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Abstract

Molecular dynamics simulation is used to elucidate the mechanisms of ablation in polymers. A novel computational approach is constructed which appropriately models both
thermal and chemical processes in poly(methyl methacrylate), or PMMA, following irradiation events. A Monte Carlo scheme uses predetermined reaction chemistry, energetics,
and rate kinetics of the polymer material and allows the incorporation of chemical reactions during classical simulations. The kinetics data determines the probability for each
type of reaction to perform based on radical survival times and Arrhenius reaction rates.
Electronic structure calculations establish the activation and reaction energetics of each
of the possible chemical decomposition pathways. The hybrid simulations permit the
complex interplay between chemistry and other physical processes to be studied without
the need for complex potentials or expensive ab initio dynamics.
Using the molecular dynamics-Monte Carlo simulation technique, thermal and chemical excitation channels are separately studied with a coarse-grained PMMA system. The
mechanism of ablation for thermal processes is governed by a critical number of bond
breaks following the deposition of energy. For the case where an absorbed photon directly causes a bond scission, ablation occurs following the rapid chemical decomposition
of material. The photolytic decomposition process is shown to be more efficient in initiating ablation. Stress is important in initiating ejection when a short pulse width is
used causing a propagating pressure wave. Additionally, following excitation, molecular
dopants can lead to ablation either through localized chemical decomposition of the polymer or the mechanical cleavage of the polymer bonds. The simulations provide insight
iii

iv

into the influence of thermal and chemical processes in PMMA and facilitate greater
understanding of the complex nature of polymer ablation.
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Chapter

1

Introduction: The interaction of
photons with polymers
Over the past 25 years, advances in the laser processing of polymeric materials has led
to significant developments in commercial technologies. The continued success of polymer ablation is best illustrated in such applications as developing microfluidic devices,
nanolithography, fabricating organic light emitting diodes, modifying coatings of optical
fibers, and structuring ink jet printer nozzles (see Figure 1.1). [1–5] An increased amount
of research concerning laser ablation of polymers is evident as the needs in nanotechnology shift further into the nanoscale. The development of applications, however, is mostly
decoupled from the basic processes occurring in the substrate. In polymeric materials,
delineating the underlying cause of ablation remains a daunting task. The difficulties
stem from the complex electronic and vibrational effects which could result from photon absorption as well as the convoluted interplay between the energy deposition and
the mechanical, chemical and structural properties of polymers. In order to untangle
these complexities, simulations can be performed that elucidate various mechanisms and
provide insight into the ablation process.
The interaction of laser light with polymeric materials leading to ablation is an
intricate process which is typically attributed to thermal (photothermal) and/or nonthermal (photochemical) events. A simple two level diagram in Figure 1.2 is used for
this discussion, which is adapted from Ref. [6]. In the figure, τT is the relaxation time,

1

2

(a)

(b)

(c)

(d)

Figure 1.1: Commercial applications of laser ablation of polymeric materials. (a) A
mircofluidic channel in polymethyl methacrylate, [1] (b) A acrylate polymer waveguide,
[2] (c) An acrylic jacket stripped from silica, [4] (d) An inkjet nozzle array in polyimide. [5]

3

A*

hν

τA*

B+C

τT

A

τA

B+C

Figure 1.2: A simple, two level scheme for single photon absorption. τT is the relaxation
time, τA is the characteristic reaction time for the ground state to produce B + C, and
τA∗ is the characteristic reaction time for the excited state to produce B + C.
τA is the characteristic reaction time for the ground state to produce B + C, and τA∗
is the characteristic reaction time for the excited state to produce B + C. The initial
interaction between the light and the material is non-thermal as the system is excited
from the ground state (A → A*). For a thermal process, both the relaxation and the
reaction time of the ground state are rapid compared with the reaction time of the excited
state (τT , τA ¿ τA∗ ) and the excitation is immediately dissipated into heat. In polymers,
electronic excitations thermalize on picosecond timescales. [7–9] When the relaxation of
the excitation energy is slow and the reaction time of the excited state is fast compared
with the ground state (τA∗ ¿ τT , τA ), photochemical processes dominate the ablation
mechanisms. Of course, these two mechanisms are the two idealized limits of the process
occurring after excitation as they both may contribute to material removal within one
experiment. If the relaxation time is faster than the reaction times of both the ground
and excited states but the excited state reaction is faster than the ground state or if all
times are comparable, than both the thermal and photochemical could be involved in
the ablation mechanism.

4

Enhancing the photochemistry in polymers has been shown in the literature to be
advantageous from an applications point of view. A higher spatial resolution is attainable
when the photochemical decomposition process is favored as there is less thermal damage
to the surrounding material. [10] Figure 1.3 shows the damage to a section of an aortal
wall, or biopolymer, (a, b) and a poly(methyl methacrylate), or PMMA, target (c, d)
using two wavelengths of light. [11, 12] Thermal damage is apparent in the materials
when certain wavelengths are used. Furthermore, if the formation of gaseous molecules
is promoted in photochemical reactions, less debris resulting from ablation is deposited
on the surface of the target. Two images of a polymer etched using laser ablation are
shown in Figure 1.4. [13] The polymer substrate in Figure 1.4a is specially designed to
decompose into gas molecules upon irradiation while the polymer in Figure 1.4b does
not. Debris is present in the Figure 1.4b which would require additional processing to
attain a clean surface.
In order to fully understand the mechanisms contributing to the photochemical and
photothermal processes to optimize applications, a microscopic description of the fundamental chemistry and physics is needed. With experiment, clarifying such details is
complicated by the fact that the interactions between the laser light and the material
heavily depend on the parameters of the laser and the chemical and physical properties
of the substrate. Laser parameters such as wavelength, pulse duration, and fluence can
determine the mechanisms operative. Varying the wavelength of radiation significantly
affects the excitation and decomposition process at the molecular level. Single photons
of ultraviolet (UV) and visible light have sufficient energy to cause transitions to excited electronic states. Direct dissociation of the molecule results if the excited state is
unstable. [14–20] Vibrational transitions are initiated by excitation with infrared (IR)
radiation. [21, 22] Furthermore, multiphoton absorption can access a greater number of
excitations channels for UV, visible and IR wavelengths. The laser pulse width also can
significantly contribute to the mechanism of ablation. Thermoelastic stress can form
when the heat generated by the laser is confined within a volume of the material. [23]

5

(a)

(b)

(c)

(d)

Figure 1.3: The results of ablation using two wavelengths of light. The cross section
of an aortal wall is shown after exposure to 532 and 193 nm radiation in (a) and (b),
respectively. [11] Photos of polymethyl methacrylate craters after ablation using 1064
and 248 nm radiation in (c) and (d), respectively. [12]

6

(a)

(b)

Figure 1.4: Ablation patterns in (a) a designer polymer and (b) polyimide. Debris is
apparent in the polyimide image. [13]
In this “thermally confined” state, the pulse duration is less than the thermal relaxation
time of the material. [24] At sufficiently short pulses, the laser heating occurs faster than
the mechanical relaxation of the material (a “stress confined” state) and the relaxation
of the pressure can cause spallation of the material. [25, 26]
Additionally, the polymer properties such as absorption characteristics, chemical
composition and molecular weight influence the ablation mechanism. The absorption
properties of polymers are widely different. For example, the polymer polyimide (PI)
is a strong absorber and ablation can be initiated with a several wavelengths and pulse
widths. [18, 21] On the other hand, PMMA is a rather weak absorber and high quality
etching is limited to a narrow range of wavelengths. Researchers have sought to increase
the absorbing characteristics of polymer substrate by including dopants. [27–29] However,
the inclusion of dopants can change the physical characteristics of the polymer such as the
glass transition temperature and may lead to inhomogeneous ablation. To overcome this
challenge, polymers have been designed to include specific chromophores which absorb
specific wavelengths of light and have predetermined pathways of chemical breakdown.
[30–33] Another complication is shown with the significant dependence of the amount
of material ablated on molecular weight when a weakly absorbing polymer is irradiated.
[34, 35] With higher molecular weights, there is a decrease in the etch depth per pulse.
Many experimental investigations have probed the mechanisms of polymer ablation,
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however, the parameters discussed above make it sufficiently difficult to claim a specific
factor as the root cause of ablation. Two of the most widely studied polymers are PI and
PMMA. Both PI and PMMA have been extensively studied along a range of wavelengths,
pulse widths and fluences. For PI, ablation occurs using wavelengths from the UV to
the IR and pulse widths from ps to ns due to its nature as a strong absorber. [18, 21] In
general, the laser wavelength strongly controls the ejection process. Glimpses into the
mechanisms can be obtained by examining the resulting products in the plume. At a
wavelength of 248 nm, only faint traces of solid material are observed in the ablation
plume. [21] When the wavelength is increased to 308 nm, 351 nm and 9.17 µm, more solid
material is detected. [21, 36] These observations led to the idea that there was a shift
from photochemical to photothermal processes at longer wavelengths. Similar results
are obtained using PMMA, however as mentioned above, PMMA is a much weaker
absorber. Many studies have been performed using UV laser wavelengths which are
the most successful in producing ablation. [15, 17, 20, 37–45] In the studies, exposure
to the UV radiation (248 nm) produced an initial photochemical incubation process in
PMMA. [40, 45] With incubation, double-bonded carbon centers (‘defects’) are formed
which are more absorbing than the original polymer. Ablation then proceeds through a
thermally activated, polymer unzipping process. [46] Srinivasan examined the ablation
plume at wavelengths of 193 nm, 248 nm and 9.17 µm and observed significantly different
products with a change in wavelength. [47] With the IR wavelength, the plume was
a refractive vapor thought to be mostly MMA monomer. In contrast, with the UV
wavelengths, many gaseous species and large polymer fractions with little MMA were
observed. This difference sheds further light on the photothermal and photochemical
mechanisms at play in initiating ablation. These varied experimental observations show
that further microscopic studies would help to further shed light on the fundamental
nature of the ablation process.
An ideal technique for observing the effects of microscopic events in ablation is
molecular dynamics (MD) simulation. MD simulations provide environments in which
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specific conditions such as fluence, wavelength, pulse width and even chemistry can be
incorporated and tested separately to observe their effects. By specifying interaction
potentials and integrating the classical equations of motion, the trajectories of particles
are calculated and various system properties such as energy, temperature and pressure are
stored over time. [48] MD simulations have proven useful in describing many important
physical and chemical events with the detail that conventional experiments cannot not
easily attain. MD has successfully been utilized to describe the process of ablation
from the microscopic atomic excitations to the mesoscopic ejection of material. [49–55]
Specifically, Zhigilei and Garrison developed a novel scheme to simulate laser ablation of
organic solids. [53, 54] In the MD simulations, 2,5-dihydroxybenzoic acid was represented
by a single particle with an internal potential, or breathing mode. When a particle
absorbed a photon, the rate of energy transfer to the surrounding matrix was controlled
using the internal potential. This simulation technique allowed a detailed study of laser
irradiation from the local molecular motions to the collective process of ablation. [55]
From the simulations, a distinct ablation threshold was defined with surface evaporation
occurring below the threshold and the appearance of clusters of substrate in the plume
above it. Further insights were gained into the ablation mechanism through varying
the pulse width; identifying the significance of pressure in initiating ablation when the
energy is deposited faster than the mechanical relaxation of the substrate.
In order to fully describe the interaction of light with polymeric materials, the simulations must include the possible chemical and thermal decomposition mechanisms leading to ablation that were discussed above. This task can be accomplished in a variety of
ways. Complex potential functions are available for reactive chemistry, such as the Brenner REBO potential, which include two component reactions for hydrocarbons. [56, 57]
Other mixed quantum mechanical and classical molecular mechanical (QM/MM) methods can be used in which a localized (excited) region is defined to use electronic structure
calculations while classical mechanics is used in the surrounding region. This method has
been successfully applied to describe charge transfer effects in proteins and the coordina-
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tion of ionic calcium in ammonia solution. [58, 59] While these methods are effective in
characterizing reactions in small, localized regions, attempting to describe the number of
possible reactions during simulations of photon absorption using these methods becomes
computationally prohibitive. To this end, Yingling and Garrison developed a method
which tackles the problem more effectively. A coarse-grained chemical reaction model
was used to observe the effects of chemical reactions within a MD simulation of laser
ablation using a Monte Carlo (MC) scheme. [60] This technique allows a predetermined
set of chemical reactions to occur during the dynamics calculation in a computational
feasible time and length scale to observe how chemistry affects the mesoscopic physics of
ejection. Irradiation of a chlorobenzene system was studied using this method and highly
exothermic chemical reactions occurred throughout the simulation. [61, 62] In comparing the excitation channels for this substrate, the photochemical reactions increase the
energy and lower the ablation threshold in comparison with a pure photothermal mechanism.
Extending the hybrid MC-MD model to describe the interaction of light with a
more complicated polymeric system is advantageous as there are a wide possibility of
excitation and reaction channels which results from photon absorption. The integrated
approach, which is described in detail in Chapter 2, combines a diverse, heterogeneous
set of chemical reactions occurring probabilistically in PMMA after laser irradiation with
a classical dynamics calculation to describe the collective motion of ablation. Following
direct photolytic scissions, competing chemical reactions occur in the simulations using Arrhenius rate expressions. With the MC scheme, a survival probability determines
whether a reaction proceeds by taking into acoount the reaction rates and local temperature. Chemical reactions occur allowing the polymer material to transform and energy to
be released into (for exothermic reactions) or removed from (for endothermic reactions)
the system. The energetics for these reactions are determined using electronic structure
calculations which are discussed in Chapter 3. This multifaceted scheme allows for a
wide array of chemical reactions to occur in the polymer without specifying “reactive”
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zones or time consuming, complex functional forms.
Using this technique, both the photothermal and photochemical pathways of excitation are studied separately for a PMMA polymer system and the mechanisms leading
to ablation are elucidated. For pure photothermal interactions, ablation of material
is observed for both the thermal and stress confinement regimes. In Chapter 4, the
absorption of photons as heat during a short pulse duration leads to the formation of
a pressure wave and the resulting tensile wave causes spallation of material. When a
longer pulse width is used with photothermal absorption, ablation results through a different mechanism as discussed in Chapter 5. The absorption of heat causes the bonds
to mechanically break and ablation is observed when a critical number of broken bonds
are realized within the substrate. The photothermal simulations allow for a microscopic
verification to an analytical model which describes pure photothermal ablation in experiment. A different mechanism leading to ablation following photochemical interactions
is also described in Chapter 5. Direct bond cleavages result from photon absorption
and the material transforms by means of chemical reactions. Two pathways of chemical
decomposition are simulated using the hybrid MD-MC scheme and, while the chemical
species are different, they both decrease the connectivity of the polymer more rapidly
than the photothermal process. When the pulse width is within the thermal confinement
regime, large pieces of material then thermally eject following the decrease in cohesive
energy. Using a short pulse width (stress confinement regime), the pressure buildup
from the production of small molecules and heat (generated from the exothermic chemical reactions) triggers the violent ejection of chunks of material. Using this simulation
technique, further effects such as changing the photon energy can be studied. When the
photon energy is lowered and the fluence remains the same, more photons are absorbed
and a greater amount of material ablates from the substrate. These simulations varying
the photon energy are discussed in Chapter 6.
Within the thermal confinement regime, critical energies describe ablation for the
photothermal and photochemical processes. The critical energy is defined in the sim-
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ulations as the minimum amount of energy necessary to initiate ejection at a certain
depth. As discussed in Chapter 7, the simulations show a decrease in the critical energy
when an increased amount of photochemistry is introduced into the system. The concept
of a lower critical energy through enhanced photochemistry complements experimental
investigations where dopants and designer polymers are used to decrease the threshold for polymer ablation. [27–33] In order to further augment these studies, simulations
are performed on model dopant-polymer substrates the details of which are discussed in
Chapter 8. In separate simulations, dopants are uniformly dispersed throughout the sample or clustered together. The internal breathing model of Zhigilei and Garrison [53, 54]
is used to transfer energy from the dopant molecule to the surrounding polymer matrix
upon photon absorption. With the uniform distribution of dopants, the mechanism of
ejection does not differ from the pure photothermal process, however, the makeup of the
plume is slightly different. The “hot spots” formed in the substrate fracture the material
more than the absorption by the polymer. When the dopant cluster absorbs the energy,
a cutting mechanism causes ejection of material. The dopant cluster breaks apart and
cleaves the surrounding bonds in the polymer which allows the removal of a chunk of
substrate.
The various effects of the photothermal and photochemical processes briefly mentioned above are discussed in greater detail in the subsequent chapters. Photochemistry
is shown to play a crucial role in the ejection mechanism and greatly affect the compulsory energy necessary for ablation. Comparisons among the simulations, analytical
models and experiment are illustrated.
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Simulation Model
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Prasad, M., Conforti, P. F. and Garrison, B. J. “Coupled molecular dynamics - Monte
Carlo Model to study the role of chemical processes during laser ablation of polymeric
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2.1

Introduction

As discussed in Chapter 1, laser ablation occurs in a diverse range of materials from
molecular solids, biological tissues, crystalline metals, and semiconductors to polymeric
materials. In particular, the interaction of photons with a polymer substrate gives rise
to many complex phenomena, including electronic or vibrational excitation, mechanical
stress, deposition of heat, thermal decomposition of material, direct photolytic breakdown of material, and chemical reactions. [1, 2] Even without a in-depth, microscopic
description of the process, laser ablation is used in a wide array of applications such as
chemical analysis, medical diagnostics and treatment, micromachining to fabrication of
electronic, opto-electronic devices and nanomaterials. [1, 3–10] An appropriate simulation
model would bridge the understanding between experiment and established analytical
models and also provide a clear depiction of underpinnings of ablation.
The earliest models for laser ablation proposed a Beer’s law based dependence of the
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yield on fluence following a complete photothermal and/or photochemical destruction of
polymer chains. [11, 12] Processing parameters, such as pulse width and repetition rates
were incorporated by suggesting that a certain threshold concentration of absorbed photons is required for photoexcitation to lead to ablation. [13] Excited electronic states and
chemical reactions were incorporated with the aim to model substrate modification by
chemical and thermal pathways. [14–17] The role of mechanical strength of substrate as
well as laser induced stress generation, void nucleation, void formation and spallation
in initiating ablation has also been studied. [18, 19] More recently, pure thermal ablation models have been built taking into consideration thermally activated bond breaks,
creation of small molecules in the bulk and surface desorption. These processes cause
reduction in the cohesive energy of the polymer and removal of material when the number of broken bonds exceeds a critical value. [17, 20, 21] Likewise, recent photochemical
models incorporate the change in the characteristics of the substrate due to multiple
photochemical modification pathways. [17, 22] The ablation models have played a great
role in developing an understanding of the process and material parameters, but most
of them are still largely based on a phenomenological picture and often lack microscopic
insights into the ablation process. [23]
Molecular dynamics (MD) studies, though, can probe the atomistic scale events
and provide relevance, context and direct support for analytical models and experimental observables. MD simulations provide environments where such variables as energy,
temperature, volume, and particle type can be individually controlled for parametric
tests. By specifying interaction potentials and integrating the classical equations of motion, the trajectories of several hundred thousand atoms or particles can be observed
on the timescale of nanoseconds. [24] For ablation studies, MD simulation is ideal as it
offers the opportunity for a qualitatively realistic and physical representation of most of
the processes occurring. A detailed description of molecular and chemical changes in the
polymer are a natural outcome of the MD simulation after defining the potentials and
reaction energetics.
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The earliest MD studies suggested that stress buildup and volume expansion in the
substrate, caused by formation of smaller molecules, plays a key role in the subsequent
ejection of material. [25] Rates of vibrational energy transfer in molecular clusters have
been measured using MD simulations. [26–29] A breathing sphere model was used to
model electronic excitation and ionization processes in atoms and molecules, where an
internal breathing mode was used to describe photon absorption, internal conversion and
vibrational relaxation processes in these species. [30–32] This model has been used extensively to study dependence of ablation pathways on laser processing parameters such
as fluence, pulse width and also the role of mechanical stresses. [33–35] Furthermore, the
breathing sphere model has been extended to incorporate photofragmentation pathways
in MD simulation and study the role of chemical reactions in substrate modification and
on plume composition. [36–38] Electronic structure calculations have also been performed
to determine photodegradation reaction pathways and energies for materials constituting
the substrates. [39–41] This information has been used to build a more physically representative coarse-grain chemical reaction model (CGCRM) for polymer ablation. [42, 43]
In another interesting set of MD studies reported recently, ablation processes in idealized
Lennard-Jones (LJ) and pure one component metallic and silicon substrates have been
analyzed using phase diagrams based on local thermal equilibrium argument. [44–46]
Such analyses, however, would be near impossible to perform on multicomponent and
polymeric systems that can decompose upon laser excitation.
In this chapter, an extension of the original CGCRM model [42, 43] for studying
ablation of polymeric materials is described. As discussed above, most of the earlier
studies have not looked into the effect of chemical reactions on these substrates after
laser irradiation. The purpose of building this model is to create an integrated setup
to explore various thermal, mechanical and chemical processes that may be responsible
for initiating ablation. Using PMMA as a model polymeric substrate, we discuss in
Section 2.2 the construction and parameterization of the polymer-MD system. The
chemical reactions in the PMMA substrate arise out of the photofragmentation, radical
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formation and thermal decomposition processes. These reactions are included based
on a Monte Carlo (MC) scheme embedded within the MD simulation framework. The
algorithm for incorporating these reactions is described in Section 2.3. The key issues
related to the ablation process in the PMMA substrate are discussed briefly in Section 2.4,
followed by the application of our modeling strategy to the study of laser ablation in
PMMA.

2.2
2.2.1

Coarse-grained Polymer MD Model
Polymer coarse graining

The polymeric substrates for ablation modeling are built using a coarse-grained united
atom representation. Each polymer chain was made up of a set of coarse grained “beads”
or superatoms each representing a functional group. [43] This coarse graining permits the
use of larger system sizes and longer simulation time scales compared to purely atomic
systems by reducing number of atoms to simulate and eliminating fast C-H and unnecessary and computationally expensive C=O interactions. For PMMA, our model polymer,
these functional groups are CHx (0 ≤ x ≤ 3), C=O and O as shown in Figure 2.1. Various other functional groups involved in the simulation, e.g., due to creation of radicals
(·CH3 ) and reaction products (HCO, CH4 and OH) are also part of the set of species.
Each coarse-grained bead or superatom is identified by a separate species type. The
bonding and angular potentials are based on the species type as well as the organization
of the bonding network in the polymer chain, which is specific to the polymer and added
as an input in our MD model. Here, the exact matching of a fully atomistic equilibrium
distribution of bond lengths and angles is not vital for coarse graining as the ablation
simulation will be sampling states far from equilibrium.
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Figure 2.1: Monomeric unit of the PMMA polymer is shown here. Each atom or group
of atoms represents a coarse grained bead in the simulation. Norrish type I correspond
to break in the C-CO bond, whereas Norrish type II is a break in the CH2 -C bond.

2.2.2

Potential energy model

The bonding potentials between any two functional groups are of the harmonic form, i.e.,
Ubond = Kbond (r − r0 )2 , where r is the instantaneous bond length and r0 the equilibrium
bond length. These potentials are taken directly from the atomistic scale model by
Kim et al. [47] The equilibrium radii and bond lengths of the coarse grained beads
have been computed earlier. [43] Ablation simulations, however, can reach states far
from equilibrium involving high temperatures and pressures. These thermodynamic
conditions can lead to bond breakage. To accommodate these “thermally” or “stress”
induced bond dissociations, all bonding potentials (except those for double bonds) are
switched to Morse potentials of the form,
Ubond = A [1 − exp (−B (r − r0 ))]2 + C

(2.1)

for bond lengths 3% larger than the equilibrium bond length. [43, 48] Morse potential
parameters, A, B and C, are fitted individually to each bonding potential to ensure

25

continuity in potential energy and forces. The use of this hybrid potential allows us to
turn off the Morse interaction for high temperature annealing simulations during the
preparation of polymer samples.
The angular potentials are of pure harmonic form and are also taken directly from
Kim et al. [47] To prevent a sudden transition from finite angular potential to zero
³

´

potential due to bond breaks a screening function of the form, exp −2 (r − rc )2 , is
employed beyond a cutoff value of rc for each of the two bonds forming a bond angle.
The general expression for angular potential energy function is given by,
µ

³

Uθ = Kθ (θ − θ0 )2 exp −2 rab − rcab

´2 ¶

µ

³

exp −2 rbc − rccb

´2 ¶

(2.2)

where, θ is the angle formed at atom b between atom pairs ab and bc, whose instantaneous
interaction distance is given by rab and rbc , and cutoff interaction distances given by rcab
and rcbc respectively. The value θ0 is the equilibrium value of the bond angle θ. The
cutoff distance was set larger than the equilibrium bond length and a value of 3 Å was
employed for all angular potentials. Four-body torsional interactions were not included
as they are not considered important for the ablation dynamics. [43]
The non-bonding inter- and intra-molecular interactions are described using another Morse potential fitted to match PMMA physical properties such as the cohesive energy [49] and glass transition temperature. [50–52] The parameters for the nonbonded interactions were independent of the interacting species and set at A = 0.042 eV,
B = 1.025 Å−1 , C = −A, r0 = 4.35 Å for the PMMA sample. Additional Morse type
potential energy functions characterizing non-bonded interactions between two radicals,
and a radical and a non-radical are defined to match the appropriate reaction energy
change occurring during bond breaks. [36] Bonded interactions among radicals and nonradicals are treated as those among non-radicals of similar species types, i.e., a ·CH3
radical is treated as a CH3 bead for all of its bonding and angular interactions. The
cutoff distance for all bonding, angular and non-bonding interaction was set at 10 Å and

26

the Verlet neighbor list cutoff set at 12 Å.

2.2.3

Sample preparation

The sample was prepared by starting with a low density polymer built by random insertion. The first bead of a polymer chain is placed at a low density site followed by
addition of the next bead along a random vector at a bond length distributed about its
equilibrium value. This step is followed by insertion of more beads, one monomer unit at
a time, based on the distribution of bond lengths and angles until entire polymer chain
is built. If any added bead is found too close to any bead on the existing polymer chains,
it is discarded and a new position tried. If there is overlap after multiple attempts, the
chain construction is traced backwards and continued from an earlier point. The individual polymer chains were built in a periodic box of fixed size, sequentially using the
united atom description, until the total density reached about 0.7–0.8 g·cm−3 .
The prepared sample was then subject to a series of energy minimization, constant
temperature and volume (NVT) MD, and compression steps. This process is carried out
according to the method described in Refs. [53–55]. Only the purely repulsive part of the
non-bonded interaction was turned on during these cycles to avoid any clustering in the
system due to the attractive part of the potential. [53, 54] The bonding potentials were
set to be purely harmonic, i.e., the weakening of the bonding potential with the Morse
term described above in Equation 2.1 was turned off during these cycles, to avoid any
fragmentation in the polymer matrix prior to photon absorption. Each stage involved
10,000 steps of energy minimization, followed by 20,000 time-steps of NVT run at 600 K
corresponding to 20 ps of simulation time. The high temperature NVT dynamics help
the system escape from intermediate local minima. [55] At the end of each NVT run the
sample was compressed by scaling each of xyz dimensions by a factor of 0.99 and sent
to quench cycle of the next stage. This series of runs was carried out until the sample
density reached above the bulk polymer density to a value in the range of 1.20–1.25
g·cm−3 which is one compression stage beyond the desired bulk density (1.20 g·cm−3 ).
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The sample is initially compressed beyond its desired bulk density to incorporate any
pressure induced relaxation. [53] The high density sample is then relaxed back to the
correct density. Next, the correct long-ranged non-bonding potentials are introduced
into the polymer sample. This process is carried out in 4 stages, each stage with 10,000
steps of energy minimization followed by 20,000 time-steps of NVT-MD. During each of
energy minimization stage, a quarter of the attractive part of the interaction potential
is turned on. Following this step, the sample is subjected to additional 200,000–400,000
time-steps of NVT-MD simulation at 300 K, with the weakening of bonds (Equation 2.1)
turned on and periodic boundary condition removed from z axis, to fully equilibrate the
substrate, i.e., to relax it to its zero pressure (gradient) and lowest energy state.

