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RESUMO

LIMA, Nathan. Simulagcdo Computacional por Dinamica Molecular de Filmes
Finos Organicos Irradiados por lons Pesados: Comparacdo entre o Potencial
FENE e Lennard-Jones. Porto Alegre. 2016. Dissertacdo. Programa de Pés-
Graduacdo em Engenharia e Tecnologia de Materiais, PONTIFICIA UNIVERSIDADE
CATOLICA DO RIO GRANDE DO SUL.

Nesse trabalho foram realizadas simulagdes computacionais por dinamica
molecular de filmes finos organicos irradiados por ions pesados e rapidos. Para
representar a deposi¢cdo de energia pelo ion foi utilizado o Modelo de Thermal Spike,
através do qual a trilha ibnica é representada como uma regido cilindrica de alta
temperatura ao longo do material. Dois artigos foram submetidos para publicacdo a
partir desse estudo. No primeiro artigo, o impacto da espessura do filme e da energia
do ion incidente nos efeitos topologicos da radiacdo (como didmetro da cratera,
profundidade da cratera e volume da protuberéncia) e do sputtering foram
investigados, comparando-se o0s resultados de soélidos cristalinos e amorfos
modelados pelo potencial de Lennard-Jones. No segundo artigo, o potencial FENE foi
implementado para construir amostras com cadeias moleculares. Os efeitos da
radiacdo ibnica foram entdo comparados entre os filmes com cadeias moleculares
(modelados pelo potencial FENE) e filmes sem cadeias moleculares (modelados com
o potencial de Lennard-Jones). Em ambos os trabalhos, os efeitos da radiacdo foram
explicados verificando-se os diferentes mecanismos de dissipacdo de energia:
evaporacao, melt flow e deformacéo plastica. Nossos resultados mostram que os
efeitos da radiagcdo sdo fortemente impactados pela espessura do filme. As
simula¢cées com o potencial FENE mostram que a presenga de cadeias moleculares
reduz significativamente todos os efeitos da radiacdo. Para sdélidos mais finos que o
raio de giragdo médio das moléculas, nenhum efeito da radiacdo foi observado,
indicando que a reducdo dos efeitos esta relacionada ndo s6 a diminuicdo de

mobilidade, mas também a conformacéo e emaranhamento molecular.

Palavras-Chaves: irradiacéo de ions pesados, filmes finos, dinamica molecular.



ABSTRACT

LIMA, Nathan. Molecular Dynamics Simulation of organic thin films irradiated by
heavy ions: a comparison between Lennard-Jones and FENE potentials. Porto
Alegre. 2016 . Master Thesis. Graduation Program in Materials Engineering and
Technology, PONTIFICAL CATHOLIC UNIVERSITY OF RIO GRANDE DO SUL.

In this work, molecular dynamics simulations of thin organic films irradiated by
fast heavy ions were implemented. In order to represent the ion energy deposition, it
was used a Thermal Spike Model, in which the ion track is represented as a cylindrical
region with high temperature. Two papers were submitted for publication based on this
study. In the first paper, it was studied the impact of film thickness and the ion energy
in the topological effects of radiation (such as crater diameter, crater depth and rim
volume) and in the sputtering, comparing the results for a crystalline and amorphous
solids modeled by the Lennard-Jones potential. In the second paper, the FENE
potential was implemented to build samples with molecular chains. The ionic radiation
effects were then compared between films with molecular chains (modeled by the
FENE potential) and without molecular chains (using the Lennard-Jones potential). In
both works, the effects of radiation were explained by analyzing the different
mechanisms of energy dissipation: evaporation, melt flow and plastic deformation. Our
results show that radiation effects are strongly determined by film thickness. The
simulations with FENE potential show that the presence of molecular chains reduces
significantly the effects of radiation. In solids thinner than the mean gyration radius of
the sample, there was not any radiation effect, indicating that the effect reduction is
related not only to the decreasing of mobility but also to molecular conformation and

entanglement.

Key-words: heavy ion irradiation, thin films, molecular dynamics.



1. INTRODUGAO

O uso de ions pesados para estudar as propriedades da matéria remonta ao
trabalho pioneiro de Ernest Rutherford, cujos resultados trouxeram uma nova Vvisédo
sobre a estrutura atbmica e revolucionaram a Fisica no inicio do século XX. Nas
décadas subsequentes, a radiacdo idGnica passou a ser utilizada em diferentes
aplicacOes tecnoldgicas, tanto com o objetivo de caracterizar bem como de modificar

materiais de forma controlada.

Na Medicina, por exemplo, a terapia por prétons [1] ou ions pesados [2] utilizam
ions para danificar células cancerigenas em regides de alta radiossensibilidade. Mais
recentemente, novas técnicas de imageamento como radiografia [3] e tomografia [4]
por prétons vem sendo utilizadas para otimizar os tratamentos protonterapicos. A
microeletrénica € outro exemplo de grande relevancia tecnolégica em que os ions
podem ser utilizados (para realizar dopagem de semicondutores) [5]. Nas geociéncias
e em ciéncias de materiais, outros problemas também podem ser encontrados em que
a radiacdo idnica se apresenta como uma alternativa para a modificacdo e
caracterizacdo controlada de materiais, incluindo datacdo de materiais antigos,

estabilizacao e reticulacdo de plasticos, entre outros.

O uso de ions para caracterizar materiais tem também ganhado relevancia,
principalmente, no estudo de materiais organicos e biolégicos (em que predominam
macromoléculas fracamente ligadas) [6]. A Espectrometria de Massas por ions
Secundarios (Secondary lon Mass Spectrosmetry — SIMS) utiliza ions para ejetar
macromoléculas de uma amostra, que sdo posteriormente identificadas por um
espectrometro de massa [7]. O SIMS é limitado, entretanto, pelo baixo rendimento de
ions secundarios de moléculas de alta massa - principalmente na faixa de energia em
que foi inicialmente utilizado (na ordem de kiloetronvolt) [8]. A partir da década de
setenta, novas técnicas foram implementadas, utilizando ions pesados rapidos (com
energia na faixa de megaeletronvolt) como PDMS, e, mais recentemente, MeV-SIMS
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[7]. Existe um grande interesse no MeV-SIMS, pois ele apresenta maior rendimento
(sputtering yeld) e menor taxa de fragmentacdo quando comparado com o SIMS
tradicional. Esse incremento de rendimento ainda ndo € completamente bem
entendido [8]. Por isso, existe um esfor¢co dentro da comunidade internacional para
avancar no estudo de sputtering causado por ions de alta energia. Além disso, foi
demonstrado que feixes de ions primarios com MeV podem ser usados para gerar
mapas de concentracdo molecular na superficie, considerado o primeiro uso do MeV-
SIMS [9]-[11].

Mais recentemente, com 0s avanc¢os na nanociéncia e na nanotecnologia, ions
pesados rapidos vém sendo empregados para modificar materiais de forma altamente
controlada em escala nanométrica, uma vez que a trilha de excitacdo formada pela
radiacdo tem um raio de poucos nandmetros [12]. Os nanomateriais irradiados sao,
entdo, utilizados para a criacdo de materias nanoporosos, que podem ser usados
como moldes para a producdo de nanofios ou como parte de sistemas de drug
delivery, desenvolvimento de mascaras para formacéao de nanotubos de carbono entre
outros [13], [14].

Os efeitos da radiacdo, da mesma forma que outras propriedades de um
material, sdo alteradas quando esse é confinado na escala nanométrica - muitas vezes
por um motivo inerentemente geométrico [15]. Dessa forma, garantir que aplicacfes
da radiacdo em materiais em nanoescala sejam implementadas de forma controlada
e com alta precisdo é necessario se entender como que o confinamento espacial
impacta os efeitos da radiacdo. Os resultados experimentais podem fornecer
informacdes sobre o estado inicial e final do sistema irradiado, mas ndo sao capazes
de prover detalhes sobre a evolucdo dos efeitos da radiagcdo (que acontecem na
escala de centenas de picosegundos) [16]. Para avancar no estudo da evolucdo dos

sistemas, modelos tedricos e simulagdes computacionais sédo indispensaveis [17].

Nesse trabalho, efeitos induzidos pela radiacéo ibnica na superficie de filmes
ultrafinos sdo estudados usando simulagdo computacional por dindmica molecular.
Essas simulagfes consistem na solugéo das equacdes de Newton para cada particula
do sistema a cada intervalo de tempo pré-determinado [17]. A cada interacado, as
posicdes, o0s momentos e as for¢cas atuando sobre cada particula sdo calculados

servindo como dado de entrada para os calculos do passo subsequente. Assim, é
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possivel acompanhar a evolucao de cada particula bem como sua velocidade e sua
energia a cada passo da evolucdo do sistema e, posteriormente, as propriedades
termodinamicas do sistema podem ser computadas recorrendo-se a conceitos de

Mecanica Estatistica [18].

Esse trabalho tem por objetivo principal estudar os efeitos da radiacao ibnica
em filmes ultrafinos organicos utilizando simulacéo por dinamica molecular. O primeiro
objetivo especifico € estudar as diferencas dos efeitos da radiagdo em filmes ultrafinos
cristalinos e amorfos para diferentes energias de ion incidente e espessuras dos
filmes. O segundo obijetivo € incluir explicitamente a presenca de cadeias moleculares
nas amostras irradiadas, comparando a evolu¢cdo do sistema, o0 sputtering e a
formacao de nanoestruturas na superficie com resultados obtidos nas simulacées em
filmes amorfos sem cadeia molecular. Os dados dos simulag&o nos dois casos foram

comparados com experimentos obtidos em filmes finos de polimeros.

Para atingir os objetivos propostos, as simulacdes por dinamica molecular
foram implementadas no Laboratério de Alto Desempenho da PUCRS [19] utilizando
a ferramenta computacional LAMMPS [20]. Para simular a perturbacéo no sistema
introduzida pelo ion, utilizou-se um modelo conhecido como Thermal Spike [21], [22]
que considera a evolucdo do sistema a partir do momento em que a rede eletrbnica ja
transferiu a energia para a rede atdbmica, e a energia depositada pode ser
representada como uma regido cilindrica de alta temperatura no interior do material.
Optou-se por implementar simulacdes na escala granular (em que cada monémero é
descrito como uma patrticula), pois simulagdes em escala verdadeiramente atomistica
implicariam um aumento elevado de custo computacional. Para descrever o material
cristalino e amorfo, foi utilizado o potencial de Lennard-Jones [23], e para descrever 0
material com cadeia molecular foi utilizado o potencial FENE [24]. Para os dois
estudos, filmes de 2nm a 60nm foram simulados para estudar o impacto do

confinamento espacial nos efeitos da radiacéo.

