed directly in a plasma
containing the dopant species (e.g. BFs; or AsH; gases are dissociated to provide
dopant ions). A pulsed bias on the wafer accelerates ions from the plasma sheath into
the substrate. This technique enables doping of non-planar structures and large areas
uniformly without the beam steering of a traditional implanter. PLAD is especially
useful for doping complex 3D device architectures (like FinFET sidewalls or memory
device trenches) where line-of-sight beam implantation would be non-uniform.[130] It
generally operates at lower ion energies (plasma potentials of a few 100 V to 1-2 kV)
and higher pressures, leading to very shallow, conformal doping profiles. The trade-off
is that dose control and repeatability can be more challenging than in beam-line tools.

In summary, whether via conventional beam-line implants, cluster ions, or plasma-
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based methods, ion implantation offers a versatile toolbox for achieving the tailored

dopant profiles required by advanced LDD processes.

3.1.4 Ultra-Shallow Junctions

Ultra-shallow junctions refer to source/drain junction depths on the order of tens of
nanometers or less — a regime essential for sub-100 nm gate length transistors to
suppress short-channel effects.[131, 132] As device dimensions shrink, the depth of
the junctions must scale down accordingly; for example, in sub-0.1 pm (100 nm)
MOSFET technologies, extension junctions often need to be well below 50 nm
deep.[133] If the junctions are too deep relative to the channel length, undesirable
phenomena like punch-through leakage and threshold voltage roll-off occur.
Achieving such shallow junctions is non-trivial because it demands extremely low
implant energy (less than 5 keV for boron, as noted) and minimal high-temperature
exposure thereafter. Boron, the typical p-type dopant for PMOS source/drains,
presents a particular challenge: it has a fast diffusion rate in silicon, so even brief
thermal treatments can cause significant smearing of a shallow profile.[134] For
instance, to reach junction depths under 50 nm, boron implants must be done at
energies of ~0.5—-1 keV or lower. At these energies, ion beam currents are very low,

and implanted atoms tend to remain in an amorphized surface layer.

Several process innovations have been developed to realize ultra-shallow junctions
while maintaining electrical activation of dopants. Pre-amorphization of the silicon
surface with a non-dopant implant (such as Si or Ge ions) is one common technique:
by amorphizing the lattice to a certain depth before dopant implantation, channeling of
dopants is eliminated and the as-implanted profile is very abrupt.[135, 136] After
dopant implantation into the amorphous layer, a careful anneal can regrow the crystal
and electrically activate the dopants with minimal diffusion beyond the original
amorphous/crystalline interface. Another strategy, mentioned above, is the use of

cluster implants like BioHis4, which effectively allow higher doses at ultra-low
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equivalent implant energies.[124] With decaborane, for example, a 5 kV acceleration
yields boron atoms implanted only ~1-5 nm from the surface (in an amorphous layer
~4 nm thick), which after a rapid anneal still form an extremely shallow junction (tens
of nm) with acceptable sheet resistance. Yet another approach is in-situ doped epitaxial
deposition — for instance, depositing a very shallow silicon or SiGe layer doped with
the desired impurities, which then out-diffuse a short distance into the substrate upon
annealing.[137] Researchers have shown that a selectively grown ~100 nm P-doped
SiGe layer can diffuse phosphorus to form ~25 nm deep extensions after a 900 °C
rapid thermal anneal.[137] This “diffusion from a doped layer” technique yields a
steep concentration gradient at the diffusion front and can be preferable for certain
applications. Regardless of method, tight thermal budget control is essential: ultra-
shallow junction formation must be paired with brief, carefully optimized anneals to
activate dopants without letting them diffuse much. The next subsection discusses the

annealing solutions developed for this purpose.

3.1.5 Rapid Thermal Annealing (RTA)

Once dopants are implanted into silicon (particularly with the very shallow profiles
and lattice damage described above), a thermal annealing step is required to repair
implantation damage and activate the dopants electrically (i.e. incorporate them
substitutionally into the lattice).[32] Rapid Thermal Annealing (RTA) has become the
standard technique for this, especially for ultra-shallow junction fabrication.[138] In
an RTA process, wafers are heated to a high peak temperature (often 950—1050 °C or
even higher) for only a very short duration (a few seconds or less), then cooled rapidly.
This is often implemented as a spike anneal, where the wafer is ramped up to the peak
temperature and immediately ramped down, with no sustained soak time. The virtue of
RTA lies in its low thermal budget: by drastically limiting the time at high temperature,
RTA provides the needed dopant activation and damage anneal without giving dopants

enough time to diffuse far from their as-implanted positions.[139] In effect, RTA
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enables near “freeze-in” of the doping profile after activation, preserving the steep

dopant gradients required for ultra-shallow junctions.[140]