2.2.4

Boundary conditions for ablation

During an ablation simulation, periodic boundary conditions are applied to the sides (xy
axes) and a pressure absorbing boundary condition (PABC) is applied at the bottom of
the sample to prevent the downward traveling pressure wave from reflecting back into the
sample. [56] These boundary conditions together mimic a deep substrate (i.e. no reflected
pressure wave is formed at the back end of the sample at all times) and the center of
laser pulse where the mass and energy transfers are expected only along the depth of
the sample. For the implementation of the PABC, the bottom part of the sample, equal
to the length used for the Verlet list construction, is selected as the pressure absorbing
boundary layer. The force, along the z axis, acting on any particle in the boundary layer
is divided into two parts: those acting due to particles above it (i.e., higher up in the
z axis) and those acting due to particles below it. The forces due to particles below
it are then replaced by terminating forces, which replicate an infinite continuum below
the finite-sized sample. The termination forces have three components F0 , the static
equilibrium forces, which balance out the forces from top part of the sample, FL , the
forces generated due to direct laser energy absorption by the boundary region, and FW ,
the forces due to the propagation of a pressure wave through the boundary region. The

28

last two terms can be written as, [56]

³
´

 AΓΦ exp − zb
LP
LP
FL =
³
´h
³
³ ´´i

LP
tc
AΓΦ

exp − Lzb
L
tc 1 − exp L
P

P

P

FW = SM Zu

if t ≤ τ

(2.3)

if t > τ

(2.4)

where, A is the area illuminated by the laser, Γ is the Grüneisen coefficient, Φ is the laser
fluence, zb , is the average depth of the boundary layer, LP is the penetration depth of the
sample, t is the time of irradiation and τ is the laser pulse width. Also, SM represents
the surface area per particle, u is the average particle velocity in the boundary layer,
and Z = ρc is the acoustic impedance corresponding to density ρ and the sound velocity
in the medium c. For FL , the above Equation 2.3 represent forces linearly increasing
with time due to photon absorption during irradiation followed by a gradual damping
given by the term in square brackets in the second expression. Likewise for FW , the
force corresponds to a one dimensional pressure wave traveling with speed of sound c
and local particle velocity u. [56, 57]
The determination of the parameters required for the PABC was performed in a separate set of simulations. To compute F0 and FL , equilibrium simulations were performed
at 200–700 K and over the densities of 1.14–1.30 g·cm−3 . For evaluation purposes, the
static equilibrium forces were further resolved in two long-ranged components, inter- and
intramolecular non-bonded forces. The static forces coming from bonding and angular
interactions were taken as is, i.e., based on instantaneous distances and angles, evaluated directly in ablation simulations, and not evaluated in these equilibrium simulations.
The equilibrium simulations were performed on equilibrated PMMA substrates: (a) 3723
beads, with 51 polymer chains each made up of 13 monomeric units, in a sample of size
45 Å × 45 Å × 45 Å, and (b) 29785 beads, with 259 polymers each of chain length of
19 units, in a sample of size 51 Å × 51 Å × 258 Å. The middle third part of sample (b)
was used to compute the distribution of forces along the z axis acting from the parti-
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cles present below it over a time period of 200 ps. The resulting distribution at 300 K
and 1.20 g·cm−3 is shown in Figure 2.2. The most probable values obtained from the
distribution were used in the ablation simulation reported in this chapter. Equilibrium
simulations were also used for evaluation of the Grüneisen coefficient which is defined as
the internal energy derivative of pressure at constant volume, [58]
µ

dP
Γ=v
dE

¶

(2.5)
V

where, v is the specific volume, P the pressure and E the internal energy. For evaluating
the derivative, the ensemble averages of pressure and internal energy are recorded at
every density and temperature over 200 ps of NVT runs. The resulting plot of Grüneisen
coefficient as a function of density is shown in Figure 2.3 and is in good agreement with
the reported values. [58–60] The value of 0.60 was used for the ablation simulations
reported here. The ablation simulation parameters were so chosen that the sample
temperature at the bottom does not increases significantly above 300 K, thus justifying
the use of these values for computation of F0 and FL .
The acoustic impedance parameter Z, was evaluated by performing non-equilibrium
simulations without z periodicity. These simulations were done using sample (b) specified
above and a larger sample (c) consisting of 109,365 beads, with 951 polymer chains of
19 chain length each in system of size 51 Å × 51 Å × 936 Å, both equilibrated at 300 K.
In each simulation, a downward impulsive force in the range of 1–10 eV·Å−1 is imparted
on to the top 10 Å layer of the sample over a period of 10–100 fs (10–100 steps). The
application of the impulse is similar to the ultra-fast laser heating and shock compression
experiments and results in the impulse energy being transformed into a pressure wave
which propagates into the substrate. [61, 62] The evolution of the substrate is followed
by dividing the sample into 10 Å slices and computing the pressure, z forces and z
velocities as a function of depth and time. The plot of local z velocities and pressure
following a downward impulsive force of 1 eV·Å−1 over 100 fs is shown in Figure 2.4.
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Figure 2.2: Distribution of the nonbonding interaction energies among PMMA beads
at a density of 1.2 g·cm−3 and 300 K, computed using sample (b). The dashed curve
squares on the bottom x axis corresponds to the intermolecular interactions while the
solid curve diamonds on the top x axis is for the intramolecular interactions. Both the
energy scales correspond to ε0 = 1.0364 × 10−4 eV.
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Figure 2.3: Grüneisen coefficient, Γ, computed as a function of density (in g·cm−3 ),
from simulations using sample (a), performed over a temperature range of 200–600 K.
The dashed curve is added as guide.
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Figure 2.4: Pressure vs. local velocity from impulse simulations. The data shown
correspond to a constant downward impulse force of 1 eV/Å applied over 100 fs in
the largest sample (c). The data are collected over 10 ps time scale, from the time of
formation of the pressure wave near the top surface to just before it interacts with the
bottom surface. Only points used for data fitting are shown.
The data points on the plot correspond to sometime after the pressure wave is formed
at the top surface to the time just before it starts interacting with the bottom surface,
which is set as a free boundary. The slope of the linear fit gives the acoustic impedance
parameter Z = 4.3–7.3 × 106 Ns·m−3 , using P = −Zu, over all the impulse runs. The
value of acoustic impedance is somewhat higher than the expected value (∼ 3 × 106
Ns·m−3 ), [63] but well within the range reported in experimental studies. [61, 62] The
linear fit in Figure 2.4 appears to deviate from the simulation data points for highest
pressures and local velocities suggesting a non-linear relationship. Also, the xy periodic
lattice prevents any lateral relaxation, so this system is unlike any real system, which may
contribute to the deviation. The mean value obtained over these simulations ∼ 6 × 106
Ns·m−3 was used in the ablation simulations reported here.
In the implementation of PABC, all the xy component of forces and velocities are
zeroed out for beads lying in the boundary layer. Also, all the forces along z direction
are averaged and applied equally to all the beads in the pressure absorbing boundary
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layer to make the PABC provide a rigid piston for efficient pressure transmission. This
procedure includes averaging over the bonding and angular forces as well.

2.3

Modeling the Laser-Polymer Interaction

2.3.1

Photon absorption process

A laser pulse of wavelength (λ), pulse width (τ ) and penetration depth (1/α), was applied
to all the samples from t = 0 to t = τ in the ablation studies reported here. The photons
are absorbed by the chromophores (-C- or -CO- in the case of PMMA) in accordance
with Beer’s law. Suitable laser fluences were identified based on two criteria: the fraction
of chromophores absorbing photons should be less than 100% in the top surface layer
to prevent chromophore saturation and the fraction of chromophores absorbing photons
at the bottom layer should approach zero, i.e., be small in the range of 1–5%. The
beads in the boundary layer subject to the PABC do not directly absorb any photons.
These conditions along with Beer’s law set the distribution profile of photons and energy
absorption in the substrate. The Beer’s law based absorption profile mimics the entire
absorption volume as a scaled down version of a real sample undergoing ablation process,
as opposed to uniform absorption profile, which only models surface absorption and
ablation processes.
The absorbed photon energy can be directed into one of the many proposed paths:
vibrational excitation of the chromophores, direct heating the polymer substrate, and
direct bond break and radical formation. The vibrational excitation can be effected
by changing the radius of the chromophore or imparting kinetic energy to its internal
mode as done in the breathing sphere models. [30, 42] Direct heating is implemented by
distributing the photon energy over a monomeric unit (six beads for PMMA as shown
in Figure 2.1) as kinetic energy. Direct photolytic bond cleavage and radical formation
is achieved by randomly breaking a bond between the absorbing chromophore and one
of its neighbors. The species involved in the bond break are assigned new radical species
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types and their interaction changes from bonding and angular to non-bonding. The
radicals are tagged and their time of existence is recorded for subsequent reactions. In
addition to direct bond breaks, heating or stress induced bond-breaks are also possible as
mentioned above for all cases. Following the thermo-mechanical bond breaks, however,
the coarse-grained beads are not labeled as radicals in the simulation scheme and no
subsequent reactions occur.
Formation of radicals in the substrate leads to chemical reactions which can play an
important role in ablation. [64–68] There are a vast number of possible reactions that
can take place during ablation given the high temperatures, stresses and types of radicals
prevailing in the substrate. The selection of chemical reactions forming the basis set in
our MC based reaction scheme is therefore crucial to the development of a feasible and
realistic MD simulation scheme. Inclusion of too many reactions can easily slow down
our MD time integration without adding any significant new physics to the ablation
process. This selection process also relies upon the choice of material to be ablated and
is therefore discussed in next section with reference to our model material PMMA. The
purpose of the MD simulation is not to suggest what chemical reaction takes place, but
to predict how these reactions affect the substrate and the ablation process.

2.3.2

Modeling chemical reactions

The reaction scheme is based on a modified version of the coarse grained chemical reaction model (CGCRM). [42, 43] All the reaction pathways, Arrhenius reaction rates
and formation energies used in the scheme are predetermined. These quantities can be
obtained from standard Chemistry and Chemical Engineering (experimental or theoretical) databases, [37] computed using first principles studies (see Chapter 3) or using
exotic MD schemes like Reactive-MD. [41] At each step, radicals attempt to react with
other species present in their vicinity. The MD simulation along with the embedded MC
reaction scheme is shown in Figure 2.5. For any radical, the chemical reaction algorithm
can be described as follows:
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1. All possible reacting species {i} are identified within an interaction radius of 2 Å.
2. If two radicals are next to each other the corresponding radical-radical recombination reaction is selected and tried (step 5). Else, the reaction rates kriX , of the
radical r reacting with other species i are calculated based on individual reaction
type X, using their activation energies (EAX ), the local temperature (TL ) and the
Arrhenius reaction rate expression: [43] kriX = 1013 exp (−EAX /kB TL )s−1 , where
kB is the Boltzmann constant.
3. The total forward reaction rate krT is computed by summing over all possible
reaction rates, i.e., krT =

P

i kriX .

The radical survival probability p(tr ), at that

step is then computed based on the radical existence time tr , and the total reaction
rate using, [69] p(tr ) = exp (−krT tr ) . A random number ξ is then drawn and the
reaction is attempted if ξ > p(tr ).
4. Another random number ζ selects the type of reaction to attempt based on the relative weights of each reaction type kriX /krT , i.e., reaction of type X with between
species r and η is selected if

Pη−1
i=1

kriX /krT < ζ <

Pη

i=1 kriX /krT .

5. The selected reaction is tried by changing the species types of the reacting beads,
which changes the interactions between reacting beads and their neighbors. The
trial process assesses the feasibility of the selected reaction by measuring the energy
difference between reactant and product states, εr = εproduct − εreactant . The
decision to accept the reaction is based on the following scheme :
(a) If the energy εr , is within 10% of the desired chemical reaction energy εdr , or
0.1 eV, depending on whichever is higher, the trial is accepted. Note that the
desired chemical reaction energy depends only on the reaction type X.
(b) Else, if the absolute value of the difference |εr − εdr | is greater than 2.5 eV,
the reaction is abandoned and the species are reverted back to their original
states and MD simulation continued.
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(c) Else, if the reaction energy is within 2.5 eV of the desired value, a steepest
descent based optimization of the reactant state is attempted. The aim is to
reorganize the local volume around the radicals, i.e., rearrange the participating radicals and their interacting neighbors to obtain a new set of reactant and
product states with energies έreactant and έproduct respectively, such that the
new reaction energy έr = έreactant − έproduct satisfies the conditions given in
step 5a. In this case the local energy evaluation carried out will have to loop
over another layer of particles within an interaction distance of the particles
being rearranged.
i. The optimization process minimizes the quadratic energy difference func³

tion given by, ∆ε =

έr − εdr

´2

, by moving the particles based on the

directions given by its derivative,
µ

³
´
d (∆ε)
´
´
= 2 έr − εdr × f~reactant − f~product
d~x

¶

(2.6)

´
where ~x and f~ represents the positions and forces of all the particles being
moved.
ii. The optimized states έreactant and έproduct and consequently the reaction
may be accepted if the total energy adjustment required which is the
difference between the new and the original reactant state, έreactant −
εreactant , is not more than 5% of the thermal (kinetic) energy of the
particles being rearranged.
iii. If the optimized states are rejected, or if the optimization fails to generate
acceptable states satisfying condition set in step 5a within Nmax = 20
steps, the substrate is restored back to its original MD state.
6. If the reaction is accepted the energy released (or required) is added to (or subtracted from) the kinetic energies of the reacting species to maintain energy conservation. Likewise, if the reaction was accepted based on the optimized states,
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the kinetic energy of all the particles being rearranged is scaled (by a ratio between
0.95 and 1.05) to conserve total energy. Upon acceptance, any existing radical tag
among the reactants is removed and the newly formed radicals are tagged.
The 2.5 eV energy criteria listed above serves as a crude upper bound to determine suitability of the reactant state for optimization, whereas the 5% kinetic energy
adjustment criteria sets a firmer limit to the range of acceptable solutions. This measure
introduces a physically realistic constraint when performing chemical reactions, not only
ensuring that reactions occur only when conditions are appropriate, but also advancing
them in the right direction so that they may occur earlier if the conditions are nearly
suitable. For the set of simulations reported here, the average amount of kinetic energy
change per particle, resulting from adjusting the positions of the particles, is very small,
of the order of 10−3 eV per successful optimization.
The optimization process is extremely fast as it involves evaluating energies and
forces over a small subset of particles and uses a variable step size based on the magnitude
of forces for fast convergence. But, the optimization scheme also scales linearly with
number of radicals, so at a certain radical concentration the total optimization cost per
time-step may rise above the cost of a single MD time-step. This burden is further
reduced by starting a countdown clock set at tcorr = 20–50 MD time-steps for every
radical with failed reaction or optimization attempt. Thus, a reaction for a radical is
retried only when tcorr is at zero. The clock time tcorr is counted down every MD step.
The average radical survival time, for the simulations reported here, is approximately 1
ps because of the high temperatures prevailing in the substrate.

2.4
2.4.1

PMMA Reaction Model and Simulation Results
Chemical reactions

In the case of a PMMA substrate, there are two photochemical reaction pathways where
the photon energy can be utilized to “directly” break two types of bonds. In the first
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Figure 2.5: The flow chart for the Monte Carlo reaction scheme embedded within the
MD time integration. Some flow lines are dashed for visual clarity.
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case, the Norrish type I reaction, the C-CO bond on a PMMA side chain is broken
(see Figure 2.1). In the second case, the Norrish type II reaction, the C-CH2 bond on
a polymer’s main chain is broken. The equilibrium bond strength in each case is 3.6
eV, so excess photon energy goes into the kinetic energy of the beads involved in the
bond cleavage. The choice of the set of chemical reactions is based on the ablation
products experimentally observed and the likely chemical reaction pathways suggested
in the literature. [64–68, 70–74] Experimental studies have demonstrated the presence of
small gaseous molecules like CO, CO2 , CH4 , HCOOCH3 and CH3 OH as well as MMA
monomers and smaller polymer fragments in the ablation plume. The reason for differences in observed products remains unclear and may arise from limited set of experimentally observed species or real mechanistic differences resulting from various starting
radicals formed under diverse experimental conditions and following different reaction
paths. The key point of contention in PMMA ablation is (a) whether it is involves predominantly thermal or chemical mechanisms and (b) if it is chemical, which one of the
photolysis pathways is preferred.
The reactions included in the MD-MC scheme for the PMMA substrate can be
categorized into six major types and are listed in Figure 2.6. They are: (a) hydrogen
abstractions which can be performed by every radical depending on availability of a
hydrogen rich species nearby, (b) decarboxylation, (c) carbon monoxide elimination, (d)
polymer main chain unzipping, resulting in smaller fragments and monomeric MMA
units, (e) elimination of CH3 radical followed by formation of a double bond and (f) a
double bond formation for any two adjacent carbon radicals already joined by a single
bond. The possibility of substrate modification leading to an incubation like effect, which
may play an important role in achieving ablation at longer wavelengths, [65, 70, 72, 75]
is also included in our photochemical scenarios. The carbon beads at a broken main
chain site can form C=C bonds which can then absorb photons and convert it only to
heat. For this effect however, the laser pulse width would have to be long enough to
allow for sufficient number of unzipping reactions to occur and double bonds to form.
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Figure 2.6: The set of chemical reactions taking place in a PMMA substrate upon laser
induced bond breaks. For simplicity, the complete bonding structure is not shown for
some molecules.
Electronic structure calculations are performed (discussed in Chapter 3) to measure the
activation and reaction energy for each of these reactions (except (f) and (a, ii)). The
radical-radical recombination reaction listed in (f) above occurs without any activation
energy barrier and a reaction energy equal to the difference between the strengths of
a double bond and a single bond. The CH3 OH reaction energies were taken from ab
initio calculations reported in Ref. [76]. The activation and reaction energies are given
in Table 2.1. The choice of chemical reactions and their influence on the substrate are
subjected to more detailed investigations in later chapters.

2.4.2

Simulation analysis and setup

All simulations reported here were performed using λ = 157 nm and 248 nm laser
wavelengths corresponding to energies of 7.9 eV/photon and 5.0 eV/photon, respectively.
These two wavelengths are among the commonly used wavelengths in the experimental
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Table 2.1: Activation and formation energies for all chemical reactions occurring in a
PMMA substrate (in eV).

Reaction Type
(a, i) Hydrogen abstraction (by -CHx · radical)
(a, ii) Hydrogen abstraction (by -O· radical)
(b) Decarboxylation
(c) Carbon monoxide removal
(d) Unzipping
(e) ·CH3 radical removal
(f) C=C formation

Activation energy
0.43
0.14
0.59
0.97
0.94
1.16
0.00

Formation Energy
-0.19
-0.78
-0.90
0.75
0.67
0.93
-2.76

studies reported on PMMA substrates. [64–68, 70–74, 77, 78] Irradiation was carried out
over a single pulse of pulse width τ = 150 ps. The fluence range investigated was 8–15
mJ·cm−2 , which was set based on the choice of penetration depth, 1/α = 100 Å and
a Beer’s law profile in the substrate satisfying the criteria given in Section 2.3.1. The
largest PMMA sample (c) with 109,365 beads in a system of size 51 Å × 51 Å × 936 Å
was used for the simulation. The ranges of fluence and penetration depth are limited by
the sample size and runtime limitations inherent in any MD simulation.
The photon absorption process was set up such that all pathways are equally likely,
i.e., 1/3 probability of each of pure heating, Norrish type I and Norrish type II bond
breaks. The purpose in doing so is to demonstrate the full range of physics that can be
explored with our current modeling scheme. The simulations were monitored to ensure
capture of all possible ablation, i.e., large cluster ejection, events. The total runtimes of
simulations were in the range of 300–600 ps. The MD time integration was performed
using the velocity-Verlet algorithm [79] with a step-size of 1 fs. The total computational
time for a single run of 500,000 time-steps was about 2 weeks on a single processor (3.0
GHz Intel Xeon 3160).
The evaluation of the substrate characteristics in terms of its density, temperature,
pressure, chemical composition and energy, was done by dynamically slicing it into slabs,
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each of 10 Å thickness, along the direction of incident laser (z axis). During most of the
simulation timeframe, the spatial density profile shows a sharp transition separating the
bulk substrate from the ejected plume. The yield was determined by summing up all the
particles in the plume. The plume was further analyzed by identifying aggregates based
only on their spatial separation. For this purpose, a cutoff distance of 5 Å was used
to label interacting vs. non-interacting beads as all the bonding potential energies are
smaller than the available thermal energy beyond a separation of 3.5–5 Å. The clusters
are identified by grouping together all the ejected coarse-grained beads found within a
distance of 5 Å of each other. Average size was given by S = M2 /M1 , i.e., the ratio of
second moment of cluster size distribution over its first moment.

2.4.3

Ablation yields

The primary observables in ablation studies, i.e., the yield and average size appear to
be a complex function of the fluence and the laser wavelength, as seen in their temporal
evolution in Figure 2.7a–d. The yields and average sizes differ for identical fluences at
different wavelengths, both in terms of their evolution and their final values. An ablation
threshold also appears to exist, demarcating the desorption and ablation regimes, which
can be identified in terms of the number and average sizes of the ejected clusters in
Figure 2.7. Below this threshold, e.g., for 8 mJ·cm−2 fluence with 157 nm laser, there is
a smooth rise in the yield, with continuous ejection of smaller clusters (S ∼ 1), consistent
with the desorption regime. Above the threshold, many large cluster ejection events are
observed during and after the irradiation time scale. The larger clusters, with average
size S ∼ 1000, appear to break into smaller fragments over time. The exact value of
the ablation threshold, however, appears to be a function of the laser wavelengths used,
as we observe no ablation for 8 mJ·cm−2 fluence with λ = 157 nm laser, whereas 8
mJ·cm−2 fluence with λ = 248 nm laser does ablate. A detailed investigation into the
ablation threshold as a function of laser processing parameters such as wavelength and
pulse width will be reported in Chapters 5 and 6.
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Figure 2.7: The evolution of yield, expressed in number of monomeric (MMA) units,
as a function of time for (a) 157 nm simulations at 8 mJ·cm−2 (circles), 12 mJ·cm−2
(diamonds), and 15 mJ·cm−2 (squares) fluences, and for (b) 248 nm simulations at 8
mJ·cm−2 (deltas), 12 mJ·cm−2 (gradients), and 15 mJ·cm−2 (left triangles) fluences.
The corresponding values of average sizes are given in (c) for 157 nm and in (d) 248 nm
simulations, respectively.
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Figure 2.8: The snapshots for two of the simulations: (top) λ = 157 nm at 8 mJ·cm−2
fluence and (bottom) λ = 248 nm at 15 mJ·cm−2 fluence. The depth scale (in Å) at
zero represents the original top surface. The colors represent original polymer beads (red
and grey), radicals (yellow), gaseous species (green), and double-bonded carbon beads
(blue).
Selected snapshots from two different simulations using a 8 mJ·cm−2 fluence at
λ = 157 nm and using a 15 mJ·cm−2 fluence at λ = 248 nm are shown in Figure 2.8
corresponding to the end of the runs at 450 ps. These two runs show the opposite ends of
the yield span, as seen in Figure 2.7. The snapshots show the first run ejecting only small
(MMA) monomer sized clusters while the second run ejecting large amount of gaseous
particles (green colored beads in Figure 2.8) and a few large clusters. In the first case,
the laser irradiation results in swelling of the substrate, but it fails to eject any large
chunks of material, whereas in the latter, there is substantially more swelling prior to
ablation (not shown) followed by ejection of large numbers of gas molecules. This stage
is followed later by ejection of the larger fragments and the gases trapped beneath them.
The gas molecules also appear to be trapped within the larger clusters, which may be one
of the reasons why these clusters fragment after ejection. Substrate modification, due to
formation of radicals (yellow), gases (green) and double bonded polymer fragments and
monomeric units (blue), up to the depth of 200–300 Å can be seen in Figure 2.8 for both
cases.
The ablation profiles can be understood by analyzing the processes taking place in
the substrate following photon absorption. The absorbed photon can randomly perform
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substrate heating or one of the Norrish type bond breaks. The energy involved in bond
cleavage and heating of the substrate is shown in Figure 2.9, for 15 mJ·cm−2 fluence
using λ = 248 nm laser (i.e., the case corresponding to the highest yield). For this case,
the laser is adding only about 163 eV/ps to the substrate, but the total energy added as
heat is much greater, reaching up to 50% more than laser energy deposition rate. This
excess energy is generated by numerous reactions among photoradicals. The energy
leftover following a bond break in Norrish type breaks also contributes to heating of the
substrate. Only a small part of the laser energy is utilized for bond breaks, starting with
about 50% of the laser energy and then settling down to 33% by 70 ps. This discrepancy
is a consequence of the polymer unzipping reactions induced by main chain bond breaks
(incubation-like effect). These reactions generate unsaturated polymer fragments and
monomers which prevent further photochemical scission and instead lead to deposition
of energy as heat. As a result of this reaction only about 40–45% of the photons are
used for Norrish type bond scissions in all cases instead of the specified 67%. A more
detailed study of the effect of this substrate modification will be discussed in Chapter 5.
The energy generated by reactions continues to heat the substrate for a long time, but
on a much smaller scale. Unzipping and hydrogen abstraction reactions will continue
until all the radicals are exhausted (i.e., terminated or ejected) or the substrate cools
down substantially. The role of photochemical processes in altering the spatial and
temporal profile of the laser energy deposition is similar to that reported earlier for
organic solids. [36, 37]
The thermal and chemical processes interact synergistically and play a crucial role in
the transformation of the substrate. High temperatures lead to rapid reactions among the
photoradicals which in turn lead to generation of more energy as heat, especially from
creation of unsaturated carbon centers (reactions d–f in Figure 2.6). The generation
of photoproducts occurs rapidly upon formation of radicals as shown in Figure 2.10
for 15 mJ·cm−2 fluence using λ = 248 nm laser. The small molecules like CH4 and
CO2 which arise out of exothermic decarboxylation of the cleaved PMMA side chain
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Figure 2.9: The distribution of energy (in eV) in the substrate, for λ = 248 nm at 15
mJ·cm−2 fluence, as a function of time, in terms of energy consumed by bond breaks
(triangles), energy added as heat by reactions (diamonds), and total energy added as
heat by both laser irradiation and reactions (squares). The total energy and the energy
added by reactions overlaps after the end of the laser pulse.
(reaction b in Figure 2.6) appear immediately along with the double-bonded carbon
centers, C=, formed following unzipping and termination reactions. These are followed
by endothermic reaction products like CO and CH3 OH (reaction c in Figure 2.6). The
relative concentrations of these products are also much smaller than the products formed
earlier. Early formation of these small gaseous photoproducts leads to their ejection from
the substrate as seen in the snapshot in Figure 2.8. The formation and ejection of these
gases play a crucial role in the onset of ablation which will be investigated in more detail
in Chapters 5 and 6. In contrast, the appearance of thermally and stress-induced bond
breaks occurs much later at around 45–50 ps. The photothermal bond break process is
much slower owing to large covalent bonding energies as well as the intertwined nature
of the polymer substrate. The photothermal process is also inefficient compared to
the photochemical processes as it used up about 60% of laser energy and all the extra
thermal energy generated by chemical reactions to achieve a relatively smaller level of
fragmentation in the substrate. Figure 2.10 also demonstrates that most of the reactions
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Figure 2.10: The total number of photoproducts and broken bonds produced in the
sample as a function of time. The lines correspond to, from top to bottom, (a) the
number of double-bonded carbons, i.e., C=, (b) the number of molecules of CH4 , (c) the
number of molecules of CO2 , (d) the total number of broken bonds, (e) the number of
molecules of CO, and (f) the number of molecules of CH3 OH. The lines (e) and (f) are
almost overlapping. The simulation parameters are the same as those given in Figure 2.9.
take place during the time frame of laser irradiation and end with the laser pulse. Only
unzipping and photothermal breaks continue to occur after the laser pulse is over.
The bulk of the laser energy is deposited in the top 100–300 Å of the substrate, due
to the exponential profile of laser energy deposition, as can be seen in the temperature
profiles in Figure 2.11. The temperature at the depth of 100 Å reaches a maximum value
of 3300 K at the end of the pulse. This is followed by a rapid drop due to material ejection
and then a slower drop due to conduction of heat to the cooler parts of the sample. At
the depth of 300 Å the temperature rises only to about 1000–1100 K before leveling off
over the MD time scale. Also as Figure 2.11 shows, the temperatures at the depth of
600 Å and at the bottom of the sample (900 Å) barely rise above 300 K during the MD
timescale. The highest temperatures observed in the substrate are artificially inflated,
when compared to experimental values, [65, 80, 81] partly due to the MD simulation setup
with reduced electronic and atomic degrees of freedom arising out of coarse graining of
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Figure 2.11: The kinetic temperature (in K), measured using lateral (xy) velocities,
as a function of time. The values correspond to the depths of (a) 100 Å, (b) 300 Å, (c)
600 Å, and (d) 900 Å below the original surface, respectively. The line represents a least
squares exponential fit to the temperature. The simulation parameters are the same as
those given in Figure 2.9.
the polymer. These missing components result in a lower than realistic heat capacity
and poorer conductivity. These approximations in the MD model may have adverse
implications on the ablation dynamics, e.g., initiating rapid thermal decomposition of
the polymer preventing a study of the role of photochemical bond breaks and chemical
reactions. [2, 5] However, in the case of our PMMA system we do not observe such an
outcome. As seen in Figure 2.10, the photothermal bond break process is much slower
and the number of thermally unzipped or broken bonds is much smaller compared to the
total number of photochemically generated species. Over longer time frames, thermal
decomposition of the polymeric substrate will dominate, especially after photoradicals
are exhausted. The effect of high temperature on this slow decomposition process will be
limited as the substrate is expected to cool rapidly. Based on the exponential fit shown
in Figure 2.11, the temperature will drop to less than 1000 K in about 3–5 ns.
Pressure builds up in the substrate mainly due to the influence of thermal and chemical processes, namely the substrate heating and the formation of gaseous photoproducts
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in a confined volume over a short period of time. This rise in pressure has been referred
to as photothermal and photochemical pressure generation. [81] However, in order for the
pressure to accumulate, inertial or stress confinement is required, which can be achieved
within a characteristic stress confinement time given by, tac = d/c, [18] where d is the
smallest dimension of the irradiated volume, corresponding to either the penetration
depth or the laser spot size. For the penetration depth used here, this time works out to
∼5 ps, i.e., much smaller than the 150 ps pulse used here. Consequently, high pressures
and pressure gradients arising out of pressure waves are not observed in the simulations
reported here. In Chapters 4 and 5, simulations with shorter pulse widths will look into
the stress confinement regime and the role of photomechanical processes in ablation.