No capitulo 2.2 € apresentada uma breve fundamentagdo desse trabalho em
que se discutem conceitos importantes de interacdo da radiacdo idnica de alta energia
com a matéria e conceitos importantes de simulagcdo computacional por dinamica
molecular. No capitulo 2.3 s&o apresentados dois artigos: Simulations of cratering and

sputtering from an ion track in crystalline and amorphous Lennard Jones thin films e
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Molecular dynamics simulation of polymer-like thin films irradiated by fast ions: a
comparison between FENE and Lennard-Jones potentials. O primeiro artigo
(submetido no periodico Physical Review E), do qual sou co-autor, apresenta uma
comparacao entre efeitos da radiacdo em solidos amorfos e cristalinos e compreende
os resultados obtidos na dissertacdo de mestrado de Leandro Gutierres e resultados
obtidos por mim ao longo do mestrado. O segundo artigo (submetido ao periddico
Physical Review B), do qual sou autor principal corresponde ao assunto central dessa
dissertacdo. Nele sdo apresentadas as comparacfes dos efeitos das radiacbes em
sélidos com cadeias moleculares e sem cadeias moleculares, que foram obtidos por
mim com colaboracé&o do Prof. Dr. Eduardo Bringa da Universidade de Cuyo e do Dr.
Rafael Gonzalez da Universidade do Chile.
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2. FUNDAMENTAGAO TEORICA

Nesse capitulo é apresentada uma breve fundamentacéo tedrica dos artigos
originais desse trabalho. Na primeira secédo, sdo definidas as grandezas essenciais
para o estudo da interacdo da radiacdo idnica com a matéria, apresentados 0s
principais efeitos da radiacdo e os ultimos resultados obtidos sobre o impacto do
confinamento espacial nos efeitos da radiacao, os quais foram utilizados diretamente
na andlise de resultados dos dois artigos. Na segunda secédo, é apresentada uma
breve explicagédo sobre o funcionamento de Simulagées Computacionais por Dinamica

Molecular.

2.1. Interacdo de Radiacédo l6nica com a matéria

Ao interagir com a matéria, ions podem transferir energia para os nucleos dos
atomos do meio ou para a rede eletrénica. Essa interacdo pode ser mensurada atraves
da grandeza chamada stopping power (S) — definida como a quantidade de energia
(dE) depositada pelo ion por unidade de comprimento (dx) [25], [26] — que pode ser
subdividida em stopping power nuclear (Sn) ou eletrénico (Se) de acordo com o alvo
da deposicao de energia:

dE
S===S,+5, (1)

Pela figura 2.1 [27], percebe-se que ions rapidos possuem stopping power
eletrbnico muito superior ao stopping power nuclear (para um préton de 100 MeV em
PMMA, por exemplo, Se/Sn = 2.591), de tal forma que é possivel afirmar que o ion
interage predominantemente com a rede eletr6nica do material. Essa caracteristica é
muito importante, pois, transferindo energia para os elétrons, o ion tem seu momentum
praticamente inalterado, fazendo com que sua trajetéria seja, em média, retilinea ao

longo do material. Além disso, o ion rapido desencadeia cascatas eletronicas, que
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resultam, por fim, na modificagdo do material em uma zona muito estreita (com raio

na ordem de poucos nanometros) [12].
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Figura 2.1. Grafico de stopping power eletrénico, nuclear e total em funcéo da energia para prétons
em PMMA [27]. Pode-se perceber que, com o aumento da energia do ion incidente, existe uma queda
no stopping power nuclear indicando que o ion interage predominantemente com a rede eletrénica). O
stopping power esta em unidades de MeVcmz/g de forma que deve ser multiplicado pela densidade do

PMMA para se obter o stopping power total.

E claro que, se o material for espesso (bulk), a perda de energia do ion
dentro do material faz com que exista uma mudanca de regime de freamento, e o ion
passa a interagir com os nucleos atdmicos e a ser defletido. No caso de filmes
ultrafinos, isso ndo acontece e é possivel afirmar que o ion penetra o material criando
uma regido de dano com simetria cilindrica em torno de sua trajetoria. O caminho
percorrido pelo ion, bem como o caminho percorrido pelas particulas secundarias

resultantes da interacdo formam o que € chamado de ion track, ou rastro do ion.

O track pode ainda ser subdivido em infratrack (regido em que ocorrem as
ionizacdes primarias) cujo didametro é de 1-4 nm e o ultratrack (regido em que
acontecem os danos causados pelos elétrons secundarios) cujo diametro pode chegar
a 40 nm para ions com 0,6 MeV/u [28]. Em materiais isolantes, o track é formado por
uma distribuicéo de particulas excitadas e ionizadas, espalhadas radialmente ao redor

da trajetéria do ion. Apenas uma fracdo da energia depositada (de 10%-40%) [29],
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[30] pelo ion na rede eletrdnica é transferida para rede atbmica na forma de energia
cinética. Esse aumento médio de energia cinética por particula (<k>) pode ser

interpretado como um aumento de temperatura (T), usando a relacao:
<k>=ZkT ()

Onde k» & a constante de Bolztmann. Com os valores de stopping power
conhecidos, pode-se estimar que a temperatura inicial do infratrack assume valores
tdo altos quanto dezenas de milhares de kelvins. A partir dessa ideia, surgiu na década
de oitenta, o Modelo de Thermal Spike [21]. Inicialmente proposto de forma analitica,
o Modelo de Thermal Spike resolve a equacao do calor, considerando o infratrack
como um cilindro de alta temperatura no interior do material. A figura 2.2 mostra uma
imagem de simulacdo computacional, em que o infratrack aparece como uma regiao

cilindrica de T = 25.000 K em um filme organico de 60 nm de espessura.

Figura 2.2. Imagem de simulagdo computacional implementada com modelo de Thermal Spike. Vé-se
um corte no meio do material, onde o infratrack aparece como uma regiéo cilindrica de 25000 K. A

espessura do filme é 60 nm. Abaixo do filme, existe a representagéo do substrato (fonte: o autor).

Além da formacéo do track, o ion rapido € capaz de formar efeitos topologicos
no material como cratera e protuberancia [31]-[33], além de ejetar moléculas e
fragmentos de moléculas (sputering) [34], [35]. A figura 2.3 mostra uma imagem de
AFM em que pode se identificar a formag&o de crateras e protuberancias causadas
por um ion de Pb com 923 MeV em PMMA com incidéncia normal a superficie [36]. A
dimensao lateral do filme apresentado na figura 2.3.a é de 250 nm. Trés crateras

(regides escuras) com profundidade de aproximadamente 2,5 nm podem ser
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identificadas na figura 2.3.a. Ao redor da cratera, existe a formagdo de uma
protuberancia (regides claras) com altura de aproximadamente 2,5 nm. Na figura
2.3.b, parte da imagem é ampliada e pode-se perceber que a protuberancia néo

assume uma distribuicao isotropica ao redor da cratera.

Figura 2.3. Imagem de AFM de efeitos topoldgicos causado por ion de Pb com 923 MeV em um filme
de PMMA com 40 nm de espessura [36]. Pode-se observar a cratera como a regido mais escura
(representando uma profundidade de 2,5 nm) em relagdo a superficie. Ao redor das crateras, percebe
a formacao de uma protuberancia, regido em que o material alcanga uma altura até 2,5 nm acima da
superficie (adaptado da ref.36). Na figura 2.3.a, vé-se corte do filme com dimensoes laterais de 250 nm

com 3 crateras. Na figura 2.3.b, vé-se uma cratera ampliada.

Nosso grupo publicou alguns artigos indicando a dependéncia dos efeitos
da radiacdo idbnica em matéria organica com relacéo a diferentes parametros fisicos,
como angulagéo do ion incidente [32], [37], temperatura do material irradiado [38] e
estado de carga [39].

Existem ainda poucos estudos que mostrem o0 impacto do confinamento
espacial nos efeitos da radiacdo de uma forma sistemaética, isto €, que comparem 0s
resultados obtidos com material bulk em relacdo a materiais confinados
espacialmente. Feny6 e Johnson [40] apresentaram um trabalho pioneiro em que
mostram o impacto do confinamento espacial na ejecdo de moléculas em um solido
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amorfo. Para isso, eles utilizaram simulagdo computacional por dinamica molecular
modelando o sélido amorfo com o potencial de Lennard-Jones e compararam 0S

resultados com um modelo analitico chamado de Modelo do Pulso de Pressao.

Nesse modelo, proposto inicialmente, para o caso bulk, supde-se que a
energia de excitacdo recebida pelos &tomos do track é convertida em movimentacao
das moléculas. Essa movimentacdo causa a expansao do material contra a regido
nao excitada e o vacuo. Cada molécula excitada causa, portanto, uma distribuicdo de
densidade de energia € no material. A densidade de energia total em um determinado
ponto a uma distancia p do track e em uma profundidade z do material € obtida

somando-se os impulsos gerados ao longo de todo o track:

epzt) = [ €@ zt)S 3)

onde Al é o numero de fontes por unidade de comprimento ao longo da trilhae h é a

espessura do filme. O esquema geométrico do problema é mostrado na figura 2.4.

Figura 2.4. Esquema da trilha de impulsos ao longo da trajetéria do ion (adaptado da ref. [41]).

A partir disso, pode-se calcular o impulso total recebido por uma molécula

como:
t
Ap = BV, [, Vedt (4)

Onde B é uma constante de proporcionalidade Vm € 0 volume molecular. Se o
momento Ap ultrapassa um valor critico, pode-se dizer que a molécula é ejetada, caso
contrario, ela permanece no material. A integral em (7) expressa, portanto, o carater

aditivo dos impulsos gerados, o que relaciona, portanto, os efeitos da radiacdo com a
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espessura do filme. Os resultados de Feny6 e Johnson mostram que 0 sputtering
aumenta com o aumento da espessura até chegar em um certo valor critico, para o

qual o aumento da espessura nao impacta mais o rendimento do sputtering.

Na tese de doutorado de Raquel Thomaz [41], o Modelo de Pulso de Pressao
foi utilizado para avaliar o impacto do confinamento espacial nos efeitos topoldgicos
da radiacao i6nica, comparando-os com dados experimentais. A figura 2.5. mostra
mapas de momento linear gerados para filmes de 100nm (Fig. 2.5.a) e 10 nm (Fig.
2.5.b).

z (nm)

z (nm)

Figura 2.5. Mapas de momento para filme com 100 nm (a) e 10 nm (b). A escala de cores representa
0 momentum pz e as linhas nos gréficos indicam segmentos onde p: € constante. Um esquema das
coordenadas do sistema € mostrado a direita dos mapas, onde a origem é ponto de penetracdo do
ion na superficie. (Adaptado da ref. [41]).