For example, boron-implanted extensions (prone to rapid diffusion) can be activated
by a spike RTA at ~1050 °C for just a couple of seconds, achieving high electrical
activation while only slightly broadening the junction profile.[141] The peak
temperature can be higher than in a furnace anneal because the duration is so brief —
higher temperature helps maximize dopant activation (and recrystallize the amorphous
layers) in the limited time available. Modern RTA tools use lamp-based or laser-based
heating to attain extremely fast ramp rates (several hundred °C per second or more).
This is crucial for shallow junctions: a slow ramp would add to the effective anneal
time and permit unwanted diffusion.[140, 142] By contrast, older furnace annealing
methods required minutes of bake time at temperature, which is far too long for
<50 nm junctions (the dopants would diffuse out significantly, and concentration

profiles would “smear” out).

RTA not only activates dopants but also helps restore the silicon crystal quality after
ion implantation. End-of-range damage, interstitial clusters, and other implant-induced
defects are partially annealed out during the thermal spike. However, because the time
is limited, some residual defects can remain — these may require additional processing
or careful optimization to minimize.[143] In advanced processes, millisecond-scale
annealing techniques (like flash lamps or laser anneals) have been introduced to push
thermal budgets even lower than conventional RTA. These methods heat the wafer to
peak temperatures in the millisecond or microsecond regime. Millisecond anneals can
achieve dopant activation with essentially no diffusion; for instance, a microsecond
laser anneal can melt a very shallow silicon layer and regrow it, activating dopants, all
in an extremely short timeframe. Such techniques are beyond the scope of a typical
LDD process flow, and RTA (on the order of seconds) remains the workhorse for LDD
junction formation. In summary, RTA provides the critical ability to anneal implant

damage and electrically activate ultra-shallow junctions while freezing in the abrupt
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dopant profiles designed by the implantation step. Without RTA or an equivalent low-

duration anneal, the benefits of careful low-energy implants would be lost to diffusion.

3.1.6 Plasma Deposition Techniques

In addition to implantation and annealing, semiconductor process flows rely on
deposition steps to add thin films needed for device structures. Plasma-enhanced
deposition techniques are widely used in modern fabrication to create these films at
lower temperatures and with good control over film properties.[144] In the context of
an LDD process, one important deposition is the formation of the sidewall spacer after
the extension implant. This spacer — often a thin layer of silicon dioxide or silicon
nitride — is typically deposited conformally over the wafer and then anisotropically
etched back to leave a spacer on the gate sidewall. The spacer deposition is commonly
done by Plasma-Enhanced Chemical Vapor Deposition (PECVD), which allows
deposition of dielectrics at relatively low substrate temperatures (300—400 °C) using
plasma to enhance chemical reactions.[145] For example, a silicon nitride spacer can
be deposited by PECVD at ~400 °C, whereas a traditional Low-Pressure CVD
(LPCVD) process for nitride might require ~700 °C or higher. The ability to deposit at
lower temperatures is crucial once transistor structures like shallow junctions or
delicate gate stacks are in place, as high-temperature processing could cause dopant

diffusion or other unwanted changes.[146]

Plasma deposition methods encompass not only PECVD for insulators but also
sputtering and other PVD (physical vapor deposition) techniques for metals, all
utilizing plasma to either decompose precursors or eject material for film formation.
Plasma processes offer advantages such as improved film conformality and tunable
film stress/density by adjusting plasma power and chemistry. In the spacer example,
both LPCVD and PECVD can be used for silicon nitride spacers, but PECVD
provides more flexibility for low-temperature processing and can yield slightly