2.5

Conclusions

In this chapter, we have presented an enhanced version of the coarse grained chemical
reaction model which integrates a Monte Carlo based chemical reaction scheme within a
molecular dynamics simulation framework. This scheme can model the varied phenomena of thermal, mechanical and chemical processes occurring during laser irradiation and
ablation of polymeric materials. The model requires prior knowledge of the atomistic
scale physics of the polymer, similar to that routinely employed in MD simulations of
polymers. It also requires an understanding of chemical characteristics, especially the
chemical decomposition pathways, of the polymeric substrate which can be obtained
from experimental studies as well as theoretical first-principles based calculations. This
information is used to determine all possible reaction pathways for radicals present in
the system. The reactions are then performed, based on the radical survival times and
relative reaction rates, if their energy landscapes are favorable. The modeling scheme
described here captures all the necessary physics occurring at the atomistic scale during ablation processes and can be applied to the study of a wide-range of polymeric
substrates.
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The sample set of results for the PMMA polymer discussed in this chapter reveal
how different processes are borne out of different photon energy absorption pathways.
The interaction of thermal, chemical and mechanical processes during irradiation and
ablation plays a crucial role in transforming the substrate and establishing yield characteristics. The coupling of these processes highlights the usefulness of a unified framework
to look at all these processes. The individual contributions of different photoexcitation
pathways to the ablation process, which is the primary issue of contention in understanding of ablation in PMMA, are hard to ascertain from the set of runs reported here as
they have a mixture of all these pathways. In later chapters, further studies with multiple wavelengths, penetration depths, and pulse widths along with different mixtures
of photochemical-photothermal scenarios will replicate more realistic laser processing
conditions and provide a better mechanistic understanding of the ablation process.
This coupled MD-MC modeling scheme is universal in the manner in which it integrates chemical reactions in to the MD framework. Such a scheme can be useful in
probing complex and intertwined physical and chemical processes occurring in highly
reactive single or multi-component systems, high temperature processing of materials
and fast energy deposition processes such as laser ablation and sputtering.
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3.1

Introduction

Irradiation of polymeric materials by ultraviolet (UV) laser light initiates chemical reactions that change the fundamental character of the material. For industrial applications such as boring cylindrical holes in a highly integrated, multilayer printed circuit
board, [1, 2] drilling holes for ink jet nozzles, [3] stripping polymer coatings of optical
fibers, [4] and, most notably, laser-assisted in situ keratomileusis, or LASIK, [5] the
removal of material is a desirable consequence of the radiation. In contrast, materials
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exposed to UV light in low-Earth orbit (LEO) conditions experience degradation. Under
LEO conditions, ground state oxygen atoms have high relative collision energies of approximately 5 eV with material surfaces that cause an additive effect to produce further
degradation. [6] The essential chemistry of the interaction of UV light with polymeric
and biological materials is that the photon energy can be sufficient to break chemical
bonds. [7] Subsequently, the material decomposes into smaller molecules and gaseous
products which can readily form, stream out of the substrate, and rapidly decompose
the material. Although the photochemistry of the specific materials is often known and
the gaseous products can be measured, the microscopic details of the chemistry and
physics from the photon-created radicals to the final measured products are not well
understood.
Understanding the overall process of material removal due to UV radiation requires
a complex model that incorporates the heterogeneity of the system as well as the energetics of the material. In Chapter 2, the hybrid molecular dynamics-Monte Carlo
model was described which simulates the photothermal and photochemical effects in a
polymer substrate following photon absorption. The thermodynamics (activation and
reaction energies) of the possible chemical reactions are needed for the incorporation of a
reactive scheme. Although reaction energetics have been calculated for some photoproducts, [8] more information is needed about the reaction barriers and energies of radical
decomposition to implement our model.
In order to study of the effect of UV radiation, the polymer poly(methyl methacrylate), or PMMA, has been selected (as discussed in Chapter 1) due to its use in commercial applications, such as in pulsed laser deposition [9] and as a satellite material. [10]
When a UV photon interacts with PMMA, several chemical reactions are possible as
shown in Figure 3.1a. [11] For the Norrish type II process, a bond in the main chain is
cleaved which leads to the appearance of smaller polymer chains and monomer units,
MMA. The cleavage of the ester side chain (either Norrish type I or ester elimination)
gives other possible products such as carbon dioxide, carbon monoxide, methyl formate,
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and methane, as well as leading to cross linking of the polymers. Using several UV
wavelength lasers (157, 193, 248, 266, and 308 nm), the types of photoproducts which
are observed in experiment are varied. Small molecules such as methyl formate, C2 , CO,
CO2 , CH4 , methanol, MMA monomer, and other polymer fragments are all detected in
the ablation plume in fluctuating amounts depending on the exact experimental conditions. [12–16] Under LEO conditions, oxygen atoms can also interact with PMMA radical
material to form C=O bonds as well as epoxide rings. [17, 18]
In this chapter, we use high-level electronic structure calculations to investigate the
reaction pathways for the decomposition of the bond cleavage products of PMMA as
shown in Figure 3.1a, as well as the interaction of oxygen atoms with the radical species.
The objective is to obtain reasonable estimates of the reaction barriers and energies for
use in studies of ablation and degradation of PMMA. Previous calculations by Stoliarov
et. al have yielded total reaction energetics of the decomposition of several model compounds based on PMMA, including several alkanes and carbonyls, into smaller molecular
weight compounds and CO2 . [8] To complete the description of the interaction of the
various wavelengths of light and oxygen with PMMA, we need to calculate the reaction barriers to form various products and calculate the reaction energies to produce
oxygenated molecules and gaseous CO. We acknowledge that the polymer sample is a
much more complex and heterogeneous environment than the gas phase reactions under
investigation. In addition, we ignore the details of the initial photon absorption event,
assuming that the direct photolytic bond cleavage event will occur, and, therefore, the
starting points for consideration are the resulting radical species. An exquisite investigation of the Norrish type I bond cleavage of gas phase acetone demonstrates the intricacies
involved after the photon absorption. [19] Below, we discuss the computational model,
the results of the electronic structure calculations, a brief speculation of the ramifications
of these results on the material degradation processes, and the utilization of the results
for molecular dynamics studies.
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Figure 3.1: Structure of compounds used in the calculations. (a) Photochemistry
of PMMA, (b) methyl acetate, (c) ethylene dimer radical (R=H) or 2-propenal dimer
radical (R=CHO), (d) ethanal (R=H) radical or propanal (R=CH3 ) radical, (e) propanal
(R=H) radical or isobutanal (R=CH3 ) radical. In the models, C atoms are grey, O atoms
red, H atoms white and R groups turquoise.
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3.2

Computational Details

The objective of this study is to obtain realistic values of reaction barriers of radical
reactions of relevance to UV irradiated and oxygen bombarded PMMA. The processes of
interest include elimination of CO and CO2 (decarboxylation) from the radicals formed
from the Norrish type I and ester elimination reactions; unzipping of homopolymers due
to the Norrish type II bond cleavage; and reaction of O atoms with the Norrish products. Previous electronic structure investigations of PMMA used the hybrid CBS-QB3
approach to calculate reaction enthalpies. [8] The mean absolute deviation of energies
calculated with the CBS-QB3 method are within 4.2 kJ·mol−1 of the experimental energies. [20] This level of agreement is deemed sufficient given that the ultimate system of
interest is a solid polymer with a very heterogeneous environment. Thus, the CBS-QB3
hybrid method as implemented in the Gaussian 03 quantum chemistry program [21]
is used to obtain the reaction barriers and energies. As discussed below, density functional theory (DFT) calculations are used to estimate the effect of delocalization through
the side chain on the unzipping reaction. Complete active space self-consistent field
(CASSCF) calculations have been utilized to study the reactive surface of the decarboxylation reactions in which the initial radical contains a delocalized π system. In
each case, the transition states are verified by the presence of imaginary vibrational
frequencies and intrinsic reaction coordinate (IRC) analyses.
Model compounds that retain the key chemistry of PMMA are utilized in the electronic structure calculations. The Norrish type I and ester elimination reactions are
modeled with methyl acetate (Figure 3.1b) which has the essential bond functionality
of a MMA monomer. The hybrid CBS-QB3 method is used for this calculation. In
the case of the Norrish type IA bond cleavage, the resulting radical has a delocalized
π system over the O-C-O functional group. Since the resulting product of CO2 has orthogonal π bonds, a multi-configuration reference state is needed. We use the CASSCF
calculation that considers the nine electrons and nine orbitals, CAS(9,9), involved in

64

the decarboxylation reaction with a diffuse 6-311+G(d,p) basis set. The Norrish type
II and unzipping reactions are modeled with dimers of the homopolymer polyethylene
(Figure 3.1c). The reaction energetics are calculated with both the density functional
B3LYP/6-311+G(d,p) and the CBS-QB3 method. In order to determine the possible
effects of a delocalized π bond including the side chain in MMA, the unzipping of a
2-propenal dimer radical was calculated at the B3LYP/6-311+G(d,p) level of theory.
Reactions between an oxygen atom and the products of the Norrish type I cleavage are
modeled with the radicals resulting from the photon interaction with methyl acetate
and O (3P) at the CBS-QB3 and, in the case of the decarboxylation reactions from a
delocalized π system, the CASSCF levels of theory. Similarly the interaction of atomic
oxygen (3P) with the products of the Norrish type II cleavage are modeled with ethanal,
propanal, and isobutanal radicals using the CBS-QB3 approach (Figure 3.1d,e).

3.3

Results and Discussion

3.3.1

Norrish type I and ester elimination reactions

The results of the various gas phase Norrish type I and ester elimination reactions of
methyl acetate (structure 1) at the CBS-QB3 and the CASSCF levels of theory to yield
CO2 , CO, OCH3 , and CH3 at 298 K are given in Figure 3.2a. The initial bond cleavage
energetics to form structures 2, 3, and 4 are similar with structure 2 being resonance
stabilized by the delocalized π system. Relative to the radical species, the formation of
CO2 is exothermic with barriers of 50 and 57 kJ·mol−1 whereas the formation of CO is
endothermic with barriers of 94 and 68 kJ·mol−1 .
Our calculation of the enthalpy change of the decarboxylation reaction from structure 3 to structure 9 is the same as the previous calculation by Stoliarov et al. [8] Since we
used the CASSCF level of theory, the decarboxylation reaction from structure 2 to structure 9 differs by 10 kJ·mol−1 from that reported by Stoliarov et al. (–72 kJ·mol−1 ) [8],
who utilized the CBS-QB3 method for the calculation of reaction enthalpy.

energies of several common UV laser wavelengths are denoted.

(orange reaction path). All energies are relative to the energy of the methyl acetate molecule. For discussion purposes, the

theory (298 K), (b) Cleavage of a C-C bond in a polyethylene dimer (blue reaction and green paths) and 2-propenal dimer

Figure 3.2: Reaction energetics. (a) Methyl acetate, CH3 COOCH3 , decomposition at the CBS-QB3 and CASSCF levels of
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3.3.2

Norrish type II and unzipping reactions

The results of the unzipping reactions of a polyethylene dimer radical (structures 14, 15)
to produce an ethyl radical and an ethylene molecule at the CBS-QB3 and DFT levels
of theory are given in Figure 3.2b. In addition, energetics calculated with DFT for the
unzipping of a 2-propenal dimer radical (structure 13) to form a 2-propenal radical and
2-propenal are shown. Each reaction is calculated relative to starting structures 11 and
12 where a C-C bond must be cleaved in order to form the radical dimers. All three
results are qualitatively similar. The overall reaction is endothermic and all reactions
are activated relative to the cleaved structures 13, 14 and 15. Comparing the effect
of delocalization of the π system into the side chain, the reaction barriers differ by 15
kJ·mol−1 . The lower energy for the formation of 2-propenal and 2-propenal radical is
due to the delocalized π system that occurs across the C=C-C=O bonds, allowing it to
be more stable than ethylene. The unzipping reaction of the polyethylene dimer radical
calculated with the CBS-QB3 method is 6 kJ·mol−1 more endothermic than the same
reaction calculated with DFT . The major difference in the two levels of theory is the
bond dissociation reaction (structure 12 to structure 14 or 15).

3.3.3

Oxygen and Norrish type reactions

Oxygen interactions with each of the products of the Norrish type I and ester elimination
radicals (structures 22–26) of the model compound methyl acetate calculated with the
CBS-QB3 and CASSCF methods are presented in Figure 3.3. In each case, the O atom
binds to the radical in an exothermic reaction. Addition of oxygen to structure 24 to
yield structure 29 corresponds to addition to a radical on a C atom to form methoxy
radical. Addition of oxygen to structures 22 and 23 leads the metastable structures 27
and 28 with subsequent loss of CO2 releasing a total of 450–500 kJ·mol−1 . Production
of O2 occurs from the addition of the O atom to structures 25 and 26 with the release
of 60–150 kJ·mol−1 . The pathways to produce O2 vs. CO2 , however, proceed through
intermediate structures which are lower in energy than the resulting compounds. The
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Figure 3.3: Energetics of oxygen reactions with Norrish type I radicals at the CBS-QB3
and CASSCF levels of theory (298 K).
energetics of the interaction of oxygen with model Norrish type II products are shown
in Figure 3.4. In the first case the bond cleavage reaction occurs at the C atom adjacent
to the side chain and the model compounds are an ethanal radical (39) and a propanal
radical (structure 38), as shown in Figure 3.4a. In the second case the bond cleavage
is not at the adjacent C atom, and the model compounds are a propanal radical (47)
and an isobutanal radical (46) as shown in Figure 3.4b. In both cases the reactions are
exothermic by 200–300 kJ·mol−1 . There are, however, intermediate structures (40, 41,
48 and 49) that are lower in energy than the final products.

3.3.4

UV irradiation

In order to assess the importance of the heights of the reaction barriers, the photon
energies for several commonly used lasers are shown in Figure 3.2. The mechanism
of the photon energy deposition is unknown, and thus the discussion below is based
completely on energetics. The discussion also ignores the absorptivity of the material
at each wavelength. At the shorter wavelengths of 157 nm (762 kJ·mol−1 ) and 193 nm

the CBS-QB3 level of theory (298 K).

(orange path) at the CBS-QB3 level of theory (298 K), (b) propanal radical (blue path) or isobutanal radical (orange path) at

Figure 3.4: Energetics of oxygen reactions with Norrish type II radicals. (a) ethanal radical (blue path) and propanal radical
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(620 kJ·mol−1 ), sufficient energy is available to surmount the reaction barriers to yield
the eventual products of CO2 , CO, CH3 , and OCH3 . The energy barrier, approximately
62 kJ·mol−1 for the unzipping of compounds 13, 14, and 15, could also be surmounted
at these shorter wavelengths. At the wavelengths of 248 nm (482 kJ·mol−1 ) and 260
nm (460 kJ·mol−1 ), the amount of energy supplied by the UV light can overcome the
reaction barriers to form CO2 , but it is approximately 12–34 kJ·mol−1 less than that
necessary to form CO. The compulsory energy, though, can be supplied from other
exothermic reactions that are occurring during the irradiation event, or supplied from
the energy transfer during molecular collisions. Since the decomposition reactions do not
have sufficient energy from the photon, the radical species should exist for some time
and have the potential to abstract a H atom to form the observed products of methanol
and methyl formate. For the wavelength of 308 nm (388 kJ·mol−1 ) there is insufficient
energy to overcome the reaction barriers to form CO, CO2 , OCH3 , or CH3 . or to unzip
the chain to form the experimentally determined MMA monomer products.

3.3.5

O bombardment

The direct reactions of 5 eV O(3P) atoms with small hydrocarbon chains has been
investigated by Schatz and co-workers using an ab initio dynamics methodology. [22–24]
They find that the energetic O atom can abstract H atoms to form OH, directly cleave
bonds to form methyoxy (OCH3 ) radical plus another radical as well as form a ketone
with two free H atoms. These reactions form, in general, radical species. Similarly, the
UV photons create radical species and the issue is what happens next. The calculations
presented in Figure 3.3 represent scenarios of the O atom reaction with the radical
remaining on the polymer chain and/or the fragment side chain. Reactions 24 → 29,
23 → 28 and 26 → 31 represent O addition reactions on the polymer side of the bond
cleavage, which subsequently are followed by the loss of CO2 (reaction 28 → 35) and loss
of O2 (reaction 31 → 37). In two out of the three scenarios, the polymer is etched when
a small gas molecule is formed. Reactions 24 → 29, 22 → 27 and 25 → 30 represent
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O addition reactions on the fragment side of the bond cleavage, which subsequently are
followed by the loss of CO2 (reaction 27 → 34) and loss of O2 (reaction 30 → 36). In
two out of the three scenarios, a stable gas molecule is formed. The penetration depth
of the 5 eV O atom probably does not extend much beyond the first one or two layers,
thus two-thirds of the O atom absorption events to a radical site will lead to formation
of a small molecule, such as O2 or CO2 , that is positioned to desorb from the surface. In
Figure 3.4, the elimination of each R group could either represent the removal of the H
atom or methyl radical from the polymer chain, or represent the removal of a full valence
molecule and the radical R group could correspond to the rest of the polymer chain. The
newly formed molecules have one to four C or O atoms from the original polymer, thus
one incident O atom has the potential to remove several times its mass. The energy
released from the reaction could then be harnessed to initiate further reactions in the
polymeric material. In addition, the O atom has ∼5 eV of kinetic energy, which provides
more energy for chemical reaction pathways.

3.4

Conclusions

The ramifications of the calculated reaction energetics on the materials processes are
complex and are intertwined with the specific conditions of photon absorption. In laser
ablation, the photons irradiate the sample in a relatively short period of time, at most
on the order of nanoseconds. As reactions proceed, heterogeneities in the material temperature, pressure and makeup can arise. On the other hand in LEO conditions, the
time between the arrival of individual photons and O atoms is on the order of seconds.
In order to assess the relative importance of these various reactions under different conditions, they are incorporated into molecular dynamics-Monte Carlo simulation model
discussed in Chapter 2. The multitude of effects of the reactions on the ablation process
are discussed in further detail in Chapters 5, 6, and 7.
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4.1

Introduction

The removal of polymeric material using laser ablation is a technique that has proven
useful in such applications as drilling ink-jet nozzles [1] and developing lab-on-chip devices. [2] Describing the fundamental processes that drive ablation, though, has been
challenging due to the complex, heterogeneous conditions caused by the laser pulse. As
discussed in Chapter 1, various experimental conditions give rise to ablation in polymers
and there are a diverse set of mechanisms which are possible to initiate the ablation process which was described in a recent review. [3] These include photochemical models in
which photons excite molecules to a dissociative state and directly cleave bonds [4]; pho75
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tothermal models in which the molecules excited by photons are rapidly thermalized [5];
and photophysical models in which both photochemical and photothermal processes are
important. [6] Indeed, much experimental work has been performed on specific polymers,
such as poly(methyl methacrylate) or PMMA, that groups the effects of lasers at different wavelengths into these three groups. [4, 7–10] However, the microscopic effects of
the deposition of pure thermal energy from photon irradiation on polymeric substrates
remain vague.
Molecular dynamics (MD) simulations have proven effective in elucidating mechanisms of thermal desorption and ablation of molecular solids. Upon photon absorption,
the internal energy of an excited, coarse-grained particle was able to be transferred
through an extra degree of freedom which allowed the particle to change size and alter
its interaction potential. [11, 12] The simulations revealed several distinct regimes after laser excitation. When the fluence of the laser is low, the substrate desorbs small
particles and clusters. [11, 12] When the laser fluence reaches the critical value, ejection
of large clusters, or ablation, occurs following surface expansion due to overheating the
material. [11, 12] If the photon irradiation occurs within a relatively short period of time,
the resulting pressure wave can overcome the tensile strength of the material and lead
to spallation. [13]
In this chapter, we simulate the effects of adding thermal energy to PMMA with
MD simulations. Using two photon energies and a range of fluences during a short pulse,
we assess the amount of ejected material and the conditions that lead to ejection.

4.2

Computational Details

The details of the MD simulation have been previously described in Chapter 2. Briefly,
an amorphous PMMA sample consisting of 951 polymer chains was constructed in a
51Å × 51 Å × 936 Å simulation cell with a density of 1.2 g·cm−3 . In each polymer,
115 coarse-grained particles, or united-atoms, were used to represent the C, CH2 , CH3 ,
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O, and CO functional groups. [14] Energies of 7.9 eV (equivalent to 157 nm radiation)
and 5.0 eV (equivalent to 248 nm radiation) are absorbed per excitation by a PMMA
substrate during a pulse width of 5 ps at fluences ranging from 5–20 mJ·cm−2 . The
pulse width in within the stress confinement regime for this material as the pulse width
is shorter than the time for mechanical relaxation of the polymer substrate. The excited
particles were chosen randomly, with the probability proportional to the fluence and
attenuated with depth by Beer’s law (penetration depth of 100 Å). We assume that
only one photon could be absorbed per monomer unit of the polymer, and, with each
excitation, the photon energy is equally partitioned to increase the kinetic energy of the
6 coarse-grained beads of the absorbing monomer. Bonds within the polymer break only
due to mechanical stretching and no thermally activated reactions are included. Periodic
boundary conditions were employed on the sides of the simulation cell to simulate the
center of a laser, and a pressure absorbing boundary condition was implemented at the
bottom of the simulation cell to represent an infinite solid and negate the boundary
effects from to the laser induced pressure wave. [15]

4.3

Results and Discussion

The yield of particles (in MMA equivalents) at 165 ps as a result of thermal excitation
is given as a function of fluence for the photon energies in Figure 4.1. In addition, the
average cluster size of the ejected material at 165 ps is plotted in Figure 4.1. In the
7.9 eV/photon curve, there is sudden rise in the number of ejected particles when the
fluence is greater than 8 mJ·cm−2 . Above this threshold fluence, the ejected material
is characterized by one to five large clusters, while only monomers, dimers and small
clusters eject for the lower fluence simulations. The relatively small ejected particles and
the low yields at the lower fluences for the 7.9 eV/photon simulations can be ascribed
to a surface vaporization mechanism which is characteristic below the ablation threshold. [11, 12] Above the threshold, sufficient energy was added to substrate during the
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Figure 4.1: The yield of particles (solid dark line, ordinate) and average cluster size
(dashed light line, right ordinate) as a function of fluence for 7.9 eV/photon (circles) and
5.0 eV/photon (squares) simulations at 165 ps.
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Figure 4.2: Snapshots of the surfaces of (a) a 7.9 eV/photon simulations with a fluence
of 12 mJ·cm−2 showing spallation of the top layer of the substrate at 30 ps, and (b) a
5.0 eV/photon simulation with a fluence of 12 mJ·cm−2 showing surface evaporation at
68 ps.
short pulse width to create a large pressure wave (greater than 0.9 GPa for a fluence of 10
mJ·cm−2 ). The resulting tensile wave is greater than the tensile strength of the PMMA
sample and leads to cracking and spallation. A similar mechanism occurs in simulations
of molecular solids [13, 16], in bubble formation in PMMA, [17] and experimental ablation of PMMA. [18] Surface evaporation continues after spallation in the high fluence
simulations; however, no appreciable change in yield is expected over the timescale of
interest.
The amount and type of material ejected for the two photon energies greatly differ at
high fluences, as shown in Figure 4.1. For 5.0 eV/photon simulations, high fluences as well
as low fluences show surface vaporization mechanisms. Snapshots comparing the surfaces
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Figure 4.3: The energy deposited per monomer in the system as a function of depth.
The 7.9 eV/photon simulations with fluences of 10 and 12 mJ·cm−2 exhibit spallation.
The others do not.
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of the substrate at a fluence of 12 mJ·cm−2 irradiated with the two photon energies are
shown in Figure 4.2. The amount of energy deposited in the substrate is plotted as a
function of the initial depth of the absorbing monomer for 7.9 eV/photon simulations
with fluences of 8, 10 and 12 mJ·cm−2 and for a 5.0 eV/photon simulation with a fluence
of 12 mJ·cm−2 in Figure 4.3. The energy deposition for the 5.0 eV/photon simulation
deviates from exponential absorption because fewer chromophores were available than
necessary due to our assumption that a monomer unit in the polymer can only absorb
one photon. For a given amount of energy, more 5.0 eV photons are needed than 7.9 eV
photons. At a density of 1.2 g·cm−3 , there are approximately 1600 monomers per 100 Å
depth in the simulation cell, and the simulation is restricted to only one absorption event
per monomer unit of the polymer. Therefore, when the maximum number of photons
has been absorbed at a certain depth, more monomers from the lower layer absorb in
order to reach a given fluence. Within the top 100 Å of the polymer sample (defined
here as the surface layer where the majority of energy is deposited), two simulations that
show spallation, fluences of 10 and 12 mJ·cm−2 with 7.9 eV/photon, deposit 5.9 and 6.9
eV/monomer, respectively. The pressure wave and subsequent tensile wave as a result of
the high energy deposited in the surface layer cause cracking and ejection of one or more
large clusters of material. In contrast, the 7.9 eV/photon simulation with a fluence of 8
mJ·cm−2 and the 5.0 eV/photon simulation with a fluence of 12 mJ·cm−2 only deposit
5.0 eV of thermal energy per monomer in the surface layer of the sample. Even though
the 5.0 eV/photon simulation with a fluence of 12 mJ·cm−2 deposited an equal amount of
thermal energy as the 7.9 eV/photon simulation with a fluence of 12 mJ·cm−2 , the energy
density in the surface layer was not sufficient to generate the concentrated pressure wave
necessary for spallation of material. The higher energy simulations with 5.0 eV/photon
show a void in the material that forms then collapses as the tensile strength material of
the material withstands the wave.
In order to assess the effects of rapid thermal deposition on only the surface of
the substrate, simulations were performed where the top 100 Å of the substrate was
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heated with 5.0, 5.9 and 6.9 eV per monomer in the layer over 5 ps. For the 5.9 and
6.9 eV/monomer simulations, spallation of large clusters occurs with yields of 735 and
750 MMA equivalents, respectively. However, when 5.0 eV/monomer was deposited in
the upper 100 Å of the sample, only surface evaporation occurs. The density of thermal
energy deposited in the surface layer of the polymer sample within 5 ps, therefore, must
be greater than 0.03 eV·Å−3 , or 5 eV/monomer, in order to create a tensile wave which
is capable of initiating spallation. In each of the simulations of photon absorption that
have large yields, the energy density in the top layer is greater than this critical value.
To achieve spallation in the material with 5.0 eV photons at high fluences, the critical
energy density in surface layer of the sample must be attained. If there are multiple
absorption sites on each chromophore through doping [19, 20] or multiple photons are
absorbed by each chromophore after photochemical changes, such as incubation, [9] then
a sufficient number of 5.0 eV photons can be absorbed to reach this energy density for a
purely thermal process to cause ejection of material. In addition, if a larger penetration
depth was used, less energy at a given fluence would be deposited in any given layer
near the surface of the substrate. Higher fluences or dopants [19, 20] in the surface layer
therefore would be required to reach the critical energy density.