Uma vez que a energia depositada em um certo ponto tem carater aditivo, é
possivel mostrar que a fungdo € é simétrica em relacdo a h/2. Como o0 momentum
depende de Ve, todas particulas acima de h/2 apresentam momento positivo e todas
particulas abaixo de h/2 apresentam momento negativo, como mostrado na figura
2.5.b. No caso de filmes espessos, h/2 esta muito abaixo da superficie, e todas
moléculas na regido de interesse apresentam momento positivo. Esse modelo coloca,
portanto, um limite geométrico na profundidade da cratera igual a metade da

espessura do filme. Da mesma forma, nenhuma particula ejetada do material deve vir
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de uma profundidade maior do que h/2. Embora esse modelo ndo tenha sido usado
diretamente nessa dissertagao, ele foi utilizado para discutir os resultados obtidos nos
dois artigos.

Com os dados obtidos a partir do modelo do Pulso de Pressao, dados
experimentais e dados de simulagcdo computacional, Papaleo et al [36] mostraram que
o confinamento espacial tem um impacto significativo em efeitos topolégicos da
radiacdo (figura 2.6). Independentemente de terem sido obtidos por vias
experimentais ou tedricas, esses apresentam o mesmo comportamento qualitativo: os
filmes apresentam resisténcia a radiacdo para espessuras menores do que um certo
valor critico, de forma que os efeitos sdo muito pequenos para filmes ultrafinos. Com
0 aumento da espessura do filme, os efeitos também aumentam, até chegar em uma
certa espessura critica, onde o aumento da espessura ndo implica um aumento do

efeito (regido de plateau na parte direita dos graficos chamada de regido de bulk).
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Figura 2.6. Diametro da cratera (2.6.a), profundidade da cratera (2.6.b) e volume da protuberancia
(2.6.c) em fungéo da espessura do filme para dados experimentais de Pb com 923 MeV, Au com 597

MeV, simulagdo computacional por dindmica molecular e modelo analitico do pulso de pressao. [36].
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2.2. Simulagdo Computacional por Dinamica Molecular

Simulagbes Computacionais sao ferramentas muito importantes para mediar
resultados experimentais e modelos tedricos, podendo, muitas vezes, corroborar
novas teorias ou indicar a necessidade de novos experimentos [17], [18]. Dependendo
da escala de grandeza em que se esta estudando e do problema estudado, diferentes
estilos de ferramenta computacional podem ser utilizadas, como Monte Carlo,
Dinamica Molecular Semi-Classica, Dinamica Molecular, Métodos Finitos, entre
outros. A Simulacdo Computacional por Dindmica Molecular (SCDM) é uma
ferramenta desenvolvida para solucionar o problema de interagédo de multiplos corpos.
Esse problema, conhecido originalmente para o sistema solar, hdo possui solucéo

analitica para trés corpos ou mais [18].

Mesmo sabendo que o nivel molecular estd compreendido nos limites da
Mecanica Quantica, muitas caracteristicas da matéria, em nivel molecular, podem ser
explicadas de forma classica. A solucdo numérica das equacBes de Newton para
interacdes moleculares é, portanto, o objeto de estudo da SCDM e, usualmente
implica na aplicacao de um algoritmo de integracdo. O método mais simples possivel
€ conhecido como leapfrog, que calcula a velocidade e a posi¢cao das particulas da

seguinte forma:

v, (t+ At/2) = E’(t—%)+At.E{(t) (5)

Rt + A8 = T(0) + AT £+ ) (6)
onde v,(t) e a, (t) sdo a velocidade e a aceleracdo da i-ésima particula do sistema

no tempo t respectivamente. At é chamado de timestep, tempo decorrido entre duas

interacdes ( cujo valor é decisao do programador).

Para implementacdo da SCDM, além de um algoritmo de integracdo, €
necessario descrever a posicao e velocidade iniciais de cada particula do sistema bem
como o potencial de interacdo entre elas. Para calcular a aceleracdo de cada particula
em um tempo t, usam-se as equacdes de Mecanica Classica:

_ R
a (t) =1 (7)

4



21

onde F,(t) é a forca resultante atuando sobre a i-ésima particula. Para conhecer a
forca resultante, deve-se ainda calcular o somatodrio sobre o gradiente da energia

potencial causado por todas as demais particulas do sistema:

E(t) = YVUi (8)
Um potencial muito utilizado é o potencial de Lennard- Jones [23], que descreve

a interagdo entre particulas de um solido de gas condensado.

By = 4el(®) - (%)) ©
onde € € uma constante de proporcionalidade com dimensado de energia, o tem
dimensao de distancia e r é a distancia entre duas particulas. O potencial de Lennard-
Jones tem a caracteristica de se tornar repulsivo quando particulas estdo mais
proximas do que o raio de equilibrio (pela predominéncia do termo com poténcia 12),
e de se tornar atrativo quando particulas estdo além da distancia de equilibrio ( pela
predominancia do termo com poténcia 6). O raio de equilibrio pode ser calculado,
derivando-se a energia potencial em relacdo a r para obtencao da expressao da forca
e igualando a zero, de tal forma que req = o 2V6. Além disso, com o afastamento das
particulas, a energia potencial cai rapidamente de forma que o potencial é nulo para
particulas infinitamente distantes. Na pratica, para aumentar a eficiéncia
computacional, estabelece-se uma distancia de corte, de tal forma que particulas mais
distantes do que o valor de corte produzam uma energia potencial desprezivel e ndo
precisem ser avaliados pelo computador — 0 que reduz significativamente o tempo de
simulacdo. Apesar da simplicidade do potencial de Lennard-Jones, muitos trabalhos
ja utilizaram esse potencial para avaliar efeitos da radiacdo em filmes orgéanicos,
obtendo-se resultados qualitativamente similares aos dados experimentais [32], [36],
[37], [40], [42].

Nesse trabalho, além de se usar o potencial de Lennard-Jones, usou-se 0
potencial FENE [24], para modelar os polimeros na escala granular, isto €,
representando cada monémero como uma particula. A vantagem do potencial FENE
€ gue ele permite a construcéo de cadeias moleculares. Dessa forma, ao se construir
um sélido com o potencial FENE, faz-se a distingéo entre liga¢cdes intramoleculares (
gue séo descritas pelo potencial FENE) e ligagcdes intermoleculares ( descritas pelo

potencial de Lennard-Jones). A expressao do potencial FENE € mostrado na equagéo

(8):
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Ergne = —0.5KR,21In [ 1- (Rlo)z] + 4€ [(g)lz - (5)6] +e (10)

O potencial FENE incorpora um termo logaritmico ao potencial de Lennard-
Jones. Esse termo tende a zero quando r tende a zero, de forma que o potencial é
predominado pela parte repulsiva do potencial de Lennard-Jones para pequenas
distancias. Quando r se aproxima de Ro, 0 termo logaritmico tende a infinito, criando
uma barreira de potencial para particula, que ndo consegue se afastar mais do que a
distancia Ro previamente determinada. Na expressdo (8), K é uma constante de
proporcionalidade. Essa expresséo s € valida para duas particulas dentro da mesma
cadeia. Particulas pertencendo a cadeias distintas interagem apenas pelo potencial

de Lennard-Jones. A figura 2.7 mostra um grafico para expressao do potencial FENE.
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Figura 2.7. Gréfico da energia potencial gerada pelo FENE. O eixo y apresenta valores de energia em

uma escala arbitréria e o eixo x expressa distancia em termos de r/ g. [43].

O fato de o potencial FENE crescer muito rapidamente conforme r se aproxima
de Ro cria uma complicacdo metodolégica no uso desse potencial para modelar
sélidos irradiados por ions de alta energia, pois, no inicio da simulacéo, as velocidades
iniciais das particulas pertencentes ao track sdo muito elevadas. Isso pode conduzir a

erros de convergéncia se o valor escolhido de timestep néo for pequeno o suficiente.
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Para contornar esse desafio, optou-se por utilizar um algoritmo com timestep variavel,
em que o valor do step fosse limitado pela movimentacdo das particulas. Assim, se

conseguiu garantir a convergéncia das integracées numericas.
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ABSTRACT

Impacts of swift heavy ions of different energy loss in amorphous and crystalline
Lennard-Jones (LJ) thin films (2-60 nm) were simulated using classical molecular
dynamics to study cratering and sputtering, and to compare with experimental data on
polymer thin films. Crater size is determined mostly by evaporation and melt flow from
the hot ion track, while rim size is determined both by melt flow and by coherent
displacement of particles due to the large pressure developed in the excited region.
Sputtering yields from both crystalline and amorphous samples are similar, including
the scaling with energy loss, but craters and rims are much smaller in crystalline films
due to faster cooling. We found a strong dependence of crater size and sputtering
yields on the film thickness h below a critical value, which is different for crater diameter
and for rim volume, because of the different mechanisms involved. For all simulated
thicknesses on amorphous films, the crater depth reaches almost the entire thickness
of the film, but ejected particles originate mostly ( >94%) from a depth z <h/2. Despite
the simplicity of the LJ model, the simulations reproduce remarkably well several of the
experimental features seen recently on polymer thin and ultrathin films irradiated with

swift heavy ions.
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INTRODUCTION

Swift heavy ions (SHI) penetrating solids lead to extreme levels of highly
localized electronic excitations, which may produce damage tracks [1-3], electronic
sputtering [4, 5], phase transitions [6], cratering [7, 8] and other topographic features
[9-11]. Such effects have been widely explored to tailor materials properties in a broad
spectrum of technological applications. Even if the initial excitation state was known,
the subsequent non-equilibrium processes leading to lasting material modification
have time scales from femtoseconds to microseconds, and are poorly understood. This
problem has been treated from many different theoretical viewpoints. There are
thermal spike models which focus on thermal effects [12-14], including various two
temperature models [2, 15]. There are also models which focus on pressure effects
alone [16], and models where modification is produced above a critical energy [17] or
energy density/pressure, like the pressure pulse model [18]. The presence of a surface,
together with phase transitions and transport properties, which depend on temperature
and density, however makes the quantitative applicability of these models problematic,
as Jakas et al. [19] showed, by solving the full set of fluid dynamics equations for this
problem.

As an alternative to semi-analytical models, molecular dynamics simulations
(MDS) of thermal spikes and two temperature models have proven useful to model
complex effects in bulk materials, and materials with an “infinite surface”. Classical
MD simulations can use heating models to include the role of electronic excitations and
help explain experimental results on track radii [20-22], sputtering yields [12, 18, 23-
25], and crater sizes [26, 27] in different materials, from frozen gases and inorganic
solids to complex organic compounds or nanoparticles [28]. In particular, MDS of a
Lennard-Jones material were able to obtain qualitative agreement with experiments of
cratering in polymers, including the dependence of crater size with ion velocity and
angle of incidence [27]. Recently, this model was used to fit data in a study of
confinement effects of ion tracks in thin polymer films [25] in which radiation effects at
the surface were shown to be size-dependent below a critical thickness.

In this work, simulations on SHI irradiation of ultrathin films from a LJ solid,

described preliminary in Ref. [25] are presented in detail. We first analyze and compare
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crater formation and particle ejection from amorphous and crystalline samples,
including temperature effects and the relevance of different mechanisms involved. In
a second part, we focus on film thickness effects on cratering and sputtering,
comparing MDS results to recent experiments in PMMA thin films. The strong thickness
dependence observed for the crater size is explained in terms of the processes
involved: melt flow, pressure-pulse, and phase change. Despite the simplicity of the LJ

model, the results present very good qualitative agreement with experimental data.