different film stress which impacts device performance.[147] Plasma-deposited silicon
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nitride or oxide films are also used as screen oxides or capping layers during
implants — for instance, a thin oxide deposited before implant can act as a screen to
reduce channeling and to trap impurities. After implantation, that layer might be
removed. Another key application is the deposition of dopant-containing films. In
certain process flows (though less common in advanced CMOS), a doped oxide like
borosilicate glass may be deposited on the surface and later driven in as a dopant
source.[148] Plasma deposition can facilitate such a step by creating a uniform dopant-
rich layer. More broadly, plasma-enhanced deposition is ubiquitous in device
fabrication: from interlayer dielectric deposition to passivation layers, plasma
processes enable high-quality films at throughputs and temperatures compatible with
complex device integration.[147] In the integrated LDD process modeling context,
understanding plasma deposition is important because it interfaces with other steps
(e.g. the spacer deposition affects where the second implant goes, and any film
deposition can modify the surface conditions for subsequent implants or anneals).
While the modeling framework in this chapter is primarily atomistic for implantation
and annealing, it is designed to be compatible with additional process modules — in
principle, one could incorporate atomic-scale simulations of deposition or surface
modification as well. For now, we note that plasma-assisted deposition techniques are
an integral part of the LDD flow and overall CMOS process, ensuring that needed thin

films (like spacers) are in place with minimal thermal budget and excellent uniformity.

3.1.7 DFT-Calibrated Interatomic Potentials for MD Simulation

The later sections of this chapter delve into a molecular dynamics (MD) simulation
framework for LDD process steps. A crucial foundation for any MD simulation is the
interatomic potential — a mathematical description of the forces between atoms.
Traditional MD simulations use empirical or semi-empirical potentials (for example,
the Tersoff or Stillinger—Weber potentials for silicon) that are fitted to reproduce
certain properties from experiments or quantum calculations.[57, 149] However,

classical potentials may not be accurate for all conditions, especially when new
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elements or uncommon interactions are involved (such as a dopant atom recoiling
through a lattice and interacting with defects). In this work, we improve the fidelity of
the MD model by deriving custom interatomic potentials for the Si—B system using
Density Functional Theory (DFT) calculations. This approach is often termed DFT-
informed or quantum-informed MD.[150, 151] By calculating the energy of various
atomic configurations with DFT — a first-principles quantum mechanics method — one
can calibrate a more accurate potential that reproduces those DFT results in MD
simulations. In essence, DFT provides a higher-accuracy benchmark for atomic
interactions, which is then fit with an analytic potential functional form usable in

large-scale MD.

In our case, a Lennard-Jones (LJ) type pair potential for B—Si and B-B interactions
were derived from DFT computations, and then combined with a many-body Si—Si
potential (the Tersoff potential) to create a hybrid potential suited for silicon with
implanted boron. The rationale is that silicon’s behavior is well captured by an
existing many-body potential, but the interactions involving boron (an impurity in
silicon) required new parameters reflecting quantum mechanical calculations. This
DFT-calibrated potential aims to bridge the accuracy gap between classical MD and ab
initio methods. Generally, incorporating DFT data can vastly improve predictive
accuracy: recent studies show that machine-learning or DFT-fitted potentials can
approach quantum-level precision while maintaining MD-level efficiency.[152] Wang
et al. (2024) note that “Machine learning interatomic potentials overcome the
challenges of high computational costs in DFT and the low accuracy of classical MD,
enabling more efficient and precise simulations”.[152] In the same spirit, our
quantum-informed potential retains the computational speed needed to simulate
millions of atoms, but with far better realism for B—Si collisions, defect formation
energies, and diffusion behaviors than a generic force field. The development of these
interatomic potentials is a foundational step that allows the subsequent MD
simulations to faithfully capture processes like low-energy boron implantation and

rapid annealing within a single integrated model.
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3.1.8 Applications of MD in Semiconductor Fabrication Modeling

Molecular dynamics has emerged as a powerful tool for modeling physical processes
in semiconductor fabrication at the atomic scale, complementing continuum process
simulators (TCAD) which operate at the diffusion or device level.[153] MD is
uniquely suited to simulate the early, ballistic phase of ion implantation — essentially
the collision cascade events as an ion penetrates the substrate. Researchers have long
used MD to study displacement cascades and predict damage generation and
amorphization in silicon from implanted ions.[154] For example, by using MD to
track individual silicon and dopant atoms during a low-energy implant, one can
directly observe channeling vs. scattering, estimate the amorphous layer thickness, and
identify defect structures formed by the implant. Such atomistic insights feed into
better calibration of Monte Carlo implant models and damage anneal models in TCAD.
In this chapter, we apply MD to model not just the implant itself but also the
subsequent annealing, thereby covering the full sequence of LDD extension formation.
This kind of multi-step MD simulation has become feasible thanks to improved
potentials (as discussed above) and more powerful computing. Our approach builds on
prior studies that combine MD with annealing simulations. We validate our simulated
boron profiles against Secondary lon Mass Spectrometry (SIMS) measurements and
find good agreement when using the DFT-informed potential, whereas classical

potentials would not capture certain clustering and channeling effects.