4.4

Conclusions

Rapid deposition of thermal energy causes ejection of material in a PMMA substrate.
If the energy density near the surface layer reaches a critical value within 5 ps, a tensile
wave is formed that fractures the sample and leads to photomechanical ablation. At high
fluences, 7.9 eV photons are able to supply the surface layer with enough thermal energy
to cause photomechanical ejection of material. Since the monomer units in the polymer
are restricted to absorbing only one photon, 5.0 eV photons are not capable of depositing
the critical amount of thermal energy in the surface layer. If photon absorption is purely
thermal, spallation is a direct consequence of the amount of energy placed in the surface
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layer of the sample. However, if a large pressure differential is created by another event or
sequence of events within a short period of time, such as the formation of small energetic
particles, [21] which was not considered in this study, ejection of the surface layer can
occur. Further studies of thermal deposition and chemical formation will be discussed
in Chapter 5 in both the thermal and stress confinement regimes.
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5

Effects of chemical reactions on
ablation
Reproduced in part with permission from:
Prasad, M., Conforti, P. F. and Garrison, B. J. “On the role of chemical reactions in
initiating ultraviolet laser ablation in poly(methyl methacrylate),” J. Appl. Phys., 101,
c 2007 American Institute of Physics
103113 (2007). °

5.1

Introduction

Ultraviolet (UV) ablation of polymeric and organic materials is of technological interest
with applications ranging from medical diagnostics and treatment to fabrication of materials based on nanotechnology. [1–5] In particular, ablation of poly (methyl methacrylate)
(PMMA) has been extensively studied because of its many uses, such as, as a semiconductor photoresist, an electronic packaging material and a fixer in orthopedic surgery. It
is even used as a model material to understand corneal material removal during LASIK
surgery. [6] These applications employ lasers over a wide range of process parameters,
i.e., wavelengths, fluences, pulse widths and repetition rates, each yielding a different
material response. [4, 7–17] A unique feature of interest in far UV ablation of PMMA is
significant reduction in damage induced in the surrounding material following ablation [7]
87
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as shown in Figure 1.3.
Although a large database of experimental observations exists with regards to ablation of PMMA, agreement over how ablation proceeds is still elusive. A number of
mechanisms have been proposed to interpret experimental results as described in Chapter 1. Most of these can be divided into two broad classes: photothermal and photochemical. [7, 18, 19] In the case of “pure” photothermal process, the photon energy is
absorbed at specific sites (chromophores) along the polymeric chains. This energy is
subsequently converted into heat, which may produce high temperature and high mechanical stresses in the absorbing region leading to thermal degradation of the material
and causing massive ejection of material or ablation. [20, 21] Alternatively, in the “pure”
photochemical excitation scenario, the photon energy is utilized to directly break bonds
(photolytic scission) at absorption sites. This photo-fragmentation creates radicals and
new molecular entities by chemical reactions, chemical degradation, high temperature
and pressure and possibly ablation. [7, 12, 16]
The nature of photothermal and photochemical ablation themselves are subject to
intense theoretical and experimental investigation. In the earliest models, Srinivasan and
coworkers proposed a Beer’s law based dependence of the ablated yield on fluence [22]
following a complete photolysis of polymer chains. Later they incorporated key processing parameters, such as pulse width and repetition rates by proposing that a certain
threshold level of absorbed photon concentration (ρT ) is required in the substrate to
take it to electronically excited state and cause photofragmentation. [23] Below this
threshold, the chromophores relax back to their ground state generating heat, which
is effective in ablating only for short pulses. Above ρT , the photoproducts are formed
and lead to ablation. Both of these models lacked microscopic insight into the ablation
process. Atomistic scale studies [24] suggested that stress buildup and volume expansion in the substrate, caused by formation of smaller molecules, plays a key role in the
subsequent supersonic ejection of material. These small molecules have been observed
in experiments using mass spectrometric techniques. However, the exact chemical com-
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position of these small molecules in the ablation plume is still subject to much debate.
In an earlier work, Srinivasan et al. [7] reported the predominant species to be MMA
resulting from polymer unzipping along with C2 gaseous dimers, whereas others have
reported CO, CO2 , CH4 , CH3 OH as well as methyl formate. [13, 15, 25–28] This discrepancy has been attributed to limited/selective sampling of the ablation plume as well
as availability of many possible photoexcitation pathways to the polymer chromophores
at different photon wavelengths under different experimental conditions. This difference
is discussed in more detail in the following sections. More recent photochemical models
incorporate the change in the characteristics of the substrate [18, 29] due to multiple
photochemical modification pathways. At the other extreme, the thermal ablation models are built upon thermally activated bond breaks, creation of small molecules in the
bulk and surface desorption. These processes cause reduction in the cohesive energy of
the polymer and removal of material when the number of broken bonds exceeds a critical
value. [18, 20, 30]
Real ablation process dynamics are rather complex, with both photothermal and
photochemical pathways contributing to varying extents. Models incorporating both
pathways have also been built. [19, 31] However, even a coupled model with both these
pathways lacks a comprehensive physical representation of the real process. In addition
to these two pathways there are many other processes that can also occur simultaneously
during laser irradiation. For example, mechanical stresses generated by high temperature and creation of volatile species can cause ablation via mechanical failure [32–35]
or at the very least alter reaction and activation energies governing thermal and chemical processes. [18, 36, 37] Other effects, such as the variation of physical properties of
polymer substrates with changing composition and screening of laser radiation by the
ablating plume, are also not straightforward to be described accurately in an ablation
model. Given all this complexity, the primary aim of this work is to provide qualitative
microscopic insight into different physical pathways that can lead to ablation. Molecular dynamics (MD) is useful for providing us with this insight because it only requires
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a basic set of rules governing the material behavior, such as potentials which suitably
describe the forces binding the polymer and energies involved in reactions, [38–40] as
input. Moreover, MD has been used successfully to model thermal and photochemical
ablation processes of molecular solids. [38, 40–43]
In this chapter, we focus our attention on the different processes occurring in the
substrate and establish how they are responsible for the onset of ablation. We report
MD simulations wherein laser energy is channeled into separate thermal and chemical
excitation pathways to isolate effects of pure thermal process, i.e., just heating the polymer sample vs. rapid photochemical decomposition of the substrate. The generation
of mechanical stresses and other variations in physical characteristics of the substrate
that arise out of laser irradiation are an intrinsic part of the MD model and their role in
ablation is also analyzed. The reaction energies and kinetic rate expressions are input
as part of a Monte Carlo (MC) reaction scheme to track the relevant chemical reactions
kinetics occurring in the PMMA substrate. The aim with this setup is not to predict
possible reactions following photoscission, but to incorporate a physically realistic description of chemical processes so that their impact on the substrate can be studied. In
the next section, we describe the details of the MD-MC setup included in our model.
It is followed by simulation results and discussion about how ablation is initiated along
different pathways.

5.2
5.2.1

Simulation Details
Polymer dynamics model

The MD simulation technique was used to study the initial stages of ablation in a PMMA
matrix. Each polymer chain was made up of a set of coarse grained “beads” or superatoms each representing a functional group. [43] This coarse graining permits the use
of larger system sizes and longer simulation time scales compared to purely atomic systems. For PMMA, these functional groups are CHx (0 ≤ x ≤ 3), CO and O as shown
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Figure 5.1: Monomeric unit of the PMMA polymer is shown here. Each atom or group
of atoms represents a coarse grained bead in the simulation. Norrish type I correspond
to break in CH2 -C bond, whereas Norrish type II is a break in C-CO bond.
in Figure 5.1. Additional groups related to radicals and products formed (e.g. HCO,
CH4 and OH) are also part of the set of species. The bonding potentials between any
two functional groups are of the harmonic form near the equilibrium bond lengths and
are taken from Ref. [44]. However, our simulations are expected to reach states far from
equilibrium with high temperatures and pressures. All this can lead to bond breaks
under realistic conditions. To accommodate these “thermally” or “stress induced” bond
breaks, all bonding potentials (except those for double bonds) are switched to Morse
potentials for bond lengths greater than 3% of equilibrium bond length. [43] Morse potential parameters are fitted individually to each bonding potential to ensure continuity
in potential energy and forces. The angular potentials are of pure harmonic form and
are also taken from Ref. [44]. To prevent sudden transition from finite angular potential
£

to zero potential due to bond breaks a screening function of the form exp −2(r − r0 )2

¤

is employed for each of the two bonds forming a bond angle, where r is the instantaneous
bond length and r0 its equilibrium value. These screening functions are multiplied to
angular potential energy functions, so that they go smoothly to zero as any of the two
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bonds are broken. The non-bonding inter- and intra-molecular interactions are described
using another Morse potential fitted to match PMMA physical properties such as cohesive energy of the polymer. [43] The details of the functional forms were described in
Chapter 2.
The starting sample is an amorphous polymer substrate made up of 951 PMMA
chains each of 19 monomeric units. The sample was prepared by starting with a low
density polymer built by random insertion, followed by gradual compression to the bulk
density according to the method described in Refs. [45, 46]. Each ablation simulation
was started with initial temperature of 300 K and at the density of 1.2 g·cm−3 (51
Å × 51 Å × 936 Å). Periodic boundary conditions were applied on the sides and a
pressure absorbing boundary condition was applied at the bottom of the sample to
prevent the downward traveling pressure wave from reflecting back into the sample. [47]
These boundary conditions together mimic a deep substrate (i.e. no reflected pressure
wave is formed at the back end of the sample at all times) at the center of laser pulse
where the mass and energy transfers are expected only along the depth of the sample.

5.2.2

Laser-polymer interaction model

The laser pulse of wavelength (λ), pulse width (τ ) and penetration depth (1/α) is applied
to the sample from t = 0 to t = τ . The photons are absorbed by the chromophores (-C- or
-CO- in this case) in accordance with Beer’s law. In order to isolate different mechanisms,
the photon energy is directed into only one path in a simulation. This leads to one case
where all the energy goes into heating the polymer; i.e., the photon energy is distributed
over a monomeric unit (six beads as shown in Figure 5.1) corresponding to absorption
as kinetic energy as was used in the simulations in Chapter 4. The other two cases are
photochemical where photon energy is utilized to “directly” break two types of bonds.
In the first case, the Norrish type I reaction, the C-CO bond on a PMMA side chain
is broken (see Figure 5.1). In the second case, the Norrish type II reaction, the C-CH2
bond on the main chain of the polymer is broken. The equilibrium bond strength in each
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case is 3.6 eV, so excess photon energy goes into kinetic energy of the beads involved
in the bond cleavage. Upon direct bond break, species with a broken bond are tagged
as radicals and tracked for subsequent reactions. In addition to direct bond breaks,
heating or stress induced bond-breaks are also possible as mentioned above for all cases.
Following these thermo-mechanical bond breaks however, the coarse-grained beads are
not labeled as radicals in the simulation scheme and no subsequent reaction occurs.
Formation of radicals in the substrate leads to chemical reactions which can play
an important role in ablation as mentioned above. There are a vast number of possible
reactions that can take place during ablation given the high temperatures, stresses and
types of radicals. The selection of chemical reactions to form the basis set in our MC
scheme is therefore crucial to the development of a feasible and realistic MD simulation
scheme. Inclusion of too many reactions can easily slow down our MD time integration
without adding any significant new physics to the ablation process. Our choice of a
representative set of chemical reactions is based on the ablation products experimentally
observed and the likely chemical reactions suggested in the literature. [7–11, 13, 16, 25–28]
As described in Section 5.1, the existence of small gaseous molecules like CO, CO2 , CH4 ,
HCOOCH3 and CH3 OH as well as MMA monomers and smaller polymer fragments
in the ablation plume has been reported experimentally. The differences in observed
products may arise from different starting radicals formed under different experimental
conditions and following different reaction paths. At the base of the issue in these studies
is whether PMMA is photolyzed at the main chain C-CH2 bonding site (Norrish type II)
or at the side chain C-CO/CO-O/O-CH3 bonding site (Norrish type I), which determines
what reactions take place after bond breaks and what products are formed. In order to
understand the differences between the two Norrish type bond breaks, their reactions
and the subsequent ablation, both of these pathways have been simulated independently.
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Figure 5.2: Chemical reactions taking place in the substrate upon laser induced bond
breaks.

5.2.3

Chemical reactions model

The Norrish type I break (C-CO) proposed by Stuke and coworkers [15] is included in
the set of reactions used in the present study. This break and the subsequent reactions
give us the relevant ablation products likely from any side chain scission. All the reactions included can be categorized into six major types and are listed in Figure 5.2. They
are: (a) hydrogen abstractions which can be performed by every radical depending on
availability of a hydrogen rich species nearby, (b) decarboxylation, (c) carbon monoxide
elimination, (d) polymer unzipping into smaller fragments and monomeric MMA units,
(e) CH3 elimination followed by formation of a double bond and (f) a double bond
formation for any two adjacent carbon radicals already joined by a single bond. Our
aim in incorporating these reactions is to not try to predict what reaction will occur at
high temperatures and stresses encountered in the polymer matrix, but to see how these
reactions impact the polymer substrate and ablation process. Electronic structure calculations were performed (see Chapter 3) to measure the activation and reaction energy
for each of these reactions (except (f) and (a, ii)). The radical-radical recombination
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reaction listed in (f) above occurs without any activation energy barrier and reaction
energy equal to difference between strengths of a double bond and a single bond. The
CH3 OH reaction energies were taken from ab initio calculations reported in Ref. [48].
Reactions energies computed based on first principles will provide a physically correct
description of the chemical processes in the substrate.
As discussed above, the choice of the appropriate set of chemical reactions to add to
our model is vital. The incorporation of radical-radical termination reactions (reactions
(e–f)) significantly alters the ablation dynamics. It leads to rapid C=C formation, depletion of radicals from the system and release of enormous amount of energy (2.76 eV
per C=C bond formed). It also causes significant swelling, as opposed to little swelling
observed previously. [49] The resulting swelling is also comparable to that in the pure
heating case. In our current scheme, no polymer cross linking reaction is included. This
can be justified based upon (i) fast removal of the radicals from the substrate following
reactions leading to short radical lifetimes, (ii) very small likelihood of crosslinking reactions occurring in the polymeric substrates over these short timescales due to steric
hindrances and partly upon (iii) lack of experimentally reported crosslinking reactions
in PMMA. [10] Other possible radical-radical reactions involving smaller radicals (e.g.
·CH3 ) are also not included as they lead to formation of more varieties of small gas
molecules, such as C2 H6 , without adding any new significant physics. The possibility of
substrate modification leading to an incubation-like effect [8, 13, 16, 50] is also included
in our photochemical scenarios—the carbon beads at a broken main chain site can form
C=C which can then absorb photons and convert it only to heat. For this effect however, the laser pulse width would have to be long enough to allow for sufficient number
of double bonds to form. Note that not all the reactions occur in both Norrish type bond
break scenarios, e.g., reactions (b) and (c) occur only for Norrish type I bond breaks
whereas reactions (d) and (e) occur only for Norrish type II.
The reactions are carried out based on a MC scheme with predetermined Arrhenius reaction rates and formation energies. The reactions are performed during the
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MD simulation using a modified version of the coarse grain chemical reaction model
(CGCRM), [39, 43] the details of which were described in Chapter 2. Briefly, at every
step for every radical, all possible reacting species are identified within an interaction
radius of 2 Å. If two radicals are next to each other the corresponding radical-radical
recombination reaction is selected and tried. Otherwise, the probability of the radical reacting is calculated based on its reaction rate (kr ) with each nearby reactant.
Individual reaction rates, kr ’s, are computed from the activation energy (Ea ) of each
reaction and local temperature (TL ) using an Arrhenius reaction rate expression: [43]
kr = 1013 exp

h

−Ea
kB TL

i

s−1 , where kB is the Boltzmann constant. Next, one reaction path-

way is selected for trial by drawing a random number. Finally, the selected reaction is
tried, i.e., an assessment of the feasibility of the selected reaction is made by carrying
out the reaction and measuring the corresponding energy difference. If this energy is
within 10% of the desired chemical reaction energy, or 0.1 eV (depending on which ever
is higher) the reaction is performed; otherwise, the species are reverted back to their
original states and MD simulation continued. This measure introduces a physically realistic constraint when performing chemical reactions, ensuring that reactions only occur
when conditions are suitable. Upon performing the reaction, the energy released (or
required) is added to (or subtracted from) the kinetic energies of the reacting species.

5.2.4

Simulation and analysis setup

All simulations were performed with λ = 157 nm laser (7.9 eV/photon) over a fluence
range of 5–20 mJ·cm−2 . Irradiation was carried out over a single pulse of varying pulse
widths, from τ = 50–150 ps. The penetration depth (1/α) was set at 100 Å. Note that
the range of laser and material parameters selected here, i.e., τ and 1/α do not reflect real
physical parameters. Lasers producing 157 nm light are currently available only in the
power ranges suitable for longer nanosecond pulses, [51] while the effective penetration
depth for PMMA interacting with 157 nm light is computed to be about 1200 Å. [52]
The short 157 nm wavelength laser, short pulse width and small penetration depth were
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chosen to maximize energy density in the substrate and the ablation yield along with
any observable phenomena associated with the ablation process. The short wavelengths
with higher energies are also known to enhance photochemical quantum efficiencies. [10]
The choice of these simulation parameters may result in values that are not directly
comparable to experiments, for observable quantities such as the ablation yield, relative
distribution of ablation products etc., as these quantities are highly dependent on the
established energy density distribution. But, the fundamental processes governing ablation are likely to remain the same. In any case, the quantitative comparison of the
ablation results is not the primary aim as, in each of the simulations reported here, the
laser excites only a part of ablation pathway.
The sample was dynamically sliced into slabs, each of 10 Å thickness, along the direction of incident laser (z axis), for the purpose of evaluating properties of the substrate,
such as density, temperature, pressure, chemical composition and energy. The spatial
density profile was used to further categorize the sample into two parts, bulk substrate
and ejected plume, by identifying the dividing surface layer during the simulation. The
exact value of the density used for this purpose is not critical to the identification and
analysis of substrate and plume, as the density drops rapidly at the interface during
most of the ablation process. The yield was determined by counting all the particles in
the plume. Two dimensional contour plots (t, z) of the material identified as bulk were
prepared for substrate analysis, with a time interval of one picosecond. The plume was
also analyzed by dividing it into aggregates irrespective of their bead types or bonding
state, based only on their spatial separation. For this purpose, an inter-bead distance of
5 Å was used to label interacting vs. non-interacting beads as all the bonding potential
energies go below the thermal energy available to a bead in the range of 3.5–5 Å. The
clusters are identified by grouping together all the ejected coarse-grained beads found
within a distance of 5 Å of each other. Average size is computed as the ratio of second
moment of cluster size distribution over its first moment. The simulations were followed
over a period of 300–600 ps depending on advancement of ablation yield over time, to
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ensure that we capture all possible large cluster ejection events.

5.3

Results and Discussion

The existence of ablation was established first by taking snapshots of the MD simulation
and computing yields of ejected beads. The snapshots of the early stages of ablation for
all three energy deposition scenarios are shown in Figure 5.3, for a pulse width of τ = 150
ps and a fluence of 15 mJ·cm−2 . The associated xy density plots in Figure 5.3 are for
total mass density (red) and the mass density of “thermally” broken bonds, radicals and
all other newly created species as a result of reactions (blue). The snapshots indicate
different evolution of the substrate leading to ablation process in each case. One large
fragment is ejected in the heating case with very few small clusters. On the other hand,
the substrate breaks down into product gases (green particles) in the Norrish type I case,
and into MMA units and smaller polymer fragments (blue particles representing doublebonded carbon) in the Norrish type II case prior to ablation. Ablation in these two cases
is initiated by ejection of these gas molecules and polymer fragments. The ejection time
scales, 170 ps for heating case, 130 ps for Norrish type I and 150 ps for Norrish type II
also point to the different mechanisms at work. These differences in ablation profiles arise
primarily due to the thermal and mechanical nature of the ejection process in the heating
case, as opposed to the Norrish reaction cases, where the main process contributing to
yield is cleavage of bonds, chemical reactions and associated chemical decomposition of
the polymer into new species. The presence of newly formed species, which make up
a significant proportion of surface layers as seen in the xy plots in Figure 5.3, play a
crucial role in initiating ablation as we discuss below.
The ablation threshold, located between 5 to 12 mJ·cm−2 , emerges as the first
common feature among all three scenarios. The calculated yields for each scenario as a
function of fluence are reported in Table 5.1. Ablation is established when irradiation
results in ejection of about a 500–1000 MMA unit equivalents or 3000–6000 beads. A key
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Table 5.1: Ablation yields (and average sizes) expressed in number of equivalent MMA
units ejected.

Fluence
(mJ·cm−2 )
8
15
20

Heat
5 ps
23 (<1)
1258 (484)
2145 (276)

150 ps
8 (<1)
1192 (769)
2020 (511)

Norrish
5 ps
1131 (198)
2260 (85)
3275 (99)

type I
150 ps
926 (147)
2271 (136)
3472 (63)

Norrish type II
5 ps
150 ps
325 (1)
215(1)
1461 (40) 1885 (26)
2079(80) 2515 (72)

characteristic of ablation, which sets this yield criterion of 500–1000 MMA units, is the
ejection of large fragments of substrate comprising of hundreds of beads. This feature is
fundamentally different from processes occurring below the threshold, where the ejected
material is made up of smaller desorbed polymer fragments. No ablation is seen at 5
mJ·cm−2 fluence for all cases. At the fluence of 8 mJ·cm−2 , small to negligible yields are
observed for all except for the Norrish type I case which ejected sufficient particles to
attain ablation. There is variation in yield among the three energy deposition scenarios
for a given pulse width and fluence, with heating cases consistently lowest and Norrish
type I consistently highest. There is also relatively large disparity in Norrish type II
yields at any given fluence for 5 and 150 ps. Both of these differences can be explained
based on the mechanistic aspects of ablation process which are the focus of this paper.
The values in Table 5.1 thus establish that yield is not a simple function of the pulse
width for the short pulse widths studied. The ablation thresholds are discussed in detail
in Chapter 7.
The average size of ejected clusters given in parentheses in Table 5.1 coupled with
simulation snapshots in Figure 5.3 show that the largest clusters are ejected in the heating
case along with very few small desorbed polymer fragments, e.g., less than 100 MMA
units at 15 mJ·cm−2 fluence. The largest clusters, in the heating cases, also tend to stay
together once they are ejected from the substrate due to lack of reactions in the plume.
The clusters in the Norrish reaction cases are much greater in number, much smaller in
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average size and dynamically evolving in nature, i.e., these clusters continue to break
into smaller ones after ejection. For example, in the short pulse τ = 5 ps, 15mJ·cm−2
fluence, Norrish type I simulation, the average and maximum cluster size in the plume
goes from 425 and 650 MMA units respectively at time of ejection (20 ps) to 85 and
400 MMA units at the end of simulation (400 ps). This evolution can be compared to
the heating case where the average and maximum cluster sizes evolve from 683 and 867
respectively at ejection time to 483 and 733 respectively over the next 150 ps. This
decrease, especially in average size, is due to the chemical composition of the ejected
plume with a large number of smaller gas molecules and polymer fragments present in
the ejected surface layers, as seen the snapshots and density plots in Figure 5.3. Also,
the clusters in the Norrish type I case are bigger in size than the Norrish type II case
because of the direct main chain C-CH2 bond break in the latter. We now discuss the
process and mechanism of ejection in each case.

5.3.1

Pure heating case

Ejection process
For the short τ = 5 ps pulse width with fluences above 8 mJ·cm−2 , the substrate experiences rapid heating, extreme pressure gradients followed by violent ablation of polymer
matrix. These features can be observed in the contour plot in Figure 5.4a which shows
the evolution of pressure in the substrate as a function of depth and time for the fluence
of 15 mJ·cm−2 . The serrated profile of the top surfaces in these plots is due to initial
rise of the substrate and subsequent detachments of parts of the substrate as they become ablated. The first observable evidence of the ablation process is significant surface
swelling, e.g., Figure 5.4a shows substrate swelling by about 170 Å with the surface
temperature reaching 4500 K within first 10–30 ps, compared to less than 50 Å at 8
mJ·cm−2 where no ablation occurs. Figure 5.4a also shows build up of a compressive
pressure region at the laser penetration depth and generation of pressure waves which
travel in both directions. The swelling is a direct consequence of the buildup of high
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Figure 5.4: Contour plots of pressure (in GPa) as a function of depth from surface and
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(c) Norrish type I, τ = 5 ps and (d) Norrish type II, τ = 5 ps.
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temperature and compressive stress as was discussed in Chapter 4. A maximum pressure of 2.2 GPa is reached at the end of the 5 ps pulse and a compressive pressure wave
moves downwards into the sample. This pressure wave is followed by a much weaker
tensile wave formed as the compressive wave is reflected off the top surface. The tensile
pressures attain values above the tensile strength of the material especially at these high
temperatures. [35, 53, 54] These extreme thermo-mechanical conditions stretch the covalent bonds beyond their equilibrium values, forcing them to break. They also weaken the
long-range intermolecular interactions and reduce the cohesive energy of the substrate,
thus fragmenting the substrate and leading to generation of voids. The largest amount
of substrate fragmentation is observed in the region located around the laser penetration
depth, where the highest pressure values are attained. Ablation occurs at the end of this
short time period when large, hot chunks of material break off the surface as the density
in top layers drops below 50% of the starting PMMA density. Once ejected, the rest of
the substrate is substantially cooler with temperatures below 3000 K. The desorption
process continues to eject smaller clusters over a period of 300–500 ps further cooling
the substrate to about 2300–2500 K. Thermal breakdown of the polymer matrix and
evaporation are expected to continue over macroscopic time-scales until the substrate is
much cooler. Further discussion on the origin and significance of these high temperatures
is given in Section 5.3.3.
The time-scale of ejection for the 150 ps pulse is analogous, i.e., it also occurs within
10–20 ps of the end of pulse and the yields for both pulse widths are comparable as well.
The ejection process, however, proceeds with a visibly different mechanism. The snapshot
in Figure 5.3a shows that until 170 ps only a few small polymer fragments are desorbed
from the substrate, followed by ejection of a large chunk which makes up most of the
ejected plume. More polymer fragments trapped underneath are released subsequently.
The pressure contour plot in Figure 5.4b shows a maximum pressure of only 1 GPa (for
15 mJ·cm−2 fluence). The maximum pressure reached is observed to be independent of
laser fluences in the ablation regime. Also, no pressure gradients or high compressive
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pressure regions are formed and no pressure wave emanates. The maximum temperature
in this case is 4500 K, which is the same as in the 5 ps pulse, but the swelling is smaller,
∼120 Å as seen in Figure 5.4b. The swelling also proceeds more slowly in the absence of
a strong compressive pressures buildup. The entire sample has an even distribution of
the pressure gradient close to zero value for most of the simulation timescale, with the
surface layers showing some negative values indicating tensile pressures due to lowering
of the substrate density following swelling. These observations clearly rule out any direct
role of mechanical stresses in driving the ejection process for the longer τ = 150 ps pulse
width.
Ejection mechanisms
The key reason for dissimilarity in the substrate evolution between 5 and 150 ps pulse
widths is that the shorter pulse puts the system in a stress and thermally confined state
allowing extreme pressures and temperatures to develop within the polymer substrate.
[32, 35, 40] The highest compressive pressure and temperature in the τ = 5 ps case
grows linearly with increasing fluence, causing faster surface expansion rates and larger
swelling that eventually results in ablation via mechanical failure of the material. The
effect of mechanical forces due to these high temperatures and pressures needs to be
taken into account in building ablation models for these short laser pulses operating in
stress confinement regimes. However, for the 150 ps pulse, the system is only thermally
confined as there is little diffusion of thermal energy over the simulation time scale and
the maximum temperature reached is the same as in the τ = 5 ps case. No stress
confinement is observed, thus, no high compressive pressure region is formed ruling out
role of mechanical forces in ablation.
The mechanism of ejection for the longer pulse width was ascertained by examining
the contour plots of the fraction of beads with thermally broken bonds per 10 Å layer as
a function of depth and time for both τ = 5 ps and 150 ps cases as shown in Figure 5.5.
For the 150 ps pulse (Figure 5.5b), the process of continuous thermal degradation of
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Figure 5.5: Contour plots of fraction of beads with thermally broken bonds per 10 Å
layer as a function of depth from surface and time at the fluence of 15 mJ·cm−2 for (a)
Heating, τ = 5 ps and (b) Heating, τ = 150 ps,
the polymer matrix is clearly seen in a gradual increase in this fraction starting after
100 ps of irradiation and reaching values of 0.25 before ejection. The density plot in
Figure 5.3a also shows the nearly homogeneous distribution of broken bonds in the top
200 Å of the swollen substrate just as the ablation starts. As seen in Figure 5.5a–b, these
thermally activated bond breaks are present as deep as the laser penetration depth of the
sample with a sharp boundary due to exponential decay of laser energy deposition and
temperatures attained with depth. They also indicate that for both pulse widths, the
ejection of large polymer fragments corresponds directly to the attainment of a critical
fraction of ∼0.20 in the substrate, i.e. roughly one in every five beads has a broken bond.
Further analysis reveals that up to 60–75% of the broken bonds correspond to the main
chain C-CH2 bond cleavages which assist in disentanglement of the polymer matrix,
reducing cohesion and ensuing ablation. So, the mechanism of ejection is principally
governed by thermally activated bond breaks in the case of the longer pulse width. In
the τ = 5 ps case, the critical fraction is less apparent as high pressure gradient drives
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rapid void formation in the substrate leading to material ejection.
The value of 0.2, for the critical fraction of beads with thermally broken bonds,
corresponds to 0.10 or 10% of (covalent) bonds broken, as every bond break leads to two
beads with broken bonds. This value of critical bond break fraction is specific to the MD
polymer model used here which has relatively short polymer chains (19 MMA units).
Recent experimental studies [55, 56] have shown that shorter chains have lower levels of
entanglement, requiring fewer bonds to be broken for efficient removal of monomers and
polymer fragments by ejection. Longer chains with higher molecular weight will require
a higher degree of decomposition to achieve ablation. In addition, the PMMA chains are
branched, where 2/3 of the bonds are present in the side chains (4 per monomeric unit)
and only 1/3 on the polymer backbone. The smaller share of main chain bonds, coupled
with their preferential breakdown given above, point to a significantly larger fraction of
main chain bond breaks (20%) compared to that of side chain bond breaks (5%). The
polymer backbone is therefore, 4 times as likely to break as the side chain, resulting in
ablation at relatively small total bond break fraction.
Further evidence of the role of the thermal ejection mechanism can be recognized
in the common elements of the 5 and 150 ps pulse width simulations, such as, similar
yields and presence of a same critical number of bond breaks at the start of ablation.
The ejection velocities and kinetic energies are much lower for τ = 150 ps even though
they both eject similar sized large substrate fragments. For instance, the largest cluster
in each case at 15 mJ·cm−2 fluence has a velocity of 805 m/s and 460 m/s and a kinetic
energy of 250 eV and 100 eV, for the 5 and 150 ps pulses, respectively. Thus, the
high pressure plays a key role in providing higher liftoff velocities and ensures quick
and efficient removal of material. It implies that one can propose a model where the
ablation process is primarily driven by thermal degradation of the polymer and the role
of pressure is confined only to driving away the ablated material.
In the bulk photothermal ablation model by Bityurin and coworkers, [18, 21, 57]
the spatio-temporal evolution of the fraction of broken (covalent) bonds, nb , is governed
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by, [21]