SIMULATION METHODS

Molecular dynamics simulations were carried out with LAMMPS [29] at the
computer cluster of the Laboratory of High Performance (LAD), PUCRS. Although
there are several ways to mimic electronic excitations in classical MD simulations [18,
21, 28], the present simulations were mostly motivated by experiments on thin polymer
films, and were carried out as previously done for “bulk” polymers [27]. Polymer
molecules were simply modeled assuming each monomer is a particle (m=1,66.10"%g,
as in a PMMA monomer) interacting via a Lennard-Jones (LJ) potential with
parameters ¢=0.5 nm, £=0.07 eV and cut-off radius of 2.5¢. The time, in reduced LJ
units, relates with the mass (m), o, and &, via t;; = o(m/e)*/2~1.9ps. Each 1000
calculation steps correspond to about 1.9 ps, since the timestep command was set to
0.001.

We used crystalline samples as in previous work [24, 27, 30] and also
amorphous samples obtained following the methodology described in [28]. Crystalline
samples have a face centered cubic (fcc) structure, with a [001] surface as in most
previous studies [24]. Tracks in amorphous LJ systems have been simulated
previously, but for nanoparticles [28] not films, except for the preliminary results in [25].
Simulation boxes were centered at the origin and had both top and bottom free
surfaces perpendicular to the z axis. All other surfaces include a region of Langevin
thermostating and damping with thickness 2¢. Periodic boundary conditions were
applied in xy directions. Simulated targets had about 4 million particles, which was
enough to avoid significant boundary effects for the track sizes and temperatures used.
In some cases, 2-5 simulations were carried out for the same irradiation condition, and
the resulting standard deviation in feature sizes was always less than 15%, and smaller

than experimental uncertainties.
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To model the ion track produced by normal incidence, molecules within a
cylinder of radius Ruack= 2-8 ¢ (1-4nm) centered near (x,y)=(0,0) were given an energy
distribution with 3/2 kT =5-50 T* (or track temperatures in reduced units T* from 5 to
50), over a time of 0.2 t. The energy deposited along the ion path which was
effectively transferred into atomic motion - the (dE/dx)ett - was simply assumed as the
total energy input into the system by this temperature increase, divided by the length
of the track. The (dE/dx)est values obtained scaled linearly with T*. The relationship
between this simulated dE/dx and the experimental value of the electronic energy loss
(dE/dx)el is not straightforward, since there are several possible channels for excitation
decay, which may not be related to crater formation and sputtering. We assume a
simple proportionality relationship, where both are connected by an efficiency
parameter, which is often taken to be around 0.2, i.e. (dE/dX)eft ~ 0.2 (dE/dX)el [9, 31].
Many irradiation conditions were simulated by varying the track radii and initial
temperature. Therefore, a large number of scenarios have been simulated, compared
to the focused simulations in ref. [25]. Our parametric study of track excitation allow us
to compare results for several irradiation conditions (projectile/target combinations),
but in the following, we will present mostly those cases that can be directly compared
to relevant experimental data on polymer thin films.

The system was allowed to evolve during at least ~100 tLs, and this evolution
was followed with OVITO [32]. For every simulation, this time was enough to ensure
that crater features had not changed size during the last stage of the simulation.
However, this does not guarantee the lack of possible extremely slow thermal
relaxation processes [33], but their effect should be small, given that the final
temperature of the crater area was significantly below the melting temperature of the
solid.

In order to model a thin film, the particles were artificially labeled as
belonging to the film or the substrate according to their initial depth within the sample,
and the track was heated only within the film thickness h. As the total box size was the
same for all simulations, 80x80x80 nm3, thinner films had thicker substrates and vice-
versa. Thus, in our model system there is no actual film-substrate interface, as both
are made of the same material. Still, the absence of a spike in the substrate means it
is treated as a material where electronic excitations are relaxed before coupling to
atomic motion. This is a reasonable assumption for crystalline Si [7], a common

substrate in thin film experiments. Of course at the film/substrate interface, exchange
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of energy implies that crater features might be influenced by the substrate. This is
negligible for thick films, but not for ultrathin films (h<5 nm) and very hot tracks (more
than 20,000 K).

RESULTS
a) Particle ejection and cratering formation

Figure 1 shows a 3D view of simulated craters for both amorphous and
crystalline samples. The crater includes a large rim, as also seen in simulations of keV
atomic [26] and cluster [34] ions, and larger projectiles [34, 35]. Such similarities point
to general formation processes involving atoms displaced by momentum transfer,
phase transitions and plasticity. In the case of cluster bombardment of a LJ system
[34], solid-vapor transition and melt flow were found to contribute to crater formation,
mostly due to a piston effect by the incident cluster, but here the liquid flow proceeds
as a kind of “fountain effect”, as described for collision cascades [36] and ion tracks
[19]. For a cubic fcc crystal dense packing occurs along <111> directions and this is
the most efficient direction for energy transport. Observed from the top of a (001)
surface, as in Figure 1 a, this results in 4-fold symmetry in the surface plane, and a
highly plane-oriented crater rim. On the other hand, the amorphous solid does not
contain any preferential orientation, thus the rim has a circular shape, in agreement

with the cylindrical hot track.

Figure 1. 3D view of crystalline (a) and amorphous (b) samples at the end of the simulation for a
thickness h=10 nm, Rrack=2 Nnm and T*=25. Coloring depicts particle height, with brighter color indicating
higher regions. The cubic crystalline geometry results in the 4-fold symmetry of the crater rim in the
crystalline sample, while the round rim reflects the lack of preferential directions in the amorphous

sample.
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Figure 2 shows kinetic energy profiles for crystalline and amorphous samples,
~10 ps after the spike for a track radius of 3 nm. Top and side views are shown of a
thin slice in the center of the impact point. Closed-packed <111> directions lead to
faster energy transport, and the profiles display the resulting four-fold symmetry, given
that we have a (001) surface, as mentioned above for the crater rim. The amorphous
sample on the other hand, shows the expected circular expanding profile. The slower
energy dissipation and cooling of the excited region in the amorphous sample is
evident in Figure2. The very hot central region (labeled red, with mean particle energies
above the vaporization temperature) and the molten region (colors from light blue to
yellow) are both longer and wider in the amorphous films. Consequently, the molten
region around the ion track is sustained for a longer time in the amorphous sample,
leading to larger craters and rims due to substantial melt flow, as will be later
discussed. Supplemental Figure 1 shows a series of snapshots of the track evolution
for 30nm thick crystalline and amorphous films, where the dynamics of energy
dissipation and crater formation can be seen in detail [37].

Figure 3 exhibit a thin slice of an amorphous sample, with particles colored by
their displacement with respect to their original positions, and the displacement vectors
between those positions. Some isolated particles of course move to the surface due to
focusons [38], but movies of the crater evolution, created using OVITO [32], shows
that these groups moved coherently, due to the pressure pulse produced by the track

(see for instance Supplemental Movie 1 [37]).

Figure 2. Kinetic energy color maps for 20 nm thick amorphous (a-b) and crystalline (c-d) films 10 ps

after the spike. Left column shows top view plots, while right column shows a side view at the center of
the crater. The initial track radius is 3 nm and T*=25. The energy scale is given in terms of €. "E. Energy

is preferentially propagated along nearest neighbor <111> directions in the crystalline sample, leading

to fast and efficient energy dissipation.
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Figure 3. Final (t=190 ps) displacements and displacement vectors from original positions of particles
around the ion impact site (T*=25, Rrack=3 nm) for amorphous films of h=5 nm (a,c) and h=20 nm (b,d).
Color is coded by displacement magnitude. Red coloring starts when displacement is bigger than 2
lattice parameters). Vectors larger than a lattice parameter indicate melting/vaporization. Most of the

sputtered particles and the top rim layers originate from regions which suffered a phase transition.

Typically, the first layer of the rim is composed of thin platelets pushed out by a
pressure pulse, plus some liquid flow decorating the side and top of those platelets.
Such platelets are similar to the ones resulting from cooperative atomic motion due to
sub-surface collision cascades [39]. This pressure effect occurs as predicted by the
“pressure-pulse” model, successfully used for electronic sputtering of organic materials
[40]. For thinner films, the sum of impulses leading to the pressure pulse is reduced

and there is a threshold effect with thickness, as discussed later in the text.

Regarding the role of plasticity, Figure 4 compares defects remaining after
cooling of the crystalline and amorphous samples. Defects have been filtered using
centrosymmetry parameter. There are a few vacancies (seen by the defective atoms
surrounding them), a dislocation loop at the bottom of the crater, and a few interlocked
stacking faults (SF). The low stacking fault energy of the LJ solid will lead, under large
stress, mostly to partial dislocations with a SF behind [41]. Most partial dislocations
and SFs recover and disappear under unloading, as the crater cools down and stress
decreases, and their role in the final crater volume would be minimal, unlike what
occurs for craters in fcc metals by large cluster bombardment [34, 35]. Dislocation
junctions might survive the cooling of the track, in this case immediately below the

crater and the void which remains just below the crater, as can be clearly seen for the
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crystalline solid in Supplemental Figure 1. [37]. This is similar to what is observed in
nanoindentation simulations of fcc solids [42]. For the amorphous sample, small
clusters of particles that have re-crystallized due to heating and stress are seen in Fig.
4b (in blue). Given their small sizes, their influence in the final crater dimensions should

be negligible.

Figure 4. Final snapshot (t=190ps) of a 20 nm thick film for an ion track of T*=25 and Rtac«=3 nm,
showing “defective” regions. The slices of (a) crystalline and (b) amorphous samples are colored by
centrosymmetry from O (perfect crystal, blue) to 4 (red). Defects are seen in the crystalline sample
(stacking faults and point defects surrounding the crater, and a dislocation loop below the crater). There

are a few recrystallized regions in the amorphous sample, observed as blue clusters.