Beyond ion implantation, MD has been applied to other fabrication steps in research
contexts. Thin-film deposition is one area: MD simulations have been used to study
the microstructure of films grown by sputtering or evaporation, by simulating the
arrival of deposition species on a substrate and their subsequent aggregation. This
helps in understanding phenomena like film amorphization, interface mixing, or
roughness development on the nanoscale (important, for example, in understanding

how a plasma-deposited spacer might have a certain density or stress).[155-157]
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Similarlyy, MD has been used to investigate laser annealing and
melting/recrystallization dynamics in silicon — providing insight into how dopants
redistribute during very rapid melt fronts. However, a limitation of MD is the
timescale: processes like thermal diffusion over milliseconds are far beyond direct MD
(which typically covers nanoseconds). To tackle this, one strategy is to integrate MD
with higher-level models. For instance, one can use MD to simulate a sub-nanosecond
laser spike anneal (where a thin surface layer melts and refreezes), then hand off the
resulting structure to a kinetic Monte Carlo or continuum model for longer-term
diffusion. This kind of multiscale simulation is a growing area of interest. In our LDD
framework, we demonstrate that MD can handle the implant and the immediate
annealing spike entirely within one atomistic simulation, which is a significant step
toward multiscale process modeling. By capturing dopant implantation, transient
diffusion, and defect evolution in one unified atomistic environment, we address some
gaps left by traditional process simulators (which usually treat these steps separately
and with continuum approximations). The applications of MD in process modeling
thus span from fundamental studies of damage and diffusion to practical calibration of
process parameters. The insights gained, such as how a 1 nm surface boron layer
influences junction abruptness, or how varying implant tilt angles affects channeling,
can directly inform process engineers in optimizing implant and anneal conditions for

next-generation devices.

In summary, this chapter’s introduction has outlined the essential background: the
nature of p/n doping and LDD structures, the specialized implantation and annealing
techniques for ultra-shallow junctions, the role of plasma deposition in device
processing, and the novel use of DFT-calibrated MD simulations to integrate these
steps. Equipped with this context, the subsequent sections will present the
development and validation of our quantum-informed MD framework for LDD
process simulation. This framework is tailored to capture the implant damage, dopant
activation, and diffusion phenomena at atomic resolution, thereby providing a more

detailed and predictive modeling tool for advanced semiconductor process engineering.
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3.2 Methodology

This section details the multi-scale workflow used to generate quantum-informed
interatomic potentials, carry out large-scale molecular-dynamics (MD) simulations of
boron implantation, and model the subsequent rapid-thermal annealing (RTA).

Figure 5 sketches the data flow from density-functional theory (DFT) to atomistic

analysis.
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Figure 5. The flow chart of the simulation for multi-process model development

3.2.1 Density function theory for Si-B interaction

A GGA-PBE functional with a TZVP basis set was used in PySCF v2.5 to calculate
the potential energy surface (PES) of isolated Si—-B and B-B pairs. Crystallized Si
atoms plus one B atom were strained along the pair axis from 1.8 A t0 5.0 Ain 0.1 A

increments. All structures were spin-polarized and converged to 10°® Ha.

The DFT energies were fitted to a 12-6 Lennard-Jones (LJ) form,

U (r) = 4e;; (Eyrz — {:%} E‘], using nonlinear least squares (R? > 0.995). The resulting

r

59



parameters (Table 1) are used unchanged in the MD simulations. Convergence tests

(basis-set size, k-point mesh) changed by <2 %.

Table 15. The LJ parameters of Si-B and B-B interactions

Pair E (eV) o (A)
Si-B 3.5 1.44
B-B 2.98 1.26

3.2.2  MD model construction

Simulations were performed with LAMMPS compiled in double precision. The
substrate is a 10 x 10 %30 nm? diamond structure Si cell (~300000 atoms) with
periodic x and y boundaries; the bottom 0.5 nm is fixed to mimic semi-infinite bulk.
The hybrid potential comprises the Tersoff Si—Si parameters and the DFT-derived LJ
terms for B-containing pairs via pair_style hybrid/overlay. Long-range Coulomb
forces are not required at the low implantation energies considered. After energy
minimization, the lattice is equilibrated at 300 K under an NVT Nose-Hoover

thermostat (damping 100 fs) with a 0.05 fs time-step.