·

dnb
∂nb
Eb
=V
+ (1 − nb )k0 exp −
dt
∂z
kb T

¸

(5.1)

where, k0 is the pre-exponential factor, Eb is the energy required for breaking the bond,
T is the temperature and V is the velocity of the ablation front. The first term is for
the removal of polymer fragments which have reached the critical fraction of broken
bonds, [58] while the second term is for the generation of the fragmented substrate
with broken bonds from the virgin polymer. The evolution of total number of broken
bonds before ablation sets in can be described using the above equation without the first
term on the right hand side. For computational ease, we consider nb to be the total
number of broken bonds rather than the fraction, the difference being a factor of N , the
total number of bonds. This evolution of the total number of broken bonds is shown in
Figure 5.6 for the 150 ps pulse width simulations at 15 mJ·cm−2 and 20 mJ·cm−2 fluences.
Also shown are the predicted values of nb evaluated from least square fits to parameters
(k0 , Eb ) based on the above equation. These fits were generated by minimizing the error
in the time derivatives, with predicted dnb /dt values based on above equation summed
over all spatial bins (along z) and actual dnb /dt values computed from an analytical fit
to the evolution of nb with time. The spatio-temporal distribution of temperature used
in integrating the above equation was taken directly from the simulation data instead of
solving the heat transfer equation. Also, the evolution of total number of broken bonds,
nb , was used instead of the complete profile of the number of broken bonds as a function
of space-time (t, z) because the latter has significant variations in the derivative term,
dnb /dt, over the range of spatial bins at any given time point. The evolution of the
former is smooth as seen in Figure 5.6, which is used to compute a polynomial fit and
its analytical derivative.
A least squares fit over both the 15 mJ·cm−2 and 20 mJ·cm−2 fluences yields the
parameter set (2.02 × 1012 s−1 , 2.08 eV) for (k0 , Eb ). Clearly, the fits to nb and dnb /dt,
as shown in Figure 5.6, capture their evolution well and provide a good description

109

in terms of a thermally activated bond-break process. The Eb values are lower than
the C-C bond strength of 3.6 eV due to the softening of the covalent bonds at high
temperatures, i.e., the thermal bond break process only acts on the polymeric substrate
which is far from its equilibrium state, where the effective interaction energy is much
lower due to the Morse potential based weakening of the covalent bond energies. This is
further supported by the fact that high temperatures are established rapidly throughout
the ablation volume while the bond break process starts much later (see Figure 5.6 for
the time scale of the bond break process). The values of (k0 , Eb ) obtained here are
comparable to those published in Ref. [21], where the values of (3.57 × 1012 s−1 , 1.5 eV)
were used as parameters in the bulk photothermal ablation model for polyimide. The
description of the spatial (z) profile of the number of broken bonds also agrees well with
the simulation data (not shown), even though it was not included explicitly in the fitting
process. The spatial profile, taken at the end of the laser pulse, coupled with the critical
bond break fraction of 0.10 as determined from the information in Figure 5.5 indicates
an ablation depth of 59 and 110 Å compared to the actual ablated depth of 62 and 105
Å at 15 mJ·cm−2 and 20 mJ·cm−2 fluences, respectively. The agreement is excellent and
it demonstrates that the thermal bond break model can be used as a tool to analyze the
ablation process as well as predict the process dynamics.
The volumetric energy density established by the laser inside a polymer substrate
can also be used as a guide to understand and predict ablation. [12, 59] The interpretation
of energy density for a polymer, however, is complex because there are strong covalent
bonding interactions within the chains as well as weaker van der Waals interactions between the chains. In Chapter 4, based on the same same simulation setup, it was shown
that imparting 5 eV/monomer (8 mJ·cm−2 ) in the surface layer of one penetration depth
only led to surface evaporation and insufficient void generation or fragmentation of the
substrate and no ablation. At a higher fluence, with 5.9 eV/monomer (10 mJ·cm−2 ), ablation was initiated which corresponded to a critical energy density of 0.037 eV·Å−3 . The
role of this critical energy density can be understood as follows. At 15 mJ·cm−2 fluence,
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1192 MMA equivalents are ejected, which correlates well with 1142 broken (covalent)
bonds at the ejection time of 170 ps and 1564 at the end of the simulation at 427 ps.
Assuming that all the ejected material comes from the region with broken bond fraction
greater than the critical value [18] and one main chain bond break occurs per MMA
unit, we get 1192 bond breaks within the ablated region. This number corresponds to
1192×3.6 = 4291 eV of energy required for bond breaks within 62 Å of ablated depth.
Given the area of the substrate illuminated by the laser, the energy required for bond
breaks corresponds to an energy density of 0.027 eV·Å−3 in the ablated region. We
arrive at the same energy density value for 20 mJ·cm−2 fluence. This close agreement
reflects the equivalence of two approaches, with the established energy density directly
contributing to the thermal softening of polymeric bonds, the bond break process and
to the kinetic energy of the ejected substrate. The comparison of energy densities presented here, ignores the long-range inter-molecular interactions which are inherent in
the polymeric materials. [18] For example, it has been reported that the energy density
required to achieve ablation is higher in the case of longer chain polymers. [55, 56] Thus,
the value of energy density computed based only on strong covalent bonds, represents a
firm lower bound on the critical energy density.
The analysis above illustrates how the thermal models considering broken bond density [18, 21, 57] and critical energy density [12, 59] both provide coherent descriptions of
the ablation volume for polymers. The MD simulations provide a self-consistent mechanism for observing the fundamental physics, proposing physical models and estimating
values of the process parameters. The bulk photothermal model can be used to predict
ablation characteristics once the predominantly thermal nature of the ablation process
has been established. In Chapter 7, the critical energies will be discussed in detail.
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Figure 5.7: Contour plots of the fraction of beads representing the transformed substrate per 10 Å layer as a function of depth from surface and time at the fluence of 15
mJ·cm−2 and τ = 150 ps for (a) Norrish type I and (b) Norrish type II.

5.3.2

Norrish reaction cases

Ejection process
For the Norrish type bond breaks, the laser irradiation leads to generation of radicals
followed by chemical transformation of the substrate as shown in the contour plots in
Figure 5.7. The transformed substrate is composed of beads representing radicals, broken
polymer fragments and newly formed molecules. Their distribution was analyzed by
dividing the substrate in 10 Å slices and measuring the fraction of transformed material
(T F ). A value of unity in each case corresponds to complete decomposition of the original
polymer matrix in that layer. In Figure 5.7a, for Norrish type I reactions, the green region
(0.4 < T F < 0.6) is formed following photolysis and reactions given in Section 5.2.3.
The maximum transformation does not approach unity, because only the cleaved side
chains are involved in subsequent reactions. The orange-red region (T F > 0.8) in the
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swelled part of the substrate corresponds to higher concentrations of small molecules
ejecting outwards which can also be seen in Figure 5.3b. In Figure 5.7b, for Norrish type
II reactions, the green region is formed in similar fashion following photolysis and initial
reactions. The change to orange and then red occurs as the main chain radicals undergo
unzipping forming MMA monomers. Even a small fraction of main chain radicals can
gradually lead to a complete transformation of the region due to self-propagating nature
of the unzipping reaction and high temperature in the top layers.
Rapid and complete transformation of the upper layers occurs during the irradiation
timescale. The resulting chemical damage penetrates deep in the sample, up to 250 Å
and 350 Å under the original surface, as seen in Figure 5.7a and b, for Norrish type I and
Norrish type II respectively, at 15 mJ·cm−2 fluence and 150 ps pulse width, compared to
just 100 Å for the corresponding heating case. It was found that most of this transformation occurs quickly within first 10–20 ps after bond break and occurs even below the
ablation threshold. For example, in the case of Norrish type II reactions, a steady distribution of about 200–250 double-bonded carbons (C=) per 10 Å layer is observed in top
150–200 Å corresponding to the complete transformation of those layers at fluences just
under the ablation threshold, but they do not eject directly. The snapshots and density
profiles in Figure 5.3b–c show the surface layers entirely composed of these newly formed
species at the start of ablation. The Figures 5.3b–c and 5.7a–b also show that in the case
of Norrish reactions the onset of ablation occurs during the laser irradiation whereas it
is delayed until after the pulse is over in the case of heating. The onset is hastened due
to generation of small molecules which start streaming out of the substrate as soon as
they are formed. For the shorter 5 ps pulses, the contour plots are not shown because
reactions lead to almost complete transformation of the substrate surface within 15 ps
before the start of ablation as viewed in the surface profiles of Figure 5.4c–d. The post
ablation profile given in Figure 5.7 shows leftover surface layers ∼200 Å under surface
primarily composed of the newly formed species. The post ablation profiles for 5 ps pulse
Norrish reaction cases are similar to that of the longer 150 ps pulses.
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There are differences in the nature of the transformation of the substrate between
Norrish type I and II reactions. In the case of Norrish type I, the primary products are
CO, CO2 , CH4 , CH3 OH, and HCOOCH3 . These volatile gas molecules start streaming
out of the swollen polymer matrix immediately. The polymer chain remains largely
intact with possible double bonds or CH groups at the side chain scission sites. The
residual substrate is at a lower density (∼0.7–1.0 g·cm−3 ) than the original bulk, in a
disentangled state after the loss of most of side chains, and with much reduced cohesive
energy density. For Norrish type II reaction, on the other hand, the primary products
of reactions are the MMA monomers and smaller polymer fragments with some CH4 .
These are not able to escape as rapidly as the smaller, more volatile Norrish type I
products and end up causing larger swelling of the polymeric substrate as witnessed
in Figure 5.7b vs. Figure 5.7a. The resulting substrate is also of much lower density
(∼0.6–0.7 g·cm−3 ) and lower cohesive energy. Another difference, in the case of Norrish
type II reactions, is the initiation of unzipping reactions which creates double-bonded
(C=C) MMA units and propagating radicals for additional unzipping of polymer chains
extending the damage further and deeper into the sample. The presence of these sites
leads to about 35% and 55% of the incoming photons (at 15 mJ·cm−2 fluence ) being
absorbed by these double-bonded carbon centers for the 5 and 150 ps pulse respectively.
Since no multi-photon absorption happens in our simulation scheme this effect is not seen
in Norrish type I case. The photons thus absorbed can only generate heat making the
substrate with Norrish type II reactions hotter by about 300–400 K. Consequently, fewer
direct bond scissions are registered for Norrish type II which affects the yield reported
in Table 5.1.
The chemical reactions release a large amount of heat, especially the exothermic
double bond formation, which along with the residual photon energy following Norrish
type bond breaks (about 4 eV/photon for 157 nm laser), is absorbed as heat in the
substrate. This large energy input makes these scenarios far from being purely photochemical in nature. Future studies with longer wavelengths (e.g. 248 nm) are discussed
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in Chapter 6. For the 15 mJ·cm−2 fluence, for τ = 5 and 150 ps respectively, the highest
temperatures reached in the Norrish type I substrates are 3800 K and 4200 K vs. 4200
K and 4500 K for Norrish type II substrates. This large temperature range arises due to
redirection of part of the laser energy from bond scission to the thermal pathway mentioned above, the duration of the reactions which is directly related to pulse width and
the differences in the reaction energies and the rate of formation and removal of small
molecules. Even after ablation is over in both Norrish reaction cases, the surface temperatures are high (2000–2800 K) just as in the heating case so the thermal breakdown,
unzipping reaction and evaporation of small molecules along with polymer fragments
trapped just underneath the surface can continue over a much longer timescale.
The contour plot of pressure as a function of depth and time is shown in Figure 5.4c
and 5.4d, at fluence of 15 mJ·cm−2 and τ = 5 ps pulse, for Norrish type I and II cases,
respectively. In both cases the pressure developed is linearly increasing with increasing
fluence (stress confinement regime), reaching highest values of ∼4–5 GPa, about twice
the value seen in the heating case. The primary source of the greater pressure wave
amplitude is the large number of small molecules; as the highest temperatures reached are
similar to the heating case. This effect has been termed as the thermochemical pressure
generation, [35] caused by a large number of small and volatile polymer breakdown
products with larger unit atomic volumes. [24] In Figure 5.4c-d, a compressive pressure
wave can also be seen traveling down the substrate as well as contributing to the swelling
of the top surface. At 15 mJ·cm−2 fluence, 100–200 Å swelling of the substrate can be
seen in Figures 5.4c–d and 5.7a–b and compared to little or no swelling observed below
the threshold fluence, with less than 50 Å at 5 mJ·cm−2 . The rapid chemical reactions
and generation of small molecules also initiates the swelling process earlier and faster
than in the heating case. However, in all Norrish reaction cases, little or no subsequent
tensile wave emanates from the surface following the fast expansion, unlike the heating
cases. This difference is attributed to almost complete transformation of the top surface
from an amorphous polymer matrix to a dense mixture of small gaseous molecules as
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described above. The gas phase at high surface temperatures and densities of ∼0.6
g·cm−3 do not result in tensile pressure generation when the upward moving pressure
wave reaches the top surface. No high pressure region or pressure waves were observed
for the longer τ = 150 ps pulse for any of Norrish reaction simulations, analogous to the
pure heating case.
Ejection mechanisms
For the shorter pulse, the ejection process in Norrish reactions is primarily governed by
high surface temperatures and compressive pressures driving violent ejection of gases
and polymer fragments off the substrate. The larger fragments eject later followed by
gases trapped deep inside the substrate. For the longer pulse these two different regimes
are clearly visible. Once again, the first visible sign of impending ablation is significant
surface swelling. Then, hot gases, in the Norrish type I case, formed just underneath the
top layers of the substrate stream out as soon as they are formed. The decomposition
of the substrate and lowering of the surface density resulting from swelling aids in the
ejection process. These gas molecules eject with high velocities up to several km/s
depending on fluence. The gases present deeper in the sample attempt to diffuse out
as well though with lower thermal energies. The loss of these gases hollows out the
already disconnected substrate. Next, the larger polymer fragments eject with much
lower velocities, followed by more trapped gases. In the Norrish type II case, the ejection
occurs in a more layer wise manner with polymer fragments near the surface with high
energies ejecting rapidly, followed by ejection of slower moving, larger aggregates of
polymer fragments.
While the small molecules are ejected primarily because of their volatile nature and
high temperatures, the likely mechanism of ejection of larger chunks could be many—
microscopic fluctuations in pressure, high thermal energies, and/or the upward momentum of the gases trapped deeper in the sample. As mentioned before for the heating
case, the similarity in the total yield at both pulse widths rule out any significant role of
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laser generated compressive pressure wave in ejection of this material, except in providing higher ejection velocities. Note that ejection of the largest clusters is much delayed
in Norrish reactions as opposed to heating case, diminishing the role of this pressure in
their liftoff. The upward momentum of trapped gas is also ruled out as the motion of
upper layers of gas molecules at high velocities appears decoupled from the much slower
moving larger fragments. Furthermore, the amount of gas trapped underneath the larger
ejected chunks is small as observed in evolution of total yield following the ejection of
big chunks. It is likely that for some large clusters ejected earlier in the ablation process
do get accelerated or carried away by ejecting gas molecules. But, the larger clusters
ejected later definitely do not appear to be accelerated. The ejection itself could then
only be directed by a thermally activated process, i.e., high thermal energies giving rise
to microscopic, localized and transient pressure fluctuations resulting in a concerted upward motion of a large fragment of the hollowed out substrate. This mode of ejection
is further supported by similar uplift velocities of the largest clusters which are in the
range of 50–150 m/s, for both reaction types and both pulse widths.
A two step ejection process similar to the one described here has been proposed earlier by Kalontarov and coworkers. [60] In their model, photochemical ablation is described
as a continuous surface process (i.e., relatively small penetration depth) occurring during
laser irradiation. The first step corresponds to destruction of polymer macromolecules
via photolysis, followed by the second step of removal of debris or photoproducts via a
thermally activated process. Following the removal, the laser interacts with fresh polymer substrate deeper in the sample and the process continues. The variation of the
concentration, c, of photoproducts (i.e., transformed material) in the reaction volume
was given by, [60]

·

dc
Iϕε0
E
=
(c0 − c) − ck exp −
dt
hν
kb T

¸

(5.2)

where the first term is for the generation of transformed material based on, hν, the
energy of a photon, I, the fluence, ϕ, the quantum yield, ε0 , the extinction coefficient
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Figure 5.8: The evolution of total number of transformed beads, n, for Norrish type
I (squares) and for Norrish type II (triangles) cases at 15 mJ·cm−2 fluence. The corresponding least square fits are shown with solid lines.
and c0 , the initial concentration, while the last term denotes thermally activated removal
with k, the rate constant and E, the activation energy. Rewriting the above equation in
terms of n, the total number of transformed particles, n0 , the initial number of beads,
and np , the number of incident photons per ps, we obtain,
·

E
dn
= kϕ np (n0 − n) − nk exp −
dt
kb T

¸

(5.3)

where, kϕ is the rate constant for the photochemical transformation process. The evolution of the total number of transformed beads, n, along with the least square fits based
on the above equation with respect to parameters (kϕ , k, E), is shown in Figure 5.8, for
both Norrish reaction cases at 15 mJ·cm−2 fluence and τ = 150 ps pulse. The fits were
generated by minimizing the error between the actual values of n over all times and their
predicted value computed from the above equation integrated over all spatial bins and
time. The derivatives were not used in the fitting process, due to the abrupt evolution
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of n over time, which required assumption of an appropriate functional form for n to
compute a smoothly varying analytical derivative. The data used in these fits for the
total number of transformed beads excludes the number of beads forming small gaseous
molecules. This exclusion is required because, even though the small gas molecules are
generated via photochemical processes and are amenable to modeling using the first term
in the above equation, their ejection is not a thermally activated process as discussed
above.
The fits, shown in Figure 5.8, provide a remarkably good qualitative description of
the evolution of the number of transformed material with the following parameter sets:
(2.2 × 109 s−1 , 2.2 × 1012 s−1 , 1.6 eV) for Norrish type I and (1.1 × 1010 s−1 , 6.5 × 1012
s−1 , 1.7 eV) for Norrish type II. No fit to 20 mJ·cm−2 fluence data was performed as the
abrupt transitions in n over time, caused by breaking off of large polymer fragments, are
not well captured by the above equation. This can be attributed to the small value of
penetration depth and consequently higher energy density established in the top layers
of the substrate. The ejection of small molecules, which itself evolves smoothly over
time, can also contribute to the process of abrupt removal of large fragments of the
transformed substrate. The lower values of kϕ in the Norrish type I cases are due to
the exclusion of small molecules which can form 50% or more of the total number of
transformed beads as well as the higher degree of transformation achieved in Norrish
type II cases (Figure 5.7). Note that the above equations provide only a macroscopic
description of the process as they disregard all the microscopic constituents in our MD
model such as the absorption of photons, bond breaks and competing reactions leading
to formation of a range of transformed products. The description is also incomplete
and lacks predictive capability as it only models part of the transformed material and
does not account for the small molecules. An inherent feature of these equations is the
direct decomposition of polymers into products via laser absorption. This suggests that
thermal ablation models can also work just as well, by accounting for photochemical
bond breaks and formation of gaseous products in addition to the thermally activated
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bond breaks. [18, 19]

5.3.3

Substrate temperature and plume composition

The temperatures observed in our simulations are much higher than those reported in
experiments (500–1000 K). [12, 13, 25, 35, 55, 56] The MD model used in our study
lacks the electronic degrees of freedom and has fewer atomic degrees of freedom (both
translational and rotational) mainly due to coarse graining of the polymer. These missing components result in a lower than realistic heat capacity, poorer conductivity and
instantaneous conversion of all photon energy to heat. The combined effect of these
alterations in parameters is higher than expected temperatures which can, in principle, initiate rapid thermal decomposition of the polymer precluding photochemical bond
breaks and other chemical reactions. [17, 61] No such outcome is observed as a result
of the high temperatures in our simulation time frame. The various chemical reactions
used in our simulations are favored and rapid compared to thermally stimulated polymer
bond breaks. The polymer unzipping reaction, primarily responsible for thermal breakdown of PMMA into MMA monomers at high temperatures, is also slower compared to
other reactions involving formation of small gaseous molecules. Nevertheless, the process of thermal decomposition of polymer is likely to dominate over longer timescales as
witnessed in our simulations. Longer time simulations (up to 2 ns) suggest maximum
surface temperature dropping to a more acceptable value of about 1000 K in roughly
3–5 ns time range mainly via thermal conduction of heat deeper into the sample and
evaporation at the top surface. This cooling time scale is comparable to the pulse width
of lasers used in experimental studies. [17, 61]
The response of the substrate to different photoexcitation pathways can be distinguished based on the fraction of incident laser energy carried away by the plume. For the
heating cases, this is negligible at 8 mJ·cm−2 , rising up to 35–48% by 15-20 mJ·cm−2 ,
at both pulse widths. In contrast, for the Norrish type I case, we get 40% efficiency
at 8 mJ·cm−2 , increasing to 65–72% at higher fluences. The Norrish type II efficiencies
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Figure 5.9: Chemical composition of the ablation plumes at the fluence of 15 mJ·cm−2
and τ = 150 ps for heating (blue), Norrish type I (red) and Norrish type II (green)
reaction cases. Only clusters in the mass range 10–100 atomic mass units (amu) are
shown.
lie in between these two cases as it contains a mixture of photochemical and photothermal processes. It is apparent from these results that the photochemical processes when
compared to the photothermal processes, are more efficient at utilizing the incident laser
energy in the ablation regime, resulting in more ejected material. Note that the higher
efficiencies in photochemical cases do not mean that the substrate is going to be cooler
because the chemical reactions transform the material releasing excess energy as heat.
The efficiency of generation of small molecules via thermally activated mechanisms
in the heating case is very small as demonstrated in Figure 5.9, showing the chemical
composition of ablation plume, for 15 mJ·cm−2 fluence and τ = 150 ps, evaluated at
the end of the run. All the small molecules formed in the heating case are shown in
Figure 5.9 and more are expected to form via evaporation from substrate and gradual
decomposition of plume over macroscopic timescales. The peaks in Figure 5.9 are lo-
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cated at masses 14, 15, 31 and 59 corresponding to CH2 , CH3 , CH3 O and CH3 COO
fragments. Few (∼10) intact MMA fragments are seen in spite of a large number of
C-CH2 thermal bond breaks. For the Norrish type I reactions, CO2 molecules (mass
44) form about 20%, and CH4 (mass 16) another 10% of the total (number) yield at 15
mJ·cm−2 . Carbon monoxide, methanol and methyl formate (peaks at 28, 32, 60) are
only formed in smaller quantities at about 20% of the molecular yield of CO2 . This
yield fraction stays constant as a fraction of the CO2 yield. There is not any significant
number of radicals ejected (< 1%) or leftover in the substrate at any fluence due to fast
radical-radical recombination reactions. The product distribution is largely independent
of the laser pulse widths. For the Norrish type II reactions, the bulk (∼80–90%) of the
yield above the ablation threshold is comprised of unzipped MMA units and polymer
fragments (intact and thermally broken). Many other peaks, e.g., at masses of 15, 41, 59
and 85, corresponding to thermally broken polymer fragments are also seen in Figure 5.9.
The higher yield at τ = 150 ps reported in Table 5.1 is entirely due to clusters smaller
than 1 MMA unit, which are formed because more reactions and more thermal damage
is possible for the longer pulse width with longer ejection timescale. A small amount of
CH4 molecules are formed at about 10–15% of the total MMA equivalent yield in case
of Norrish type II reactions.
The numbers seen in Figure 5.9, for the heating case, will probably not be adequate
to account for all the small molecules observed in ablation plume experimentally. In
contrast, the two Norrish reaction scenarios create a large number of smaller volatile
molecules, up to 10 times greater than in the heating case. This difference does not
directly affect the yield in any significant manner as the thermal ablation yields are
within a factor of two of the photochemical yields in the worst case (Table 5.1), but it
plays a key role in guiding the ablation process differently. These reaction products also
drive the post ablation dynamics in the plume which is absent in the heating case. The
characteristics of the ablation plume also changes with increasing fluence. Just above
the ablation threshold, the plume consists mostly of thermally desorbed small molecules,
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but with increasing fluence, their proportion goes down and larger polymer fragments
constitute the bulk of ablated material. The larger clusters continue to disintegrate even
after ejection, releasing small gaseous products and polymer fragments of which they are
composed.