The pressure required to push a step out and contribute to the rim, or to create
dislocations, could be estimated from a simple strength model. Given a hemispherical
feature like the crater, the stress to deform the surrounding material plastically is
roughly Gb/2R, where G is the shear modulus, R is the crater radius and b is a
dislocation core size, of order 1. For a LJ crystal, G~50 [43]. In the region where there
is a rim, R~10, and plasticity is ~2.5 in the early stages. Energy density leads to an
initial pressure of ~12, rapidly decaying due to energy loss by an outgoing shock wave
and thermal conduction away from the track. Therefore, the stress required for
plasticity is easily overcome by the pressure resulting from the track, which can still
reach values of 4-6 in the region surrounding the track after 19-30 ps. In the region
where the rim disappears, the pressure cannot be kept for long and does not reach

high values after ~19 ps. For the amorphous LJ solid, a typical threshold for plasticity
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is given when the shear stress reaches values of ~1.5 [44], and the pressure is also
high enough to produce plastic deformation. Pressure might lead to shear
transformation zones (STZ) [45], i.e. small clusters of particles which experience
significant shear. STZ might in turn lead to shear bands [46]. Here evidence for STZs
is observed, indicating clearly that the pressure was also high enough to produce
plastic deformation. However, the small STZs do not join to form a shear band. In both
crystalline and amorphous case, the presence of defects after irradiation might lead to
radiation-induced mechanical hardening, provided that defect kinetics at macroscopic
times does not destroy them. This is a phenomena studied for collision cascade
irradiation [47], but not so much for irradiation in the electronic regime [48].

b) Dependence on the effective energy loss

Figure 5 shows quantitative data on the average crater diameter (Dcrater), Crater
depth (Zcrater) and rim volume (Vim) for crystalline and amorphous samples as a
function of the effective dE/dx. Viim is the volume of the protruded region above the
unperturbed surface position around the crater hole. The definitions of the crater
dimensions are given in the insets of Figure 5. The analyses were performed using
tools available in OVITO [32]. The error bars provided in the figure were estimated
taking into account both statistical fluctuations among similar simulations (ran with
different random seeds) and uncertainties in the measurements of the crater
dimensions. Variations due to the simulations themselves are negligible compared to
uncertainties in the crater size measurements, which stems basically from the
difficulties of determining the exact point where a given feature begins or ends, and
the plane of reference for the unperturbed surface. Measurements were taken in two
planes: (100) and (010), corresponding to top and cross-sectional (lateral) views,

respectively.

Craters are wider for the amorphous sample, but the crater diameter in both
systems shows a square-root dependence with (dE/dx)er. Crater depth, on the other
hand first increase sharply with increasing dE/dx (supralinearly in the amorphous and
linearly for the crystalline film), but dependence weakens as the physical size of the
films (Zcrater=h) is approached. The depth of the crater reaches the physical limit of the
film at energy loss values close to 1 keVV/nm in the amorphous films, for the crystalline
case, larger dE/dx are required. Thus, crater depth and radius do not scale equally
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in contrast to simple scaling laws that predict a roughly hemispherical
crater, with each dimension proportional to (dE/dx)" (with n varying from %2 [49] to 1
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Figure 5. Crater diameter Dcrater (@), With inset figure of measurements definitions, and depth Zcater (b),

and rim volume Viim (¢) as function of effective stopping power for amorphous (circles) and crystalline

(squares) films with h= 20 nm. Lines for crater diameter are Dcrater ~(dE/dX)ert 12, as suggested in [27].

The crater depth curve includes a point where the size of the void below the 'regular' crater was added

to compute the total depth and a dashed line indicating the film thickness. Rim volume plots includes
(dE/dx)ett  fits (solid lines).

For the crystalline films, in several cases the fast cooling of the crater together

with a dense dislocation forest lead to the collapse of crater walls, which formed

faceted voids bellow the crater (Supplemental Figure 1 in ref. [37]). For one value of

dE/dx, the appearance of voids was particularly pronounced and a point was added in
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Figure 5b, showing the value of the cavity depth including the length of the void. Further
increase in energy loss did not result in deeper craters (we tested up to 3 keV/nm).
This means that the initially non-excited particles of the substrate contribute negligibly
to sputtering, later discussed in details, or to the crater shape. Diffusion of the excitation
energy to the substrate is also very limited along the axis of the impact during the short
time scale for cratering and sputtering.

This scaling is similar to what was obtained previously for a crystalline LJ solid
[27]. The rim volume is much larger for the amorphous sample, tough, as for the crater
hole, the scaling with (dE/dx)est is similar for both systems. Curves of Vrim is proportional
to (dE/dx)ef* are shown as solid lines in Figure 5. The square dependence scaling is
approximate, as it becomes weaker at larger dE/dx, especially for the amorphous case.
It is also clear from Figure 5c that there is a minimum or threshold stopping power for
rim formation, which is phase dependent. The smallest effective energy loss to observe
a distinguishable rim in the amorphous sample is close to 0.15 keV/nm, but ~ 0.7
keV/nm in the crystalline sample, an increase by a factor of four. The lower threshold
for the rim formation in the amorphous is attributed to the lower stress threshold for
plasticity in this system, as previously discussed (critical stress of 1.5 versus 2.5 for
the crystal) and the larger contribution of melt flow to the rim in the amorphous film,

In summary, all crater dimensions tend to be larger in the amorphous targets.
As the initial deposited energy is the same in both cases, such differences must be
related to the way energy is dissipated and transported out of the excited region after
the ion passage. As already pointed out, this is in part due to the higher diffusivities in
the crystalline samples, where energy is rapidly diluted in larger volumes. Free volume
and particle mobility is also enhanced in the amorphous system facilitating mass
transport and melt flow out of the excited region during longer times after the ion
excitation. Such differences in energy transport, which impacts the “slower” events of
crater formation and relaxation, are, however, not so important for the faster process
involved in sputtering, as discussed below.

Figure 6 shows the sputtering yield (Y) as a function of effective stopping power
for amorphous and crystalline films of h=20nm. Both crystalline and amorphous targets
present nearly identical sputtering yields. Unlike the predictions of quadratic
dependence with dE/dx in analytical spike models [14] which neglect pressure and

surface effects, the dependence observed here is roughly linear, same as in
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simulations of infinitely long tracks [24]. This is to be expected as far as most of the
ejection depth is smaller than film thickness.
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Figure 6. Comparison of sputtering from amorphous and crystalline LJ films (h=20nm) for an excited
track of Rrack=3 nm. (@) Yield of sputtered particles as function of effective stopping power for amorphous
and crystalline films. A fit with a power of 1.2 is included, as suggested from simulations of infinitely long
tracks [24] (b) Exit angle distribution of sputtered particles from crystalline and amorphous samples in
the case of (dE/dx)e=0.77 keV/nm (T*=25). The average exit angle is very similar in both cases: 33+19°
for the crystalline films and 32+19° for the amorphous, where the uncertainty is the standard deviation
of the population. The standard error for the mean is ~0.5°.

The exit angle distribution of sputtered atoms at one fixed dE/dx is also shown
in Figure 6. Surprisingly, the amount of ejected particles and the mean sputtering angle
(33+£19°) were very similar in both systems, crystallinity having no influence in this
matter. We attribute such similarity to the extremely high temperature and disordered
condition of the track region from where most ejected particles originate, as indicated
by the arrows in Figure 3.

The amount of sputtered particles in our simulations was significantly smaller
than the number of particles corresponding to the crater volume, as already noted
previously [24, 27]. This is in part due to melt flow and redeposition at the crater rims

of highly excited particles of the spike and to the particles that are pushed radially
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towards the walls of the crater, where they accommodate in a compacted region. Both
effects are clearly seen in the movie provided in the supplemental material [37]. For
thick films, the number of sputtered particles is 30-50% smaller than the number of

particles in the rim.

c) Thickness dependence

In this section we discuss how surface effects change with decreasing film
thickness. In the following, we concentrate our discussion in the amorphous case that
has a morphology very similar to the experimental craters in amorphous organic films,
used here for comparison. In Figure 7, top-view, AFM-like pictures of MD craters are
shown for different film thicknesses h. In this set of simulations, LJ samples were
excited by a spike with T*=25 and the initial track radii was Rwack=3 nm. We chose on
purpose MD initial track conditions in the amorphous LJ films that give a reasonable
agreement with crater diameters seen on PMMA films [25] bombarded by 923 MeV Pb
ions [(dE/dx)el close to 15 keV/nm], shown in Figure 7. For qualitative purpose, we
also added images of crater for varying thickness crystalline films in Figure 7, but those

simulations were run with Ryack=2 nm.

@)

Figure 7. Comparison of experimental craters produced by swift heavy ions in PMMA with simulated
craters in crystalline and amorphous LJ films. Top view, AFM-like images of simulated craters (T*=25,
R=3 nm) for (a-e) crystalline and (f-j) amorphous films of different thicknesses: (a) 2.5 nm; (b) 3.5 nm;
(c) 8.5 nm; (d) 18.5 nm; (e) 43.5 nm; (f) 2 nm; (g) 3.6 nm; (h) 6.6 nm; (i) 20 nm; (j) 43 nm. Right row
depicts (k-0) AFM images of craters produced by 923 MeV Pb in PMMA thin films of thicknesses (k) 2

nm; (I) 4 nm; (m) 8 nm ; (n) 20 nm (0) 42 nm. The images size is 80x80 nm?2 for all cases.
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Under the conditions described above, MD crater diameters in the amorphous
films are ~25% smaller than those measured experimentally. However, MD rim
volumes and crater depths are substantially larger than experimental ones, reflecting
the much weaker bonding of a LJ system, compared to entangled polymer chains of
real films. For example, simulated rim volumes are a factor of four larger. Despite such
guantitative disagreement (expected in such a simple model), the simulations mimic
very well the dependence of crater diameter and rim volume with thickness seen in the
experiments. Starting from a saturation value at thick layers, the rim size remains
unchanged down to a thickness of ~30 nm, followed by steep decrease for thinner
layers. A similar condition is observed for the thickness dependence of crater’s radii,
but the critical thickness below which thickness-dependent effects starts is shifted to
approximately h<10 nm and the shrinking of the crater hole with h is less steep. This
decrease in crater and rim dimensions fits very well to theoretical predictions of models
for which radiation effects at the surface are driven by the sum of elementary
excitations along the track [40, 25]. Such cooperative action becomes naturally weaker
for shorter track lengths. In the simulations, the pressure pulse is weaker and cooling
of the excited track is more efficient in short tracks, both contributing to the decreased
radiation damage efficiency on ultrathin layers. Long-range effects along the track are
particularly critical to the rim formation. This is reflected in the much larger critical
thickness where deviations from bulk behavior start to be observed.

There are also some important aspects to note, concerning the dependence of
crater depth with thickness. The depth of simulated craters in a-LJ films followed the
curve Zcrater=h for h values up to h~30nm. Even for the thickest film tested (60 nm)
crater depth is far from reaching a saturation value, typically seen in the experiments
[10, 25]. Obviously when the thickness of the sample is equivalent to or below the
maximum (saturation) Zcrater, the depth of the crater starts to become physically limited
by the thickness and Zcaer=h is a natural possibility at small h. However,
experimentally, crater depth does not follows the curve Zcawer=h even when the
thickness is smaller than the saturation crater depth [25], contrary to what is seen in
the simulations. Simulated craters are deeper, not because sputtered particles comes
from deep layers, but because of a large contribution from melt flow in a LJ material.
As seen in Figure 3d, many hot particles move upwards from the inner regions of the

track and are deposited at the rim region.