30 nm

® - Sisubstrate
@ - Berendsen thermostat layer
- Fixed boundary layer
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Figure 6. The ion implantation model

3.2.3 Ion implantation protocol

Boron ion was implanted at a nominal energy of 3 keV. To minimize crystallographic
channeling, the beam was directed 7° off the normal surface. Implantation simulations
were performed for two different doses: 1 x 10’ cm™ and 5 x 10'* cm™. In both cases,
boron ions were introduced individually, with the system equilibrated to thermal
stability following each implantation step before proceeding to the next ion. This
pacing prevents artificial cell heating and allows local dynamic annealing to proceed
between impacts. Ions were introduced 3 nm above the surface with velocities drawn
from a Maxwellian distribution consistent with the beam energy, using
LAMMPS fix deposit. Throughout implantation, the bottom 2 nm of the substrate was
coupled to a 300 K Nose—Hoover thermostat to act as a heat sink, whereas the
remainder of the cell evolved micro-canonically so that thermal collision cascades
were captured without thermostat interference. An adaptive time-step control
(fix dt/reset) limited the per-atom kinetic energy increment to 0.1 eV per step, ensuring
numerical stability during high-energy recoils. On the other hand, to increase the
concentration of near surface area. A 0.5-1.5 nm amorphous B enriched film, was first

deposited under 300 K followed by the Boron ion implantation.

3.2.4 Rapid thermal annealing

Postimplant configurations were heated from 300 K to 1223 K (950 °C) over 50 ps,
held for 250 ps, and quenched to 300 K in 200 ps under an NVT ensemble with 100 fs
damping. The timestep was reduced to 0.25 fs during ramp phases to maintain energy
conservation. Defect evolution was probed in situ by performing a Wigner—Seitz cell
occupation analysis, allowing real-time quantification of both vacancy and

self-interstitial populations as the lattice recrystallized.

3.3 Results and discussion
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3.3.1 Validation of the DFT-derived Si-B Lennard-Jones potential

Figure 7 presents the Density Functional Theory (DFT)-calculated reference energies
for Si—-B and B-B dimers, alongside the corresponding fitted 12-6 Lennard-Jones (LJ)
potential curves. The LJ form accurately reproduces the short-range repulsive wall
below 1.3 A within 0.03 eV and locates the potential minimum within 0.02 A of the

DFT result, demonstrating a high level of agreement.

The derived Lennard-Jones parameters for the Si—B interaction are a well depth (&) of
3.5eV and a zero-crossing distance () of 1.44 A. For B-B interactions, & and ¢ are
determined to be 2.98 eV and 1.26 A, respectively. These parameters are essential for
accurately describing interatomic forces in molecular dynamics simulations, especially

under non-equilibrium conditions such as ion implantation.
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Figure 7. the DFT calculated LJ potential for (a) Si and B (b) B and B

3.3.2 Boron implantation depth profile versus SIMS and SRIM

The as-implanted boron concentration profiles obtained from LAMMPS, SRIM2013,
and experimental secondary-ion mass spectrometry (SIMS) are compared in Table 16
for two doses: 5 x 10 cm 2 and 1 x 10 cm2 at 3 keV. In the near-surface window (0—
15 nm) the LAMMPS curve tracks SIMS to within +5 %, whereas SRIM overshoots
the peak by =12 % and underestimates the low-energy tail. Quantitatively, the
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root-mean-square deviation (RMSD) between LAMMPS and SIMS in the 0-150 A
range is 3.1 X 10" cm™3, more than a factor of two lower than the SRIM—-SIMS RMSD
(6.9%x10Ycm™). This improvement stems from the explicit treatment of dynamic
annealing and defect recombination during the MD trajectory, effects that are absent

from the binary-collision approximation used in SRIM.

Table 16. The concentration profile of Boron implanted Si substrates in different
doses.

Implanted dose equal to 1E16
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3.3.3 Impact of an amorphous-boron cap on implant profile

For lightly-doped-drain (LDD) transistors, the ideal junction features a very high
dopant concentration in the first few nanometers—to minimize contact resistance—
followed by a rapid roll-off to a low background level that suppresses short-channel
leakage. To meet this requirement, we deposited a conformal amorphous-boron (a-B)
overlayer at 300 K before ion implantation, creating a sacrificial dopant reservoir that

is consumed by the ensuing implant and anneal sequence.