5.4

Conclusions

The coarse grained MD model was used to ascertain the role of thermal, mechanical
and chemical reactions in the onset of ablation during UV laser irradiation of polymeric
materials. The model utilizes well known and widely reported reaction chemistry of the
PMMA polymer. The results discussed in this chapter elucidate possible mechanisms in
action during laser ablation when the photon energy is absorbed in different ways, that
is, pure heating, Norrish type I reactions and Norrish type II reactions, in the PMMA
substrate. Pressure and mechanical stresses are dominant for very short pulse widths in
the stress confinement regime and can set off ablation by mechanical breakdown of the
polymer matrix in the pure heating case. For the longer pulse width studied, however,
the ejection process is predominantly thermally activated. Purely thermal models based
on thermally activated bond break process can work well in describing these events.
We find that the efficiency of a purely thermal mechanism in creating gaseous
molecules is small and the gaseous products observed during laser ablation experiments
with PMMA using 157–308 nm wavelength lasers can only be accounted for by incorporating direct photochemical bond scission. The photoscission and subsequent reactions
alter the substrate by causing rapid and near complete decomposition of the polymer
matrix into smaller molecules. This alteration destroys the cohesive polymer matrix and
removes the possibility of ablation via mechanical failure for the Norrish reaction cases.
The products of reactions, i.e., small molecules and polymer fragments, eject out rapidly
from the substrate. This hollows out the substrate, further weakening it and causing
larger clusters to eject. The mechanism of ejection of larger clusters in these cases is also
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thermal in nature. Modeling these photoablation channels requires a two step ablation
model which incorporates the effect of photolysis of polymer substrate and creation of
new species followed by a thermally activated removal step.
In this chapter, we have presented many important aspects of the onset of ablation
achieved via different energy deposition pathways. The mechanistic differences observed
among the three cases should serve us to better understand the contribution made by
each in ablation experiments. In particular, the contribution of the small molecules, if
detected, can provide a great insight to address the issues related to thermal vs. photochemical ablation mechanisms. Our studies have shown a glimpse of the complexity involved in the interaction of lasers with polymeric materials and highlighted the usefulness
of treating the competing pathways separately. Further studies at longer wavelengths and
larger penetration depths along with mixed photochemical-photothermal scenarios will
provide a better mechanistic understanding of the ablation process under more realistic
conditions. Simulations focusing on these topics are discussed in Chapters 6 and 7.
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6

Photon energies and their effects
on ablation
Reproduced in part with permission from:
Conforti, P. F., Prasad, M. and Garrison, B. J. “Simulations of laser ablation of poly
(methyl methacrylate): Fluence vs. number of photons,” J. Phys. Chem. C, 111,
c 2007 American Chemical Society
12024-12030 (2007). °

6.1

Introduction

Laser ablation is playing an increasingly important role in application development as
tools and methods shift further into the nanoscale. The introduction of ultraviolet (UV)
laser ablation has been effective in advancing many applications such as drilling ink-jet
nozzles [1] and developing lab-on-chip devices as shown in Figure 1.1. [2] Many experiments have been performed and many models have been developed in order to gain an
understanding of the material-light interaction and the processes that drive ablation in
polymeric materials with the expectation to further optimize current technology. [3–10]
A full microscopic insight, however, has eluded these investigations due to the complex
interplay between the laser and the material. Molecular dynamics (MD) simulation is
ideal for this fundamental task as it can resolve the irradiation process into microscopic
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details and shed light on the mechanisms which contribute to material ejection. [11–15]
Many experimental investigations have probed the mechanisms of ablation for the
material poly(methyl methacrylate), or PMMA. These studies have varied over the parameters of laser wavelength, pulse width, and fluence. Initial studies of PMMA ablation by Srinivasan et al. used wavelengths of 193 nm and 248 nm with fluences above
the threshold and analyzed the ejected material; a majority of which was comprised of
smaller oligomers of PMMA. [16, 17] In addition, the yield consisted of lesser amounts
of C2 , CO2 and MMA monomer with more monomers for the 193 nm experiments.
Srinivasan concludes that the main mechanism for both wavelengths involves the photochemical decomposition of material preceding the ejection of small molecules and gases
which aid in the transport of the large pieces of material. Using a range of nanosecond
pulse widths, Srinivasan also observes an optimal pulse width and delay time between
pulses to maximize the etch depth. [18] Stuke and co-workers describe material ejection
using the interaction of 193 nm and 248 nm radiation with 2,2,4,4-tetramethylglutaric
acid, dimethyl ester which is used as a model compound of PMMA. [19] The results,
which do not differ significantly with changing wavelength, show that the side chain
is preferentially broken releasing such products as CO2 , methane, CO, methanol, and
methyl formate with only a minor amount of MMA formed. The remaining compound
incubates producing double-bonded carbon sites in the chain. Srinivasan also observed
incubation in PMMA using 193 and 248 nm radiation. [20] Unsaturated PMMA polymers formed through incubation were experimentally determined by Krajnovich to more
strongly absorb the UV photons which led to the thermal ejection of lower molecular
weight fragments with masses less than 150 amu. [21] Following the incubation described
by both Stuke and Krajnovich, further studies at 248 nm show that cleavage of the main
chain bond and thermally activated unzipping of the MMA monomer ensues. [22] Ablation studies of PMMA at 157 nm indicate a high photochemical component of material
breakdown similar to that of the longer 193 nm and 248 nm wavelengths with mass
loss attributed to side chain cleavage. [23, 24] At wavelengths above 248 nm, thermal
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mechanisms rather than photolytic bond breaks dominate the breakdown of PMMA and
lead to the ejection of large amounts of monomer and monomer fragments. [25, 26] The
collective picture of the process using the sum of these investigations remains unclear but
shows the degree of variation in the description of the ablated material and the potential
mechanisms of ablation.
MD simulations have shown to be particularly useful in giving insight into how
the microscopic processes involved with laser irradiation result in ablation for PMMA.
[27–30] For these studies, a hybrid Monte Carlo-MD simulation protocol was developed
as discussed in Chapter 2 in which photons directly cleave bonds, and activated chemical
reactions ensue. A comprehensive analysis of the photothermal and photochemical interaction of 7.9 eV photons (157 nm radiation) with a PMMA substrate was performed
in Chapters 4 and 5. The ablation studies were conducted over a range of fluences for 5
and 150 ps pulse widths. In addition, three different channels of photon absorption were
simulated separately in order to assess the effects each has on the ejection mechanism and
plume composition. In one channel, the photothermal case, absorption was simulated
by heating monomers in the polymer sample. In the two other channels, photochemical
absorption of a photon either led to the cleavage of the main chain bond or the side chain
bond in the polymer. Following the photochemical scissions, further chemical reactions
occurred in the simulations according a MC scheme.
For each of the photothermal and photochemical simulations, ablation was observed
to occur above a threshold fluence. With the longer 150 ps pulse width, pure photothermal simulations elucidated a mechanism in which the energy deposited in the sample
induced a critical number of bonds to thermomechanically break and material to eject.
In the photochemical cases with the 150 ps pulse, the connectivity of the polymer chain
was disrupted following a photolytic scission, the cohesive energy decreased, and the
amorphous substrate chemically transformed and fragmented. In one pathway of chemical breakdown (Norrish type I, see Figure 6.1), small molecules and gases were formed
and released which hollowed out the substrate. Thermally induced ejection of large clus-
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Figure 6.1: The structure of a PMMA molecule is shown. The circles group the coarsegrained beads used in the simulations. The Norrish type I and Norrish type II breaks
used in the simulations are also denoted.
ters of polymer having relatively low velocities followed. In another pathway of chemical
decomposition (Norrish type II, see Figure 6.1), the polymer chain unzipped to form
monomers. The monomer formation disrupted the connectivity of the polymer, and the
thermally driven ejection of clusters occurred in a layer-wise manner. Both photochemical ablation processes occurred in two steps: the photolytic scission of bonds leading to
subsequent reactions fragmenting the substrate followed by the thermally driven ejection
of large fragments of material. For the shorter 5 ps pulse width simulations, there was
high compressive pressure present which was absent using the 150 ps pulse. The amount
of molecules ejected from the substrate, however, did not significantly differ at any given
fluence between the two pulse widths. For the 5 ps photothermal simulations, the fast
deposition of heat created pressure gradients in the material. The high pressure provided
higher liftoff velocities but did not influence the ejection process which was established
to be thermal in nature. For the 5 ps photochemical simulations, decomposition of the
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system occurred analogous to the longer pulse widths, but the formation of the reaction
products occurred more rapidly. Similar to the photothermal simulations, the pressure
and heat which developed as a result provided higher ejection velocities but did not
significantly change the mechanism of ablation.
In this chapter, we extend the discussion regarding the photochemical effects of
the material-light interaction in PMMA to a comparison between two photon energies.
Experimental investigations into the basic mechanisms of laser ablation have underlying
obstacles which accompany a change in wavelength including variation in the penetration
depths and branching ratios as well as the difference in photon energy. [19] The advantage
of using molecular simulation is that such variations can be studied in a systematic
approach in order to assess each of their effects. Here, MD simulations are analyzed
along a range of fluences for two photon energies which are of experimental interest, 7.9
eV/photon and 5 eV/photon equivalent to 157 nm and 248 nm radiation, respectively,
while keeping the other parameters constant (including penetration depth, decomposition
pathways, and possible chemical reactions). While these conditions do not allow the
simulations to map directly to experiment and interpret their results, the fundamental
physics associated with the differences in photochemistry and energy can be analyzed. In
the simulations, the influence of the number of photons versus the total energy deposited
is investigated, and their effects on the ablation yield as well as substrate and plume
characteristics are compared and contrasted. The simulations highlight the essential
physical and chemical differences that occur using two different energy photons and help
unravel some of the experimental complexity that accompanies the ablation phenomenon.

6.2

Computational Details

MD simulations are used to study the photochemical interaction of light with PMMA.
Photons of 7.9 eV and 5 eV (equivalent to 157 and 248 nm radiation, respectively)
are absorbed by the substrate for fluences of 4–15 mJ·cm−2 . The number of photons
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Table 6.1: The number of 7.9 eV and 5 eV photons at fluences ranging from 4-15
mJ·cm−2 for a 51 Å × 51 Å substrate area.

Fluence/mJ·cm−2
4
5
6
7
8
9
10
12
14
15

Number of photons
7.9 eV
5 eV
825
1303
1031
1629
1237
1955
1443
2280
1650
2606
1856
2932
2062
3258
2475
2910
2887
4561
3094
4887

absorbed by the sample at each fluence is given in Table 6.1. The photon energies
are chosen to be greater than 4.7 eV/photon with the intention that the corresponding
wavelengths are less than 266 nm radiation, a region where the photochemical processes
dominate. [25] The absorption site of each photon is chosen randomly with the probability
attenuated by Beer’s law using a penetration depth of 100 Å for both photon energies.
Even though the absorption characteristics of PMMA differ according the wavelength
with weak absorption at 248 nm and strong absorption at 157 nm, [31] the simulations do
not include this distinction. Following photon absorption, either the main chain C-CH2
bond (Norrish type II) or the side chain C-CO bond (Norrish type I) is directly cleaved
to form their respective radicals (see Figure 6.1). [32] The strength of either bond is
approximately 3.6 eV; the excess energy of each photon goes into heat. Each type of
bond break (Norrish type I or II) is simulated separately in order to assess the effects of
one set of reactions that might result following laser irradiation. Following the formation
of radicals, further reactions are possible which are discussed below. The reactions
include the unzipping of monomer from the polymer chain, which can absorb a photon
as heat (with the same probability as a main chain carbon) rather than causing a bond
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scission. Monomer absorption is the only situation in the photochemical simulations
where photons are absorbed as heat due to the C=C bond strength. The simulations
will therefore have higher quantum yields than in experimental studies [19] to maximize
photochemistry in the system and observe its effects. Pulse widths of 5 and 150 ps are
chosen to examine two different ablation regimes with and without pressure buildup in
the sample (see Chapter 5). Using short pulses, multi-photon absorption could occur, [33]
however, the simulations limit one photon absorption per carbon center. Each of these
assumptions is made in the simulation so the effects of fluence and the accompanying
number of photons on ablation can be examined independent of other parameters.
A scheme has been developed which allows further activated chemical reactions
to occur during the MD simulation using an embedded Monte Carlo scheme following
the formation of radicals by photons. The simulation protocol is based on the coarsegrained chemical reaction model developed by Yingling and Garrison [34] and exact
details of the method were described in Chapter 2. Briefly, each radical site has a set of
reaction pathways available with associated activation and reaction energies. During the
dynamics calculation, a survival probability of a radical is calculated using its simulation
existence time and rate constant. The rate constant is determined by summing all
possible Arrhenius reaction rates of the reacting radical with each computed using the
local temperature, the activation energy of a particular reaction, and the Boltzmann
constant. The radical is able to react when a randomly chosen number is greater than
the survival probability. A reaction is then attempted by comparing another random
number with the normalized reaction rates of each possible reaction pathway. The chosen
reaction is then performed by changing the reactant species to products and measuring
the change in potential energy. If the change is within 10% of the reaction energy, the
reaction is accepted, the reactants are replaced with products, and the kinetic energy
of the system is changed to correspond with the energy difference. If not, the reactants
remain unchanged, they continue in the MD simulation and attempt to react again at a
later timestep.
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Figure 6.2: The radical chemistry following the photolytic scission used in the MD
reaction scheme: (a) the Norrish type I primary and secondary reactions and (b) the
Norrish type II primary and secondary reactions
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The reaction pathways included in the simulation are chosen as a representative set
based on experimental results. [17, 19, 35] Following the Norrish I type break, Figure 6.2a,
the methyl formate radical is able to decompose into CO2 and a methyl radical (1), CO
and a methoxy radical (2), or abstract a hydrogen to become methyl formate (3). The
resulting methyl radical and methoxy radical each can abstract hydrogen (4 and 5),
and radical-radical recombination reactions can occur on the main polymer (6 and 7).
Following the Norrish type II break, Figure 6.2b, the polymer radicals are able to unzip
into monomer units (1 and 2), abstract hydrogen (3 and 4), or eliminate a methyl radical
and terminate the polymer with a double bond (5). The resulting methyl radical can
abstract hydrogen to become methane (6), and radical-radical recombination reactions
can occur to form double bonds on the main chain (7 and 8). The activation and reaction
energies for each of these reactions have been calculated (see Chapter 3) or taken from
the literature. [36] These reactions used in the simulations are by no means the entire set
of possibilities but contain the essential processes including formation of small molecules,
monomers, and double bonds which chemically change the composition of the substrate
and affect the ablation process.
The simulation consists of a coarse-grained PMMA substrate with a united atom
representation of the functional groups C, CH2 , CH3 , C=O, and O of the polymer
chain (Figure 6.1) as well as CH4 , OH and CH groups which are formed as a result
of chemical reactions. Coarse-grained beads are used in order to increase the timestep of the simulation by eliminating the computationally expensive CH and C=O bond
vibrations which are not essential in observing the mesoscopic motion of ablation. [14, 29]
The potentials used in the simulation have been previously described and allow for
bonds to mechanically break under conditions of high temperature and stress. [29, 37]
The substrate consisting of 951 PMMA chains (19 monomer units per chain) is initially
constructed in computational cell using a self-avoiding walk at low density and then
gradually compressed until a density of 1.19 g·cm−3 is attained corresponding to a 51 Å ×
51 Å × 936 Å sample size. Periodic boundary conditions are imposed in the surface plane
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Figure 6.3: The yield in MMA equivalents plotted as a function of fluence for (a) a 5
ps pulse width and (b) a 150 ps pulse width. The Norrish type I results are circles, and
the Norrish type II results are squares. The solid lines are the yield for 7.9 eV/photon
simulations, and the dashed lines are the yield for 5 eV/photon simulations.
simulating the center of the laser. At the bottom of the sample, a pressure absorbing
boundary condition is used which mimics an infinitely long sample and prevents the
reflection of a propagating pressure wave resulting from the excitation pulse. [38]

6.3
6.3.1

Results and Discussion
Ablation yield

The ablation regimes for 7.9 eV photons and 5 eV photons are established by plotting
the yield of particles in MMA equivalents as a function of fluence for 5 ps and 150 ps
pulse widths, Figure 6.3a and b, respectively. The yield is calculated by dividing the
sample based on density into a bulk substrate (density greater than 0.2 g·cm−3 ) and an
ejected plume (density less than 0.2 g·cm−3 ). The density of 0.2 g·cm−3 is not critical
to characteristics of either the substrate or the plume as the density decreases rapidly
at the interface. When there is a discontinuous jump from tens of MMA equivalents
to several hundred MMA equivalents ejected following laser excitation, the ablation
regime is realized. The threshold fluence lies between 4 and 6 mJ·cm−2 for the Norrish
type I case regardless of pulse width and wavelength, and for the Norrish type II case,
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the threshold fluence varies between 7 and 13 mJ·cm−2 depending on pulse width and
wavelength used. The characteristic mechanism for ejection below the ablation threshold
is mainly desorption of small molecules, such as CO2 , CO, CH4 , MMA monomers, and
monomer fragments. Similar mechanisms have been described for sub-threshold ejection
of molecules in simulations of organic solids [39] and chlorobenzene. [40] An average
cluster size of hundreds of MMA units is observed in the plume for each simulation that
exhibits ablation. Clusters are determined by grouping together molecules regardless
of their bonding characteristics within 5 Å, as all the bonding potential energies go
below the available thermal energy with a separation of 3–5 Å. Average cluster size is
determined by ratio of the second moment of the cluster size distribution to its first
moment. An analysis of the ablation plume shows that a majority of its makeup consists
of sizable clusters between 240 and 1900 MMA units and also includes small gaseous
particles, MMA monomers and polymer fragments. The presence of large clusters in the
plume is indicative of the ablation regime. [39]
The disparity in the ablation yield with varying photon energy at a given fluence is
due to the effect of the different number of photons. The basic process which results in
ablation following the irradiation of the polymer substrate, though, is the same regardless of the photon energy. As explained in Chapter 5, the photochemical cleavage of a
bond (either Norrish type I or II) disrupts the polymer connectivity, decreases the cohesive energy and allows the substrate to transform, fragment and eject. For discussion
here of the comparison between fluence versus number of photons, Figure 6.4 displays a
contour plot of the fraction of original polymer converted to products by reactions in the
top 500 Å of the polymer substrate as a function of depth below the initial surface and
time for (a) a 7.9 eV/photon, Norrish type I simulation, (b) a 5 eV/photon, Norrish type
I simulation, (c) a 7.9 eV/photon, Norrish type II simulation, and (d) a 5 eV/photon,
Norrish type II simulation each with a fluence of 15 mJ·cm−2 and a pulse width of 5 ps.
The contour color in each plot designates the fraction of the beads in a 10 Å slice that
have been transformed into the reaction products shown in Figure 6.2, such as CO, CO2 ,
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Figure 6.4: Contour plots of the fraction of original polymer converted to products by
reactions in the substrate as a function of depth from the initial surface and time for (a)
7.9 eV/photon Norrish type I simulation, (b) 5 eV/photon Norrish type I simulation,
(c) 7.9 eV/photon Norrish type II simulation, and (d) 5 eV/photon Norrish type II
simulation for a 15 mJ·cm−2 fluence and a 5 ps pulse width.
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CH4 , CH3 OH, HCOOCH3 , MMA, and double-bonded carbon. For example, a value of 0
(blue) would indicate the original pristine material, while a value of 1 (red) would indicate that the material has been completely transformed into new products. The jagged
jumps in the plots of the substrate occur as large pieces of the substrate eject and are
then considered as yield, or ablated material. Activated reactions take place 1–2 ps after
the radicals are formed, and, therefore, by 15 ps most of the transformation has been
completed for the 5 ps pulse width simulations. In the Norrish type I simulations, the
dominant reactions include the formation of CO2 , CH4 , and double-bonded carbon. In
the Norrish type II simulations, the dominant reactions include the formation of MMA
and double-bonded carbon on the main chain. Due to the presence of more photons at
a given fluence (Table 6.1), higher fractions of material transformation occur deeper in
the material for the 5 eV/photon simulation compared with the 7.9 eV/photon simulation as shown in the plots of Figure 6.4. For example, with a fluence of 15 mJ·cm−2 ,
680 eV of energy is deposited in 25 Å slab at a depth of 200 Å beneath the substrate
surface. For the 7.9 eV/photon simulation, this amount of energy corresponds to 86
photons compared with the 5 eV/photon simulation where the energy corresponds to
136 photons. The greater number of photons cleaves more bonds, creates more radicals
and allows for a greater number of reactions to occur farther below the surface of the
substrate. Since more material transformation occurs (more reactions transpiring), the
swelling of the surface is 50–100 Å greater prior to ablation for the 5 eV photon simulations. Additionally, significant chemical damage penetrates 80 to 100 Å farther into the
substrate for the 5 eV photon simulations. In most cases, the eventual ejection of more
material using 5 eV photons is a direct result of this greater transformation with more
of the material fragmenting, weakening the integrity of the substrate, and allowing for
liftoff of material from deeper within the substrate.
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6.3.2

Mechanisms of ablation

For the short pulse simulations, the ejection mechanism is dominated by the creation
of small molecules, high temperatures and high compressive pressure. As previously
stated, chemical reactions occur within 1–2 ps after bond cleavage, many of which are
exothermic in nature particularly the double bond formation which deposits a large
amount of energy in the substrate. In addition, the residual photon energy following the
bond cleavage increases the kinetic energy of the system. After each photon absorption
and subsequent bond scission, approximately 4.3 eV or 1.4 eV of energy remains from a
7.9 eV or 5 eV photon, respectively. This excess energy is added to the kinetic energy
of the participating radicals. As a result, prior to ablation, the maximum temperature
in the top 100 Å of the substrate (one penetration depth) is higher for the 7.9 eV,
Norrish type I or II simulations than for the 5 eV, Norrish type I or II simulations. For
both wavelengths, this deposition of heat in the sample drives the thermal ejection of
substrate. The rapid addition of heat and formation of many gases and monomers also
creates a pressure gradient in the substrate in a process described as thermochemical
pressure generation. [41] Maximum pressures of 4.4 GPa and 6.9 GPa are observed using
a fluence of 15 mJ·cm−2 for 7.9 eV/photon and 5 eV/photon Norrish type II simulations,
respectively. As discussed in Chapter 5, simulations have shown that the high pressure
causes the rapid and violent (high velocity) ejection of the gases and some polymer
clusters.
A similar ejection process occurs for the longer 150 ps simulations with 5 eV versus
7.9 eV photons as the described 5 ps simulations. However, there is no propagating
pressure wave present as a result of the laser pulse in contrast to the 5 ps pulse. For the
150 ps simulations, the reactions take place throughout the longer pulse duration and
the eventual ejection is not as explosive due the gradual formation and removal of small
molecules as discussed in Chapter 5. The ejection mechanism still occurs analogous to
that of the 5 ps simulations with the production of gases hollowing out the substrate
and preceding the release of large clusters for the Norrish type I case. At equal fluences
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for the Norrish type I simulations with a 150 ps pulse width, more transformation of
material occurs deeper in the substrate using a greater number of 5 eV photons and more
material is ablated. For the Norrish type II case, the formation of MMA disrupts the
connectivity of the polymer before layers of substrate are removed. Due to the nature of
photon absorption in the simulation, the ablation threshold for the set of Norrish type II
simulations using a 150 ps pulse with 5 eV/photon, though, is shifted to a higher fluence,
Figure 6.3b. This shift can be attributed to the length of the pulse width in relation to the
timescale of the unzipping reaction and the thermal effects of the 5 eV photons which
are discussed below. The generation of MMA follows directly from a Norrish type II
bond scission and propagates along the polymer chain eventually producing more than
one monomer per photon induced bond break. In the simulation, a MMA monomer,
however, can only absorb a subsequent photon as heat. When the pulse width is 150 ps,
activated unzipping occurs during the pulse, and, as a consequence, a significant amount
of photons are then absorbed as heat by MMA monomers in the simulation. It has been
shown in Chapters 4 and 5 that the energy density in the substrate must be above a
critical value to initiate pure thermal ablation. Using 7.9 eV photons, ablation is able
to occur solely due to pure heating of the PMMA substrate with the number of photons
absorbed at a fluence of 10 mJ·cm−2 as discussed in Chapters 4 and 5. However, the
amount of 5 eV photons that are absorbed in the surface volume do not supply enough
energy to cause mechanical failure and initiate pure thermal ablation at a comparable
fluence. Though the polymer becomes fragmented with the formation of MMA with
either of the wavelengths, 5 eV photons do not supply enough thermal energy to cause
ejection of large pieces of material. Therefore, the photon energy in addition to the
number of photons is important in setting off photothermal ejection.
The Norrish type II simulations with a 5 ps pulse width do not see the shift in the
ablation threshold using 5 eV photons due to the rapid formation of small molecules and
high pressure that is present. Since most of the reactions occur within 1–2 ps following
bond cleavage, more 5 eV photons are able to break the main chain bond rather than
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Figure 6.5: The yield of particles less than or equal to one MMA monomer in size
plotted as a function of fluence for (a) a 5 ps pulse width and (b) a 150 ps pulse width.
The Norrish type I results are circles, and the Norrish type II results are squares. The
solid lines are the yield for 7.9 eV/photon simulations, and the dashed lines are the yield
for 5 eV/photon simulations.
heat the material, e.g. at a fluence of 12 mJ·cm−2 with 5 eV/photon, 76% of the photons
photochemically cleave the main chain bond using a 5 ps pulse width compared with 51%
using a 150 ps pulse. The number of photons causing photolytic scissions is instrumental
in the subsequent rapid formation of small particles and a pressure wave. For example, a
maximum pressure of 4.8 GPa is observed at a fluence of 12 mJ·cm−2 with the 5 ps pulse
compared with 1 GPa at the same fluence with the 150 ps pulse. The result is a more
fragmented substrate with ejection driven by pressure using a 5 ps pulse. The Norrish
type I simulations do not include the unzipping reactions and hence the variance in yield
is not observed with changing pulse width. The bond scissions occur on the side chain
and do not result in monomer formation which allows every photon to photochemically
break a C-CO bond.