38

In fact, in the simulations, sputtering yield is dominated by particles originally
lying above z=h/2, even in very thin films. Figure 8 shows the distribution of the depth
of origin of ejected particles for films of thickness h of 2 and 20nm and the fraction of
ejected particles originating from z<h/2 for all thickness tested. For the 2nm film, ~ 94%
of the ejected particles comes from z<h/2. For the other thicknesses, this fraction is
even larger. The h/2-limitation for the depth of origin of ejected particles from thin films
can be understood noting that momentum transfer is critical for particle ejection. In the
simulations, the z-component of the velocity of excited particles tend to be positive (i.e.,
points toward the surface) only for particles located at a position with z<h/2. This is
clearly seen in Figure 3c and d, where displacement vectors from initial positions have
upward arrows starting near z=h/2. Below that depth, displacements have a high
degree of randomness, or tend to point downwards. Such observations are also in
agreement with predictions by analytical models based on sum of impulses [18, 40].
According to this model, in a film with a finite thickness, the total impulse transmitted
to a particle in the film points upward only if it is located at a position with z<h/2. At
points with z>h/2 the impulse direction is inverted and push particles towards the
substrate.

Total sputtering yield also experience a drop with film thinning (Figure 8a),
occurring at the same thickness than the drop for rim volume, and indicating a
connection between the two events. Angular distribution of ejected particles, on the
other hand, is not much affected by thickness reduction. For thinner films, both the
pressure pulse and melt flow are reduced, and cratering/sputtering is mostly due to
rapid phase explosion, as for bombardment of large clusters [34].

The fact that many experimental trends are reproduced with the simple LJ
film/substrate model used here, implies that crystalline Si in the experiments acts to a
good approximation as a non-excitable substrate, as in the simulations (this may not
be the case for amorphous Si, however [51]). We already pointed out that exchange
of energy between particles at the bottom of the track and the initially non-excited
particles is small. Indeed, exciton diffusion lengths in polymers are expected to be
around 1-3 nm and would only be relevant for the thinnest films considered here.
Diffusion under the non-equilibrium conditions produced by the track might lead to
significantly different values for exciton diffusion, but our results suggest that this is not
the case and excitation decay occurs rapidly. Therefore, for film thickness larger than

about 10 nm, we predict that using an insulating or metallic substrate would lead to
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similar surface features. Using polymers with much larger exciton diffusion length (for

instance due to chain bonding or doping) might still lead to the same scenario,

provided excitation coupling to the atomic cores is fast enough.
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Figure 8. Sputtering yield and depth of origin of ejected particles as a function of h. (a) Total sputtering

yield as a function of thickness for R=3 nm and T*=25. (b-c) Distribution of the number of puttered

particles as a function of the depth of origin z for a 2 nm and a 20 nm thick films. (d) Fraction of ejected

particles originating from depths z<h/2 for various film thicknesses.
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Conclusions and summary

To summarize, surface modification by electronic excitations produced in
nanometer-thick LJ films with amorphous structure to better mimic a polymer film, are
controlled by the excitation in the film itself, with negligible substrate effects. Crater
formation is controlled by track size and temperature, with crater size being mostly
determined by evaporation and melt flow from the hot track. The rim size is determined
both by melt flow and by coherent displacement of particles, due to the large pressure
developed in the excited track. Craters and rims are much larger in amorphous films
essentially due to the slower cooling of the excited region, compared to fast cooling in
the crystalline matrix due to energy transport along close-packed directions. This also
results in an effective threshold stopping power for rim formation which is appreciably
larger in the crystalline sample. On the other hand, sputtering yields from both
crystalline and amorphous samples are similar (including the angular dependence),
indicating that ejected particles arise mostly from the highly excited track, making the
initial phase structure of the material not relevant.

We found a large dependence of surface effects on film thickness below a
critical value, which is different for crater diameter and for rim volume, due to the
different mechanisms involved in each case. In the simulations, crater diameter is
sensitive to film thickness only for h<10 nm. The rim volume is more sensitive to
thickness effects (h<30nm), because its formation is partly due to a pressure pulse
effect requiring a coordinated push from depth to lift surface platelets.

Here we employed a very simple model of particles interacting via LJ potentials
in tracks of variable length to simulate cratering in thin films of organic materials and,
in particular, polymers. Generating and irradiating large samples (>10° particles) with
polymer chains simulated with FENE [52] or more complex interactions, like the
Brenner’s potential, would be an obvious improvement to simulate a “real” polymer in
future work. Other simulation configurations that better model the role of the substrate
can also be employed, including (a) using a 2-type LJ system to mimic different
mechanical properties of film and substrate; (b) adding exciton quenching; or (c) adding
electronic heating for insulating substrates with different temperature and heating
times. This will for sure improve quantitative agreement with cratering features in real
experiments. However, we demonstrate that several important features observed in

experiments with macromolecular thin films are already reproduced by amorphous LJ
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samples, showing the usefulness of simple potentials to simulate complex organic

materials perturbed by high-energy ions.
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Supplemental Material for “Simulations of cratering and sputtering from an ion
track in crystalline and amorphous Lennard Jones thin films”

1. Crater Evolution

Suppl. Fig. 1 shows several snapshots of the crater evolution - lateral view of a thin
slice in the center of the plane (010) - for a 20 nm thick amorphous and crystalline films
(left and right columns, respectively) after perturbation by an ion track with radius
Rrack=3nm and temperature (Tw) of 25 LJ units. The displayed time range is from 9 ps
up to 70 ps. It is possible to track down the dissipation of the energy released by the
hot track to the unperturbed matrix resulting in the ejection of energetic particles,
cratering and relaxation. The color code represents particle kinetic energy (KE), where
blue stands for particles with associated KE under the fusion temperature, and red
stands for particles with associated KE above the vaporization temperature. Any other
color stands for a temperature range in the melt phase.

While for the amorphous film the energy dissipates in a cylindrical symmetry, the
crystalline film dissipates energy in preferential directions along its crystallographic
planes, allowing the energy to fade up faster. At the 19 ps snapshot, for example, it is
possible to see a larger energy density close to the ion track in the amorphous film
when compared to the crystalline case. The slower energy dissipation in the
amorphous sample leads to the formation of a larger molten region, which ends up
producing wider and deeper craters, once the particles of this region have greater
mobility when compared to the solid particles (in blue). On the other hand, the
quickness of the relaxation processes described in the crystalline sample may cause
the formation of a void below the crater, as can be seen in Suppl. Fig. 1 (h).

This scenario may also be appreciated in the movie provided (Suppl. Movie 1),
where the evolution of the system is shown through the displacement vectors of the
particles from their original positions. The movie presents a lateral view of a thin slice
in the center of the plane (010) in an amorphous film with thickness h=20 nm excited
by a track with Riack=3nm and TL3=25. The video encompasses a time range of 190 ps
after the perturbation by the ion and is composed by 237 frames. The movie clearly
shows the following features: 1) most of the sputtering occurs in short times, with the

majority of ejected particles coming from a depth z<h/2; 2) melt flow (longer arrows)



47

transporting particles to the top of the rim); 3) coherent displacement of particles
pushing material upwards to form the first layers of the rim, and 4) the compaction of

particles in the walls of the crater due to the radial expansion of the heated track.

40 nm

Supl Figure 1. Crater evolution for 20 nm thick amorphous (a-d) and crystalline (e- h) films excited
with a spike with Rrack=3nm and TwL;=25. The color code represents particle kinetic energy (KE) (blue
stands for particles with associated KE under the fusion temperature and red stands for particles with
associated KE above the vaporization temperature, any other color stands for a temperature range in

the melt phase).
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ABSTRACT

In this work, surface effects of individual heavy ion impacting thin polymer-like films
were investigated using molecular dynamics simulation (MDS) with the FENE potential
to describe the molecular chains. The perturbation introduced by the ions in the lattice
was modeled assuming that the initial excitation energy in the ion track is converted
into an effective temperature, as in a thermal spike. The track was heated only within
the film thickness h (varied from 2-60 nm), leaving bellow a non-excited substrate. The
effect of a decreasing thickness on cratering and sputtering was evaluated. The results
were compared to experimental data of thin polymer films bombarded by MeV-GeV
ions and to simulations performed with the Lennard-Jones potential. While several
gualitative results observed in the experiments were also seen in the simulations,
irrespective of the potential used, there are important differences observed on FENE
films. Crater size and sputtering yields are substantially reduced in FENE simulations.

This is attributed to the additional restrictions to mass transport out of the excited track
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region imposed by interchain interactions (entanglements) and by the low mobility of
the molten phase induced by the spike. Overall, there is a better agreement between
MDS and experiments for the FENE than for the LJ potential.

1. Introduction

High-energy charged particles have been widely used to characterize and modify
materials in a controlled way, leading to important applications in different fields of
materials science and engineering, medicine and geosciences [1-4]. Sufficiently fast
ions deposit a large amount of localized electronic excitation along its path through the
material, which can be coupled to the lattice [5] and produce radiation damage in the
bulk [2], sputtering and mass transport at the near surface [6]. In particular, for
polymers and other organic materials, radiation effects of swift heavy ions are very
pronounced, involving complex and irreversible chemical rearrangements along the
ion path and large yield of particle emission. Sputtering in the electronic stopping
regime is very efficient for organic materials [2,7] and large craters are often found at
the point of ion incidence [7, 8, 9].

Because of that, the use of electronic sputtering for characterizing organic
materials has gained especial attention in recent years [10, 11]. This stems from the
fact that secondary ion mass spectrometry with MeV-ions (MeV-SIMS) shows higher
sputtering yields and less molecular fragmentation, when compared to keV-SIMS, and
it is capable of molecular mapping of samples, including of tissues at high pressure
atmospheres [11-13]. Even though several basic aspects of electronic sputtering have
already been clarified since the early works in the field [14, 15], many mechanistic
details, important for mass spectrometry applications, are still not well understood [16].
One example is the complex and transient processes of energy deposition and

transport leading to sputtering, which are not easily accessed via experimental
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observations. In this respect, there are important gaps that only computer simulations
can provide adequate inputs. This includes details of the fast (femtosecond) energy
transport by secondary electrons using Monte Carlo (MC) simulations [17], or tracking
the subsequent dynamics (on a nanosecond time scale) of the atoms set in motion by
MD simulations [18-25].

To simulate non-equilibrium energy transport and sputtering from ion tracks in
molecular solids, the simplest approach is to employ the Lennard-Jones (LJ) potential,
suited to model van der Waals solids such as condensed gases [19, 26, 27]. LJ has
been also applied to explain several features of the electronic sputtering of
biomolecules in the pioneering work of Feny6 et al. [28], and later to describe cratering
in polymers as a function of the excitation density in the tracks [29, 30]. More recently,
simulations with LJ have also been used to evaluate the effect of spatial confinement
of ion tracks on cratering and sputtering of ultrathin polymer films irradiated by swift
ions, with good qualitative agreement with experimental observations [31]. Despite the
low computational cost associated to the Lennard-Jones potential, there are limitations
on the simulation predictions, which stems from the oversimplifications of the model.