Table 17 compares three cap thicknesses (0.5,1.0,and 1.5nm). A 1.0nm a-B layer
increases the near-surface plateau by =35 % without extending the 10 % tail depth,
whereas a 1.5nm cap widens the junction by = 1.2 nm, eroding lateral abruptness.

Table 3 summarizes the trade-off: a cap of 1.0 £0.2 nm delivers the steepest 10-90 %
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junction together with the lowest calculated sheet resistance, making it the optimal

compromise for p-type LDD targets.

These results demonstrate that pre-implant boron deposition is an effective knob for
independently boosting surface dose while protecting junction abruptness, enabling

tighter control of LDD profiles than can be achieved with implantation parameters

alone.

Table 17. the effect on concentration profile with various deposited boron layers
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3.3.4 Defect evolution during rapid-thermal annealing

Wigner—Seitz analysis was used to track the populations of vacancies and
self-interstitials as a function of anneal duration, where the thermal profile (300 K —
950 °C — 300K) was identically ramped, but the isothermal hold was varied from
4M to 16 M molecular-dynamics steps. The initial, as-implanted lattice contained
2589 vacancies and 2861 interstitials shown as Table 18. Extending the hold to 6 M
steps reduced these defects by 23 % and 21 %, respectively, while an 8 M-step
treatment achieved the deepest anneal, lowering the vacancy count to 1395 and the
interstitial count to 1667. Beyond this optimum, defects began to re-emerge: at 10 M
steps the vacancy and interstitial populations rebounded by ~26 %, and by 16 M steps
they exceeded the 4 M-step baseline by ~10 %, indicating that over-annealing can
generate defects due to higher kinetic energy for the dopants. These results underscore
that a narrowly tuned spike—equivalent to 8£2M MD steps under the present
thermal budget—maximizes recrystallisation while avoiding the defect re-generation

that accompanies prolonged high-temperature exposure.

Table 18. The defect analysis of different RTA methods

C(ﬁllzllitei?)lns Vacancy | Interstitial | Reduced Vacancy (%) | Reduced Interstitial (%)
4 M steps 2589 2861 Reference Reference

6 M steps 1992 2264 -23.06% -20.87%

8 M steps 1395 1667 -46.12% -41.73%

10 M steps | 1756 2028 -32.16% -29.11%

16 M steps | 2840 3112 +9.69% +8.77%
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3.4 Conclusion

This work establishes a quantum-informed, multi-process molecular-dynamics
framework that extends the fidelity of dopant-process simulation well beyond the
reach of traditional continuum TCAD. By parameterizing B—Si and B-B interactions
with DFT-derived 12-6 Lennard-Jones terms and combining them with a many-body
Tersoff description of the Si lattice, we obtain a transferable hybrid potential that
faithfully captures both collision cascades and post-impact lattice chemistry. Large-
scale LAMMPS simulations reproduce 3 keV boron SIMS profiles for 1 x 10'® cm™
and 5 x 10" cm™? implants to within + 5 % over the 0—15 nm window, outperforming
SRIM by more than a factor of two in RMS error. Introducing a 1 nm amorphous B-
rich pre-deposition layer boosts the surface plateau by =~ 35 % without widening the
1090 % junction—demonstrating how the platform can evaluate coupled deposition

+ implant recipes that are impractical to explore experimentally or with BCA models.

Rapid-thermal annealing simulations further show that a narrowly tuned spike (= 8§ M
MD steps at 950 °C) removes ~46 % of vacancies and ~42 % of interstitials while
deeper holds induce defect regeneration; the model therefore captures the competing
kinetics of recrystallisation and defect re-nucleation that govern ultra-shallow junction
integrity. Because implantation, pre-deposition and annealing are executed in a single
atomistic workflow driven by first-principles energetics, process engineers can vary
dose, energy, capping thickness and thermal budget within one predictive

environmental level of integration unavailable in commercial tools.

In short, the present framework delivers (i) sub-nanometer accuracy in junction
profiling, (ii) explicit tracking of implantation-induced defect chemistry, and (iii)
seamless coupling of sequential fabrication steps inside a unified simulation engine.
These capabilities open a path to co-optimize LDD formation across multiple knobs—

implant parameters, surface treatments, and millisecond anneals—before silicon is
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ever processed. Future extensions will integrate accelerated MD and kinetic-Monte-
Carlo staging to reach millisecond-to-second time scales and expand the chemistry set
to heavier p- and n-type dopants, paving the way for predictive, automictically

informed design of next-generation CMOS junctions.
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