6.3.3

Plume composition

The composition of the plume following ablation is consistent with the mechanisms described. Figure 6.5 displays the yield of small molecules (defined here as an MMA
monomer or smaller) in units of MMA equivalents that have ejected from the substrate
as a function of fluence using 7.9 eV/photon and 5 eV/photon for (a) 5 ps and (b)
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150 pulse widths. The Norrish type I results show a greater number of small molecules
released at any given fluence using 5 eV photons which is indicative of the greater transformation deeper within the substrate due to the greater amount of photons. Even
though the amount of total material ejected is greater using 5 eV photons, the composition of particles in the plume is approximately the same with a majority of the plume
consisting of CO2 , CH4 , and large polymer clusters. The yield of small molecules for
the Norrish type II simulation using 5 eV photons, however, is consistently less than
the 7.9 eV/photon simulations for either the 5 ps or 150 ps pulse width. In comparison
to the Norrish type I simulations, where the smaller molecules such as CO, CO2 , and
CH3 OH that are produced are able to diffuse out of the material, Norrish type II simulations produce MMA monomers and polymer fragments which are less mobile. For the 7.9
eV/photon simulations, the ablation plume consists of many MMA monomers and MMA
fragments in addition to several large polymer chunks. In contrast, the 5 eV ablation
plumes mainly consist of one to three large pieces of substrate and very few monomer
or monomer fragments. Simulations at both wavelengths produce MMA monomers, but
the 7.9 eV photons dispense enough residual thermal energy after the photolytic scission
to break up large pieces of material which consist of a mixture of polymers, polymer
fragments and monomers.
Several facets of this study are complementary to experimental findings. Experiments using nanosecond pulses have measured a mixture of gases, monomers and polymer
fragments in the ablation plume. [19, 21, 22] From the simulations, the ablation plume is
determined to consist of gases and clusters for Norrish type I decomposition of PMMA
and monomers and large clusters for Norrish type II decomposition. While this result
cannot directly correlate to experimental findings, it does indicate the complexity in each
mechanism which occurs during photochemical ablation. Further experimental investigations of the species present in the plume and the distribution of their velocities, for
example using 266 nm or lower wavelength radiation and short pulses, can shed light on
importance of each pathway in the ablation process.
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6.4

Conclusions

In this chapter, the effects of chemical reactions, the formation of molecules, the amount
of photons and energy deposition were studied for two photon energies interacting with
a PMMA substrate. Two particular pathways of chemical breakdown following a photolytic scission were used in one case, the Norrish type I, small molecules and gases
are formed and in the other, Norrish type II, there is activated monomer unzipping.
The lower energy photons ablate more material at equal fluences due to more photons
causing fragmentation and chemical transformation deeper within the substrate. If the
bond break event competes with heating, the fragmented substrate has to be sufficiently
heated to thermally eject the material. This effect shifts the ablation threshold to a
higher fluence for simulations using 5 eV photons with Norrish type II reactions and a
pulse width of 150 ps. At equal fluences, the residual photon energy using 5 eV/photon
heats the substrate less. The ablation plume composition does not change for the Norrish type I simulation with varying photon energy. However, for the Norrish type II
simulations, the extra photon energy using the 7.9 eV photons allows the large pieces
of material to thermally decompose which is reflected in the plume composition. Even
though there are more photons available at a given fluence using lower energy photons
than were used in this investigation, the ability for single photons to cleave bonds and
to directly initiate photochemical reactions becomes energetically prohibitive. For those
cases, the thermal effects and multiple photon absorption events then are extremely important in determining the amount of material transformation and the mechanism of
ejection which occurs.
This chapter sheds insight into the mechanistic process of ejection using two different
photon excitation energies. The contributions of the different Norrish type processes
help in understanding the complexity of the relationship between the photon energy and
the number of photons at a given fluence. Though the experimental absorption depth
varies with wavelength and both reactions are likely to occur during the laser pulse, the
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simulations give a fundamental description of the ablation phenomenon and provide an
account of the microscopic details which occur with differing amounts of photons and
energies. In Chapters 7 and 8, simulations will probe the mechanistic process of polymer
ablation by varying the penetration depth and including multiple photon absorption
events.
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7.1

Introduction

The mechanism of laser ablation in a substrate is rooted in the complex interplay between
the properties of the material and the laser parameters. A straightforward description of
the substrate-light interaction is important to more effectively utilize the laser energy in
many applications. For example, in the mass spectrometric technique of matrix-assisted
laser desorption ionization (MALDI), an organic matrix is irradiated and embedded
analyte molecules are analyzed in the resulting plume. [1] The description of ablation
for the organic matrix can be well characterized by the absorption of an energy density
155
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higher than a critical energy density in a volume of substrate. [2–4] For more complicated
polymer systems, obtaining a similar critical energy criterion necessary for ablation is of
interest as optimization of the process becomes important for such commercial techniques
as developing microfluidic devices [5] and manufacturing nozzles for inkjet printers. [6]
Though many models have been developed, the extensive photon-polymer interactions
do not allow a clear-cut picture of ablation.
Both computer simulation and experiment have proven to be invaluable in deciphering an energetic description of ablation for molecular solids. Small organic molecules
such as 2,5-dihydroxybenzoic acid [7] and derivatives of cinnamic acid [8] are used as
the matrix in MALDI experiments. These molecules are highly absorbing and allow for
efficient and controlled energy transfer leading to ejection of material. Complementary
molecular dynamics (MD) simulations were designed to mimic the excitation of such
matrices and observe the collective motion of ejection. [9, 10] In the simulations, each
matrix molecule was modeled using a single sphere which upon photon absorption could
transfer energy through an internal mode of vibration. Above a threshold fluence, the
amount of material ejected from the substrate increased by an order of magnitude indicating ablation. An analytical model, in which a volume of substrate ablates when
a critical energy density is exceeded, well describes the calculated data. [3, 4, 11] The
critical energy was related to the cohesive energy of the material. Additionally, combined
simulation and experimental ablation studies were performed on bicomponent systems
of molecular solids with solutes of different volatility. [12] Experiment and simulation
showed the solutes with low cohesive energy eject at sub-threshold fluences and above
the ablation threshold both solutes eject efficiently. The differences in the amount of
material removed at a given fluence for each solute directly correlated with the cohesive
energy.
While for the molecular solid systems the relationship between critical energy density, cohesive energy and the ejection process is conceptually clear, a similar description
of ablation for polymer substrates is more convoluted. Defining a critical energy to
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initiate ablation would be advantageous for these materials in order to maximize the
laser efficiency. Under these conditions, however, this task remains elusive as the various laser conditions and material properties greatly affect the ablation mechanisms. A
simple energy-ejection picture is not well defined due to the interconnected nature and
chemical reactivity of the polymer. [2, 13] As a result, much debate has centered over
the contribution of thermal and photochemical reactions on the polymer decomposition
and ejection mechanism. [14–18] If purely photochemical effects dominate the polymerlight interaction, the material transforms and the strong, covalently bonded polymer is
replaced by a less tightly bound substrate. [19] The energy required to initiate ablation
would change accordingly with the cohesive energy of the transformed material. For
the “pure” photothermal interactions between the laser and the polymer, the absorbed
photon produces an elevated temperature in the substrate. [20–22] The deposited energy
causes thermal destruction of the polymer and ablation follows after a critical number of
bonds in the polymer are broken. [13] The amount of energy which is required in thermal ablation in the photothermal case is related to the cohesive energy of the original
polymer.
In the preceding chapters, MD simulations were discussed which elucidated the photothermal and photochemical mechanisms of ablation in polymers. The results of the
simulations are briefly reviewed here. A hybrid MD-Monte Carlo model was developed
and discussed in Chapter 2 in which the absorption of photons by poly(methyl methacrylate) (PMMA) substrate is studied. The embedded Monte Carlo (MC) based reaction
scheme allows for the incorporation of chemical reactions into MD simulations using
predetermined reaction pathways, energies and rate kinetics. Both photothermal and
photochemical excitation pathways are able to be directly modeled using this method to
understand the effects of thermal, chemical and mechanical changes in initiating ablation. Each pathway is studied separately in order to understand their individual effects
on the collective motion of ejection. For the photothermal processes, each photon heats a
monomer unit of the polymer while for the photochemical processes each photon directly
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causes a bond cleavage.
Ablation thresholds were observed for pure photothermal mechanisms in PMMA in
Chapters 4 and 5. Photothermal processes were studied along a range of fluences (4–20
mJ·cm−2 ) using photon energies of 7.9 and 5 eV (equivalent to 157 and 248 nm radiation)
with the penetration depth remaining constant (100 Å). In the photothermal simulations,
no chemical reactions are allowed though bonds are able to mechanically break. Ablation
is observed to occur when the deposition of energy causes a critical number of bonds to
break. A characteristic energy to initiate ejection is described using a volumetric energy
density. In the simulations, only one photon is able to be absorbed per monomer and
therefore solely the 7.9 eV photon simulations supply sufficient energy density to initiate
ablation. If more than one 5 eV photon could be absorbed per chromophore, sufficient
energy density using 5 eV photons could be attained to trigger ablation.
Photochemical processes also lead to ablation of material though through a different
mechanism than the photothermal simulations, as discussed in Chapters 5 and 6. Similar
parametric conditions were used for these studies including the range of fluences and
two photon energies (7.9 and 5 eV) and a single penetration depth of 100 Å. Ablation
is observed to occur for the photochemical simulations in three main stages: the direct
cleavage of bonds weakening the polymer, the chemical composition of the material
changing through reactions and large portions of the material ejecting. Two pathways
of breakdown were studied and their effects examined. In one pathway (Norrish type I,
see Figure 7.1), small molecules and gases form following the bond break which readily
stream out of the substrate. Ejection of clusters of substrate ensues. In the other
channel (Norrish type II, see Figure 7.1), the unzipping of MMA monomer dominated
the breakdown of material. The MMA molecules do not eject from the substrate as
readily as the gases but fragment the material and layer-wise ejection of the substrate
follows. The decomposition of the substrate by either pathway is rapid and efficient
compared with the photothermal mechanism allowing initiation of ablation at lower
fluences. For the photochemical simulations, more material is ejected using lower energy
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Figure 7.1: A monomer unit of PMMA. Coarse-grained beads are grouped by circles
and the Norrish type I and II cleavages used in the simulations are denoted.
photons at equal fluences. At equivalent fluences, more 5 eV photons are absorbed which
directly cleave a greater number of bonds to form radicals. The enhanced formation of
radicals produces more transformation of material and leads to an increase in the amount
of substrate ejected.
In this chapter, we now connect both the photothermal and photochemical simulations of PMMA ablation together using critical energy, an experimentally relevant
parameter. For both the photothermal and photochemical excitations, the energy deposition is studied along a range of fluences and two penetrations depths. We show
that a critical energy is a common attribute in the simulations which can be used to
describe the required condition for ablation. Additionally, the impact of the amount of
photochemistry on the critical energy value is presented.
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7.2

Computational Details

Molecular dynamics simulations are used to study the energetics of the photothermal and
photochemical interactions which result from the absorption of photons by PMMA. The
simulation consists of coarse-grained PMMA substrate with a united atom representation
of the functional groups C, CH2 , CH3 , C=O, and O of the polymer chain (Figure 7.1)
as well as CH4 , OH and CH groups which are formed as a result of chemical reactions.
Coarse-grained beads are used in order to increase the time-step of the simulation by
eliminating the computationally expensive CH and C=O bond vibrations which are not
essential in observing the mesoscopic motion of ablation. [9, 23] The potentials used
in the simulation have been previously described and allow for bonds to break due to
overstretching under conditions of high temperature and stress. [23, 24] The substrate
consists of 951 PMMA chains with 19 monomer units per chain at a density of 1.19 g·cm−2
corresponding to a 51 Å × 51 Å × 936 Å sample size. Periodic boundary conditions are
used in the surface plane simulating the center of the laser while a pressure absorbing
boundary condition is imposed at the bottom of the sample. This boundary condition
mimics an infinitely long sample and prevents the reflection of a propagating pressure
wave which may result from the excitation pulse. [25]
Photons of 7.9 eV and 5 eV are absorbed by the polymer substrate for fluences of
5–25 mJ·cm−2 . A detailed description of the method is given in Chapter 2. A brief
review is given here. The absorption site of each photon is chosen randomly with the
probability attenuated by Beer’s law using penetration depths of 100 and 250 Å at both
photon energies. Though the absorption characteristics of PMMA differ with changing
wavelength, [26] these studies do not account for this difference. Only the differences in
energy absorption are examined. Following irradiation, an absorbed photon either heats
a monomer unit in the polymer chain (pure photothermal) or directly cleaves a chemical
bond (photochemical). Two direct chemical scissions are examined in the simulations:
cleavage of the main chain C-CH2 bond (Norrish type II) or the side chain C-CO bond
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(Norrish type I) forming their respective radicals, see Figure 7.1. [27] The strength of
either bond is approximately 3.6 eV; the excess energy of each photon goes into heat.
The thermal and photochemical excitations are simulated separately in order to assess
the effects of each following laser irradiation. The photochemical quantum yields are
higher than in experimental studies [16] to maximize photochemistry in the system and
observe its effects. Following the photochemical bond scissions and formation of radicals,
further reactions are able to occur according to a Monte Carlo scheme using radical
existence times, activation energies, local temperatures, and Arrhenius reaction rates.
This protocol is thoroughly described in Chapter 2. The chosen reactions contain the
essential processes which chemically change the composition of the substrate, affect the
ablation process and represent experimental results. [14, 16, 28] The reactions include
the production of species such as carbon monoxide, carbon dioxide, methane, methanol,
methyl formate, and double-bonded carbon centers for the Norrish type I simulations and
MMA monomer, methane, and unzipping products for the Norrish type II simulations. A
monomer unzipped from the polymer chain in the Norrish type II simulation can absorb
a photon (with the same probability as a main chain carbon) as heat rather than causing
a bond scission. A pulse width of 150 ps is chosen for the simulations to be within the
thermal confinement regime where the pulse width is shorter than the time required for
the dissipation of thermal energy in the material. This pulse width in not within the
stress confinement regime and, therefore, only thermal effects (not pressure effects) are
observed. Using short pulses, multi-photon absorption can occur experimentally, [29]
however, the simulations limit one photon absorption per carbon center.

7.3

Results and Discussion

The critical energy for ablation in the simulations is defined as the minimum energy
required to initiate ejection at a certain depth. In order to characterize such a critical
energy, the conditions necessary for ablation must first be ascertained. For each of the
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photothermal and photochemical simulations, ablation is achieved at a certain threshold
fluence following the absorption of photons. In Figure 7.2a, 7.2b and 7.2c, the amount of
material ejected in units of MMA equivalents is plotted on the left ordinate as a function
of fluence for each of the photothermal, Norrish type I and Norrish type II simulations,
respectively, using penetration depths of 100 and 250 Å irradiated with 7.9 eV photons.
Ablation is realized when large fragments of substrate eject and clusters are present in
the plume. [4] Clusters are defined in the simulation as aggregates of particles which
are grouped together regardless of their bonding characteristics within 5 Å as all the
bonding/non-bonding potentials go to zero in the range of 3–5 Å. Below the ablation
threshold, the plume consists of few polymer fragments and gaseous molecules, which is
indicative of a desorption process. [4] The plots in Figure 7.2 show the desorption regime
at low fluences with a small yield of MMA equivalents. The yield increases dramatically
at fluences above the ablation threshold. In these simulations, ablation is observed when
there is ejection of approximately 1000 MMA equivalents. In the ablation regime, the
yield increases almost linearly with increasing fluence and similar slopes are observed in
each set of simulations. The increase in yield with fluence is due to the greater amount
of photons being absorbed by the sample causing more damage and decomposition to
occur deeper within the substrate. [30, 31] The equivalent depth of material removed
corresponding to the yield is also plotted on the right ordinate as a function of fluence in
Figure 7.2. At the ablation threshold, approximately 40–60 Å of the original substrate is
removed and, in these simulations, the maximum amount of material which is removed
is 275 Å, or 29% of the substrate.
Photochemistry affects the amount of energy necessary to initiate ejection which
is reflected in the threshold fluence. Comparing the different excitation channels in
Figure 7.2 for the 100 Å penetration depth, the threshold fluence to initiate ablation is
shifted for each process with the Norrish type I simulations having the lowest threshold
and the heating having the highest threshold. In the heating case (Figure 7.2a), the
photon energy absorbed as heat must cause a critical number of bonds to overstretch
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Figure 7.2: Yield in MMA equivalents (left ordinate) is plotted as a function of fluence
using 100 (red circles) and 250 Å (blue squares) penetration depths for (a) pure photothermal, (b) Norrish type I, and (c) Norrish type II simulations using 7.9 eV photons.
The corresponding depth of material removed in Å is also plotted on the right ordinate.
The lines are added as guides.

164

and mechanically break which initiates ejection of large fragments of substrate. Since
there are no chemical reactions which occur, the material retains its original connectivity
and the amount of energy required for ablation is supplied at a high fluence. With either
of the Norrish type cases, absorption of photons directly causes bond scissions and leads
to the rapid degradation of material preceding ablation. This process is more efficient
than photothermal decomposition of material. As discussed in Sections 7.1 and 7.2, the
photons in the Norrish type I simulations (Figure 7.2b) directly cleave bonds and allow
for the formation of smaller gaseous molecules and polymer fragments. In the Norrish
type II simulations (Figure 7.2c) photons also directly trigger bond scissions and the
formation of MMA monomer and double-bonded carbon centers on the polymer chain
follows. Ablation follows the decrease in connectivity when enough energy is deposited to
eject chunks of the remaining substrate. The threshold fluence is higher for the Norrish
type II versus the Norrish type I. In the Norrish type I simulations, every photon results
in a bond scission, whereas, in the Norrish type II simulations, once a Norrish type II
bond break occurs, MMA unzipping can take place. If the MMA monomer absorbs a
subsequent photon, the photon will be absorbed as heat rather than cause a photolytic
scission, reducing the effective quantum yield. Because of this absorption, the Norrish
type II simulations are a mixture of photothermal and photochemical reactions with 40–
55% of the photons directly heating the sample. This process does not allow a comparable
amount of material breakdown to occur in the substrate and therefore a higher fluence
is needed to initiate ablation than in the Norrish type I case.
Different mechanisms are evident in the ejection process through an examination
of the ablation plume. The various components of the ablation plume are shown in
Figure 7.3a–c for the photothermal, Norrish type I and Norrish type II simulations,
respectively, at a fluence of 20 mJ·cm−2 using a penetration depth of 100 Å, 7.9 eV photons and a pulse width of 150 ps. The snapshots are taken after ablation has occurred
at times of 215, 225 and 270 ps, respectively. In each snapshot, red and grey beads
represent molecules of the original polymer, yellow beads represent thermally broken
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molecules (in Figure 7.3a) or radicals (in Figures 7.3b and 7.3c), green beads represent gaseous molecules (such as CO, CO2 , CH4 , CH3 OH, CH3 OCHO), and blue beads
represent double-bonded carbon species. For the photothermal simulation, ablation is
observed with the ejection of several large clusters of substrate (Figure 7.3a). A majority
of the ejecta consists of the large clusters of material, however approximately 12–20% of
the plume consists of small molecules (mostly PMMA monomer and dimers). The clusters are relatively lower velocities compared with the smaller molecules. The remaining
substrate retains a temperature of ∼1000 K at the surface after 3–5 ns and no further
ejection of large clusters is observed on this time scale. For the Norrish type I simulation, rapid transformation of material occurs and many small gas molecules are formed
which readily begin to stream out of the substrate. This primary process is followed by
the ejection of large pieces of substrate (Figure 7.3b) surrounded by gas particles. The
clusters which are relatively slow moving consist of mainly residual polymer and doublebonded carbon. Using the 150 ps pulse width (within the thermal confinement regime),
the production of gas does not lead to pressure gradients that cause the liftoff of the
material. The formation of gas only destroys the integrity of the material and ejection
is thermal in nature. Many MMA monomers and double-bonded carbon readily form
after the initial photon absorption for the Norrish type II simulations. In contrast to the
Norrish type I, the monomers remain within the substrate. After the formation of the
MMA species which decreases the connectivity of the polymer, clusters of material then
eject and mainly consist of the MMA double-bonded carbon species (Figure 7.3c). The
remaining substrate in either of the Norrish type cases contains residual compounds at
depth up to 1.5 times the penetration depth. Additional ablation effects of the remaining
substrate composition and temperature are not seen on the timescale of the simulations
(nanoseconds).
Further evidence of the dependence of ablation on energy is observed by changing
the penetration depth in the simulations. Using a deeper penetration depth, the ablation thresholds are shifted to higher fluences with a change in the photon distribution,
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Figure 7.3: Snapshots of the ablation plume are shown: (a) photothermal ablation at
215 ps, (b) Norrish type I ablation at 225 ps, and (c) Norrish type II ablation at 270 ps.
The red and grey represent particles of the original polymer, yellow particles represent
mechanically broken bonds and radicals, green particles represent gaseous particles, and
blue particles represent double-bonded carbon species.
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however, the photochemical effects on the threshold remain. Similar to using a 100 Å
penetration depth, the Norrish type I simulations, Figure 7.2b, ablate with the least
amount of energy (lowest fluence) using a 250 Å penetration depth, followed by the
Norrish type II simulations, Figure 7.2c, and finally the pure photothermal simulations,
Figure 7.2a. The mechanism of initiating ablation for each case does not change with the
different penetration depths. The distribution of photons, however, changes accordingly
with the penetration depth (Beer’s law) which impacts the threshold fluence. At a given
fluence, an equal amount of photons is absorbed for the two penetration depths used
but fewer are absorbed close to the substrate surface using the larger penetration depth.
This difference in photon distribution results in a smaller amount of energy density available at equal fluences near the surface for all simulations. Thus for the photothermal
simulations, there are fewer mechanical bond breaks, and the threshold is shifted to a
higher fluence. The impact of the distribution of photons will be further discussed below
and in Figure 7.4. Additionally, for the photochemical simulations, fewer photochemical
bond cleavages and less chemistry occur in a particular volume at a given fluence for
the larger penetration depth shifting the compulsory energy for ablation to be supplied
at a higher fluence. For example, in the Norrish type I simulations, ablation occurs at
a fluence of 8 mJ·cm−2 with a penetration depth of 100 Å but does not occur until a
fluence of 12 mJ·cm−2 with a penetration depth of 250 Å. With fewer photons being absorbed closer to the surface using a 250 Åpenetration depth, fewer radicals are formed,
less material transformation and chemical reactions occur which results in a higher in
threshold fluence. This description is illustrated in Figure 7.4 where contour plots of the
transformation of the chemical makeup in the top 500 Å of the substrate with a fluence
of 8 mJ·cm−2 and each penetration depth (Norrish type I) are shown as a function of
time. The contour scale goes from < 0.05 (blue) denoting the original material to ≥
0.75 (red) where greater than 75% of a 10 Å slab of substrate has been transformed into
products such as radicals, gases, or double-bonded carbon. Though more transformation
is prevalent deeper in the sample using a 250 Å penetration depth, a greater fraction of
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material is transformed in the top of the sample using the smaller penetration depth.
Within the top 50 Å of the substrate, approximately twice as many photons are absorbed
using the smaller penetration depth (552 photons with a penetration of 100 Å compared
with 283 photons with a penetration depth of 250 Å). The greater number of photons
allows more radicals to form at this depth and (exothermic) chemical reactions to occur
which transforms the substrate and releases energy.
A critical energy value can now be assigned using the above characterization of
ablation for the three different pathways of material decomposition. As shown with
the variation of the ablation threshold, this energy differs depending on the amount
of photochemistry present. The critical energy is determined by calculating the minimum amount of energy required to be added to the system to remove material. In
Figure 7.5a, 7.5b and 7.5c, the total energy (kinetic plus potential) per monomer is plotted as a function of depth for the top 500 Å for several fluences of the photothermal,
Norrish type I and Norrish type II simulations, respectively. The total energy added per
monomer unit is determined by calculating the difference between the total energy at
200 ps and the initial time in 10 Å slices of the sample. The time of 200 ps is satisfactory
for this discussion as ablation has occurred and roughly all of the energy is deposited
in the system by this time, i.e. the laser pulse has ended and a large majority of the
subsequent reactions have transpired. In the simulations which demonstrate ablation,
the long dashed and solid curves in Figure 7.5, the lowest depths removed and the corresponding energies are denoted by circles (100 Å penetration depth) and squares (250 Å
penetration depth). When the energies are averaged with all the fluences which exhibit
ablation (all of which are not shown in Figure 7.5) for a particular excitation channel, a
critical energy is obtained which is denoted with a horizontal line on each of the plots.
For the photothermal simulations irradiated with 7.9 eV photons, the critical energy is
calculated to be 7 eV/monomer using simulations where ablation occurs. The critical
energy is similarly calculated to be 3.6 and 5.5 eV/monomer for the Norrish type I and
II simulations, respectively, using 7.9 eV photons. For the fluences which do not exhibit
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Figure 7.4: Contour plots of the fraction of substrate converted to products as a
function of depth and time for a Norrish type I simulation using a fluence of 8 mJ·cm−2
with (a) a penetration depth of 100 Å and (b) a penetration depth of 250 Å. The scale
of the fraction of transformation is also given.
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ablation (several are shown in Figure 7.5), the critical energy is not deposited in the
substrate and ejection does not occur. As shown in Figure 7.5a, the amount of added
energy does not significantly exceed the critical energy for the photothermal simulations
due to the limitations of one photon absorption in the simulation.
The lowest critical energy to initiate ablation is for the Norrish type I simulations
while the most energy required is for the photothermal simulations. In Figure 7.6,
the average critical energy with standard deviation is given for each of the simulations
studied. For the Norrish type I simulations, the most photochemistry occurs where
every photon absorbed results in a bond cleavage. The chemical reactions then produce
small molecules and gases which readily eject from the substrate. With the chemical
transformation and resulting reduced polymer connectivity, an absorbed energy of 3.6
eV/monomer is required to eject large molecular clusters which is equivalent to a single
carbon-carbon bond per monomer. The photochemistry that occurs in the Norrish type
II simulations is different from the Norrish type I. A key difference is that photons
may be absorbed as heat or cause photochemical bond cleavage during the irradiation
process. Therefore, while the photochemistry in the Norrish type II case disrupts the
connectivity of the substrate, the amount of energy required by the substrate to initiate
cluster ejection is greater than the Norrish type I case (5.5 eV/monomer for absorption
of 7.9 eV photons). In the photothermal simulations, the largest amount of energy is
required to initiate ablation. The photons do not directly cleave bonds in this case, and,
as a result, an energy of 7 eV/monomer needs to be absorbed. This value indicates
that almost twice the amount of energy is required per monomer (2 carbon-carbon bond
breaks) to initiate cluster ejection for pure heating of the substrate compared with the
Norrish type I reactions.
Similar trends in the critical energy varying with photochemistry are observed with
absorption of 5 eV photons. The critical energy also is indicated in Figure 7.6 for the
two photochemical pathways using 5 eV photons (the yield versus fluence curves are
not shown). The lack of pure photothermal simulations showing ablation with 5 eV
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are plotted per penetration depth. The short dashed line indicates a fluence below the
ablation threshold while the long dashed and the solid lines indicate fluences above the
threshold. The depth of material removed from Figure 7.2 is denoted on plots that
exhibit ablation. The calculated critical energy to initiate ejection of a layer is indicated
by a horizontal line.
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photons and the differences in the material decomposition process have been discussed
in the Introduction. The critical energies for the 5 eV/photon simulations are slightly
lower than the 7.9 eV/photon simulations. The critical value for the Norrish type I
simulations is 3 eV/monomer and the critical value for the Norrish type II simulations
is 4.9 eV/monomer which are about one standard deviation from the 7.9 eV/photon
simulations.. Most importantly, the trend in the value of the critical energy varying
with the amount of photochemistry remains unchanged with the Norrish type I simulations requiring a lower energy than the Norrish type II simulations indicating different
mechanistic regimes.
While these energies are for a model PMMA system and cannot map back exactly
to experiment, they clearly indicate the significance of photochemistry in the ablation
process. Figure 7.6 displays the effect of the chemistry occurring in the substrate on
the energy required for ablation. A distinct trend in the critical energies to initiate
ablation with a variation in photochemistry is shown. In comparison, the mechanism
of ablation in experimental studies of pure polymer substrates has been characterized
as a mixture of both photothermal and photochemical processes. [18, 26, 32–34] As a
consequence of this complex interaction, there may not be a well-defined correlation
between the laser input parameters and a critical energy in experiment. However, the
results of this MD study demonstrating the effects of photochemistry on the critical
energy complements those experiments which have used dopants and chemical design
to harness the photochemical properties of materials to enhance laser ablation. Early
studies by Srinivasan using PMMA doped with acridine showed a decrease in the ablation
threshold compared with pure PMMA. [31] The decrease in the threshold was attributed
to the decomposition of the acridine following multi-photon absorption which increased
pressure and aided in ablation. Research by Lippert and Dickinson also revealed that
the ablation characteristics of PMMA could be improved at a particular wavelength
by including dopants. [28] Most notably, Lippert, Wokaun, Dickinson and Masuhara
have designed polymers with chromophores that are photochemically active. [35–37]

174

The polymers manufactured with triazene and ester groups were designed to lower the
ablation threshold and increase the ablation quality by photochemically decomposing
into gaseous products upon excitation. Our results also indicate a similar interplay
between increasing photochemistry and the amount of energy necessary for ablation.