In this paper, we extend our previous simulations of surface effects caused by the
impact of individual swift heavy ions on LJ thin films [29], by explicitly including a
molecular chain. We chose to simulate a polymer chain at the coarse-grained level, in
which each monomer is represented as a particle bound to its neighbors via a FENE
(Finite Extensible Nonlinear Elastic) potential [32]. The FENE potential has been
successfully used to investigate viscoelastic and rheological properties of polymers
and their dependence on chain length [33—-35]. Other coarse grained models have
been already used for studying effects of radiation in polymers but only at the low ion

energy range [36, 37], where nuclear collisions dominate. Overall, we observe better
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agreement between experiments and simulation using the FENE potential, for which
craters, sputtering yields and flow of molten material are substantially reduced, as

compared to the LJ system.

2. MD simulations

Classical molecular dynamics simulations were performed using LAMMPS (Large-
scale Atomic/Molecular Massively Parallel Simulator) [38] with conditions similar to
what has been applied in previous simulations of cratering in polymers [29, 31, 39].
Polymer molecules were modeled as a chain of monomers with intrachain bonds
governed by the FENE potential and interchain interactions modeled by LJ potential.

Lennard-Jones and FENE potentials are given in equation 1 and 2, respectively:

£y = 4el(?) ()" g
Ergne = —0.5KRy21In [ 1- (R—O)z] +4€ [(g)lz - (5)6] +e )

In both equations, o has space units, € has energy units and r is the interatomic
distance. In the FENE potential, R, indicates the maximum distance allowed between
monomers directly bonded in the same chain and K has energy/space? units and it
corresponds to the elastic constant of the system for small interatomic distances. The
parameters used for both potentials are described in Table 1. Note that in the FENE
construction, as r = Ry; Ergyg — 0, Which hinders adjacent particles in a chain to
move farther than R,. This means that radiolytic processes such as chain scission,

production of small fragments and bond rearrangements observed in real organic



52

materials are not allowed in our simulations. Thus, LJ and FENE approaches

correspond to two extreme cases of weakly and very strongly bonded chains.

Table 1 Parameters used for LJ and FENE potentials

Parameter Value
Physical units LJreduced unities
o 0.5 nNm 1
€ 0.07 eV 1
T0 1.7 ps 1
Rt 3 nm 6
K 1.3 N/m 30
Ro 0.75 nm 15

The simulation boxes contained about 5 million particles within a volume of

80x80x80 nmé, including particles of the film and substrate. The boxes were centered

at the origin and had a top free surface perpendicular to the z axis. All other surfaces

included a region of Langevin thermostating and damping with a thickness of 2(1.

Periodic boundary conditions were used in x and y directions (spatial coordinates are

defined in Fig. 1).
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substrate 1

Figure 1. Scheme of film, substrate and ion track. lon track is parallell to z-axis and

normal to the surface.

The interchain potential parameters, 0 =0.5 nm and € = 0.07 eV, followed those
values previously used to simulate cratering on pure LJ films [29, 31, 39]. Chains
containing a hundred monomers were used, each monomer represented as a particle
with a mass of 1.66 x 10?2 g (100 u). This corresponds to a chain of PMMA with
Mw=10,000 u. Fig. 2 shows the position of 50 molecules in the beginning of a
simulation, where it is possible to see that several chains are entangled.
Entanglements provide additional constraints to molecular motion, as in a real polymer
[37]. The mean radius of gyration was about 2 nm. The amorphous LJ samples were
obtained following the methodology described in [20]. The non-cristallinity of both
FENE and LJ samples was verified by evaluating the radial distribuition function. The
surface of the LJ samples were almost atomically flat, but FENE samples had a natural
roughness, with root mean square values around 0.25 nm (Fig.2b-c), close to the

values found for polymer thin films on Si substrates by atomic force microscopy.
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Figure 2. a) Representation of 50 molecules in the FENE sample (each molecule is
painted with a different collor). b) Lennard-Jones film and c) FENE film before the
thermal spike. A collor code for surface height was used. It is possible to identify that

FENE sample presents a greater roughness than LJ sample.
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In order to describe the energy deposition by the ion, a thermal spike model was
used, as decribed previously [21]. Particles within a radius of 3 nm from the impact
point were heated (in about 0.4 ps) by giving them energies corresponding to a
temperature of 25,000 K. This forms a region equivalent to the ion track core. The
simulations then followed the evolution of the system for about 300 ps, when crater
features were already stabilized. The amount of energy deposited in the system per
unit length (i.e. the effective stopping power) was evaluated computing the difference
in mechanical energy (kinetic plus potential) of the track atoms before and immediately
after the heating process was completed, divided by the track length. The effective
stopping power, (dE/dx)ett , gives the portion of the total electronic dE/dx that is
converted into atomic motion (usually assumed to be around 10-40%) [20, 40]. The
(dE/dx)ett associated with the initial track temperature of 25,000 K is ~1 keV/nm. This
was the value used previously for Lennard-Jones potentials, which gave a good
agreement with experimental data on PMMA thin films [31]. We note that, in order to
follow a thermal spike with FENE samples it was necessary to introduce variable
timesteps during the simulations. Such approach is justified by the large initial
excitation energy, which tends to make the interparticle distance in a chain r close to
R, in the beginning of the simulations, leading to divergences and integration errors.
By making smaller time steps when the system was very hot, we could guarantee that
no particle would move farther than a reference limit, keeping the simulation stable,

while it evolves toward thermal equillibrium.

To model a thin film, the particles were labeled as belonging to the film or
the substrate according to their initial depth within the sample (Fig. 1). The track was
heated only within the film thickness (i.e. the film thickness is the excited track length).

Thus the substrate behaves as a material non-excitable by the fast ions. This is a
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reasonable assumption for substrates made of Silicon, where ion tracks are not

observed. The simulated films have thicknesses h in the range of 2 to 60 nm.

The MD output files were analyzed using OVITO [41]. Different cases were
simulated three times using different seeds in the velocity distribuition function in order
to evaluate statistical fluctuations. Also, the measurement of radiation-induced
topological features were performed three times in different plane views in order to

take geometrical variations also into account.

3. Results

Fig.3 shows the evolution of a ultrathin (5 nm) and a thick (50 nm) FENE films, by
looking at a slice in the middle of the simulation box. For comparison, similar results
obtained for a 50 nm thick LJ film are also shown in the Fig.3. A color code for kinetic
energy was employed, where red depicts particles with kinetic energies higher than
the vaporization temperature and blue particles below melting conditions. For
comparison purposes, melting and vaporization temperatures obtained for the LJ
system were also kept in the FENE images. The different stages of energy dissipation
and transport, particle emission, crater formation and relaxation are shown in Figure.
There are important differences in the system evolution between the ultrathin and the
thick film. For the ultrathin film, almost only the initially excited region of the track is
melted and vaporized. There is a slight radial expansion of the vaporized zone (from 3
to 5 nm, Fig. 3a-b), and after 29 ps, when energy dissipation by sputtering is seen, a
molten region of ~4 nm is formed. In this case, a rimless crater is formed with the film
cooling down very quickly. For the thick film, after about 4 ps a vaporized phase
coexists with a much larger molten region extending radially up to ~16 nm (four times

larger than in the 5 nm thick film). The vaporized region expands also to larger radius
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reaching ~7 nm. At ~30 ps, a hole with a depth of ~20 nm is formed, but a subsequent
flow of molecules into the cavity reduces substantially the final depth of the crater. It is
very clear that the excited region and neighborhoods are kept hot for much longer

times in the thick films.

Figure 3. Evolution of a 10 nm FENE film (from a to f), a 60 nm FENE film ( from g to
l) and a 60 nm LJ film (from m to r). A color code for kinetic energy was employed,

where red depicts particles with kinetic energies higher than the vaporization
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temperature and blue particles below melting conditions. For comparison purposes,
melting and vaporization temperatures obtained for the LJ system were also kept in

the FENE images.

When comparing energy transport in FENE and LJ films of equal thickness, there
are gualitative aspects that remain the same: there is a first quick energy dissipation,
which can be associated with a pressure pulse, followed by a slower diffusional
dissipation during the cooling of the molten region. We computed the displacement of
particles from their original positions in the beginning of the simulation and several
particles are seen moving coherently. During the simulation, this correlated movement
change into a brownian-like movement indicating that after the pressure pulse, energy
is transferred as heat. Most patrticles in deep layers move radially, outwards from the
track core. Particles close to the surface have an upward momentum component, while

those close to the bottom of the film tend to have a downward movement.

In spite of such similarities, the presence of a chain structure impacts the system
evolution, introducing several differences in the final crater shape observed for FENE
and LJ thick films. Mobility of particles is severely restricted in the FENE system, where
even very hot molecules cannot escape the film. In contrast, hot-particle ejection is
very pronounced in the LJ system. Additionally, in the LJ film, melt flow contributes
substantially to the transport of mass towards the surface, resulting in a crater hole
roughly the size of the entire film thickness and large rims. In FENE samples, however,
melt flow acts to repopulate the cavity formed in the early stages of the track evolution,
as it can be seen from frame i to j in Fig.3. That is, the hot large molecules in the deep

layers move a little upwards, before the systems cool sufficiently to freeze molecular
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motion. Thus, while melt flow diminishes the final crater depth in the FENE system, in

the LJ films it acts as an important mechanism to enlarge the cavity size.

Fig.4 shows top views and lateral slices of the final crater morphology in the end of
a simulation of irradiated 20 nm-thick LJ and FENE films. FENE samples present much
smaller and less uniform craters when compared with LJ samples (both, the diameter
and the depth of the crater are smaller). Crater rims are also small in FENE samples,
being slightly larger than the initial roughness of the films, while for the LJ films rims

are very pronounced.

Figure 4. Top and side view of Lennard Jones (a and c¢) and FENE (b and d) films
respectively after system evolution. It was used a collor code for surface height from 0
nm (surface) to 4 nm. Itis possible to see that FENE produces smaller and less regular

topological effects.
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Particle ejection is also influenced by the presence of long chains. In the LJ
sample, particles are ejected as isolated particles or small clusters and in the FENE
system only entire molecules can be ejected because bond-breaking is artificially
blocked. The decreased molecular mobility in FENE samples results in sputtering
yields much lower as compared to LJ samples. For a 60 nm thick film, the yield is
~1400 patrticles/ion (monomers) in the LJ system, reducing to ~800 monomers/ion for
the FENE solid. In addition, changes in the chain conformation are clearly seen during
the sputtering process in FENE solids. Many molecules that were in a coiled
conformation in the beginning of the simulation adopt an extended conformation during
ejection, and return to a compact shape after escaping from the solid and cooling down.
Thus, part of the excitation energy of the molecules is transferred to internal vibrational
modes during the ejection process, what in a real system could lead to in-flight
fragmentation. Similar changes in conformation during ejection were also seen in

simulations of keV ions bombarding polymeric molecular solids [36,37].

We also evaluated the effect of film thickness in the crater size and sputtering yield.
Fig. 5 shows top view AFM-like images of single ion impacts on films of different
thicknesses, where the main qualitative differences can be appreciated. The trend
found for the FENE films is similar to what has been recently observed for LJ films [31],
with craters becoming strongly thickness-dependent below a certain critical thickness,
that is different for craters and rims. Rim formation is much more sensitive to the
reduction in the thickness of the film than the crater hole. Note that the ion impacts
generate craters in LJ films for all thicknesses tested, but for the FENE films at h = 2
nm no crater is formed. This occurs when the track length is similar to the mean
gyration radius Rq. For very short tracks, only a fraction of the particles in the chain is

excited. Even for thicker films, many excited molecules in the simulation that start to
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escape the solid, recoil back to the surface, most probably because of interchain
entragnlement. As Rg. grows with chain length, the simulations indicates that the
minimum thickness for crater formation (and intact molecular ejection) will increase

with molar mass of the polymer.

2 nm 5nm

FENE

Figure 5. AFM-like images of LJ (a-e) and FENE (f-)) for different film thicknesses (from
2 nm to 50nm). It was used a collor code for surface height from 0 nm (surface) to 4

nm.

The mean crater depth (Zcrater), crater diameter (Dcrater) and rim volume are displayed
as a function of the film thickness in Fig. 6, allowing a more detailed comparison
between FENE and LJ results. In the FENE films, Zcrater grows quickly with h after the
threshold at h~2 nm, and already at h ~ 10 nm reaches its maximum value. Beyond
that, there is a slight decrease in crater depth until at h ~ 30 nm a plateau region
representing the bulk behavior is achieved. This plateau is clearly seen in the
experimental data for h > 10 nm. Thus, for FENE system the deepest craters are not
found at the thickest films. This is related to the restricted mobility of the chains as
already pointed out in the previous section and to the balance of molecules moving
into and out the forming crater, which is dependent on the length of the excited track.

This is clearly illustrated in Fig. 7, which shows vectors of particle displacement from
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original positions for 5 nm and 35 nm thick films. In the thin film, while highly excited
molecules in the track core leave the material, there is almost no melt flowing into the
crater, because the heated track is very short. On the other hand, for the 35 nm film
there is a large number of heated particles from the deep regions of the excited track
that cannot escape the film, but move into the cavity. Such effect is not seen in the LJ
films, because the melt, being very mobile for longer times, contributes to increase
crater depth at all tested thicknesses. Differently from the FENE, in the LJ films Zcrater
increases steadily with h in the entire range of investigated thicknesses. Even at h =
60 nm, Zcrater is far from reaching a plateau. Thus, in the thick films, while easy flow of
the melt allows large displacement of particles and enlarge craters in LJ systems, the
reduced mobility of the “viscous” melt in the FENE film acts for reducing crater depth.
This result has not been systematically observed in experiments, although in certain
cases craters in thick films appear shallower, although this may be related to the

presence of large rims that influence AFM tip penetration into the cavity [31].

Dcrater also has a region at small h where it is strongly thickness dependent followed
by a plateau region where further increase in the track length no longer produces
changes (Fig. 6b). In this respect, FENE and LJ films show a similar behavior, although
craters are much narrower in the FENE system and reach the plateau level with thinner
films (=10 nm) compared to the LJ films (=20 nm). Experiments indicate a critical

thickness of ~10 nm below which crater diameter drops quickly [31].

The volume of the crater rim as function of film thickness is displayed in Fig. 6c.
Again, FENE rims are smaller when compared to the LJ films for all thickness. For very
thin films, the rim in the FENE system is very close to natural roughness of the surface.

For both FENE and LJ samples the rim volume grows with increasing thickness until a
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plateau value is reached. The plateau is reached at similar film thickness: about 35 nm

for FENE solids and 30 nm for the LJ case.
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Figure 6. Crater depth (a), Crater diameter (b), rim volume (c), sputtering yield (d) for
FENE samples as function of film thickness (from 2 nm to 60 nm). Data for LJ
simulations obtained in [31] and for experiments on PMMA films irradiated with 2.2

GeV Au and 923 MeV Pb are also shown. In the FENE simulations, measured crater
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diameters fluctuate more in part due to the irregularity of the disposition of the

molecules in the sample.

Figure 7. a) Displacement vectors for a 10 nm FENE sample. b) Displacement
vectors for a 20 nm FENE sample. The displacement vectors show the displacement
of particles from the beginning to the end of the simulation. While in the 10 nm film, all
particles move outwards the crater, in the 20 nm, particles from the melt region move
towards the crater fulfilling it. The sputtering yield (Y) also decreases below certain film
thickness (Fig. 6d). This is a result already seen in the early simulation work of Feny6

et al. [28].
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Yields are expected to increase until the thickness of the film reaches values
equivalent to the maximum depth of origin of sputtered particles in the bulk material
(Zy’). Beyond that h, Y grows slowly upon further increase in h, until saturation is
reached. The computed values of the maximum depth of origin of sputtered particles
as a function of h are given in Fig. 8 (we use as criterion to obtain Z{ the maximum
depth for which 95% of the particles are emitted). For the LJ molecular solid the
saturation yield is reached at about h=30 nm and Zy’~ 22 nm (Fig. 8). In the FENE
films, only intact molecules are ejected and because of that the yield growths in steps
of 100 particles (1 molecule). The Y saturation thickness is larger for the FENE films
and it appears to be around h=50 nm, but Z;°~8 nm. This is surprising, considering that
crater volume reaches saturation already at ~~30 nm and the maximum Zcrater ~3 nm.
Thus, FENE simulations show sputtered particles coming from below the final crater
depth, contrary to what is seen in the LJ film where sputtered particles come always
from depths above Zcrater (Fig. 8). This is also in contrast to simulation for keV ions,
where the depth of origin of sputtering was found to be not greater than half of the
crater depth [37]. Thus in the FENE films, displacement of molecules from deep layers

contributes to the sputtering Y and to diminish the final crater volume.

We finally note that for very thin films the depth of origin of sputtered particles never
reach the entire film thickness. In the FENE samples the depth of origin and the crater
depth are always smaller than h/2. Similar trends were seen in the experiments with

polymer films [31].
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Figure 8. Maximum sputtering depth of origin as function of film thickness for FENE
and LJ samples. For comparing purposes, | was added the curves of crater depth (for

both potentials) z=h and z=h/2.

4. Conclusions

We presented simulations of surface effects produced by a thermal spike on
polymer-like films due to the impact of a fast heavy ion, using a coarse-grained
approach with the FENE potential. The evolution of the excited track, sputtering and
the final surface topology at the impact site were followed as a function of film
thickness, and compared to results obtained previously with simulations using LJ

potential and experimental data with polymer thin films.
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Crater size and sputtering yield are reduced in the FENE systems, compared to LJ
films for all thicknesses tested. This is attributed to the additional restrictions to mass
transport out of the excited track region imposed by interchain interactions
(entanglements) and by the low mobility of the molten phase induced by the spike.
Even though crater features in FENE solids are smaller than what is seen
experimentally, FENE simulations better match the morphology of the craters seen in
polymers and their dependence on film thickness than LJ potentials. However, having
the bond-breaking channel inactive, the FENE construct overestimates the system
resistance to the ion impact. Since in the inner part of an ion track in a real polymer
fragmentation of the chain is extreme, further work is now being conducted aiming
more complex potentials capable of dealing with bond breaking and chemical
reactions. This will also allow simulating the mass spectra of intact molecules and
different fragments to compare to experiments of MeV-SIMS of large organic

molecules.
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5. CONSIDERAGOES FINAIS

Nesse trabalho, os efeitos da radiacao ionica de alta energia (no regime de
freamento eletrbnico) em filmes finos organicos foram investigados usando Simulag&o
Computacional por Dinamica Molecular. Utilizou-se um modelo de Thermal Spike para
modelar a deposicdo de energia pelo ion no material e dois potenciais de interacao na
escala granular foram aplicados para descrever o material: o potencial de Lennard-
Jones (em que ndo se permite a existéncia de cadeias moleculares) e o potencial
FENE (em que se permite a construcdo de cadeias moleculares). A partir disso, dois
trabalhos foram submetidos para publicacao.

O primeiro trabalho, apenas com os resultados dos sélidos de Lennard-Jones,
esta associado ao trabalho de mestrado de Leandro Gutierres, e do qual participei
ativamente ao longo deste projeto. Nesse artigo, mostrou-se a dependéncia dos
efeitos da radiacdo no solido de Lennard-Jones em relacdo a espessura do filme
irradiado e em relagcdo ao poder de fretamento do ion incidente. As principais
conclusdes desse trabalho indicam que as dimensdes da cratera tornam-se sensiveis
a espessura do filme abaixo de 10 nm enquanto que o volume da protuberancia torna-
se sensivel abaixo de 30 nm.

O segundo trabalho apresenta uma comparacao dos resultados obtidos com o
sélido FENE e com o soélido Lennard-Jones, tendo sido o tema principal dessa
pesquisa. O artigo submetido para publicacdo serd o primeiro trabalho a apresentar
simulacdes de Thermal spike em um sélido modelado pelo potencial FENE na faixa
de energia do freamento eletronico.

Utilizar o potencial FENE trouxe um maior realismo as simula¢des, comparando-
se com o primeiro artigo, pois permitiu a introducéo de cadeias moleculares no sélido
irradiado. Essa Unica alteracdo mudou significativamente os resultados obtidos,
aproximando-os dos dados experimentais e trazendo novos insights sobre o tema de
estudo. Aléem da reducédo de todos os efeitos da radiacdo, a presenca de cadeias
moleculares trouxe trés resultados inéditos.

O primeiro resultado inédito foi encontrar uma espessura limiar para o
aparecimento de efeitos da radiacdo, sendo esse limiar aproximadamente igual ao

raio de giracdo medio das moléculas da amostra, indicando que moléculas
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parcialmente excitadas podem néo ter energia suficiente para serem ejetadas do
material.

O segundo resultado inédito foi encontrar as maiores dimensdes da cratera em
filmes menos espessos do que o bulk, o que difere dos resultados da literatura.

Isso foi, entdo, explicado pelo papel desempenhado pela regido derretida (melt
region), que escorre e preenche a cratera em filmes mais espessos, 0 que pode ser
considerado nosso terceiro resultado inédito.

Em trabalhos futuros, deve-se buscar o avanco em direcdo a simulacdes mais
realistas, que permitam, por exemplo, a quebra de ligagao e a construgao de amostras
com cadeias de diferentes tamanhos, no nivel granular. Além disso, deve-se buscar a
implementacéo de potenciais mais complexos, no nivel atomistico, como ReaxFF, que

permita o estudo de danos quimicos.
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