7.4

Conclusions

A critical energy can describe the necessary amount of energy to initiate ablation in
the substrate. MD simulations were used to study the effects of photochemical and
photothermal processes on the critical energy required to initiate ablation in PMMA.
Three pathways of decomposition were investigated independently and the parameters
of fluence and penetration depth were varied. In order to ascertain the dependence
of the critical energy on the photothermal and photochemical processes, the amount
of material removed, the ablation thresholds and the ejection mechanisms were each
examined. The critical energy to initiate ablation decreased with increasing the amount
of photochemistry introduced into the system. The direct photolytic bond scissions with
chemical reactions were more efficient degrading the material and leading to ablation
than photothermal processes.
Studying the energetic effects of including different types of photochemistry gives
insight into the ablation process of polymeric materials. The simulations show the complex interplay between photochemistry and energy and how the ejection process can
be affected. The results also complement experimental studies where polymers are designed for photochemistry to enhance ablation. Simulations in Chapter 8 will continue to
explore the mix of chemistry and energy by including dopants in the substrate and allowing multiple absorption events which will further provide understanding of the intricate
ablation process.
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Chapter

8

The effects of dopants on ablation
8.1

Introduction

Some polymers have low absorption coefficients at particular wavelengths, and in order
to achieve ablation in these materials, researchers include dopant particles in polymer
matrices to more effectively utilize the photon energy. [1–4] The dopant particles are
varied and include uniformly distributed, small organic dyes and large carbon or metal
nanoparticles. [1, 5–7] Additionally, polymers have been synthesized to include specific
absorbing chromophores in the backbone which assist in initiating ablation. [8, 9] The
microscopic underpinnings of the ablation process are complicated by the nature of the
dopant-polymer interactions which may include the chemical and physical characteristics
of both the dopant and polymer particles. Molecular dynamics (MD) simulations are
ideal for studying such interactions as computational systems can be designed to observe
how each property influences the ablation mechanism.
For over twenty years, scientists have performed experiments seeking to augment
ablation in polymers using various physical and chemical techniques. The earliest work
was performed on the polymer poly(methyl methacrylate), or PMMA, by Srinivasan. [1]
A dopant of acridine was included in the PMMA matrix and the etch depth (ablation
yield) was studied as a function of fluence after excitation by a ultraviolet (UV) laser.
The dopant molecules absorb multiple photons during the irradiation period then readily
180
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decompose. This process was observed to lower the ablation threshold when compared
to the excitation of the pristine polymer. Similar results were observed by Masuhara
irradiating PMMA doped with pyrene and benzophenone. [10] Further studies show that
using an aromatic dopant molecule (2-(2’-hydroxy-phenyl) benzotriazole) photochemically induced reactions can initiate ablation in a PMMA substrate. [11] The organic
dopant absorbs multiple UV photons, is excited to a high electronic state, and then photochemically decomposes causing ablation in the substrate. Ihlemann and co-workers
also studied the effects of the decomposition of dopant molecules in a PMMA matrix. [5]
Upon UV excitation, the dopants, 1,3-diphenyltriazene or 9,10-dihydroanthracene-9,10dicarboxylic anhydride, readily decompose into nitrogen or carbon monoxide and carbon
dioxide, respectively, forming ‘bubbles’ beneath the substrate surface. A complex mechanism was described in which both an elevation in temperature from thermalization of
the photon energies and the production of the gaseous molecules give rise to ablation.
Researchers then developed designer polymers which included the highly absorbing triazene functional group found in the previous dopant. [8] The distinct advantage of using
the triazene functional group within the polymer is that photochemical activities could
dominate following laser irradiation (at a specific wavelength) reducing thermal mechanisms in the material. [2, 12] These novel triazene polymers have been shown to be
effective in producing high quality structures using laser ablation (see Figure 1.4). [12]
Many of the previously mentioned studies use UV lasers in their investigations of
ablation. Whereas the use of dopants and functional groups which are UV active is prevalent, ablation research has also been performed using infrared (IR) lasers and IR active
dopants. Thermal mechanisms dominate the ejection process using IR wavelengths. [13]
An IR active dye (IR-165) was added to a PMMA substrate which can absorb up to
several hundred photons during a 100 ps laser pulse. [14, 15] At the threshold, the calculated fraction of thermally decomposed polymer was observed to increase with increasing
laser energy. The proposed mechanism for ablation is dopant (thermal) induced cleavage of the polymer chain followed by continued unzipping and depolymerization in the
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plume. Work by Pinto and Lloyd showed that a similar mechanism occurs in a IR-165
doped ethyl methacrylate/2-hydroxyethyl methacrylate copolymer substrate. [16] In another study, different sized dopants (IR-165, approximately 1 nm in radius and graphite
nanoparticles, approximately 110 nm in radius) were separately included in ethylcellulose
polymer films. [6] Using a long laser pulse (150 ns), both dopant-polymer film systems
were observed to ablate at approximately the same threshold fluence. However, when a
shorter 23 ps pulse was used, the ablation threshold using the graphite-polymer system
was 3 times smaller than for the IR-165-polymer system. This shift in the threshold was
due to localized “hot spots” being formed around the larger graphite nanoparticles and
increasing the thermal decomposition of polymer. Another experiment used aluminum
nanoparticle dopants to ablate poly tetrafluoroethylene in the near IR. [7] The ablation
threshold of the polymer is lower by a factor of ten compared with excimer ablation of
the pure polymer and is attributed to polymer decomposition by shock fronts originating
at the metal nanoparticles.
The complex dopant-polymer interactions leading to ablation are initiated by either
thermal, chemical or mechanical processes or a mixture of the three. MD simulations
have proven to be invaluable in describing the molecular-level picture of how these photon
absorption events lead to ejection of material in pure substrates. Simulations by Zhigilei
and Garrison described the set of conditions necessary for ablation of an organic solid.
[17, 18] Upon absorption of a photon, the energy was deposited in the internal potential,
or breathing mode, of the particle. The transfer of energy from this particle to its
surroundings was controlled by allowing the particle to change size and adjusting the rate
at which the radius of the particle interacts. This method allowed an effective depiction
of the ablation processes following energy deposition. Further insights were gained by
incorporating direct laser-chemical effects in the simulations. [19–21] Following photon
absorption, direct bond scission in a chlorobenzene substrate occurred and chemical
reactions transpired. The exothermic photochemical reactions deposited more energy in
the system compared with pure photothermal interactions, and the ablation threshold
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was significantly lowered.
In the preceding chapters, the photothermal and photochemical effects were described based on simulations of a more complex PMMA polymer system. The mechanism
of ablation differed depending on the excitation channel studied. With photothermal
processes, the absorption of a photon increased the kinetic energy of the monomer unit.
Ablation was realized when sufficient energy was deposited to cause a critical number
of bonds to break and bulk ejection of substrate ensued. In contrast, the photochemical
absorption of photons was followed by direct cleavage of covalent bonds in the polymer.
This excitation channel led to rapid decomposition through chemical reactions and a
decrease in the cohesive energy of the polymer substrate. Following these reactions,
ablation was observed with the thermal ejection of large chunks of substrate. The energetic requirement for ablation for the photochemical cases was shown to be less than for
the pure photothermal interaction. Photomechanical processes can also induce ablation
when the pulse width is short and the rapid deposition of heat and/or formation of small
particles causes the onset of a pressure wave.
In this chapter, simulations of laser-polymer interactions are extending by including
thermally absorbing dopant particles in a PMMA system. As described above, dopant
molecules can add new and interesting physics to the ablation process without severely
impacting the properties of the polymer. Several simulation techniques are used to
describe the dopant polymer interactions and their effects. In one set of simulations,
point thermal absorbers are distributed throughout the polymer matrix which are excited
by photons. The effects of the transfer of energy to the surrounding substrate and the
process resulting ablation are described. In another set of simulations, a cluster of
absorbing particles absorbs the energy of the laser. The mechanisms of material ejection
are compared with those when the photons directly interact with the PMMA polymer.
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8.2

Computational Details

Molecular dynamics simulation is used to study the absorption of photons by thermal
absorbers in a PMMA substrate. The interaction of photons with PMMA was previously
described in detail in Chapter 2. In this study, thermal absorbers are excited by the
photons rather than direct absorption by the polymer beads. The computational system
consists of 951 PMMA polymer chain with 19 monomer units per chain in a 51 Å × 51 Å
× 936 Å computational cell. Periodic boundary conditions are used on the lateral sides
of the cell simulating the center of the laser pulse, while a pressure absorbing boundary
condition [22] is used at the bottom to prevent the reflection of a propagating pressure
wave. A coarse-grained description of PMMA is used where each of the functional groups
C, CH2 , CH3 , CO, and O are represented by united atoms. Coarse-graining is used to
decrease the simulation time by eliminating the computationally expensive C-H and C=O
bonds which are not essential in observing ablation. [17, 23] Dopant particles are added
to the polymer matrix, and two distinct types of systems considered in this study: one
in which there is excitation of a uniform distribution of thermal absorbers throughout
the entire sample and another where there is excitation of a cluster of absorbers. In each
system, chemistry is allowed to occur following the thermally induced bond breaks. The
chemical reaction scheme follows the model described in Chapter 2.
In the first type of system, 1822 dopant particles are uniformly distributed throughout the sample (10% by weight). The dopant particles closely match the properties of
the substrate with each dopant particle having the mass of a monomer unit and the
interactional potential between the dopant and the polymer being the same as the intermolecular potential between polymers as described in Chapter 2. Additionally, the
absorbers contain an internal potential, or breathing mode, to control the transfer of
energy from the absorbing particle to the surrounding polymer after excitation. This
potential was based on the functional form used by Zhigilei and Garrison to describe the
transfer of energy and the subsequent ablation in an organic solid. [17, 18]. The internal
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potential has the functional form
UR = k1 ∆Ri2 + k2 ∆Ri3 + k3 ∆Ri4

(8.1)

where ∆Ri is the change in the size of the radius of the absorber from equilibrium and
k1−3 are constant which control the rate of energy transfer. To use this potential, the
interaction between the absorber and the surrounding polymer is calculated from the edge
of the absorber. The equilibrium radius of the absorber is 1.4 Å, and the constants k1−3
are chosen so the excitation energy is transferred to the surrounding particles within
5 ps. The absorption of photons by the absorbers is modulated by Beer’s law using
a penetration depth of 100 Å, and each absorber can be excited multiple times. As
discussed above, thermal dopants can absorb several hundred photons during a 100 ps
laser pulse in experiment. [14, 15] A range of fluences (5–30 mJ·cm−2 ) are studied using
1.3 eV photons (equivalent to 1064 nm radiation) and a pulse width of 150 ps. This
pulse width is within the thermal confinement regime as discussed in Chapter 5, and
consequently no significant pressure effects are present in the simulations.
In the second type of system, a cluster of particles absorbs the photons during the
simulation. Excitation of a cluster of absorbers is used to more effectively compare to
experimental systems such as the graphite nanoparticle dopants described in Ref. [6].
A spherical, face centered cubic (FCC) cluster consists of 140 particles and is 12.5 Å
in radius. The particles in the cluster are based on the carbon interactions in graphite,
therefore, each particle is assigned a mass of 12.01 amu and a Morse-type potential
is used for the absorber-absorber interactions (see Equation 2.1) with the parameters
chosen so that the binding energy is approximately 7 eV and the melting temperature is
approximately 4000 K. A Lennard-Jones (LJ) potential is used for the absorber-polymer
interactions which is adapted from a carbon nanotube-polymer interaction. [24] The
breathing mode of Equation 8.1 is used for the transfer of energy from the absorbers
in the cluster to the surrounding particles and the transfer of energy is configured to
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occur within 5 ps. The cluster is placed at depths of 50 or 250 Å in the PMMA polymer
sample, and, because only the cluster particles are absorbing the photons, Beer’s law is
not followed. A pulse width of 150 ps is used in the simulations, so no pressure effects are
studied. Energies of 3–20 keV using 1.3 eV photons are absorbed by the clusters during
the simulations to observe ablation in the system. These energies are the equivalent to
the amount of energy per atom as observed in ablation experiments using micron-sized
carbon black dopants. [25]

8.3
8.3.1

Results and Discussion
Uniform distribution of absorbers

An examination of the yield of particles through the range of fluences studied shows the
onset of ablation above a defined threshold. In Figure 8.1, the yield in MMA equivalents
is plotted on the left ordinate as a function of fluence for the thermal absorber simulations. The existence of ablation is observed when the yield increases above 1000 MMA
equivalents, which occurs between the fluences of 8 and 15 mJ·cm−2 . In this regime,
the plume is characterized by the presence of large clusters of material that have ejected
from the original substrate. Clusters in the plume are designated by grouping together
particles regardless of their bonding type within an interacting distance of 5 Å, as all the
bonding potential energies go below the available thermal energy with a separation of 3–
5 Å. Below the ablation threshold, polymer fragments and thermal absorbers evaporate
from the surface region of the substrate. With the excitation of a uniform distribution
of thermal absorbing particles in the substrate, the yield is comparable to the results of
the PMMA simulations discussed in the preceding chapters. For comparison purposes,
the yield of particles for the simulations of Norrish type II excitation of PMMA (from
Chapters 5, 6, and 7) is also plotted in Figure 8.1. The yields are similar for these two
excitation channels, however the particle size distributions in the plume are different. In
Figure 8.1, the average cluster size in the plume is plotted on the right ordinate as a
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Figure 8.1: The yield of particles ejected from the substrate is plotted on the left
ordinate (black, solid line) as a function of fluence for the Norrish type II simulations
(circles) and the thermal absorber simulations (gradients). Additionally, the average
cluster size in the ablation plume is plotted on the right ordinate (red, dashed line) as a
function of fluence for each simulation.
function of fluence. The average cluster size for the Norrish type II simulations is less
than the uniform absorber simulations. This difference is due to the efficiency of the
photons in decomposing the material.
For the Norrish type II simulations, the onset of ablation occurs due to chemical
decomposition weakening the integrity of the substrate and the ejection of clusters of
substrate ensues as described in detail in Chapters 5 and 7. In the Norrish type II simulations, photons directly cleave covalent bonds in the substrate and the polymer chemically
transforms into MMA monomer and small polymer fragments. Snapshots of the Norrish
type II simulation illustrate the progression of the system at a fluence of 20 mJ·cm−2 in
Figure 8.2. The particles of the original polymer are grey and red, while gaseous particles
are green, double-bonded carbons are blue, and radicals are yellow. By 100 ps shown
in Figure 8.2b, swelling of the surface has occurred, and new chemical species (mostly
notably double-bonded carbons) are apparent in the upper 200 Å of the substrate. The
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Figure 8.2: Snapshots of the Norrish type II simulation using a fluence of 20 mJ·cm−2
at (a) 0 ps, (b) 100 ps, (c) 200 ps, and (d) 300 ps. The particles of the original polymer
are colored grey and red, while gaseous particles are colored green, double-bonded carbon
is colored blue and radicals are colored yellow.
onset of ablation is imminent as a small cluster is nearing ejection. Numerous polymer
clusters which consist of MMA monomer and residual polymer fragments have ejected
and denote the presence of ablation by 200 ps (Figure 8.2c). Some small gaseous species
are also present in the ablation plume. In Figure 8.2d, newly formed species remain in
the substrate indicating residual chemical damage.
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Similarly, the simulations of the uniform distribution of thermal absorbers cause
significant chemical damage in the substrate. Upon excitation, the photon energy is
deposited in the internal mode of the thermal absorbers. This type of energy deposition
causes localized, high temperature regions in the substrate. While the penetration depth
and hence the energy deposition profile along the depth are the same as the pure photothermal simulations discussed in Chapters 4 and 5, the thermal absorbers are much
fewer in number than the absorbing chromophores (center carbons) of the polymer. For
example at a fluence of 20 mJ·cm−2 , 12.8 keV of energy is absorbed in the top 100 Å
of this substrate in which there are 180 dopant particles and 1726 main chain polymer
center carbons. When the energy is distributed per absorbing particle, 71 eV is absorbed
per dopant versus 7.4 eV absorbed per monomer. We acknowledge that the energy per
absorber is high, and at some point an organic material would decompose. Currently,
we do not account for this in the simulations. Localized chemical reactions around these
“hot spots” occur causing pyrolysis and chemical degradation, decreasing the cohesive
energy of the substrate, and leading to thermally induced ejection of several large chunks
of material.
The primary ejection process is analogous to the photochemical ejection process
described above for the Norrish type II excitation. Though in contrast to the Norrish
type II simulations, this type of photon absorption does not cause direct photolysis of
polymer bonds but rather allows indirect chemical damage to occur. This difference in
the absorption accounts for the larger average clusters size in Figure 8.1. Most of the
initial reactions form MMA monomer which leads to the initial ablation event, but further reactions in the substrate cause gases to form and secondary ejection of material to
take place. Snapshots of this process for a simulation of uniformly distributed thermal
absorbers using a fluence of 20 mJ·cm−2 are shown in Figure 8.3. The color scheme is
the same as in Figure 8.2. Cluster ejection begins before 100 ps (Figure 8.3b), however
less new chemical species are evident compared with Figure 8.2. Some double-bonded
carbon is apparent (blue particles) indicating the formation of MMA species and the
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chemical nature of this initial ejection process. In Figure 8.3c, gases form in the remaining material (green particles) causing secondary ejection shown in Figure 8.3d. The
chemical basis for the ejection mechanism is further described using the contour plot
of Figure 8.4. Here, the transformation the substrate is plotted as a function of depth
and time for the thermal absorber simulation at a fluence of 20 mJ·cm−2 . The contour
scale indicates the fraction of the material in a 10 Å deep slice that has transformed
from the original material (blue) to 100% new species (red). The initial ejection at 120
ps is caused by the chemical decomposition of the material into approximately 40-50%
new species, mostly MMA monomers. The transformation, though, is much less than
for the Norrish type II simulations where there is almost complete transformation of
surface layers prior to ejection as shown in Figure 5.7. The surface of the remaining
substrate then completely transforms as gaseous molecules are formed and rapidly eject
(Figure 8.3c). The secondary ejection of another chunk of substrate at 240 ps is observed
as the chemical decomposition continues.
The simulations show the significant effects the transfer of energy and the chemical
breakdown on the ablation process. These results of such simulations are comparable to
those experiments which have improved ablation quality by increasing chemical activity.
As discussed in Section 8.1, polymers were designed by Lippert, Dickinson, Wokaun,
and Masuhara to include a chromophore which readily decomposed upon excitation
with a particular wavelength of radiation. [2, 8, 9, 26, 27] The chemistry that ensued
readily decomposed the material and led to ablation. Other dopant-polymer experiments
by Dlott show enhanced ablation with an increased fraction of decomposed material
near the “hot spots” in the substrate. [6] The simulations show that areas of high local
temperature in the substrate can lead to significant pyrolysis of the material and initiate
ablation.
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Figure 8.3: Snapshots of the thermal absorber simulation using a fluence of 20 mJ·cm−2
at (a) 0 ps, (b) 100 ps, (c) 200 ps, and (d) 300 ps. The particles of the original polymer
are colored grey and red, while gaseous particles are colored green, double-bonded carbon
is colored blue and radicals are colored yellow.
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Figure 8.4: A contour plot of the transformation of the PMMA substrate with the
excitation of the thermal absorbers using a fluence of 20 mJ·cm−2 . The contour scale
ranges from 0 (blue) to 1 (red) indicating the complete chemical transformation in a 10
Å deep slice.
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Table 8.1: Observed ablation in the substrate following the excitation of the absorbing
cluster at depths of either 50 or 250 Å.

Energy/keV
1
3
5
8
10
13

8.3.2

Depth/Å
50 250
No No
No No
No No
No No
Yes Yes
Yes Yes

Cluster of absorbing particles

In this system, a spherical cluster of absorbing particles is embedded within the polymer
substrate. Rather than exciting particles uniformly distributed throughout the sample,
only these particles are irradiated. Following laser excitation of the cluster, ejection of
material occurs when the energy deposited in the cluster is above a threshold value. The
amount of material ejected is equal to that of the top 50 Å of substrate when the cluster
is at a depth of 50 Å, or of the top 250 Å when the cluster is at a depth of 250 Å.
Table 8.1 summarizes the whether ejection was observed at a range of input energies for
either of the two cluster depths. The threshold for ablation occurs when between 8 and
10 keV of energy is deposited in the absorbing cluster. As mentioned in Section 8.2, the
energy deposited in the system is used instead of fluence due to the deviation from Beer’s
law. Above this energy, the entire substrate above the absorbing cluster is ejected.
The mechanism of ablation for this system is different from the mechanism described
for ejection with the uniform distribution of thermal absorbers (Section 8.3.1) or the
direct photochemical and photothermal excitation of the polymer (Chapters 4, 5, 6,
and 7). Ablation occurs when sufficient energy is absorbed by the cluster to fracture
the cluster structure and cleave the surrounding polymer bonds. This bond cleavage
process is shown in Figure 8.5 with snapshots of the simulation of 13 keV deposited in
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the absorbing cluster. Particles of the polymer are colored grey and red with the cluster
particles colored yellow. While there is chemistry allowed to occur in the simulation, it is
not indicated in the figure. All particles are of similar size, however, the polymer particles
are depicted much smaller than the cluster for visualization purposes. In Figure 8.5a,
the spherical cluster is apparent within the substrate at a depth of 250 Å. By 100 ps,
Figure 8.5b, the cluster is deformed in shape and has mechanically cleaved many of the
surrounding polymer bonds. In Figure 8.5c, the top 250 Å of substrate is clearly detached
from the remaining polymer and is traveling in the outward direction. Additionally, no
coherent structure is visible for the particles which comprised the absorbing cluster.
By 200 ps (Figure 8.5d), the polymer chunk continues to eject, retaining its initial
structure and some of the particles of the absorbing cluster are aggregating together. The
realistic nature of the aggregation is unknown as the simulation uses periodic boundary
conditions.
An examination of the contour plot of the chemical transformation of the polymer
further provides evidence of the cluster fracture-bond cleavage mechanism. In Figure 8.6,
the transformation of the substrate is plotted as a function of depth and time for the
simulation using the absorbing cluster at a depth of 250 Å using an energy of 13 keV.
The contour scale goes from 0 indicating the pristine polymer to 0.28 where 28% of the
polymer has been chemically converted to other species. During the irradiation event (≤
150 ps), few chemical species are being formed around the absorbing cluster. Immediately preceding ejection, some new chemical species are formed, however, the fraction is
much less than the 40–50% shown in the uniform thermal absorbers, Figure 8.4. Though
after the initial ejection of the upper 250 Å, continued chemical reactions on the remaining surface of the polymer substrate is prevalent as shown in Figure 8.6. The residual
chemical damage following the ejection of the top layer along with the remaining temperature gradient (not shown) allows further chemistry to occur for longer timescales
than examined in this study.
In describing this ejection mechanism, the size of the cluster compared with the size
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Figure 8.5: Snapshots of the cluster absorbing simulation using an energy of 13 keV
at (a) 0 ps, (b) 100 ps, (c) 150 ps, and (d) 200 ps. The particles of the original polymer
are colored grey and red, while the cluster particles are colored yellow. All particles are
of similar size and the polymer particles are depicted smaller for visualization purposes.
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Figure 8.6: A contour plot of the transformation of the PMMA substrate with the
excitation of the absorbing cluster using an energy of 13 keV. The contour scale ranges
from 0 (blue) to 0.28 (red) indicating the amount of chemical transformation in a 10 Å
deep slice.
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of the system must be considered. The absorbing cluster is 12.5 Å in radius or 25 Å in
diameter, approximately half the width of the sample as shown in Figure 8.5a. With
this size difference and the periodic boundary conditions imposed on the lateral sides of
the system, the absorbing cluster only has to fracture and cleave the remaining bonds to
cause ejection of material. While the relative size of the cluster appears to be large with
respect to the system size, the calculated percent by weight of the cluster in the sample is
approximately 0.5% using the mass of the ejected material for the greater depth (a system
size of 51 Å × 51 Å × 250 Å). In comparison, dopants in experimental systems are added
up in the range of approximately 1–15% by weight. [1, 6, 11, 14, 16, 28] The percent by
weight used in the simulations is comparable to the weight percent used in experiment,
though to judge against the simulations the spacing between dopants in experiment
would need to be approximately the diameter of one dopant cluster. The spacing versus
the cluster-bond cleavage mechanism is currently being examined in ongoing simulations.
The excitation of the 12.5 Å cluster with 10, 13, and 20 keV of energy is studied within
a larger polymer substrate (sized 86 Å × 86 Å × 860 Å).

8.4

Conclusions

In this chapter, the ejection mechanisms are discussed using dopants in two simulation
systems. For the uniform distribution of thermal absorbers, high temperature regions
are created in the substrate and chemical decomposition of material follows. The transformation weakens the substrate and ablation occurs. Subsequent ejection follows from
the residual chemical damage. A separate mechanism for ablation is apparent in the set
of simulations using an absorbing cluster. For those simulations, ablation is initiated
after the cluster fractures and cleaves the surrounding polymer bonds. Minimal residual chemical damage is observed and no secondary ejection is seen on the nanosecond
timescale employed in the simulations.
The two sets of simulations give a glimpse into the diverse set of mechanisms that
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are possible to set off ablation using micro-scale dopants within a polymer system. Small
dopants can cause chemical effects similar to those discussed in experimental investigations where chromophores serve to break down the material in a controlled manner. In
contrast, mechanical cleavage of bonds with highly concentrated, “explosive” clusters
can also cause ejection of material. Future studies will examine the details of these
interactions using larger systems with variant rates of energy transfer and attempt to
maximize the photon efficiency in initiating polymer ablation.
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9

Conclusions
9.1

Conclusions

Molecular dynamics (MD) simulations are used to gain insight into the various processes
involved in the laser-polymer interaction and effectively describe ablation in polymeric
materials. The simulations provide a controlled environment in which to examine the
effects of microscale events on mesoscopic ejection. The studies describe the fundamental
molecular processes and elucidate ablation mechanisms, thereby providing connections
to both analytical models and experimental results.
A hybrid Monte Carlo (MC)-MD model was designed and implemented to simulate
the complex set of interactions that are possible following the absorption of photons by
a polymer substrate. Using MD, the dynamics of the polymer are determined following
the irradiation event by integrating the classical equations of motion. A procedure is developed which uses activation barriers and Arrhenius rate expressions to probabilistically
include a representative set of chemical reactions and allow them to transpire following
photolytic bond cleavages. This MC reaction scheme allows a wide array of chemistry to
occur during the simulation without using computationally expensive functional forms.
The inclusion of such reactions profoundly changes the possible ejection mechanisms.
The simulations shed light into the microscopic mechanisms which lead to ablation by separately analyzing photothermal and photochemical processes in poly(methyl
203

204

methacrylate), or PMMA. In pure photothermal excitation, the photon energy directly
heats the polymer and ablation is observed after a certain number of bonds are overstretched and broken. The ejecta is principally composed of large pieces of substrate.
Photons directly cleave covalent bonds in the photochemical simulations and much chemical decomposition of the substrate occurs. This transformation process produces many
small molecules (including gases and monomer), decreases the connectivity of the polymer and follows with the ejection of the remaining substrate. This decomposition is
rapid and efficient compared with photothermal bond scission process, which is reflected
in the critical energy necessary for ablation. Considering the implications of these studies, promoting photochemical reactions in laser-material interactions is advantageous in
initiating ablation with a minimal amount of input energy. Additionally, the formation
of pressure and stress or the mechanical destruction of the polymer bonds leads to the
rapid and efficient ejection of material.

9.2

Future Directions

In these studies, mechanistic aspects of the ablation process have been investigated;
however, there are still avenues left to explore within this system. As discussed in some
experimental studies, the photothermal and photochemical processes in materials can
lead to significant differences in the edge effects (shown in Figure 1.3). [1–3] The scale of
the simulations used in the preceding chapters cannot adequately be used to describe such
events. Additionally, the simulation conditions only account for the center of the laser.
Future simulations would need to use a larger surface region (and relatively small depth)
to appropriately account for the distribution of photons in the laser beam. Futhermore on
the time scales explored, the surface temperatures that remain after either photothermal
or photochemical ejection may allow continued evaporation or transformation of the
substrate. Monte Carlo simulations would be required to effectively examine the surface
morphology resulting from the long time evaporation processes.

205

While the investigations presented in this dissertation specifically focused on the
laser interaction with PMMA, the impact of the results are not limited to this polymer.
Because PMMA is used as the model polymer, a wide variety of chemical reactions are
included in the MC reaction scheme, including the production of gases such as carbon
monoxide, carbon dioxide, methane, methanol, and methyl formate as well as the production of small polymer fragments and monomers. These reactions allow connections
to be made between the production of possible gas and small molecules in other polymer
systems, such as the triazene polymer and polytetrafluoroethylene. [4, 5] However, the
interaction of photons with the other polymer systems can also be directly studied by
building a suitable computational representation. The known photolytic reaction products and the interaction potentials for the polymer species could be substituted into the
model and the differences in the microscopic events could be compared and contrasted
to the PMMA system.
The reaction scheme developed here is robust and does not have to be limited
to modeling the irradiation of polymer systems. In most of the simulations discussed,
chemical reactions occur after photolytic scissions, however, particles with overstretched,
thermally broken bonds could also undergo reactions. This model can permit a larger
array of chemical events to be studied without using other computationally expensive
methods. For example, in simulations of atomic bombardment of a surface, a highly
energized region is formed. [6, 7] The study of the possible chemical nature of this region
is of great interest as the formation of ions is essential to performing experimental mass
spectrometric measurements. [8–10] The reactions in the excited region can be examined
using other methods such as reactive MD [11, 12] or reactive potentials [13, 14], however,
the MD-MC scheme allows the effects of a defined set of chemical reactions to be studied
within a experimentally relevant timescale in a more computationally feasible manner.
In this thesis, various mechanisms of ablation have been elucidated using computational techniques. The inclusion of chemistry is invaluable in accurately depicting the
initial ejection process of a polymer substrate after irradiation. Both experimental and
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theoretical studies can use the ideas presented in this thesis to further scientific research.
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